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ABSTRACT

The direct use of lithium (Li) metal as an anode provides a promising route toward next-generation batteries with ultrahigh energy
density. However, its practical realization remains severely constrained by safety and stability issues arising from uncontrolled Li
dendrite growth and unstable solid—electrolyte interphases. To overcome these challenges, various strategies have been developed,
including the construction of artificial interphases, lithiophilic surface modification of current collectors or separators, and the
fabrication of 3D porous current collectors. These approaches are primarily designed to mitigate Li-ion concentration polarization
and homogenize interfacial energy distribution, thereby suppressing dendritic deposition. Conventional methods, however, often
rely on slurry coating of lithiophilic materials, which introduces inactive binders and thick layers. In contrast, layer-by-layer (LbL)
assembly driven by interfacial interactions has recently emerged as a powerful alternative, enabling molecular-level control over
film composition and architecture. This strategy allows the formation of ultrathin and binder-free coatings that simultaneously
enhance electronic conductivity, electrochemical stability, and energy density. This perspective reviews recent advances in the
fabrication of high-performance Li metal anodes and demonstrates how interfacial interaction-mediated LbL assembly can serve
as a transformative approach for realizing dendrite-free, durable Li metal anodes and high-energy-density batteries with superior
interfacial and cycling stability.

1 | Introduction technologies. Among the various candidates, Li metal stands out

as the most promising anode material due to its exceptionally
The rapidly growing demand for high-energy-density recharge- high theoretical specific capacity (3860 mAh g=1), the lowest
able batteries in electric vehicles, grid-scale energy storage, and redox potential (—3.04 V vs. SHE), and ultralow density (0.534
portable electronics has accelerated the exploration of advanced g cm™) [1, 2]. These intrinsic properties make Li metal anodes
electrode materials that surpass conventional graphite-based highly attractive for constructing next-generation batteries with
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significantly enhanced energy density when paired with high-
capacity cathodes such as sulfur, oxygen, or high-nickel layered
oxides. Consequently, Li-sulfur (Li—S), Li-air (Li—0,), and
anode-free Li metal batteries (LMBs) have emerged as promising
platforms with the potential to revolutionize electrochemical
energy storage technologies |3, 4].

However, despite these advantages, the practical application of
Li metal anodes (LMAs) remains elusive due to a series of
persistent and interrelated challenges. The most critical issue
is the uncontrolled growth of Li dendrites during repeated
Li plating and stripping, which stems from the nonuniform
deposition of Li* ions at the electrode/electrolyte interface
[5]. These needle-like dendritic structures not only lead to
low Coulombic efficiency through continuous Li consumption
but also pose a serious safety hazard by causing internal
short circuits. Moreover, the high chemical reactivity of Li
metal with conventional organic liquid electrolytes triggers the
continuous formation and breakdown of the solid electrolyte
interphase (SEI)—an intrinsically unstable and heterogeneous
layer that accelerates electrolyte depletion and impedes Li-ion
transport [6, 7]. In addition, the substantial volume fluctuations
(>100%) of Li metal during cycling generates severe mechanical
stress, delamination, and poor interfacial contact, ultimately
resulting in rapid capacity degradation and limited cycling
reversibility [8, 9].

To overcome these challenges, numerous strategies have been
proposed to regulate interfacial reactions and promote uniform
Li deposition, including host electrode modification [10, 11], sep-
arator functionalization [12, 13], and electrolyte optimization [14-
17]. For example, conductive and lithiophilic species—materials
or functional groups possessing a strong affinity for Li—have
been incorporated to reduce the nucleation overpotentials, guide
the homogeneous Li deposition, and buffer volume changes.
Functional separators modified by lithiophilic components have
also been designed to regulate ionic flux and suppress dendrite
growth, while electrolyte compositions have been optimized to
promote the formation of robust and inorganic-rich SEI layers.
Although these approaches have yielded significant improve-
ments in electrochemical performance, most modifications—
particularly those applied to host electrodes and separators— still
rely heavily on conventional slurry-coating processes that entail
several inherent limitations. These include poor control over
coating thickness and uniformity, uneven distribution of active
components, limited conformality on complex 3D structures,
and the inclusion of inactive binders or additives that can
dilute electrochemical activity. Moreover, the incorporation of
insulating polymer binders within thick slurry layers (ranging
from a few to several tens of micrometers) can significantly reduce
porosity and hinder charge transport, thereby diminishing the
overall performance gains. In particular, the large thickness or
high mass loading of slurry-based interlayers also leads to a
marked reduction in the energy density of LMBs. Consequently,
researchers and battery manufacturers are increasingly pursuing
ultrathin, highly lithiophilic interlayers on host electrodes or
separators—objectives that remain difficult to realize through
slurry casting. As a result, the performance improvements
achieved via slurry-based strategies often fall short of meeting
the requirements for long-term, high-performance operation in
practical LMBs.

As a promising alternative to conventional slurry-based
approaches, solution-processable, interfacial interaction-driven
assembly techniques have recently emerged as effective strategies
to overcome the structural and compositional limitations
of LMAs. In contrast to traditional methods that produce
thick, inhomogeneous coatings containing inactive binders or
additives, these assembly-based techniques enable the precise
and uniform deposition of ultrathin interfacial layers directly
onto a wide range of substrates—including porous, flexible, or
geometrically complex current collectors—without the need for
slurry processing. By harnessing well-defined intermolecular
interactions such as electrostatic attraction, hydrogen-bonding,
and covalent-bonding interactions, these methods provide
molecular-level control over the interfacial architecture. This
high degree of tunability not only ensures conformal and
compositionally uniform surface coatings but also promotes
homogeneous Li* ion flux, the formation of stable, inorganic-
rich SEI layers, and effectively suppresses dendritic Li growth
during repeated cycling.

Furthermore, because the formation of ultrathin (<100 nm)
lithiophilic interlayers on host electrodes or separators is critical
for achieving high energy-density LMBs, it is highly desir-
able to construct such interlayers without polymeric binders,
which diminish electrochemical activity and increase the over-
all thickness or mass. The additive-free nature and structural
precision of solution-processable, interfacial assembly techniques
therefore confer distinct advantages in terms of electrochemical
performance, mechanical stability, and process scalability—
key attributes for next-generation LMB technologies. Moreover,
their inherent compatibility with diverse substrate geometries
and large-area fabrication further highlights their potential for
industrial-scale implementation.

In this perspective, we present a comprehensive review of recent
progress in LMAs operating in liquid electrolyte environments,
with a particular emphasis on strategies driven by interfacial
interactions (Scheme 1). We first elucidate the fundamental
degradation mechanisms of LMAs—including unstable SEI
formation, dendritic Li growth, and poor interfacial contact—
before summarizing current advancements in host electrode
design, separator functionalization, and electrolyte optimiza-
tion. Subsequently, we spotlight emerging interfacial assembly
approaches that harness molecular-level design principles to
construct ultrathin, lithiophilic, and functionally active coatings.
These strategies are shown to surpass conventional slurry-based
coatings in terms of structural precision, functional integra-
tion, and long-term stability. Finally, we address the remaining
challenges—such as scalable fabrication, advanced interfacial
characterization, and seamless integration into commercial cell
architectures—and propose future research directions toward
practical and reliable Li metal battery systems. By clarifying the
central role of interfacial interactions in governing Li deposition
and electrode stability, this perspective aims to guide the rational
design and scalable realization of next-generation interfacial
architectures for safe, reversible, and high-performance LMAs.

In contrast to prior review articles that primarily categorize
interfacial engineering strategies based on material composi-
tions, structural motifs, or geometric parameters—and subse-
quently correlate these characteristics with LMA performance
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SCHEME 1 | Schematic illustration of interfacial interaction-driven assembly-enabled electrode and separator strategies for LMAs.

metrics [18-20], this Perspective introduces a fundamentally
different conceptual framework by positioning interfacial inter-
actions among all electrode components as the central and
unifying design variable. Rather than viewing interfaces as static
boundaries defined solely by material identity or morphology,
we emphasize that the nature of interfacial interactions and the
interaction-induced functional groups across electrode interfaces
ultimately govern interfacial formation, lithiophilic behavior, and
the resulting electrochemical performance of LMAs.

Importantly, this interaction-centric perspective enables a more
rigorous and mechanistic interrogation of charge-transport kinet-
ics at nanoscale interfaces, where ion and electron transfer pro-
cesses are intrinsically coupled to local chemical environments.
By contrast, in conventional slurry-cast functional interlayers,
such interfacial effects are often masked—or even entirely
inaccessible—owing to micrometer-scale thicknesses, heteroge-
neous component distributions, and phase segregation, which
cause electrochemical behavior to be dominated by bulk transport
rather than interfacial processes.

