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ABSTRACT

Lithium (Li) metal, known for its exceptional theoretical capacity and low redox potential, represents a promising anode
material for next-generation Li-based batteries. However, its practical implementation is often compromised by uncontrolled
dendritic Li growth during cycling, leading to safety hazards and accelerated degradation. In this study, we present a novel
dual-interface engineering strategy aimed at mitigating Li dendrite formation through the incorporation of ultrathin lithiophilic
interlayers on both the electrode (~44 nm) and separator (~2 nm). We utilize a Ni-electroplated textile as a conductive host, onto
which lithiophilic Ag nanoparticles and amine-based molecular linkers are uniformly assembled via a ligand-exchange-mediated
approach, resulting in an ultrathin lithiophilic interlayer. Simultaneously, the separator is modified through a hydrogen-bonding-
driven assembly of NH,-functionalized poly(ethylene imine) and COOH-functionalized poly(acrylic acid), forming a ~2 nm
interlayer that redistributes Li* flux. This synergistic interfacial design enables symmetric cells to operate stably for over 2200 h at
1 mA cm2/1 mAh cm™2, while lithium iron phosphate-based full cells retain approximately 72% capacity after 5000 cycles at 1 C.
Our findings underscore dual-interface engineering as an effective and scalable approach for the development of safe and durable
Li metal batteries.

1 | Introduction capacity (3860 mAh g1), low redox potential (—3.04 V vs. SHE),

and low density [1-4]. However, practical use of lithium metal
Lithium (Li) metal is considered the leading anode material for anodes (LMAs) is hindered by interrelated instabilities during
next-generation rechargeable batteries due to its high theoretical ~ cycling, including high reactivity, significant volumetric changes,
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and fragile solid-electrolyte interphase (SEI) [5-8]. These issues
lead to uncontrolled dendritic growth and the accumulation of
“dead lithium,” posing safety risks and accelerating capacity loss
[9-14]. Chen et al. clarified that the formation of dead Li® during
Li stripping is governed by electron transfer, Li°-to-Li* oxidation
kinetics, and Li* diffusion through the SEI [15]. Abdollahifar
and Paolella further summarized that electrically isolated Li
fragments trapped by the SEI become electrochemically inactive,
leading to capacity loss, increased interfacial resistance, heat
generation, and aggravated dendrite-related safety concerns [16].
The core of these failures lies in the uneven local current density,
which causes nonuniform Li nucleation and growth [17-20].

To mitigate these issues, significant efforts have focused on
engineering lithiophilic interfaces on 2D host electrodes [21,
22]. Among inorganic lithiophilic agents, silver (Ag) and gold
(Au) particles larger than 50 nm are particularly effective in
promoting uniform Li nucleation by lowering the energy barrier
and enhancing Li* affinity [23-26]. Ag, in particular, forms Li-
Ag solid-solution interfaces that reduce nucleation overpotential
and facilitate homogeneous deposition [27, 28]. However, con-
ventional coating approaches typically rely on slurry-cast layers
with insulating polymer binders, resulting in thick coatings that
compromise energy density and impede ion transport [29, 30]. An
ideal design would instead employ ultrathin lithiophilic layers
densely packed with active binding sites and free of inactive
binders—an outcome that remains elusive with conventional
fabrication techniques.

3D porous host electrodes, such as nickel (Ni) foams, offer a
partial solution to these challenges, as their expanded surface
area effectively reduces local current density [31, 32]. However,
when fabricated via conventional slurry casting, their porous
architecture often impedes uniform coating of lithiophilic com-
ponents, while their relatively high mass further diminishes
electrode-level energy density [33, 34].

A particularly promising yet underexplored category of 3D hosts
is fiber-based textile substrates—either natural or synthetic (such
as cotton or polyester)—which offer significantly lower mass
densities (0.12-0.16 g cm~3) compared to conventional Ni foams
(1.0-1.5 g cm™?). Nonetheless, their inherent electrical insulation
and complex morphology have severely limited their application
as host electrodes. These limitations become particularly critical
under limited-Li and practically demanding cell conditions,
where highly reversible Li plating is required [35, 36]. Moreover,
increasing the surface area or modifying the microtexture alone
does not necessarily ensure stable Li deposition [37]. Accordingly,
bridging this gap requires not only enhancing electrical conduc-
tivity but also developing a conformal, binder-free lithiophilic
coating capable of regulating interfacial lithiophilicity and uni-
formly infiltrating the entire 3D fibrous architecture [38]—an
objective that remains challenging for recent LMA studies [39,
40]. Beyond such host electrode engineering, effective control of
Li deposition demands a holistic approach in which separator
engineering serves as a valuable complementary strategy [41-
44]. An ideal separator should enable uniform Li* transport
while preventing electron conduction and dendrite penetration.
However, conventional separators often have limited function-
ality for regulating Li* flux and suppressing anion migration,
leading to interfacial heterogeneity during cycling. Incorporat-

ing lithiophilic interlayers in separators has been explored to
stabilize Li* flux and reduce dendritic growth [45-48]. Yet,
like electrode strategies, current separator methods typically
use slurry-cast, binder-containing layers that increase structural
complexity and degrade ion transport and reaction kinetics [49-
52]. Consequently, both electrode and separator strategies share
the challenge of needing conformal, ultrathin, binder-free lithio-
philic modifications that current technologies cannot achieve
simultaneously. Even with successful homogeneous nucleation
on the electrode surface, nonuniform Li* flux from the separator
can still cause localized deposition. Conversely, regulating ion
flux from the separator alone cannot fully prevent dendrite forma-
tion when the electrode surface has energetically heterogeneous
nucleation sites.

