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Abstract

All‐solid‐state lithium (Li) metal batteries combine high power density with

robust security, making them one of the strong competitors for the next

generation of battery technology. By replacing the flammable and volatile

electrolytes commonly found in traditional Li‐ion batteries (LIBs) with

noncombustible solid‐state electrolytes (SSEs), we have the potential to

fundamentally enhance safety measures. Concurrently, SSE would be capable

of fitting high specific capacity (3860mAh g−1) metal Li and is expected to

break through the upper limit of mass‐energy density (350Wh kg−1) of

existing LIBs system. Nevertheless, the growth of Li dendrites on the negative

side or the nucleation of Li inside SSEs may give rise to battery short circuits,

which is the primary factor limiting the application of Li metal. Recognizing

this, the focus of this review is to provide a perspective for experimentalists

and theorists who closely monitor various surface/interface and micro-

structure phenomena to understand Li dendrites. The strategies to reveal the

complicated deposition mechanism and to control the dendrite growth

of metal Li in solid‐state batteries, as well as the advanced characterization

methods of metal Li, provide suggestions for the practical research of

solid‐state Li metal batteries.
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1 | INTRODUCTION

In light of the rapid evolution of the social economy and
the gradual depletion of traditional fossil fuels, the
development of novel energy storage devices assumes
paramount importance in the strategic adjustment of
energy structures, the promotion of environmentally

sustainable practices, and the enhancement of overall
energy utilization. Representing a contemporary para-
digm in energy storage, lithium (Li) metal solid‐state
battery (SSB) employing a solid‐state electrolyte (SSE) in
lieu of conventional liquid electrolytes emerge as a
viable solution to the challenges hampering significant
advancements in safety and energy density.1,2 This
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efficacy arises from two primary factors. First, SSBs
leverage Li metal with a low oxidation–reduction potential
(−3.04 V vs. standard hydrogen electrode) and a high
theoretical specific capacity (3860mAh g−1) to replace
traditional graphite anodes. This strategic substitution,
coupled with the compatibility of high‐voltage cathode
materials, enables the achievement of elevated power and
energy density.3 Second, the safety of the battery has been
fundamentally improved because of the adoption of
nonflammable SSEs.4 For instance, SSBs successfully
navigate acupuncture experiments, an insurmountable
challenge for their traditional liquid counterparts. Addi-
tionally, SSEs demonstrate a greater propensity to impede
the penetration of Li dendrites and suppress side reactions
between Li and electrolytes when compared to their liquid
counterparts on a macroscopic scale. Consequently, the
practical potential of a metal Li anode in SSBs surpasses
that of liquid batteries.

Nevertheless, numerous challenges persist in the
pursuit of developing high‐performance SSEs suitable
for commercialization, as depicted in Figure 1.5 Two
decades ago, Monroe and Newman theoretically pro-
posed that hindering dendrite penetration could be
achieved when the shear modulus of polymer solid
electrolytes surpasses twice that of Li metal.6 However,
despite extensive studies demonstrating the mechanical
strength of polymer solid electrolytes and inorganic SSEs,
Li dendrites continue to breach the electrolyte, causing
short circuits, particularly at high current densities.
Simultaneously, there is no scientific consensus on why
such a “soft” Li metal grows into a “hard” SSE due to the
lack of statistical data related to high‐quality controlled
experiments. Presently, two prominent hypotheses posit
that Li dendrites arise from (1) pre‐existing mechanical
defects in the electrolyte driven by mechanical frac-
ture and (2) excessive electronic conductivity in the

FIGURE 1 Schematic illustration of the main challenges faced in solid‐state lithium metal battery reproduced with permission Yoon
et al.5 Copyright 2021, Wiley.
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electrolyte propelled by electrochemical degradation of
SSEs. Furthermore, substantial disparities in the trans-
port behavior of Li ions in SSEs versus liquid electrolytes
exist, and the deposition behavior of metallic Li at the
interface of solid electrolyte phases varies across spatial
and temporal scales.7 Consequently, a more systematic
and in‐depth understanding of the growth mechanism of
Li metals becomes imperative, incorporating perspectives
from thermodynamics, kinetics, material stress, struc-
tural stability, and beyond.

To address the challenges associated with Li metal
anodes, researchers have proffered a range of solutions
falling under three categories: surface modification, com-
position regulation, and structural design. These encompass
diverse strategies such as interface wetting solutions,
hydrophilic modification layers, composite electrolytes,
composite Li metal anodes, three‐dimensional SSE struc-
tures, and three‐dimensional anode designs.8–16 Never-
theless, the complexity of anode interface properties and
the diverse fundamental issues of solid‐state lithium metal
batteries (SSLMBs) with distinct electrolyte systems
invariably necessitate twice the effort on account of
devising effective solutions. In light of these considerations,
this review centers on a systematic discussion classifying
the deposition mechanism of metallic Li in mainstream
SSEs. It delves into strategies for controlling Li metal
deposition within the SSE, compiles characterization
methods for assessing Li deposition behavior in SSBs,
and briefly outlines anode‐side design methodologies for

industrialization. The aim is to offer guidance for the
advancement of SSB technology.

2 | CHALLENGES ARISEN BY LI
DENDRITES

In theory, SSLMBs embody the desirable properties of
safety, high specific energy, and prolonged cycle life,
fulfilling the expectations of researchers. However,
numerous practical impediments emerge as SSLMBs
find increased utilization. As illustrated in Figure 2,
contrary to expectations, Li dendrites not only persist
in their growth within SSE but can penetrate even the
rigid ceramic SSE, resulting in short circuits in SSB.17

Furthermore, despite achieving ionic conductivity
levels comparable to liquid electrolytes, the current
solid–solid contact between the anode and the
electrolyte constrains ion transfer efficiency, poten-
tially leading to electrolyte decomposition at the
interface.18 The stringent requirements imposed by
solid–solid contact also pose challenges related to the
volume expansion of electrode materials, where
even slight changes can induce the cracking of
rigid and brittle ceramic electrolyte sheets during
cycling. Addressing these challenges necessitates a
comprehensive understanding of interface chemistry,
Li deposition behavior, and their intricate
correlations.

FIGURE 2 Common failure mechanisms originate from Li dendrites. Reproduced with permission Zhao et al.17 Copyright 2020,
Springer Nature.
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2.1 | Li/SSE interface contact

Attaining precise electrode/electrolyte interface contact
stands as a fundamental prerequisite for ensuring optimal
battery performance. However, an imperfect interface
contact is observed at the Li/SSE interface, giving rise to
heightened interface impedance and hindering the efficient
transport of Li+ ions and electrochemical reactions
involving metallic Li at the interface. Figure 3A delineates
this issue into distinct categories, namely initial contact
challenges and contact issues arising after cycling, corre-
sponding to different phases of interface contact problems.