Within this framework, we systematically analyze how both the
type and strength of interfacial interactions—spanning electro-
static interactions, hydrogen bonding, and covalent coupling—
collectively dictate key interfacial attributes, including interlayer
cohesion, ion/electron transport continuity, and long-term elec-

trochemical stability. By explicitly connecting molecular-scale
interactions to rationally designed interfacial architectures, this
Perspective provides a coherent and generalizable blueprint
for engineering solution-processable, ultrathin, and binder-free
interlayers with unprecedented molecular-level precision.

In this context, the term “molecular-level design” denotes a delib-
erate and quantitative engineering of interfacial characteristics
at the scale of individual chemical interactions. This includes: i)
precise control over the identity, spatial distribution, and surface
density of functional groups—such as polar or charged functional
groups and specific coordination sites; ii) modulation of the
local electrostatic and chemical environment that governs Li*
adsorption, desolvation, and interfacial accumulation; and iii)
rational tuning of the interfacial energy profile that ultimately
determines the nucleation overpotential and nucleation pathway
of metallic Li.

For instance, functional groups incorporating the specific inter-
actions within the functional interlayers, such as —SO;H,
—COOH, —OH, and —NH,, can influence ion adsorption behav-
ior and the concentration gradient at the interface, creating a
localized electrostatic field that attracts Li* ions from the bulk
electrolyte [21-23]. Furthermore, these polar groups within
the formed lithiophilic interlayers can interact strongly with
carbonate solvent molecules (e.g., ethylene carbonate, EC)
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through hydrogen-bond and dipole-dipole interactions [24, 25],
thereby partially competing with Li* for solvent coordination
near the interface. This competitive interaction locally per-
turbs the Lit solvation structure, weakens Li*-solvent bind-
ing, and facilitates interfacial desolvation and homogeneous
Li* flux. Therefore, by systematically regulating these interre-
lated parameters, interaction-engineered interfaces can effec-
tively homogenize Li* flux at the electrode surface, facili-
tate the formation of mechanically robust and inorganic-rich
SEIs, and direct Li deposition away from stochastic, dendritic
growth toward dense, uniform, and morphologically stable
deposits.

2 | LiDendrite Formation and Growth in Li Metal
Anodes

The formation of Li dendrites in LMAs arises from the intri-
cate interplay among nonuniform Li nucleation, ionic transport
limitations, interfacial chemistry, and mechanical instability.
During the initial plating process, Li tends to deposit pref-
erentially at sites with lower nucleation barriers—determined
by the lithiophilicity, surface morphology, and compositional
uniformity of the current collector or the pre-existing Li surface.
In practical operation, an LMA experiences repeated cycles
of Li plating during charging and stripping during discharg-
ing. Throughout the plating process, Li* ions are chemically
reduced at the electrode surface to form initial nuclei, which
progressively grow into dendritic structures (Figure 1a) [26]. With
continuous cycling, these needle-like dendrites extend further,
degrading the battery’s lifespan, efficiency, and safety [27, 28].
Therefore, preventing dendrite formation and achieving safe,
long-lasting operation requires electrode designs that ensure
uniform current density and homogeneous ion distribution
across the LMA surface. In the following section, we discuss in
detail the key factors governing the nucleation and growth of Li
dendrites.

2.1 | Formation and Growth Mechanism of Li
Dendrites

Modeling studies have revealed a pronounced difference between
the electrical potentials at the dendrite base (p,) and tip (p,),
with ¢, increasing as the principal radius of curvature decreases
[29, 30]. Accordingly, sharper dendrite tips exhibit higher tip
potentials. These tips also feature a high density of atomic steps
and kinks, which enhances the exchange current density for Li
deposition. As a result, the activation energy and overpotential
for Li plating at the tip become significantly lower than those
on flat surface regions, promoting preferential deposition and
directional growth along the protrusion. The resulting potential
difference (Ap = ¢, — @), therefore, serves as an intrinsic
driving force for dendrite propagation. Moreover, the reduced
overpotential at the tip further accelerates anisotropic growth
toward the electrolyte, amplifying the instability of the electrode
surface. (Figure 1b) [31].

Ely et al. developed a unified framework to rationalize the
nucleation and growth of Li electrodeposits by integrating
thermodynamic and kinetic principles (Figure 1c) [32, 33]. In

this model, electrodeposition proceeds only when an initial Li
embryo surpasses both a critical thermodynamic radius—beyond
which dendrite formation becomes energetically favorable—and
a critical kinetic radius—required for continuous growth. Based
on these criteria, several behavioral regimes were proposed to
describe the evolution of electrodeposits. In the nucleation sup-
pression regime, embryos remain thermodynamically unstable
and readily redissolve into the electrolyte. Under small overpo-
tentials corresponding to the long-incubation-time regime, nuclei
with sizes between the two critical radii can gradually grow. In
contrast, at large overpotentials within the short-incubation-time
regime, rapid nucleation yields numerous small, nearly monodis-
perse nuclei. During the early growth regime, nuclei that satisfy
both thermodynamic and kinetic requirements grow steadily;
however, in the late growth regime, morphological instabilities
and localized electric-field intensification dominate, giving rise to
dendritic structures. Consistent with this framework, Aniruddha
et al. formulated a thermodynamically consistent growth theory
based on the Gibbs-Duhem relation, demonstrating that high
interfacial energy and a low Gibbs free energy of transforma-
tion can effectively delay dendrite initiation [34]. They further
demonstrated that dendrite formation can be avoided by selecting
appropriate overpotentials and anode particle sizes to operate
within the thermodynamic suppression regime.

Therefore, surfaces with poor lithiophilicity or chemical hetero-
geneity aggravate dendritic growth by inducing sparse nucleation,
which concentrates current on a limited number of active
sites and leads to needle-like Li deposits. As cycling continues,
ionic transport limitations become increasingly dominant. Under
galvanostatic conditions, the consumption rate of Li* at the
electrode-electrolyte interface may exceed its replenishment,
particularly at high current densities, low electrolyte concen-
trations, low Li* diffusivity, or when the Li* ion transference
number is small. This imbalance gives rise to severe concen-
tration polarization, and as the interfacial Li* concentration
approaches zero, a space-charge region forms near the electrode
surface. The resulting steep electric-field gradients focus ionic
flux toward surface protrusions, accelerating dendrite elongation
and intensifying morphological inhomogeneity.

2.2 | Relationship Between Lithiophilic
Components and Li Dendrite Growth

Lithiophilic components—defined as materials, phases, or sur-
face functionalities with a strong thermodynamic affinity for
Li—play a crucial role in dictating the nucleation dynamics
and the resulting morphology of Li deposits in LMAs [35-38].
The strength of the interaction between Li atoms and the host
surface can be quantitatively characterized by parameters such as
binding energy, interfacial energy, and wetting angle (Figure 1d)
[39]. Surfaces with high lithiophilicity possess lower Li-surface
interfacial energies, thereby markedly reducing the nucleation
overpotential. As a result, Li* ions preferentially deposit at
numerous energetically favorable sites, producing a dense array
of uniformly distributed nuclei. Such homogeneous nucleation
suppresses localized current concentration and mitigates the
formation of anisotropic protrusions that would otherwise evolve
into dendrites.
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FIGURE 1 | (a)Schematic illustration of the cell failure mechanism induced by Li dendrite growth. Reproduced with permission.[26] Copyright
2017, Springer Nature. (b) Schematic illustration of the Li dendrite growth mechanism during Li deposition. Reproduced with permission.[31] Copyright
2017, Springer Nature. (c) A map of behavioral regimes for electrodeposition, plotting nucleus size against overpotential. The diagram distinguishes a
nucleation suppression regime (below blue curve) and a stable growth regime (above black curve), with a long incubation time regime in between. Solid
and dotted gray curves correspond to the loci of constant incubation times and initial growth velocities, respectively. Reproduced with permission.[32]
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In contrast, lithiophobic or chemically heterogeneous surfaces
exhibit higher interfacial energies and a scarcity of favorable
adsorption sites, leading to sparse nucleation. Under these
conditions, Lit ions are funneled toward a limited number of
active sites, sharply increasing the local current density. This
localized current focusing accelerates the vertical growth of Li
deposits, resulting in needle-like or dendritic structures [40].
Upon repeated plating/stripping cycles, these protrusions become
increasingly pronounced as the current continues to concentrate
at their tips due to electric-field intensification.

The advantages of lithiophilic components are particularly evi-
dent when these materials can form alloys with Li during cycling.
For example, metals such as Ag, Au, Zn, and In form Li-metal
alloys (e.g., Li—Ag, Li—Zn, Li—In) that exhibit low nucleation
overpotentials and high Li diffusivities. Among them, Ag NPs
stand out due to their cost-effectiveness, excellent electrical
conductivity (~1.586 x 1078 Q m at 25°C), wide Li—Ag alloying
range, and favorable alloying/dealloying potential (0-0.25 V vs.
Li/Li*) [41, 42]. These properties make Ag NPs ideal addi-
tives for stabilizing LMAs by facilitating uniform Li nucleation
and effectively suppressing dendritic growth. Yan et al. further
constructed phase diagrams distinguishing the dissolving and
non-dissolving materials in Li (Figure 1le) [43]. Materials such as
Au, Ag, Zn, Mg, Pt, and Al exhibit substantial solubility in Li,
whereas C, Si, and Sn display negligible solubility in Li, with Cu
and Ni notably unable to form Li alloys. When the nucleation
overpotential was evaluated, the fully lithiated Au, Ag, Zn, and
Mg exhibited zero overpotential during Li deposition (Figure 1f).
For high-solubility metals such as Ag and Mg, the slope of the
potential profile becomes flatter prior to the onset of Li deposition,
consistent with the behavior of a single-phase metal dissolved in
Li. Conversely, Al and Pt, which have relatively low solubility
in Li, show small but measurable nucleation overpotentials
of approximately 5 and 8 mV, respectively. Beyond reducing
nucleation barriers, the Li-alloying process with lithiophilic
components also promotes homogeneous Li* transport across the
interface and forms mechanically robust interphases capable of
accommodating the large volume fluctuations associated with Li
plating and stripping. Similarly, polar functional groups such as
—COOH, —OH, and —NH,—introduced through organic linkers
or polymer coatings—can form strong dipole-Li interactions or
coordination bonds, thereby anchoring Li* ions and guiding their
uniform deposition.

On the other hand, materials with no solubility in Li metal—such
as Cu, Ni, C, Sn, and Si—were also investigated. As shown in
Figure 1g, all five materials display distinct overpotentials for Li
nucleation. Similar to Cu, Ni does not form any alloy compound
phase with Li, exhibiting a nucleation overpotential of ~30 mV. In
contrast, C, Sn, and Si can form alloy phases with Li; for instance,
Si forms a Li-rich alloy (Li;sSi,) at room temperature. However,
because the crystal structure of Li;sSi, differs significantly from

that of metallic Li, a residual nucleation overpotential (~13 mV)
persists. Comparable behavior is observed for Sn and C, with
corresponding overpotentials of ~16 and ~14 mV, respectively. For
all materials lacking true solubility in Li metal, the variation in
overpotential values likely reflects differences in their intrinsic
thermodynamic interactions with Li.

In 3D porous host architectures, the strategic distribution of
lithiophilic components throughout the internal surface area
further amplifies these advantages [44, 45]. The enlarged sur-
face area effectively reduces the local current density, while
the uniformly dispersed lithiophilic sites promote isotropic
Li growth within the porous framework, thereby suppressing
uncontrolled filamentary propagation toward the separator. The
detailed mechanisms and electrochemical implications of such
3D lithiophilic host designs will be discussed in a subsequent
section.

2.3 | Influence of SEI Formation and Composition
on Li Dendrite Growth

The SEI, which spontaneously forms when metallic Li comes
into contact with the electrolyte, plays a central role in regulating
Li deposition behavior and, consequently, dendrite formation
(Figure 2a) 46, 47]. Acting as both an ionic conductor and an elec-
tronic insulator, the SEI allows Li* transport to the electrode sur-
face while preventing continuous electrolyte decomposition. Its
physicochemical characteristics—composition, thickness, ionic
conductivity, mechanical robustness, and uniformity—critically
determine the nucleation growth and morphology of Li deposits.

A uniform, chemically homogeneous SEI with high ionic con-
ductivity and sufficient mechanical strength enables uniform
Li* flux across the electrode surface, thereby lowering local
current density and promoting dense, isotropic Li deposition
[48-52]. Inorganic-rich SEIs, composed primarily of LiF, Li,0,
Li,CO;, and Li;N, typically exhibit high mechanical modulus,
superior fracture toughness, and low electronic conductivity
[53]. These properties stabilize the electrode/electrolyte interface
and effectively suppress dendrite initiation (Figure 2b) [54]. For
example, LiF-rich SEIs derived from fluorinated electrolytes pos-
sess high interfacial energy and elastic modulus, allowing them
to resist deformation and tip growth under plating conditions
(Figure 2c) [55].

In contrast, organic-rich SEIs—commonly formed via the decom-
position of carbonate-based electrolytes—tend to be mechani-
cally weaker, chemically less stable, and more heterogeneous in
ionic conductivity at room temperature (Figure 2d) [56-58]. Such
fragile interphases are prone to cracking and localized thinning
during the substantial volume changes that accompany Li plating
and stripping. These defects act as preferential Li* transport

Copyright 2013, The Electrochemical Society. (d) Schematic illustration of the Li nucleation mechanism on conductive scaffolds. Reproduced with
permission.[39] Copyright 2019, American Association for the Advancement of Science (AAAS). (e) Binary phase diagrams for the Li—Cu (top) and
Li—Au (bottom) systems. In the diagrams, “L” denotes the liquid phase, and “(Li)rt” represents the solid Li phase at room temperature. Reproduced

with permission.[43] Copyright 2016, Springer Nature. Voltage profiles for materials (f) with some solubility in Li and (g) with negligible solubility in

Li. Reproduced with permission.[43] Copyright 2016, Springer Nature.
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FIGURE 2 | (a)Schematic illustration of the mechanism of Li plating and stripping. Reproduced with permission.[46] Copyright 2022, Wiley-VCH.
(b) Fundamental mechanical properties of the SEI layer illustrated by a typical stress-strain curve for an elastic-plastic material. Reproduced with
permission.[54] Copyright 2022, Wiley-VCH. (c) Schematic illustration of the SEI layer formed on the surface of a Li metal electrode. Reproduced with
permission.[55] Copyright 2021, Wiley-VCH. (d) Schematic illustration of the formation mechanism of an inorganic-rich, anion-derived SEI. Reproduced
with permission.[56] Copyright 2024, Wiley-VCH. (e) Schematic illustration of the SEI formation on a Li metal electrode in an alkyl carbonate-based
electrolyte. Reproduced with permission.[59] Copyright 2023, Wiley-VCH. (f) The effect of local overpotential on the nanoscale roughness of the Li
metal-SEI interface, simulated at 300 K. The insets present two representative interface morphologies. Reproduced with permission.[60] Copyright
2018, Royal Society of Chemistry (RSC). (g) Simulation of the mechanism of Li deposition on a Li metal electrode with an inhomogeneous SEI. Red and
blue circles represent Li ions and deposited Li atoms, respectively. Reproduced with permission.[60] Copyright 2018, Royal Society of Chemistry (RSC).
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FIGURE 3 | (a)Schematic illustration of the Li deposition behavior on bare carbon nanofiber (CNF) and Ag NP-coated CNF. Reproduced with
permission.[71] Copyright 2017, Wiley-VCH. (b) Cycling performance of symmetric cells with bare CNF and Ag NP-coated CNF at 0.5 mA cm~2 and 1
mAh cm~2. Reproduced with permission.[71] Copyright 2017, Wiley-VCH. (c) Schematic illustration of the synthesis of Au-CC by hydrothermal process.
Reproduced with permission.[72] Copyright 2021, Elsevier. (d) Voltage profiles of half cells with bare CC and Au-CC during the initial Li plating at 1 mA
cm™2. Reproduced with permission.[72] Copyright 2021, Elsevier. (e) Cycling performance of symmetric cells with bare CC and Au-CC at 1 mA cm™2 and
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channels, concentrating current at protrusions and accelerating
dendritic growth. Furthermore, SEIs containing electronically
conductive impurities or decomposed byproducts can promote
subsurface Li deposition, leading to filament growth beneath the
interphase (Figure 2e) [59].

The dynamic evolution of the SEI during repeated cycling further
exacerbates dendrite formation (Figure 2f,g) [60]. Continuous SEI
fracture and reformation consume both electrolyte and active Li,
elevate interfacial resistance, and generate spatially nonuniform
surface energy landscapes. Such instability promoted tip-directed
deposition in subsequent cycles, particularly under high current
densities or ion transport-limited conditions. Therefore, durable
dendrite suppression necessitates not only the initial optimiza-
tion of SEI chemistry—through tailored electrolytes, additives, or
artificial interfacial coatings—but also the long-term preservation
of its structural and chemical integrity throughout cycling.