The primary challenge in initial contact arises from
the contact mode at the solid–solid interface and the
presence of impurities on both the metal Li and SSE. On
one hand, the inherent contact between the rigid SSE and
Li anode primarily involves solid–solid contact, often
characterized by a point‐to‐point contact mode, limited
contact area, and the presence of pores. Despite the high
density of inorganic SSE, the surface remains notably
rough due to the preparation process, complicating
efforts to establish close contact with metal Li. Thin film
SSBs, grown through physical vapor deposition, achieve
improved interface contact and relatively stable cycle
performance. However, their application scope is
restricted by the low surface capacity of thin film
batteries. Even with high‐density inorganic SSE, the

surface remains exceedingly rough, impeding intimate
contact with metal Li. On the other hand, metal Li, with
strong reducibility, tends to form impurities such as Li2O
and lithium carbonate (Li2CO3) on the surface during
storage and transfer. This not only diminishes the actual
contact area between Li and SSE but also hinders Li+

conduction at the interface due to the low ionic
conductivity of the impurities.22,23 Current methodolo-
gies commonly involve heating and melting the low‐
melting‐point metal Li (180°C). After heating, the
original solid–solid contact transforms into solid–liquid
contact, with the expectation of enhancing the uniform-
ity and consistency of interface contact. However, molten
Li often fails to wet SSE in experiments. Sakamoto et al.
identified impurity Li2CO3 on the surface of Li7La3Zr2O12

(LLZO) as the main obstacle to interface wetting through
density functional theory calculations, confirming the
inherent wetting of Li and LLZO (Figure 3B).20 Despite
these findings, some researchers contend that impurities
on the Li surface predominantly affect interface wetting
(Figure 3C,D).21

2.2 | Uncontrollable Li dendrite growth

The uncontrolled proliferation of Li dendrites poses the
most formidable challenge in liquid Li metal batteries.

FIGURE 3 (A) Schematic representation of the interfacial contact issue between Li/SSE. Reproduced with permission Sun et al.19

Copyright 2020, Royal Society of Chemistry. (B) Calculation results for the work of adhesion (Wad), contact angle (θ), and atomic structure
for the Li‐Li2CO3 and Li‐LLZO interfaces. Reproduced with permission Sharafi et al.20 Copyright 2020, American Chemical Society.
(C) Optimized interface structures of Ta‐doped LLZO (LLZT)/Li, LLZT/Li, Li2CO3/Li, and Li2O/Li, along with corresponding interface
formation energies. (D) Illustration depicting distinct wetting behaviors of garnet surfaces with molten Li. (C and D) Reproduced with
permission Zheng et al.21 Copyright 2019, Wiley.
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While the integration of SSEs can to some extent mitigate
dendrite growth, it remains inevitable, especially under
high current density. The emergence of dendrites directly
leads to micro short circuits or complete battery short
circuits, resulting in battery failure. The underlying cause
of dendritic growth is the uneven deposition of Li metal.
Research has substantiated that Li metal initially deposits
at grain boundaries and subsequently accumulates on the
surface of electrolyte particles.24 This phenomenon gives
rise to localized Li metal deposition, generating ultrahigh
stress exceeding 150 GPa.25 This stress induces the
breakage of the electrolyte sheet's surface, exacerbating
the uneven deposition, thereby creating a vicious cycle
that ultimately leads to the penetration of Li dendrites
through the electrolyte sheet. F. Aguesse et al. disas-
sembled LiFePO4|Ga‐LLZO|Li batteries cycled 20 times at
room temperature, revealing visible Li clusters (depicted
as black substances) on the surface of LLZO, suggesting a
potential pathway for metal Li infiltration (Figure 4A,B).26

Another manifestation of uneven deposition is the
formation of numerous fine pores in Li metals, excluding
Li dendrites. Over cycling, these pores gradually increase,
leading to interface degradation. Ren et al. conducted
electrochemical cycling of Li on both sides of LLZO‐type
electrolytes at high current density, followed by disman-
tling the battery and immersing it in alcohol to corrode the
Li metal while retaining the electrolyte portion. As shown
in Figure 4C, scanning electron microscope (SEM) images
reveal the formation of a channel composed of abundant
voids due to the deposition of Li metal in LLZO, serving as
the culprit for electrolyte short circuit and the gradual

increase in interface impedance.27 Presently, there are
relatively few studies on this issue, primarily for two
reasons: first, SSBs typically exert certain pressure during
operation, compacting Li metal and reducing the impact
of holes; second, some batteries operate at high tempera-
tures, and the Li metal is relatively soft, making it
challenging to create large pores.

2.3 | Interfacial volume effect

The interface volume effect is another critical aspect of the
Li anode in SSBs. In traditional Li‐ion batteries, the
volume expansion of active substances during cycling is a
significant factor hindering battery performance, espe-
cially for Si, Sn, and Al anodes based on conversion/
alloying reactions, where volume expansion can reach up
to 300%, 250%, and 100%, respectively.28–31 The composite
of Si with carbonaceous materials has been considered an
effective strategy to stabilize electrodes by absorbing the
stress generated by volume expansions, such as Si NP‐
carbon‐graphene (Si@C‐rGO) composite with the sand-
wich structure achieve a volume variation of less than 10%
after Li‐ion insertion.32 On the other hand, commercial
graphite electrodes undergo only about 13.2% volume
change per cycle after intercalation of Li ions/alloying.33

Furthermore, cathode materials such as Li4Ti5O12 with a
stable structure exhibit unique “zero strain” character-
istics during cycling.34–36 However, for frameless materials
like metal Li, the relative size change after cycling may
be infinite once Li dendrites grow on its surface.37 The

FIGURE 4 (A) Schematic representation of the ideal Li deposition path and potential dendrite growth path. (B) Cross‐sectional
scanning electron microscope (SEM) image of a fractured pellet obtained by solid‐state electrolyte. (C) Magnified SEM images of the local
region. (A–C) Reproduced with permission Aguesse et al.26 Copyright 2017, American Chemical Society.
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deposition/stripping process of metallic Li at the Li/SSE
interface involves significant volume changes and periodic
fluctuations with cycling. The inelastic inorganic SSE will
quickly lose compact physical contact at the interface after
deep cycling. Batteries experiencing this volume effect
during cycling may undergo measurable changes in
thickness or even structural separation, significantly
damaging the long‐term cycling stability of SSLMBs.38,39