3 | Lithiophilic and Structural Modification of
Host Electrodes

At the molecular level, host-electrode engineering is designed
to reduce the Li nucleation barrier through the introduction of
high-affinity binding sites (e.g., polar/charged functional groups
and alloying or coordination centers), while simultaneously
preserving continuous electronic transport pathways. Because
these sites mediate Li* adsorption and desolvation, their inter-
action strength and spatial density dictate interfacial kinetics and
ultimately determine nucleation uniformity. Accordingly, incor-
porating lithiophilic components into host electrodes effectively
reduces the nucleation overpotential by providing energetically
favorable sites that guide uniform Li nucleation across the elec-
trode surface, thereby mitigating localized current concentrations
and suppressing the formation of anisotropic protrusions that can
evolve into dendrites. When integrated into 3D host architectures,
these modifications further homogenize Li* flux throughout
the electrode and accommodate the substantial volume fluctu-
ations during repeated cycling, enabling dense and isotropic Li
deposition with improved cycling stability and safety in LMBs.
In the following section, we discuss representative lithiophilic
and structural host-engineering strategies and their synergistic
contributions to dendrite suppression.

3.1 | Lithiophilic-modified Host Electrodes

A widely adopted strategy for mitigating dendrite formation
involves modifying host electrode surfaces with lithiophilic
components that serve as energetically favorable nucleation
sites for Li deposition. By introducing abundant and uniformly
distributed Li-affinitive sites, such surface modifications promote
spatially homogeneous Li nucleation, effectively alleviating local-

ized current density spikes and suppressing anisotropic dendrite
growth [61-64].

Early studies revealed that alloy-forming metallic coatings—such
as Ag, Au, and Zn—can substantially lower the Li nucleation
barrier [65-68]. Yang and co-workers demonstrated that Ag
nanoparticle (NP)-coated 3D carbon hosts enable homogeneous
Li nucleation through Li—Ag alloy formation, thereby achieving
dendrite-free deposition over prolonged cycling (Figure 3a,b) [69-
71]. Similarly, Chen et al. reported an Au-modified carbon cloth
(Au-CC) framework, prepared by the chemical reduction of Au
ions onto the carbon cloth surface, as an effective dendrite-
free host for LMAs (Figure 3c). The strong Li—Au alloying
interaction provided highly lithiophilic nucleation sites, guid-
ing uniform and isotropic Li deposition throughout the 3D
conductive network. Consequently, the Au-CC anode with low
nucleation overpotential (14.7 mV) exhibited excellent cycling
stability (Figure 3d), sustaining symmetric cell operation for over
1200 h at 1 mA cm~2 and 1 mAh ¢cm~2, with consistently high
Coulombic efficiency during extended cycling (Figure 3e) [72].
More recently, Ssendagire et al. reported the fabrication of Ag
nanoparticle-incorporated Li metal powder (AgLMP), enabling
the production of Li metal anodes that are both wider and thinner
than conventional Li foils (Figure 3f). The resulting 40 um-thick
AgLMP anode demonstrated the outstanding cycling stability,
maintaining symmetric cell operation for more than 1200 h at 0.5
mA cm~2 and 0.5 mAh cm~2 (Figure 3g) [73].

However, in the case of Ag-based materials with strong lithio-
philicity, their thermodynamic instability and kinetic limitations
during electrochemical cycling can hinder the sustained for-
mation of an effective lithiophilic surface. Specifically, the low
cohesive energy of metallic silver makes Ag atoms highly prone
to surface diffusion and Ostwald ripening, resulting in sponta-
neous metallic fusion (sintering) even at ambient temperature
when interparticle separations are less than ~5 A [74-77]. This
phenomenon destabilizes the lithiophilic surface and decreases
the effective density of active lithiophilic sites.

To address these limitations, various inorganic oxides have been
explored as stable lithiophilic hosts [78-81]. For example, Chen
et al. reported that laser-induced silicon oxide-coated Cu foils,
derived from commercial adhesive tapes, form the stable Li-
SiO, alloys during plating. This alloying behavior lowers the
nucleation barrier and enables smooth Li deposition profiles
even under high current densities, resulting in excellent cycling
stability for over 250 cycles with an average Coulombic efficiency
of 99.3% at 2 mA cm™2 and 2 mAh cm™) (Figure 4a,b) [82].
Yan et al. constructed indium tin oxide (ITO) arrays on Cu
current collectors using the magnetron sputtering method. Upon
lithiation, the ITO arrays transformed into Li—In, Li—Sn, and
Li,O phases, which reduced Li diffusion barriers and promoted
dense, uniform Li growth (Figure 4c) [83]. Owing to excellent

1 mAh cm~2. Reproduced with permission.[72] Copyright 2021, Elsevier. (f) Schematic illustration and digital image of the preparation of AgLMP anode.
Reproduced with permission.[73] Copyright 2021, American Chemical Society. (g) XRD patterns of AgLMP anode before and after lithiation, which are
drawn along with the simulated XRD patterns of LiAg and Li,Ag intermetallic compound (top left). Voltage profiles of half cells with bare LMP and

AgLMP during the initial Li plating at 0.01 mA cm™ (top right). Cycling performance of 40um thick Li//40pm thick Li symmetric cells with bare LMP
and AgLMP at 0.5 mA cm~2 and 0.125 mAh cm~2 (bottom). Reproduced with permission.[73] Copyright 2021, American Chemical Society.
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FIGURE 4 | (a)Schematic illustration of Li-SiOy layer on the Cu current collector by multiple lasings and Li deposition on bare Cu foil and Laser-
induced (LI) - SiOx coated Cu foil. Reproduced with permission.[82] Copyright 2020, Wiley-VCH. (b) Voltage profiles of half cells with bare Cu foil and
LI-SiOx coated Cu foil during the initial Li plating at 0.1 mA cm~2 (top). Coulombic efficiency of half cells with bare Cu foil and LI-SiOx coated Cu foil
at 0.5 mA cm™2 and 0.125 mAh cm™2 (bottom). Reproduced with permission.[82] Copyright 2020, Wiley-VCH. (c) Schematic illustration of preparing
ITO-Cu wafer electrode via magnetic sputtering method. Reproduced with permission.[83] Copyright 2022, Elsevier. (d) Voltage profiles of half cells

10 of 28 Small, 2026

85U8017 SUOWIWOD aA 181D 9|qeoljdde ay) Aq peusenob aJe ssoie YO ‘N JO Sajni o} Akeiqi8UlJUO AS]IAN UO (SUOTHIPUOD-PUR-SLLIBY WD A8 1M AJeIq Ul juD//:SdNy) SUOIPUOD pUe SWiB | 8U) 89S *[9202/20/50] Uo Ariqiaulluo Asim ‘Ariqi AlsieAlun esiod Aq 9GEETSZ0E |IUS/Z00T OT/I0p/uoo" 8| Im Aleld jpul|uoy/sdny Wwolj pepeojumod ‘0 ‘6Z89ETIT



wettability and even self-propagation behavior between ITO-Cu
and molten Li, the half cells with ITO-Cu electrodes exhibit
an ultralow nucleation overpotential of 2 mV at 0.5 mA cm™>
(Figure 4d). Additionally, the ITO-Cu@Li symmetric cell also
demonstrated remarkable cycling stability for over 1000 h at a
current density of 1 mA cm™ and a capacity of 1 mA cm™
(Figure 4e).

Recently, Park et al. proposed hollow carbon (HC) struc-
tures incorporating ZnO and MgO nanoparticles as advanced
lithiophilic frameworks for LMAs (Figure 4f) [84]. In this
design, ZnO provides strong lithiophilicity, selectively interacting
with Li* ions, while MgO effectively lowers the nucleation
overpotential. Encapsulating both oxide components within
the hollow carbon shell confines Li deposition to the inter-
nal cavity, thereby promoting uniform and stable Li growth
and forming a mechanically robust and durable anode. Under
half-cell conditions, the ZnO/MgO-HC electrode exhibited a
remarkably low nucleation overpotential (11.1 mV) and a
low charge transfer resistance (R.) of 17.20 Q. Furthermore,
the symmetric cell with the ZnO/MgO-HC electrode demon-
strated excellent cycling stability for over 1500 h at a cur-
rent density of 1 mA cm™? and a capacity of 1 mAh cm™
(Figure 4g,h).

However, despite these advances, in most cases, depositing
lithiophilic metals or oxides onto host electrodes using con-
ventional slurry coating—without incorporating complementary
interfacial interactions—leads to the formation of relatively
thick layers (typically several to tens of micrometers) containing
polymeric binders. Such binder-rich coatings not only decrease
the specific energy density of LMAs but also restrict their appli-
cability to host electrodes with complex geometries or irregular
surfaces.

3.2 | 3D-structured Host Electrodes

Host materials with a 3D architecture and high electronic con-
ductivity have emerged as promising platforms for mitigating
dendrite growth in LMAs. Such structures can effectively reduce
local current density, provide a large-area lithiophilic surface
that promotes uniform Li nucleation, and accommodate vol-
ume changes during repeated cycling. To date, a wide range
of 3D host materials has been developed, which can gener-
ally be classified into metal-based analogues (e.g., Cu foam,
Ni foam) [85, 86] and carbon-based counterparts (e.g., CNTSs,
graphene, reduced graphene oxide (rGO), carbon cloth, porous
carbon) [87-89].

Metal-based 3D scaffolds, while highly conductive, are often lim-
ited by their high mass density and large volume, which reduce

both volumetric and gravimetric energy densities. Moreover, their
limited flexibility and mechanical brittleness hinder practical
application in flexible or compact battery designs. In contrast,
carbon-based substrates overcome many of these drawbacks,
offering advantages such as wide availability, low cost, high ther-
mal stability, mechanical flexibility, and low mass density. Never-
theless, with the exception of rGO, most carbon-based materials
are intrinsically lithiophobic and thus require surface modifica-
tion to introduce lithiophilic characteristics. In the case of carbon
cloth or carbon fiber cloth (shortly CFC), the surface modification
strategies commonly include heteroatom element doping (i.e., O
doping, N/S/P co-doping) [39, 90, 91], defect engineering [92-94],
or polar functional group grafting (—COOH, —C=0, —OH, —NH,
and —NH,) [95-97]. Each approach effectively tailors the surface
electron distribution, enhances Li affinity, and promotes uniform
deposition.

As a representative example of polar functional group graft-
ing, Wang et al. reported a nanostructured carbon fiber cloth
(CFC)@Li composite prepared by electro-deposition process,
where the CFC substrate was pre-activated using nitric acid to
introduce oxygen-containing groups (e.g., —OH, —COOH) onto
the carbon fiber surface (Figure 5a) [98]. These oxygenated
sites served as strong electrostatic anchors for Li nucleation,
enabling the CFC@Li anode to exhibit a low overpotential of
18 mV and an extended cycling lifespan exceeding 350 h at a
high current density of 4.0 mA cm~2 and a large areal capacity
of 10.0 mAh cm~? (Figure 5b). Likewise, Niu et al. developed
amine (NH,)-functionalized mesoporous CNFs, where the NH,
groups significantly improved lithiophilicity, and the mesoporous
surface acted as preferential Li* nucleation sites, leading to
self-smoothing Li deposition and effective dendrite suppression
(Figure 5c) [99]. Full cells pairing this composite LMA with
commercial NMC622 or NMC811 (LiNi, sMn, ;Co,.,0,) cathodes
delivered high energy densities of 350-380 Wh kg! and stable
cycling for up to 200 cycles (Figure 5d).

Unlike carbon cloth or carbon fiber cloth, which offer high
electrical conductivity but limited surface area, insulating textile
substrates provide much larger surface area due to their fibrillar
network structure. To function as current collectors, however,
these insulating textiles must be rendered electrically conductive.
In most cases, conductive textiles have been fabricated by i)
depositing solution-processable conductive components—such
as carbon nanotubes (CNTs) [100-102] or conducting polymers
[103, 104]—or (ii) employing electroless plating (i.e., chemical
reduction) methods [105, 106] to deposit metallic layers from
metal ion precursors. Recently, Cai et al. demonstrated the rapid
fabrication of thin, stable LMAs through selective wetting of
molten Li onto one side of a conductive textile prepared by
chemical reduction of Ni ions, achieving a uniform Li coating
(~3.0 mg cm~2) on one face of the framework (Figure 5¢) [107].

with bare Cu wafer, ITO-Cu wafer, bare Cu foam, ITO-Cu foam during the initial Li plating at 0.5 mA cm~2. Reproduced with permission.[83] Copyright

2022, Elsevier. (e) Cycling performance of symmetric cells with bare Li and Li plated ITO-Cu foam at 1 mA cm™2 and 1 mAh cm~2. Reproduced with
permission.[83] Copyright 2022, Elsevier. (f) Schematic illustration of the Li plating and stripping process on bare HC and ZnO/MgO-HC. Reproduced
with permission.[84] Copyright 2024, Elsevier. (g) Voltage profiles of half cells with bare Cu foil, bare HC, ZnO-HC, MgO-HC and ZnO/MgO-HC during
the initial Li plating at 1 mA cm~2. Reproduced with permission.[84] Copyright 2024, Elsevier. (h) Cycling performance of symmetric cells with bare
HC, ZnO-HC and ZnO/MgO-HC at 1 mA cm~2 and 1 mAh cm™~2. Reproduced with permission.[84] Copyright 2024, Elsevier.
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FIGURE 5 | (a) Schematic illustration of fabrication process of CFC with stable SEI layers by the electro-deposition method. Reproduced with
permission.[98] Copyright 2018, Elsevier. (b) Cycling performance of symmetric cells with bare Li foil and Li plated CFC (left) and detailed voltage
profiles at different cycles (right) at 4 mA cm~2 and 10 mAh cm~2. Reproduced with permission.[98] Copyright 2018, Elsevier. (c) Schematic illustration
of the fabrication process and self-smoothing behavior of a Li—C anode. Reproduced with permission.[99] Copyright 2019, Springer Nature. (d)
Cycling performance of asymmetric full cells with Li—CIINMC811, Li—CIINMC622 and LilINMC622 cells at a C/5 charge and a C/3 discharge (top) and
estimated energy densities (bottom). Reproduced with permission.[99] Copyright 2019, Springer Nature. (e) Schematic illustration of the selective-wetting
mechanism of molten Li on the Janus Li-textile anode (left) and digital image of the Janus Li-textile anode (right). Reproduced with permission.[107]
Copyright 2023, Wiley-VCH. (f) Cycling performance of symmetric cells with bare Li foil, homogeneous Li-textile anode and Janus Li-textile anode at 1
mA cm~2 and 1 mAh cm~2 (left) and rate capability of Janus Li-textile anode (right). Reproduced with permission.[107] Copyright 2023, Wiley-VCH.
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FIGURE 6 | (a)Schematic illustration for the preparation of Li textile anode using interfacial interaction-mediated ultrathin MOF multilayers.

Reproduced with permission.[108] Copyright 2025, Wiley-VCH. (b) Ag 3d XPS spectra of 5-MOF-Ni-ET during the Li plating/stripping cycles (top) and
HR-TEM images of [Ag*/TCA]s-MOF multilayers during the initial Li plating at 0.1 mA cm~2 for 0 (bare), 5, 10, 30, and 60 min (bottom). Reproduced
with permission.[108] Copyright 2025, Wiley-VCH. (c) Voltage profiles half cells with bare Ni-ET and n-MOF-Ni-ET during the first Li plating at 0.1 mA
cm™2. Reproduced with permission.[108] Copyright 2025, Wiley-VCH. (d) Cycling performance of symmetric cells with bare Ni-ET and n-MOF-Ni-ET at
1mA cm~2,1 mAh cm~2. Reproduced with permission.[108] Copyright 2025, Wiley-VCH. (e) Cycling performance of asymmetric full cells with bare Ni-
ET//LFP and 5-MOF-Ni-ET//LFP at cathode mass loading of 16.7 mg cm~2. Reproduced with permission.[108] Copyright 2025, Wiley-VCH. (f) Current
density-dependent discharge profiles of asymmetric full cells with Ni-ET//LFP at cathode mass loading of 16.7 mg cm~2. The inset presents the energy
and power densities at varying current densities. Reproduced with permission.[108] Copyright 2025, Wiley-VCH.
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This Janus Li-textile composite anode reduced Li consumption
by approximately 80% compared to homogeneous composites
and enhanced cycling stability through the synergistic effects
of a lithiophobic-lithiophilic framework design and an upper
buffering space. At a high depth of discharge (75%), the Janus Li-
textile anode maintained an ultralong cycle life exceeding 3000 h
(Figure 5f).

Nevertheless, current approaches still face challenges in precisely
controlling interfacial interactions between insulating textile
substrates and conductive coatings—particularly in chemically
reduced metal layers—as well as between adjacent conductive
components. These limitations often result in suboptimal elec-
trical conductivity, non-uniform coating coverage, and partial
blockage of the intrinsic porosity of the textile network. Such
drawbacks compromise the inherent advantages of textile-based
hosts, which depend on high lithiophilic surface area and the
ability to buffer mechanical deformation during cycling.