For example, Zaghib et al. observed dramatic periodic
fluctuations in the thickness of the Li anode during the
electroplating/stripping of Li in SSLMBs, ranging from a
reduction to 33 μm after the initial discharge to an
increase of about 42 μm during the charging process.39

The Li deposition layer exhibits a relatively loose
structure after such long‐term cyclic changes, leading to
the deterioration of interface contact, increased interface
impedance, and heightened battery polarization.
The interface volume effect also induces changes in
interface stress. Janek et al. characterized the volume effect
inside the battery by in‐situ monitoring the pressure change
of SSBs.40 Figure 5A,B shows that only a small negative
pressure was observed when Li4Ti5O12 was adopted as
the anode. In contrast, the stress of the entire battery

became positive, and the pressure value exhibited periodic
changes between 10 and 20 times when Li metal was
employed as the anode, intuitively demonstrating the
drastic volume change in the negative electrode interface
cycle. Moreover, the growth of dendrites also induces
serious volume effects, as illustrated in Figure 5C,D, where
the irregular infiltration of Li metal in Al‐doped LLZO
ceramics accelerates the final rupture of the ceramic
electrolyte.41

3 | ORIGIN OF UNCONTROLLED
LI DENDRITES

Generally speaking, the genesis of Li dendrites in SSEs
can be attributed to mechanical instability, represented
by mechanical fracture in the electrolyte, and electro-
chemical instability, depicted by the electrochemical
degradation of the electrolyte. This can be further
delineated into the following situations: (1) growth along
grain boundaries and voids in SSEs, where the intrinsic
reason for dendrite formation is the low Li‐ion diffusion
rate at grain boundaries; (2) the growth of defects along

FIGURE 5 (A and B) Stress fluctuations induced by galvanostatic cycling for /solid‐state electrolyte (SSE) | SSE | NCM811/SE
solid‐state cell and a Li|SSE | NCM811/SE solid‐state cell. Reproduced with permission Koerver et al.40 Copyright 2018, Royal Society of
Chemistry. (C and D) Digital photographs and scanning electron microscope images illustrating the cycled LLZO pellet. Reproduced with
permission Cheng et al.41 Copyright 2017, Elsevier.
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the surface or inside SSE is believed to induce dendrite
formation, and the stress generated by dendrite growth
further amplifies cracks, promoting the expansion of Li
dendrites; (3) the uneven Li coating caused by insufficient
interface contact between Li and SSE is also considered a
source of dendrite formation; (4) the high electronic
conductivity of SSEs accelerates the formation and growth
of Li dendrites. Nowadays, researchers have proposed
several models (Table 1) for the formation and early growth
of Li dendrites, including the space charge model,
Monroe–Newman model, heterogeneous nucleation model,
deposition and dissolution model, and stress‐driven model.42

3.1 | Space‐charge model

Chazalviel et al. investigated the impact of local electric
field enhancement resulting from the depletion of anions
on the anode side on dendritic growth.43 The model
considers the growth of metal electrodeposition in a two‐
dimensional geometry starting from a linear cathode and
conceives a thin rectangular battery while neglecting
convection in the electrolyte. In this model, the depletion
of anions and the accumulation of Li+ ions near the
anode create concentrated space charges and strong
electric fields, thereby inducing the growth of “dendritic”
Li. To validate this theory, simulations were conducted
on ion concentration and electrostatic potential in the
electrolyte. The growth of dendriform Li metal was
triggered when the consumption rate (reaction rate) of
Li+ exceeded the supply rate (mobility of Li+), consider-
ing both anions and cations. The ion concentration
gradient in the battery follows Equation (1), and the
gradient distribution is illustrated in Figure 6A.

δC

δx

Jμ

FD μ μ
=

( + )
,A

A Li+
(1)

where J is the current density, μA is anion migration
number, μLi+ is Li+ migration number, and D is the
bipolar diffusion coefficient.

Considering the influence of the electric field, the
voltage gradient in the battery follows the curve shown in

Figure 6B, where area I is the quasi‐neutral area and area II
is the space charge area. Obviously, there is still a certain
amount of space charge on the anode surface, generating a
large local electric field that induces the formation of
dendrites. The growth rate of dendrites follows the equation.

v μ E= − ,a a 0 (2)

where μa is the mobility of anions in the electrolyte and
E0 is the electric field strength in the neutral region of the
electrolyte.

3.2 | Sand's model

In the electroplating process of Li metal batteries, mass
transfer plays a crucial role. Solvated Li ions initially
migrate under the influence of the electric field force,
adsorb on the outer side of the electrode double layer,
undergo desolvation, and come close to the surface of the
Li metal. They are then reduced and adsorbed, becoming
lattice atoms of Li.47 Irregularities in the mass transfer
process may eventually result in uneven metal deposi-
tion. In 1901, Sand et al. reported that during metal
electrodeposition in a mixed solution of CuSO4/H2SO4,
cations and anions moved in opposite directions. Cations
gathered near the anode and were continuously con-
sumed. This led to changes in the salt concentration on
the surface of the negative electrode, further causing
copper dendrification.48 The deposition mode would shift
from stable deposition to self‐amplifying dendritic
growth when the salt concentration on the anode surface
reached zero. The critical time for the appearance of
dendrites, also known as Sand's time, is as follows.



 










τ πD

C eZ

J

μ μ

μ
=

2

+
.c A C

A

0
2 2

(3)

In the equation, D represents the bipolar diffusion
constant, μC and μA represents the migration number of
cations and anions, e represents the elemental charge, J
represents the current density, Zc represents the number

TABLE 1 Theoretical models for dendrite formation and corresponding strategies.

Models Mechanisms Strategies References

Space‐charge model Ion diffusion and depletion Dendrite suppression [43]

Monroe–Newman model Morphology and evolution of dendrites Reduce the current density at the tip [44]

Stress relaxation model Residual stress release Dendrite elimination [45]

Deposition and dissolution model Surface tension regulation Dendrite suppression [46]
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of charges carried, and C0 represents the initial cation
concentration. The illustration diagram of the growth
process of dendritic Li caused by the depletion of cations
on the electrode surface is shown in Figure 7A,B. It was
observed in a glass capillary tube containing a Li||Li
symmetric cell that when a constant current was applied,
mossy Li began to precipitate and the salt concentration
near the surface began to decrease while the voltage
gradually increased.49 Following approximately 40 min of
polarization, the voltage initiates divergence as salts on
the anode surface are depleted, leading to the abrupt
emergence of slender dendrites exhibiting a distinct tip
growth pattern.50 This results in the formation of
stagnant mossy Li. The two contrasting morphologies
of Li deposition observed in situ within glass capillaries
signify two distinct mechanisms: the transition from
reaction‐limited to transport‐limited growth during
voltage spikes. In the early stages of electrodeposition,
mossy Li, primarily growing from its roots, appears as
microscopic scale whiskers, with Li tips undergoing
minimal shape changes upon displacement.51–53 This
random surface growth characterizes reaction‐limited

deposition. Due to the development of an insulating solid
electrolyte interface (SEI) on individual Li whiskers,
mossy Li remains incapable of transforming into a
uniform metallic film through the ripening process, even
under mechanical pressure. During voltage spikes, sparse
Li dendrites experience explosive growth from their tips,
forming a fractal morphology marked by diffusion‐
limited aggregation.54

3.3 | Monroe–Newman's model

Monroe and Newman et al. delved into the impact of
dendritic morphology and its evolution on ion concen-
tration and electric field distribution.6,56 Employing a
singular “whisker” Li as the model (Figure 8A), they
contested the theory of constant growth rate proposed
by Chazalviel, asserting that its growth rate would also
vary with time, in accordance with the following equation:

v
J V

F
= ,tip

n (4)

FIGURE 6 (A) Schematic illustration of symmetrical battery setting based on simulation. (B) Schematic representation of anion and
cation concentration distribution. (C) Schematic diagram of voltage distribution. (A–C) Reproduced with permission Chazalviel.43 Copyright
1990, American Physical Society.

FIGURE 7 (A) In situ measurements of Li electrodeposition in a glass capillary containing an electrolyte solution. (B) Dendritic growth
process resulting from cation depletion. (A and B) Reproduced with permission Bai et al.55 Copyright 2016, Royal Society of Chemistry.
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FIGURE 8 (A) Schematic diagram of the region near the dendrite tip. Reproduced with permission Krauskopf et al.57 Copyright 2020,
American Chemical Society. (B) Mechanical illustrating of solid electrolyte matrix with simplified Li filaments.

where vtip is the growth rate of the tip, Jn is the current
density of the tip, v is the Molar volume of Li metal,
and F is the Faraday constant.

Moreover, the equation also suggests that reducing
the current density at the tip can effectively impede
dendritic growth. Further investigation delves into the
impact of the deformation of polymer electrolyte with
varying shear modulus on the growth of Li in a
Li/polymer system. The ratio of the current (deformed)
in the deformation area (right of Figure 8B) to the
current (undeformed) in the deformation area (left of
Figure 8B) yields the following equation, where αa
represents the number of anionic migrations,∆μe− is the
potential change caused by local deformation, R is the
standard Gas constant, A is the amplitude, wxcos( ) is a
periodic function. In Figure 8B, the x‐axis corresponds
to the horizontal displacement position of the constant
undeformed material; the z‐axis is the vertical displace-
ment position of the constant undeformed material.

∆








i

i

α μ

RT
= exp

(1 − )
.

a edeformed

undeformed

− (5)

∆ μ A wxcos( ).e− (6)

∆μ always >0 in a low‐modulus polymer system. At
the Li tip, A wxcos( ) always >0, and always <0 at peak‐
to‐valley positions. The deposition rate of Li at the tip far
outweighs other parts, resulting in an increase in the
surface roughness of Li and rapid growth of dendrites.

∆
∆

μ

A wx
μ

cos( )
> 0.e− (7)

i i> .Lipeak Livalley (8)

3.4 | Stress relaxation model

The electroplating process of Li will produce residual
stress. Since the plated film usually has a relatively dense
body and the defect volume is small, the stress is difficult
to release inside the body, but will be concentrated on
certain points of the electroplated film (such as grain
boundaries and crystal impurities, Figure 9A), when the
compressive stress exceeds the yield strength of Li metal,
the local creep of Li will also cause more defect
areas.45,58,59 The bottom inorganic salt of the SEI is tightly
attached to the Li metal surface, and some parts of the SEI
layer containing pinholes or vacancies are most likely to
undergo stress relaxation. The growth rate of whiskers is
expressed by the following equation:

v
JV

πr
= ,w

Li

2 (9)

where VLi is the molar volume of Li, r is the whisker
radius, and J is the Li flux (mol s−1), affected by
compressive stress. Compressive stress can promote the
diffusion of Li ions under compressive stress. If the
growth rate of whiskers is higher than the uniform Li
deposition rate (v =p

JV

F
Li , where J is the electroplating

current density and F is Faraday's constant), Li will
protrude in the form of whiskers.

When the compressive stress is large enough to
destroy the interface layer, it will eventually lead to
macroscopic dendritic Li growth.60,61 In the initial stage
of electroplating, Li overcomes the overpotential caused
by nucleation on the substrate surface and is quickly
covered by the SEI layer due to its high reactivity. As the
electroplating process continues, stress simultaneously
accumulates at the bottom of the coating. Once the stress
reaches a threshold, the interface will be destroyed to
release the pressure, and subsequent Li metal deposition
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will be triggered preferentially in fresh roots and evolve
into Li whiskers due to free compressive stress and better
electronic/ion conductivity. In the next Li plating cycle,
stress will accumulate again and induce the next round
of whisker growth (Figure 9B).60 The uneven distribution
of compressive stress inside the dendrite determines the
uneven Li deposition on its surface, which will further
lead to the plastic flow of Li atoms, release internal stress,
and lead to tip bifurcation. Afterward, ion concentration
and electric field induce preferential growth at the tips,
ultimately giving rise to a dendritic macromorphology.

The focus of the aforementioned typical Li dendrite
growth models varies: the space charge model contem-
plates the emergence of dendritic Li caused by the
depletion of anions in the space charge region; the
Monroe–Newman model attributes the growth rate
of dendrites to the influence of the dynamic evolution of
dendrites, analyzing the local current changes caused by
the deformation of polymer systems; the stress relaxation
model takes into account the residual stress inside the
battery and offers a plausible explanation for the occur-
rence of whisker‐like Li.

4 | STRATEGIES FOR
INHIBITING DENDRITIC LI

Inspired by various irregular Li growth models, researchers
have proposed numerous strategies to stabilize Li‐ion
current distribution and ensure uniform Li plating/stripping
in SSLMB, thereby improving battery performance. From

the perspective of battery structure composition, primary
strategies encompass (1) Optimizing electrolyte composi-
tion; (2) Designing novel SSEs; (3) Constructing electronic
insulation interface buffer layers; (4) Implementing surface
modifications; (5) Modifying current collectors; (6) Intro-
ducing additional physical fields, and more.