To overcome these limitations, Nam et al. recently developed a
high-performance, dendrite-free Li textile anode that exhibited
both high capacity and long-term cycling stability (Figure 6a)
[108]. This achievement was realized by a repeated coordina-
tion bonding-based layer-by-layer (LbL) assembly of Ag* ions
and trithiocyanuric acid (TCA), which generated uniform and
ultrathin metal-organic framework (MOF) multilayers (<40 nm)
on Ni-electroplated polyester textiles. During electrochemical
operation, the Ag" ions within the MOF were in situ chemi-
cally reduced to form highly lithiophilic Ag NPs, significantly
lowering the Li nucleation barrier (Figure 6b,c). The symmetric
cells incorporating LbL-assembled (Ag*/TCA); MOF multilayers
demonstrated the outstanding cycling stability for over 2000 h
at 1 mA cm™? and 1 mAh cm™? (Figure 6d). Furthermore, full
cells paired with an LFP cathode and a low N/P ratio of 1.4
retained 92% of their initial capacity over 180 cycles (Figure 6e).
As a result, the ultrathin MOF multilayer-assembled anode
achieved high areal energy and power densities of 9.14 mWh
cm~2 and 48.3 mW cm~2, respectively (Figure 6f). A quantitative
comparison of representative electrode-modification strategies
and their electrochemical performance is summarized (Table 1),
while the corresponding systematic comparisons are summarized
(Table 2).

Importantly, a fundamental challenge in anode-free LMB systems
lies in achieving uniform and reversible Li nucleation and growth
on the initial host substrate. In the absence of pre-existing lithio-
philic sites, Li nucleation is governed by a high energetic barrier,
which intrinsically favors spatially heterogeneous deposition.
Such nonuniform nucleation behavior gives rise to localized
current amplification, leading to irregular Li morphologies and
accelerating the formation of electronically isolated “dead Li.”
Moreover, the Li metal interface in anode-free configurations
is inherently thin and dynamically evolving; during repeated
plating/stripping cycles, this fragile interface is particularly sus-
ceptible to pronounced geometric instabilities, including surface
roughening, interfacial delamination, and loss of interfacial con-
tact. These degradation pathways are further intensified under
practically relevant operating conditions, such as high current
densities and lean electrolyte environments, where kinetic and
mechanical stresses are simultaneously amplified [109].

Addressing these electrochemical and mechanical challenges
places exceptionally stringent demands on interfacial chemistry
and architectural design in anode-free LMBs. First, the current
collector and/or separator must be modified with ultrathin,
conformal, and lithiophilic interlayers that effectively lower the
Li nucleation barrier while homogenizing Li* flux from the
very first plating cycle. Second, beyond nucleation control, these
interlayers must actively regulate solvent and anion coordination
at the interface to direct the formation of a mechanically robust
yet ionically conductive SEI Third, because anode-free systems
operate without any excess Li reservoir, precise suppression
of parasitic side reactions—including electrolyte consumption,
interfacial decomposition, and unintended electronic conduction
pathways—is critical to maintaining high Coulombic efficiency
over extended cycling.

Taken together, these considerations highlight that the realization
of high-performance anode-free LMBs is dictated not solely
by the selection of bulk functional materials but more funda-
mentally by the capability to engineer interfacial interactions
with molecular-level precision. Such interaction-driven interfa-
cial design provides the necessary leverage to couple controlled
Li electrochemistry with long-term mechanical and chemical
stability under demanding operating conditions.

Given the distinct advantages of these textile current collectors
and interfacial interaction-driven ultrathin film technologies,
this strategy holds great promise for broad implementation across
diverse energy storage applications in the future.

4 | Separator Modification

Separator engineering regulates Li dendrites by controlling the
near-interface Li* flux and the local chemical environment at the
separator/anode boundary. These molecular-level interactions—
electrostatic attraction/repulsion, polarity-driven wetting, and
Li* coordination—collectively dictate ion-transport selectivity,
interfacial concentration gradients, and the likelihood of het-
erogeneous nucleation. Accordingly, separator strategies can be
broadly classified into (i) physical shielding/structural barriers
and (ii) chemical functionalization/interaction-driven interlay-
ers, which act either by impeding dendrite propagation or
by tuning electrolyte affinity and interfacial ion transport to
homogenize Li* flux and stabilize interphase chemistry.

The separator serves as a porous, electronically insulating
membrane that physically isolates the cathode and anode while
allowing efficient Li* transport through the liquid electrolyte. A
hydrophilic surface of separator generally enhances compatibility
with conventional polar electrolytes (e.g., carbonate- or ether-
based solvents), thereby enhancing electrolyte uptake and
retention within the porous framework and ensuring continuous
ionic pathways for efficient ion conduction [110-113]. However,
even with favorable electrolyte wettability, the Li* flux at the
anode surface often becomes spatially non-uniform due to local
variations in current density, surface roughness, and electrode
defects, all of which strongly affect heterogeneous nucleation and
dendritic growth [33, 114-116]. Because the separator is in direct
contact with the anode surface, its interfacial properties critically
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FIGURE 7 | (a)SEM image of the NS protected separator with SiO, spheres. Reproduced with permission.[127] Copyright 2020, Wiley-VCH. SEM
images of Li foil after 200 cycles with nano-shield (NS) protected separators from (b) top view (c) cross-sectional view. Reproduced with permission.[127]
Copyright 2020, Wiley-VCH. (d) Cycling performance of symmetric cells with blank separator and NS protected separator at 3mA cm~2 and 3 mAh cm™2.
Reproduced with permission.[127] Copyright 2020, Wiley-VCH. (e) Schematic illustration of symmetric cells with NS protected separator. Reproduced
with permission.[127] Copyright 2020, Wiley-VCH. Optical photographs of the discharged Li metal wrapped by separator during in-situ observation of
Li dendrite growth process (f) with blank separator and (g) with NS protected separator. Reproduced with permission.[127] Copyright 2020, Wiley-VCH.
(h) Schematic illustration of action mechanism of SiO; @PE in LMB. Reproduced with permission.[130] Copyright 2025, American Chemical Society. (i)
Cycling performance of symmetric cells with bare PE separator and SiO,@PE separator at 1 mA cm~2 and 1 mAh cm~2. Reproduced with permission.[130]
Copyright 2025, American Chemical Society. (j) Rate capability at various C-rates and (k) cycling performance of asymmetric LilINCM811 full cells with
bare PE separator and SiO,@PE separator at 1.0 C. Reproduced with permission.[130] Copyright 2025, American Chemical Society.
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FIGURE 8 | (a)Schematic illustration of the Li ion solvation and transport behavior through the ArMT@PP separator compared with the bare
PP separator. Reproduced with permission.[140] Copyright 2025, Wiley-VCH. (b) Ion conductivity and Li* transference number of the cells with PP
and ArMT@PP separators. Reproduced with permission.[140] Copyright 2025, Wiley-VCH. (c) Tafel plot for Li plating/stripping of the symmetric cells
with bare PP separator and ArMT@PP separator. Reproduced with permission.[140] Copyright 2025, Wiley-VCH. (d) LSV curve of Lillstainless steel
half cells with bare PP separator and ArMT@PP separator. Reproduced with permission.[140] Copyright 2025, Wiley-VCH. (e) Cycling performance of
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influence local ion-transport kinetics and the spatial distribution
of Li* flux. Therefore, rational surface modification of the
separator ~ —via  physical  shielding or  chemical
functionalization—can effectively regulate Li* flux uniformity
at the anode-separator interface, thereby reducing the local
nucleation barriers, and suppress dendritic growth and
penetration toward the cathode. In the following section,
we discuss advanced separator surface engineering strategies,
emphasizing their underlying mechanisms and potential to
enhance the electrochemical performance of LMAs.

4.1 | Formation of Physical Barrier

Mechanical suppression of Li dendrite growth represents one
of the most direct and straightforward approaches. Unlike
approaches that primarily aim to prevent initial Li nucle-
ation, this method focuses on physically blocking dendrites
from penetrating the separator. Consequently, the mechanical
properties of both the dendrite and the separator—particularly
parameters such as elastic modulus, hardness, and fracture
strength—become crucial determinants of performance. Typi-
cally, polycrystalline Li, which possesses a body-centered cubic
(BCC) lattice structure, exhibits a Young’s modulus of approx-
imately 2-8 GPa and a yield strength in the range of 0.4-0.9
MPa [117], depending on factors such as grain size, defect
density, and experimental conditions. Thermodynamically, Li
dendrites preferentially grow along specific crystallographic
orientations, most commonly the <I111> or <110> directions
of the BCC lattice, as their growth is kinetically governed
by ion transport dynamics and surface energy minimization
[118, 119]. This process favors the formation of oriented single-
crystal structures with needle- or whisker-like morphologies,
rather than the more reactive, randomly oriented polycrystalline
aggregates. Moreover, size reduction in single crystalline struc-
tures leads to enhanced mechanical strength, as the absence
of grain boundaries suppresses crack blunting, thereby increas-
ing the likelihood of separator penetration and internal short
circuits [120, 121].