4.1 | Optimization of electrolyte
composition

LiI is presumed to be an effective additive for inhibiting
the growth of Li dendrites. Suyama et al. simulated the
dissolution/deposition behavior of Li in SSLMBs using the
Li3PS4 (LPS)‐LiI electrolyte system.62 The electrochemical
results indicate that the introduction of LiI enhances the
dissolution/deposition ability of Li ions (Figure 10).
Structural analysis reveals that the addition of LiI inhibits
the reduction of electrolytes and maintains better interface
contact even after a prolonged cycle time. In summary, the
introduction of LiI mitigates the extent of the reduction
reaction between SSEs and Li metal. Similarly, Han et al.
also demonstrated that adding LiI to the electrolyte
effectively inhibits the growth of Li dendrites in Li2S‐P2S5
glass phase electrolytes.63 The high ion conductivity and
electronic insulation of LiI promote the migration of Li ions
at the interface, thereby preventing the growth of dendrites.
The critical current density of the modified electrolyte
significantly increased, reaching 3.9mA cm−2 at 100°C. The
Li symmetric cell steadily ran for 200 h at a surface current
density of 1.5mA cm−2.

FIGURE 9 (A) Extrusion of lithium whiskers caused by surface defect sites. Reproduced with permission Wang et al.45 Copyright 2018,
Springer Nature. (B) Root Li growth caused by stress concentration. Reproduced with permission Kushima et al.60 Copyright 2017, Elsevier.

10 of 24 | SUN ET AL.

 27681696, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.20230062 by E

cole D
e T

echnologie Superieur, W
iley O

nline L
ibrary on [10/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.2 | Designing of novel SSEs

According to Brissot and Sand's model, anions and cations
accumulate toward the positive and negative sides as they
move freely in the electrolyte, creating a gradient in the
concentration of anions and cations. This phenomenon
results in the buildup of local space charges on the anode
surface, forming a strong electric field and inducing the
nucleation and growth of Li ions. In Equation (2), the time
for the appearance of Li dendrites tends to infinity when
the migration number of anions in the electrolyte
approaches zero, implying an infinitely delayed appearance
of Li dendrites. Following these design principles, single
Li‐ion conducting solid polymer electrolytes (SLIC‐SPEs)
have been developed to suppress Li dendrites. SLIC‐SPEs
involve polymers where anions covalently bond with
polymers or inorganic frameworks or bind to anionic
receptors in electrolytes and are immobilized, resulting in a
low number of anionic migrations (Figure 11A,B).64,65 As
illustrated in Figure 11C, the symmetrical Li/SPE/Li cell
exhibits a high transfer number of Li ions (tLi

+ = 0.97) and
favorable Li plating/stripping reversibility over about
1200 h. Research has demonstrated that immobilizing a
small portion of anions achieves stable Li deposition in
SSBs with a Young's modulus of only tens to hundreds of
MPa, even at relatively high current densities.66 Ye et al.
sandwiched a less stable electrolyte between more stable
electrolytes and produced an effect similar to an expansion
screw by performing local decomposition in the less stable
electrolyte layer, and the cracks caused by dendritic Li
were eliminated via the generated decomposition.67 Then the
decomposition will produce an “anchoring” effect, hindering

the growth of Li dendrites (Figure 11D). This multilayer
structure design derived from electrochemical stability and
instability allows the SSLMB equipped with NCM811
cathode to achieve a capacity retention rate of 92.8% after
1000 cycles at a charge/discharge rate of 1.5 C. Moreover, the
design of multilayer composite solid electrolytes also follows
this concept. The anion migration number in inorganic SSEs
is approximately zero, so the Li‐ion migration number of
composite solid electrolytes can be greatly improved by
designing a polymer‐inorganic SSE‐polymer sandwich struc-
ture. Guo's group found that the Li‐ion migration number of
polyacrylonitrile (PAN)‐polyethylene oxide (PEO) double‐
layer SSE is only 0.41 (Figure 11F). However, the Li‐ion
migration number increased to 0.82 after coating PAN and
PEO on both sides of Li1.4Al0.4Ti1.6(PO4)3 (LATP), resulting
in smaller long‐cycle polarization of the battery and a more
uniform and flat morphology of Li deposition, as shown in
Figure 11G,H. It was observed that the hysteresis potential of
the protected Li metal after 800 h of plating/stripping only
increased by 22mV when evaluating Li–Li symmetric
batteries (Figure 11I). Compared with recent research in
solid electrolytes, LATP ceramics exhibit interfacial stability
toward Li anodes. In terms of the entire battery, the
disparate‐polymers protected ceramic electrolyte matched
with NCM622 can maintain an excellent capacity of 89%
after 120 cycles (135.6mAh g−1) at 0.5 C, with a coulombic
efficiency (CE) exceeding 99.5% (Figure 11J). The group
believes that the performance advance is due to LATP
guiding the uniform distribution of ions, suppressing the
formation of space charge layers at the SSE/Li anode
interface, and thus controlling the generation of Li
dendrites.68

FIGURE 10 (A) Galvanostatic cycling tests of Li/54Li3PS4·46LiI/Li cells (where 54:46 is the molar percentage of the materials) with
varied current density at 100°C. Reproduced with permission Suyama et al.62 Copyright 2018, Elsevier. (B) Galvanostatic cycling of the
Li/LPS/Li and Li/LPS30I/Li cells at constant current densities at 25°C, 60°C, and 100°C. Each charge and discharge cycle lasts 1 h.
Reproduced with permission Han et al.63 Copyright 2018, Wiley.
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FIGURE 11 (See caption on next page).
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4.3 | Construction of electronic
insulation interface buffer layer

The establishment of a buffer layer between Li metal and
SSE emerges as an effective path to suppress Li dendrites
except for optimizing electrolyte composition. Table 2
comprehensively enumerates buffer layers prepared
through diverse methods and their corresponding inter-
face impedance with Li metal. Xu et al.'s investigation
convincingly demonstrates that inducing a uniform LiF
(or LiI) interface layer at the Li/Li7P3S11 interface
effectively inhibits the deluge of Li dendrites.69 Employ-
ing methoxyperfluorobutane (HFE) and I2 as precursors,
a uniform reaction on the Li metal surface was
conducted to create a LiF or LiI coating layer at 150°C.
The coating process is schematically depicted in
Figure 12A. LiF, with higher interface energy, demon-
strates superior performance in suppressing Li dendrites
compared to LiI coating. Significantly, even if the
interface layer is penetrated by Li dendrites, the
infiltrating HFE consumes fresh Li dendrites, forming a
new SEI layer, as illustrated in Figure 12B. The results
reveal an enhanced cycling performance of Li symmetric
cells, achieving stable cycling beyond 200 cycles at
current densities of 0.5 and 0.1 mA cm−2. Assembled
LiNbO3@LiCoO2/Li7P3S11/LiF@Li SSLMBs exhibit a
reversible discharge capacity of 118.9 mAh g−1 at a
current density of 0.1 mA cm−2. The reversible capacity is
96.8 mAh g−1 after 100 cycles, surpassing batteries
equipped with pure metal Li. Wang et al. developed an
aluminum‐based organic‐inorganic composite interlayer
(alucone) between Li10SnP2S12 and Li metal through the
molecular layer deposition method (Figure 12C).70 The
results demonstrate that the artificial interface layer,
serving as an SEI film, effectively blocks electron transfer
at the Li/Li10SnP2S12 interface, thereby completely
inhibiting interface reactions and the growth of Li

dendrites. Compared with a pure Li metal anode, all
SSLMBs adopting modified Li metal anodes exhibit lower
polarizability, higher capacity, and longer operational life
(Figure 12D). Importantly, the organic–inorganic com-
posite molecular layer exhibits superior flexibility com-
pared to the inorganic coating layer, avoiding volume
deformation.

4.4 | Surface modification

Surface modification is currently the most common
approach for interface optimization, involving tech-
niques such as surface chemical treatment and interface
wetting.8,9,89–91 Goodenough et al. successfully elimi-
nated Li2CO3 from the electrolyte sheet's surface through
carbon treatment, as depicted in the reaction formula:
2Li2CO3 + C→ 4Li+ + 3CO2 + 4e− (Figure 13A).8 Raman
spectra of fresh LLZT revealed an uneven strong
peak corresponding to Li2CO3 at 1090 cm−1, whereas
carbon‐treated garnet (LLZT‐C) showed no Li2CO3

(Figure 13B,C). Following Li2CO3 removal, the interface
impedance of the symmetrical cell decreased from
5000 to 80Ω. The symmetrical cell operated stably at
100 μA for over 500 h in the Li deposition/stripping
experiment (Figure 13D). The author also assembled a
half cell, with a Li/Li6.4La3Zr1.4Ta0.6O12 (LLZTO)‐C/
LiFeP4 cell impedance of approximately 300Ω. The
reversible discharge capacity reached 150mAh g−1 after
activation and stably cycled for more than 50 cycles, with
a CE of about 97%. For Li/LLZTO‐C/S batteries, their
discharge capacity reached 1000mAh g−1 and cycled
over 60 cycles, with a CE approaching 100%. Huo et al.
soaked LLZTO electrolyte tablets in 1M hydrochloric
acid and treated them with ultrasound for 30 s, success-
fully and quickly removing Li2CO3 attached to the
surface.92 As shown in Figure 13E, the surface of the

FIGURE 11 (A) Development roadmap for Li‐ion conducting electrolytes in lithium‐ion and rechargeable lithium batteries.
Reproduced with permission Zhang et al.64 Copyright 2017, Royal Society of Chemistry. (B) Diagrammatic representations that show how Li
dendrites are suppressed in cells that have single Li‐ion conducting solid polymer electrolytes (SLIC‐SPEs). (C) Li symmetrical cell
potentiostatic direct current polarization using a 20‐weight percent SLIC‐SPE membrane; the inset shows plots of the cell's alternating
current impedance both before and after polarization. Voltage profiles for the Li symmetric cell with a 20 wt% SLIC‐SPE membrane during
galvanostatic discharge and charging. (B and C) Reproduced with permission Cao et al.65 Copyright 2019, Elsevier. (D) The multilayer's
various cross‐sectional regions on the Li5.5PS4.5Cl1.5 (LPSCl), Li10Ge1P2S12 (LGPS), and LPSCl‐LGPS transition areas are illustrated along
with X‐ray photoelectron spectroscopy measurement of S 2p in the cross‐section. (E) Retention of capacity and Coulombic inefficiency of
solid‐state battery with multilayer design cycled at 1.5 C with cut‐off voltages set at 4.2 V. (D and E) Reproduced with permission Ye and
Li.67 Copyright 2021, Springer Nature. (F) Diagrammatic representations that the solid full battery with disparate‐polymers protected
ceramic electrolyte (DPCE). (G) Arrhenius linear fitting plots of the DPCE and the chronoamperometry curves and corresponding
electrochemical impedance spectroscopy spectra before/after polarization for DPCE. (H) The top/side scanning electron microscope images
of the Li‐metal anode surface at the polyethylene oxide side. (I) Galvanostatic plating/stripping profiles of different electrolytes in the Li/Li
symmetrical cells at 0.2 mA cm−2. (J) Long cycling performance of solid‐state lithium metal battery under 0.5 C. Reproduced with
permission Liang et al.68 Copyright 2019, American Chemical Society.
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electrolyte sheet was covered with a thick layer of Li2CO3

before treatment, and the LLZTO particles below could
not be observed at all. After treatment, the LLZTO
particles had clear boundaries and a smooth surface,
indicating that acid treatment effectively removed
Li2CO3 (Figure 13F). A porous layer appeared on the
surface when the processing time exceeded 5min, so the
processing time should not be too long. The interface
impedance of the symmetrical cell decreased from 94 to
26Ω cm2 and remained stable for over 700 h at a current
density of 0.2 mA cm−2 (Figure 13G). Wu et al. prepared
electrolyte sheets without Li2CO3 by controlling sintering
and storage conditions, and batteries assembled with
them also achieved outstanding performance. Therefore,
removing Li2CO3 through surface chemical treatment
will effectively enhance battery performance.89