To address these issues, the incorporation of inorganic solids—
such as SiO,, TiO,, or Al,O; NPs with sufficient mechanical
robustness [122]—onto the separator surface has been widely
explored to suppress Li dendrite propagation. In addition to their
intrinsic strength, the surface oxygen atoms in these ceramic
oxides possess strong electron-withdrawing properties, which
improve electrolyte wettability and promote uniform Li* ion flux
distribution [123-126]. For example, Liang et al. demonstrated
that a spin-coated SiO, NP array on a commercial polyolefin sep-
arator effectively prevented dendrite penetration during repeated
Li plating/stripping cycles, maintaining interfacial stability for
400 h at 3 mA cm™ and 3 mAh cm™ in a Li symmetric cells

(Figure 7a-d) [127]. This improved performance was mainly
attributed to stress redistribution: when the particle radius was
comparable to the Li dendrite tip, nanosized spherical particles
effectively dispersed local stress and guided dendrite growth into
the narrow interparticle channels between SiO, NPs, thereby
hindering penetration through the separator (Figure 7e-g).

In addition, reducible nanosized ceramic oxides, such as SiO,,
can chemically react with Li metal at dendrite tips, leading to
partial etching and thereby retarding further dendritic growth
[126, 128, 129]. Beyond this reactive behavior, these inorganic
nanomaterials also act as stable lithiophilic species, in which
polar surface oxygen groups facilitate Li* ion transport and
enhance electrolyte wettability at the separator interface. Build-
ing upon these attributes, Park et al. recently reported a functional
separator coated with nonstoichiometric SiO, NPs, where Si nan-
odots continuously scavenge Li dendrites while the surrounding
SiO, matrix regulates Li* ion transport and stabilizes inter-
facial lithiation, collectively suppressing dendritic growth and
enhancing the cycling stability of LMBs (Figure 7h) [130]. In this
architecture, the highly reactive Si nanodots anchored on the SiO,
surface effectively mitigate uncontrollable dendrite propagation
via continuous Li consumption, whereas the SiO, matrix ensures
the structural integrity and delays the direct dendrite penetration
into the separator. The chemically stable SiO, component also
moderates excessive lithiation of Si, thereby maintaining an
optimal balance between reactivity and interfacial durability.
As a result, the SiO,-coated polyethylene (SiO,@PE) separator
enabled stable cycling for 500 hr at 1 mA cm~2 and 1 mAh cm™?
in LillLi symmetric cells, and delivered 152 mAh g~! at 5.0C with
markedly enhanced capacity retention in LilINCMS8I11 full cells
(Figure 7i-k).

While the incorporation of inorganic NPs onto the separator
significantly enhances its mechanical robustness, the presence
of numerous interparticle boundaries can inadvertently form
preferential pathways for Li dendrite propagation, ultimately
leading to internal short-circuit failure. This phenomenon sim-
ilarly accounts for the vulnerability of Li garnet-based solid
electrolytes, which, despite possessing a high shear modu-
lus, remain susceptible to dendrite penetration through grain
boundaries [131-133]. Therefore, proactive control of Li depo-
sition behavior at the initial nucleation stage is essential to
minimize the dendrite propagation through such structural
defects.

4.2 | Chemical Modification with Lithiophilic
Functionality

Given that Li dendrite formation is fundamentally driven by
heterogeneous Li* ion transport at the electrode/separator (or

the symmetric cells with bare PP separator and ArMT@PP separators at 1 mA cm~2 and 1 mAh cm™2, insets show enlarged views at different cycles.

Reproduced with permission.[140] Copyright 2025, Wiley-VCH. (f) Cycling performance and coulombic efficiency of asymmetric LilILFP full cells

with ArMT@PP separator at 1 C. Reproduced with permission.[140] Copyright 2025, Wiley-VCH. (g) SEM image of the as-spun composite nanofiber
membrane of Ag-PCNFs. Reproduced with permission.[146] Copyright 2019, American Chemical Society. (h) TEM image of Ag-PCNFs. Reproduced
with permission.[146] Copyright 2019, American Chemical Society. (i) SEM image of uniform Li deposition on Ag-PCNFs from a symmetric cell after 5

cycles at 0.5 mA cm~2 and 0.5 mA h cm~2. Reproduced with permission.[146] Copyright 2019, American Chemical Society. (j) Schematic illustration of
the uniform Li deposition process on Ag-PCNFs. Reproduced with permission.[146] Copyright 2019, American Chemical Society.
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FIGURE 9 | (a)Schematic illustration for the preparation of MWCF-coated separator. Reproduced with permission.[153] Copyright 2025, Wiley-
VCH. (b) Bilayer number(n)-dependent film thickness of (NH,-TAA/COOH-MWCNT), multilayers. Insets indicate the cross-sectional SEM images.
Reproduced with permission.[153] Copyright 2025, Wiley-VCH. (c) Voltage profiles of half cells with bare separator and n—MWCEF separators (n =1, 3,
5) during the initial Li plating at 0.5 mA cm~2. Reproduced with permission.[153] Copyright 2025, Wiley-VCH. (d) Diffusion coefficient (Dy;, ) half cells
with bare separator and n—MWCF separators (n = 1, 3, 5). Reproduced with permission.[153] Copyright 2025, Wiley-VCH. (e) Ionic conductivity and Li*
transference number of symmetric cells with bare separator and n—MWCEF separators (n = 1, 3, 5). Reproduced with permission.[153] Copyright 2025,
Wiley-VCH. (f) Cycling performance of symmetric cells with with bare separator and n—MWCF separators (n = 1, 3, 5) at 1 mA cm~2 and 1 mAh cm™2.

Reproduced with permission.[153] Copyright 2025, Wiley-VCH.
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electrolyte) interface and the accompanying stochastic nucle-
ation, the separator plays a pivotal role in stabilizing Li deposition
by homogenizing ionic flux and introducing lithiophilic sites for
controlled nucleation [134, 135]. Unlike purely physical blocking
strategies, chemical modification that imparts lithiophilic prop-
erty to the separator offers a more effective route to regulate initial
Li nucleation and growth.

Among various lithiophilic materials, conjugated polymers have
attracted considerable attention owing to their molecular tunabil-
ity, which enables control over electronic properties and incorpo-
ration of lithiophilic functional moieties [136-139]. Recently, Yang
et al. reported a donor-acceptor polymer (ArMT)—composed of
benzene rings and lithiophilic triazine units—onto a polypropy-
lene separator (ArMT@PP) via a simple blade-coating process
to stabilize the Li anode surface (Figure 8a) [140]. The well-
defined porous framework with a uniform pore size distribution
mitigated localized ion accumulation, while the triazine groups
reduced the Li* transport energy barrier, thereby improving
ionic conductivity and enabling uniform Li electrodeposition
during plating and stripping (Figure 8b-d). These features also
facilitated the formation of a stable LiF-rich SEI film, enabling
long-term cycling for 800 h in LilArMT@PPILi symmetric cells
(1 mA cm™ and 1 mAh cm™) and delivering 127.3 mAh
g™} after 1200 cycles at 1C in LiFePO,IArMT@PPILi full cells
(Figure 8e,f).

During electrodeposition, Li atoms preferentially nucleate at
lithiophilic sites, where the local nucleation barrier is lower. This
phase transformation is governed by the direct electrochemical
reduction of Li* ions upon electron contact [141]. Accordingly,
the electrical conductivity of the lithiophilic interlayer coated on
the separator becomes a crucial factor in minimizing interfacial
resistance and overpotential, thereby promoting uniform Li depo-
sition. In this regard, carbon-based materials such as CNTs and
carbon nanofibers (CNF) have emerged as promising interlayer
candidates due to their good electrical conductivity, mechanical
robustness, and highly porous 3D architecture, which together
facilitates rapid Lit* ion transport. However, pristine carbon
materials possess inert graphitic surfaces that are intrinsically
lithiophobic, limiting uniform nucleation [142]. Thus, surface
functionalization or hybridization with lithiophilic species is
often required to fully exploit their structural and conductive
advantages for dendrite suppression [143-145]. For example,
Liu et al. fabricated a lithiophilic separator by coating Ag NP-
embedded 3D porous CNFs onto a commercial polypropylene
separator (Ag-PCNF-PP) (Figure 8g,h) [146]. The uniformly deco-
rated Ag NPs across both the inner and outer surfaces of the PCNF
scaffold offered abundant lithiophilic nucleation sites [147, 148],
while the conductive carbon framework provided continuous
electron pathways, ensuring smooth and homogeneous Li plating
(Figure 8i,j).