Liquids possess exceptional fluidity and elasticity,
some of which were widely employed as interface
wetting liquids in early SSLMB research. Two main
types include traditional organic liquid electrolyte (OLE)
systems and functional electrolyte‐like systems. Intro-
ducing a small amount of traditional OLEs with high
ionic conductivity (typically above 10−2 S cm−1) effec-
tively improves the interface, promoting ion conduction.
However, precise control of the electrolyte amount is
crucial due to its inherent flammability. Lu et al. wetted
the LLZO‐Li metal interface by dropwise addition of
10 μL cm−2 triethylene glycol dimethacrylate electrolyte
containing 1M LiTFSI. Three Li symmetric cell modes
were designed, as depicted in Figure 14A–D: a mixed
solid‐state mode with electrolyte on both sides, a
semisolid‐state mode with electrolyte on one side, and
an all‐solid‐state mode with no liquid.93 Comparative
analysis revealed that cells in semisolid and mixed
solid‐state modes exhibited stable cycling performance,
even at high current densities of 1.5 mA cm−2, while all‐
SSBs rapidly experienced short‐circuit phenomena at
0.1 mA cm−2. The analysis suggests that organic electro-
lytes guide the uniform conduction of Li+ at the
liquid–solid interface, inhibiting Li dendrite growth.
Wang et al. found that the optimal addition amount
was 2 μL cm−2, and excess electrolyte provided no further
contribution to battery performance (Figure 14E,F). Huo
et al. also achieved favorable electrochemical perform-
ance by adding only 1.8 μL cm−2 ionic liquids at the
interface between PEO/LLZTO composite electrolyte and
the electrode.94

Due to the flammable and volatile nature of OLEs
and their potential for side reactions with electrodes,
efforts have been made to develop functional electrolyte‐
like systems. One type is to employ additives to protect
the electrode/electrolyte and control the occurrence of
side reactions. In fact, SSEs and OLEs are incapable ofT
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remaining permanently stable. Janek's group was the
first to discover that OLE reacts with Li1+xAlxGe2−x
(PO4)3 to form a solid–liquid electrolyte interphase
(SLEI), causing an enlargement in interface impedance
(Figure 15A,B).96 Subsequently, Bruce et al. also found
harmful SLEI in the LLZO system.97 Figure 15C shows
that the resistance and capacitance change over time,

which indicates that the SSE/OLE interface is unstable
and changing. Notably, resistance increased by ∼22%,
while capacitance decreased by ∼23% during the same
period. These are because the thickness of the ion
conductive layer generated by the SSE surface side
reaction increases with time, and the resistance and
capacitance are directly proportional/inversely proportional

FIGURE 12 (A) Diagram demonstrating the LiF/LiI coating process on the Li metal surface as well as the behavior of Li stripping and
plating when Li is bare and when LiF or LiI is coated Li with HFE or iodine infiltrated electrolyte. (B) Symmetrical cells at current densities
of 0.5 mA cm−2: Li@LiI/LPS(I)/LiI@Li (blue) and Li@LiF/LPS (HFE)/LiF@Li (red). (A and B) Reproduced with permission Xu et al.69

Copyright 2018, Elsevier. (C) The configuration of the solid‐state lithium metal battery (SSLMB) and chemical composition of alucone layer.
(D) Cycle performance at 55°C of LiCoO2‐based SSLMBs. (C and D) Reproduced with permission Wang et al.70 Copyright 2018, Elsevier.
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FIGURE 13 (A) Li‐metal battery schematic featuring garnet LLZT and LLZT‐C. (B) Comparison of LLZT and LLZT‐C Raman spectra.
(C) Raman mapping of LLZT and LLZT‐C shows that LLZT has a thick layer of Li2CO3 on its surface, whereas LLZT that has been carbon
treated does not have any Li2CO3. (D) At 65°C, the Li/LLZT‐C/Li cell exhibits charge/discharge voltage profiles of 100 μA cm−2, as well as
capacity retention and cycling efficiency. (A–D) Reproduced with permission Li et al.8 Copyright 2018, American Chemical Society.
(E) Diagrammatic representation of the interface between Li and LLZTO before and after fast acid treatment. (F) The top‐view scanning
electron microscope images of aged LLZTO (LLZTO‐air) and LLZTO after acid treatment (30 s, 5 min). (G) Li symmetric cells were
electrochemically characterized at 30°C using samples of LLZTO‐air and LLZTO samples that had undergone rapid acid treatment
(LLZTO‐RAT). The enlarged impedance curve of the LLZTO‐RAT cell is displayed in the inset. (E–G) Reproduced with permission Huo
et al.92 Copyright 2019, Elsevier.
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to the layer thickness, namely: R ρl/A and C εA/l,
where ρ is the resistivity and ε is electrical constant; A is
the area of the layer and l is the thickness. For the sake of
suppressing the formation of SLEI, Xu et al. added n‐BuLi
ultra‐base to the organic electrolyte and adopted Lewis
base to discourage the decomposition of OLE
(Figure 15D).98 The Raman spectroscopy clearly displays
that LLZT exhibits Li2CO3 vibrational peaks at 156, 192,
and 1090 cm−1 after being infiltrated by OLE. On the
contrary, the Li2CO3 peaks disappear for the LLZT
contacting with OLE adding n‐BuLi (Figure 15E). Con-
currently, highly protonated n‐BuLi will prevent the
exchange of Li+/H+, thereby avoiding the formation of
SLEI and reducing the interface impedance from 1056 to
478Ω cm2 (Figure 15F). Another type is to replace the
solvent system of traditional electrolytes with a new type
of refractory liquid electrolyte to ensure the safety of the
battery. Zhang and his colleagues incorporated 1‐butyl‐
1‐methylpyrrolidinium bis(trifluoromethylsulfonyl) imide

(BMP‐TFSI) ionic liquid into LLZO powder and formed a
soft continuous coating at the surface interface of the
composite electrolyte, as shown in Figure 15G.99 This
layer not only optimizes the interface contact mode,
turning the point contact of the solid–solid interface into
the surface contact of the solid–liquid, but also facilitates
the uniform deposition of Li+ at the interface on account
of the preeminent Li conductivity of the ionic liquid, thus
suppressing the formation of dendrites (Figure 15H).

5 | SUMMARY AND OUTLOOK

This review delves into the growth model of Li dendrites
through the ion concentration gradient in SSE, the
morphological characteristics of dendrites, and the
nonuniform distribution of internal compressive stress.
Furthermore, we highlight targeted solutions proposed
by researchers in recent years to address these issues.

FIGURE 14 (A) Li‐LLZTO‐S battery schematic with corresponding mechanism and dual interphase modification. Diagrammatic
representation of the Li‐ion shuttle operating in four modes: (B) hybrid mode; (C) all‐solid mode; (D) semisolid‐state mode; and associated
Li symmetric or semisymmetric cell. (A–D) Reproduced with permission Lu et al.93 Copyright 2018, Elsevier. (E) Li+ ion flux schematic
diagram in three dimensions. (F) The sustained cycling performance of quasi‐solid‐state Li‐ion batteries based on LiFePO4 and using a glass‐
ceramic (GC)‐LATP/LE hybrid electrolyte with a measured volume of organic liquid electrolyte at a current density of 1 C. (E and F)
Reproduced with permission Wang et al.95 Copyright 2018, Elsevier.