Similarly, the incorporation of lithiophilic functional groups,
such as hydroxyl or nitrogen-containing moieties, onto carbon
interlayers has been demonstrated as an effective strategy to
rationally tailoring surface chemistry [149-151]. The covalently
anchored groups form a stable and homogeneously distributed
lithiophilic network within the porous architecture, which not
only lowers the Li nucleation barrier but also maintains long-term

durability without particle coalescence or detachment during
cycling [152]. Furthermore, such functional groups can act as
coordination or binding sites for anchoring functional inorganic
nanoparticles or establishing stable interfacial interactions with
adjacent moieties. In a recent study, the Cho group reported
the fabrication of an ultrathin (~62 nm-thick), lithiophilic
interlayer on a commercial polypropylene separator via LbL
assembly of carboxylic acid-functionalized multiwalled CNTs
(COOH-MWCNTs) and amine-functionalized small molecule
linker, tris(2-aminoethyl) amine (NH,-TAA) (Figure 9a) [153].
Strong hydrogen-bonding interactions between each lithiophilic
component and between the interlayer and separator ensured
excellent structural integrity during repeated cycling. Moreover,
the highly porous CNT network, uniformly decorated with dense
lithiophilic sites, provided sufficient space for Li accommodation,
effectively directing Li growth toward the anode surface and
suppressing dendrite penetration into the separator. Given that
the charge-transport kinetics at the interfaces are determinant
factors in the energy density and efficiency of rechargeable bat-
tery systems, the physical characteristics of interlayer—including
thickness, porosity, and uniformity, which are closely related to
the interfacial resistance—must be carefully considered [154-
156]. The experimental results clearly demonstrated that Li* ion
transport and deposition behavior can be precisely controlled
even within several tens of nanometers of interlayer thickness
(Figure 9b-e) [153], underscoring the limitations of thick inter-
layers composed of polymers or carbons typically fabricated by
slurry casting or vacuum filtration [140, 157]. As a result, the LbL-
assembled MWCNT forest (3-MWCF)-coated separator enabled
excellent long-term cycling stability for 10 000 h at 1 mA cm™
and 1 mAh cm™ in the LilLi symmetric cells (Figure 9f). A
quantitative comparison of representative separator-modification
strategies and their electrochemical performance is summarized
(Table 3), while the corresponding systematic comparisons are
summarized (Table 4).

5 | Conclusion and Outlook

In summary, extensive efforts have been directed toward sup-
pressing Li dendrite growth and stabilizing LMAs through
electrolyte engineering, artificial interphase design, host elec-
trode modification, separator functionalization, and interfacial
interaction-driven assemblies. Among these, molecularly tai-
lored interfacial strategies—including LbL assembly of lithio-
philic components (e.g., COOH-, NH2-functionalized compo-
nents, and/or lithiophilic metal-organic frame components) on
separators or host electrodes—are particularly promising because
they enable binder-free, ultrathin, and conformal interfaces with
nanoscale control over thickness, composition, and uniformity.
Such architectures homogenize Li* nucleation and ion-flux
distribution and promote robust, inorganic-rich SEI formation,
thereby mitigating dendritic growth while preserving porosity
and minimizing inactive mass/volume penalties to support high
energy density.

Importantly, this precise interfacial engineering effectively stabi-
lizes the electrode surface without compromising the geometric
features or intrinsic performance of the electrode components.
Recently, numerous studies have focused on thin LMAs to
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TABLE 3 | Electrochemical performance comparison of the reported separators in LMA.
Symmetric cell Asymmetric full cell
Material Method Thickness performance performance References
Formation of physical
barrier
SiO, (or polystyrene) Slurry-based ~1 pm ~400 h 150 cycles @ 1C [127]
NP arrays Spin-coating @ 3 mA cm™?/3 mAh (LiFePO,)
cm™2
n-Sio, Slurry-based ~3 pm 500 h ~320 cycles@1C [130]
blade-coating @1mAcm>2/ImAh ~200mAhg!' @02C
cm™2 (NCMS8I11)
Mg(OH),@MgO Slurry coating ~2 um ~1000 cycles ~200 cycles @ 0.3 C [160]
@ 2 mA cm~2/2 mAh (NCM8I11)
cm™2
PDA@AIN? Slurry coating ~18 um 2000 h 500 cycles @1C [161]
@ 1 mA cm™2/1 mAh 115.7mAhgt@1C
cm™ (LiFePO,)
Chemical modification
ArMT Blade-coating ~25 um 800 h 1200 cycles @ 1C [140]
(donor-acceptor @ 1 mA cm~2/1 mAh 1273mAhgt@1C
polymer) cm™? (LiFePO,)
Ag NP-embedded EBS°® and Knife-coating 3 um 1500 h 600 cycles @ 0.5 C [146]
CNF® @2mAcm~2/2mAh  749.2 mAh g7! (~77%)
cm™? (sulfur)
Crosslinked Radical ~4 um 2500 h 250 cycles @ 1 C [162]
pressure-sensitive copolymerization @ 1 mA cm~2/1 mAh (LiFePO,)
adhesive cm™2
(70cPSA)
COF nanosheet vacuum filtration 200nm 2600h @5mAcm™2/1 300 cycles @ 1C [163]
mAh cm™2 (LiFePO,)
proton-doped Slurry — Blade coating ~3um 2400h@1mAcm™2/1 200 cycles @ 3C [164]
polyaniline (PANi) mAh cm™2 (LiFePO,)
nanosheets
silver-nanocrystal Slurry - Blade coating 7um 2000h@1mAcm2/1 400 cycles @1C [165]
decorated polyimide mAh cm™ (LiFePO,)
microsphere (PI@Ag
microsphere)
Multiwalled CNT forest Layer-by-layer ~62 nm ~10 000 h 1570 cycles @ 1C [153]
(MWCF) assembly @ 1 mA cm~2/1 mAh (LiFePO,)
cm™2

APDA@AIN: aluminum nitride (AIN) coating on polydopamine (PDA);
bCNF: carbon nanofiber;
“EBS: electro-blown spinning.

minimize inactive weight and volume while revealing their ‘true’
electrochemical performance under low N/P ratio conditions.
Although the adoption of thin Li foils is essential for bridging
the gap between lab-scale research and commercial viability,
it inevitably exposes the intrinsic instabilities of the Li metal
interface, most notably Li inventory depletion and heightened
geometric sensitivity [158, 159].

In this regard, molecular-level control of interfacial architectures
via the LbL deposition technique—based on strong interfacial
interactions—offers a rational solution as it enables the con-

struction of conformal, ultrathin (ideally <100 nm) lithiophilic
interlayers across complex electrode geometries. In contrast to
conventional slurry-cast lithiophilic coatings with thickness rang-
ing from several to tens of micrometers, such ultrathin interlayers
homogenize interfacial Li* flux, suppress local current ampli-
fication, and mitigate parasitic reactions that drive inventory
depletion and geometric instability. Consequently, independent
of the specific fabrication route, achieving an ultrathin and highly
uniform lithiophilic coating at electrode interfaces emerges as
a decisive requirement for developing practical and impactful
strategies toward superior electrochemical performance.
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Although LbL assembly-based engineering can provide the
molecular-level tunability necessary for dual interfacial coordi-
nation, its practical commercialization will depend on improving
fabrication time efficiency and reproducibility. To facilitate com-
mercial adoption, the inherently time-intensive dip-based proto-
cols should be transformed into high-speed and large-area coating
platforms—such as roll-to-roll continuous processing and spray
(or slot-die) deposition—thereby enhancing processing speed,
coating uniformity, and batch-to-batch reproducibility. Successful
integration of these manufacturing-friendly approaches would,
in turn, allow the precision inherent to LbL assembly to be
effectively implemented in practical devices by simultaneously
ensuring (i) long-term mechanical robustness and chemical com-
patibility of dual lithiophilic interfaces with targeted electrolyte
systems and (ii) scalable manufacturing pathways compatible
with realistic cell formats.

Notably, these continuous deposition strategies are particu-
larly well-suited for dual lithiophilic interface engineering that
requires the concurrent modification of both electrodes and sepa-
rators. By contrast, conventional slurry casting methods are often
impractical for such applications due to limitations in thickness
control, pore blockage, and poor conformality on various 3D
substrates, including porous substrates. Overall, coupling LbL
assembly-based interfacial chemistry with scalable coating lines
can offer a direct route to preserve molecular-level tunability
while satisfying the requirements of durable, reproducible, and
large-area manufacturing.
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