18 of 24 | SUN ET AL.

 27681696, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.20230062 by E

cole D
e T

echnologie Superieur, W
iley O

nline L
ibrary on [10/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 15 Diagrams showing the contributions of resistance and ion transport in cells with solid–liquid phase boundaries: (A) Transport
of ions between liquid and solid electrolytes across their phase boundaries; (B) working principle of the 4 P set‐up for electrochemical
impedance spectroscopy (EIS) measurements on the organic liquid electrolyte (OLE)/solid‐state electrolyte (SSE)/OLE cell. (A and B)
Reproduced with permission Busche et al.96 Copyright 2016, Springer Nature. (C) EIS measured the electrochemical impedance behavior of the
LLZTO/LP30 interface with respect to time: interfacial resistance (RSE/OLE) with respect to time (right); interfacial capacitance (CSE/LE) with
respect to time (left). Reproduced under terms of the CC‐BY license Liu et al.97 Copyright 2020, Elsevier. (D) Schematics showing how n‐BuLi
stabilizes the SSE/OLE interface. (E) Raman spectra and scanning electron microscope picture of LLZT as synthesized and LLZT after soaking
in OLE containing/uncontaining n‐BuLi. (F) Electrochemical characterization of the LiFePO4/Li cell using hybrid electrolyte. (D–F)
Reproduced with permission Xu et al.98 Copyright 2017, American Chemical Society. (G) Diagrammatic representation of the 1‐butyl‐1‐
methylpyrrolidinium bis(trifluoromethylsulfonyl) imide (BMP‐TFSI) coating layer's function. (H) Impedance spectra measured for pristine
LLZO, BMP‐TFSI. (G and H) Reproduced with permission Zhang et al.99 Copyright 2018, Wiley.
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Specifically: (i) Enhancing the ion conductivity/electro-
nic insulation of SSE to improve Li‐ion migration at the
interface; (ii) Designing SSEs to immobilize anions
through covalent bonding; (iii) Leveraging the high
interface energy of the electrode contact surface to
effectively block electron transfer; (iv) Introducing OLEs
at the interface to transform the point contact of the
solid–solid interface into solid–liquid surface contact.

Despite the remarkable progress in SSLMB research,
several challenges persist. The future development of
high‐specific‐energy SSLMBs should focus on the follow-
ing aspects:

(1) Following the irregular growth model of Li metal, the
extensive ion field, electric field, and pressure field
within batteries can directly result in uneven Li
deposition problems. However, various physical fields
interact during the actual process, and it is imperative to
establish more reasonable and practical multiphysical
field coupling models. These models should enhance the
regulation of Li‐ion distribution and transport processes,
along with influencing the growth mode of Li.

(2) Given the challenges posed by uncontrollable den-
drites and poor interface stability, it is imperative to
enhance the interface stability by designing the
interface between the SSE and solid electrode.
The synergistic interplay of interface components
and structure critically influences the transport of Li
ions and the deposition of Li. Typically, inorganic
components offer a high mechanical modulus and
superior ion conductivity, while organic components
contribute to the toughness and pressure adaptability
of the interface layer. However, actual interface
layers often consist of multiple inorganic and organic
components. A more in‐depth and meticulous
discussion of the interaction and compatibility
between these diverse components is essential to
guide a more rational design of the interface layer.

(3) Despite the considerable advantages of SSEs in terms
of conductivity and electrochemical window, their
power density is restricted by interface resistance and
stability issues with both cathode and anode.
Notably, the utilization of thicker SSEs in current
practices tends to diminish the energy density of the
overall battery. Consequently, the future direction
involves the inevitable modification of SSEs to
enhance the safety performance and energy density
of batteries. This modification entails the addition of
functional fillers to improve ion migration number
and conductivity, the introduction of plasticizers to
boost conductivity and facilitate interface wetting,
and the development of high‐voltage SSEs to align
with high‐voltage cathode materials.

(4) In addition, the electrochemical window is an
important parameter for the working stability of
SSEs, and its characterization is limited to
experimental characterization and thermodynamic
analysis and the electrochemical window of thermo-
dynamic calculations is quite different from the
electrochemical window of experimental characteri-
zation. The physical mechanism is not yet clear. It is
also unclear how the doping ion concentration
affects Li‐ion transport and dendrite growth in the
garnet phase LLZO system and the NASICON‐type
SSE system. Therefore, based on the above scientific
issues, it is necessary to combine theoretical
calculations (including first‐principles calculations,
molecular dynamics simulations, quantum chemical
calculations, and electrochemical thermodynamics)
and experimental research (including electronic
structure analysis, fine characterization of electrode
structure, and electrochemical performance testing) to
study the electrochemical stability window of SSEs
and the inherent coordinated mechanisms of Li‐ion
migration kinetics. Further screening of high‐
performance electrolyte materials is achieved through
the dual optimization of electrochemical window
composition and ion conductivity regulation.

(5) Enhanced characterization tools are imperative due to
the intricate internal environment of SSEs, surpassing
the complexity of OLEs, and the synergistic mechanics‐
chemistry‐electricity working environment. The opac-
ity of SSEs poses a challenge to traditional material
characterization techniques, hindering a profound
analysis of SSLMB failure mechanisms under opera-
tional conditions. To address this, researchers should
progressively employ advanced in‐situ characterization
techniques for accurate real‐time observation of the Li
metal failure process in batteries and multiscale
visualization of SSLMB failures. Techniques such as
in‐situ dual‐beam electron microscopy (FIB‐SEM),
in‐situ x‐ray computed tomography, in‐situ electron
diffraction, in‐situ neutron diffraction, and in‐situ
x‐ray absorption near edge structure spectroscopy are
essential. These methods facilitate cross‐scale charac-
terization and imaging, spanning from the centimeter
to picometer level, allowing analysis of subtle chemical
environmental changes, including elemental valence
states of materials. Additionally, they effectively
unveil the three‐dimensional dynamic structure inside
SSLMBs through sophisticated three‐dimensional
reconstruction techniques.

(6) Currently, alongside the analysis of interface per-
formance through imaging technology, micro‐area
scanning electrochemical workstations should be
employed to scrutinize interface reactions at sizes
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ranging from several micrometers to even smaller
scales. This approach aims to deepen our under-
standing of interface reaction mechanisms and
facilitate the optimization and regulation of battery
interface behavior.
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