These considerations lead to a unified design principle: since
Li deposition is influenced by the interconnected processes
of ion transport and interfacial nucleation at the electrode—
separator interface [53-56], simultaneous regulation of both sur-
faces provides a more effective approach than optimizing either
in isolation. A dual-interface strategy could align lithiophilic
guidance from both sides, suppressing dendrite formation at the
anode while homogenizing Li* flux at the separator, thereby
addressing the root causes of instability cohesively. In practice,
however, such an approach remains a formidable challenge: exist-
ing methods are inherently constrained by thick, nonconformal
coatings and insufficiently robust interfacial interactions, leaving
the transformative potential of dual-interface regulation largely
unrealized.

Herein, we present a fundamentally novel dual-interface engi-
neering strategy that overcomes these longstanding limitations,
enabling dendrite-free lithium metal textile anodes through
the integration of ultrathin, binder-free, and highly lithio-
philic interlayers on both the 3D textile host electrode and
the separator (Scheme 1). Distinct from previously reported
approaches, our strategy simultaneously establishes conformal
and mechanically robust interphases at two critical junctions—
the electrode-interlayer and separator-interlayer interfaces—
while maintaining a total interlayer thickness below 50 nm.
These ultrathin hybrid interlayers are constructed via an inter-
facial interaction-driven layer-by-layer (LbL) assembly [57, 58]
process based on sequential solution dipping, which syner-
gistically combines ligand-exchange-mediated covalent bonding
(for electrode modification) with hydrogen-bonding interactions
(for separator modification), thereby enabling precise nanoscale
control over thickness and composition across complex 3D
architectures.

The synergistic incorporation of these dual lithiophilic interlayers
significantly enhances ionic conductivity and Li* transference
number, while simultaneously reducing nucleation overpotential
and charge transfer resistance, compared to systems employing
only a single interlayer. As a result, the integrated configuration—
3-Ag-Ni textile | LbL-separator | 3-Ag-Ni textile—delivers stable
Li plating/stripping over 2,200 h at 1 mA cm™2/1 mAh cm™
with a low overpotential of 33 mV. Full cells paired with
LiFePO, (LFP) cathodes at an LFP loading of 0.91 mg cm™2
demonstrate outstanding long-term stability, retaining 90% and
72% of initial capacity after 2000 and 5000 cycles. To further assess
the applicability of the dual-interface modification under more
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SCHEME 1 | Schematic illustration for the preparation of [TREN/Ag NP],-deposited Ni textile and [PAA/PEI],-deposited separator using a LbL

assembly.

practically relevant cathode loading and limited Li inventory,
the LFP loading was increased up to 7.24 mg cm~2 while the
N/P ratio was reduced to 1.4. Under these conditions, the full
cells achieved a high LFP-normalized specific energy of 530.1 Wh
kg™!, calculated based on the mass of LFP active material.

Notably, these performances were achieved with only a small
fraction of the Li inventory typical of conventional Li chips—
less than one-fifth under standard full cell conditions and ~3.3%
under practical high-loading/low-N/P conditions. These results
collectively validate dual-interface engineering as a scalable,
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materials-efficient platform for realizing safe and high-energy
lithium metal batteries.

2 | Results and Discussion

2.1 | Fabrication of [TREN/Ag NP],
Multilayer-Assembled Ni Textile

The quality of the Li plating process is strongly influenced
by the surface characteristics of the host electrode materials,
including their geometric structure (uniformity and large sur-
face area), chemical composition (lithiophilicity), and electrical
conductivity. To this end, we designed ultrathin and uniform
lithiophilic multilayers on 3D-structured conducting textiles as
a host material for Li plating, employing a well-defined LbL
assembly of lithiophilic nanomaterials.

We first prepared a highly conductive textile current collector
by assembling ~8 nm TOAS-stabilized Ag NPs and TREN onto
a highly porous polyester textile through covalent interactions
between the Ag NP surface and the NH, groups of TREN (Figure
S1; Detailed Experimental Section). During this LbL assembly,
the inactive bulky TOAS ligands initially attached to the Ag NP
surface were almost completely replaced by the TREN molecular
linkers with an extremely low molecular weight (M, ~146). This
process significantly reduces the interparticle distance between
adjacent Ag NPs, forming a well-connected electronic network
with minimal pore volume. The effective replacement of the
lithiophobic TOAS ligands suggests that the resulting LbL mul-
tilayers are entirely composed of lithiophilic components (i.e.,
Ag NPs and NH, moieties of TREN linkers), with consistent
adsorption per bilayer.

This ligand-exchange-induced adsorption behavior of LbL-
assembled [TREN/Ag NP], multilayers with increasing bilayer
number was systematically analyzed by Fourier transform
infrared (FTIR) spectroscopy (Figure 1la). Upon immersing the
NH,-functionalized substrate into a TOAS-Ag NP-dispersed
toluene solution, the FTIR absorption peaks indicative of C-
H stretching (at 2,850-2,950 cm™) from the bulky alkyl chains
of TOAS ligands were observed, confirming the deposition of
the TOAS-Ag NP layer (n = 0.5). These characteristic peaks
disappeared completely after immersing the TOAS-Ag NP-coated
substrate in a TREN-dissolved ethanol solution (n = 1), suggesting
the complete removal of loosely bound TOAS ligands from the
Ag NP surface. Given the higher affinity of the NH, groups
of TREN molecules for the metal surface—due to their lone
pairs of electrons—compared to the ammonium groups of TOAS
ligands, these FTIR spectroscopic results support the direct
adsorption of TREN onto the Ag NP surface through an effective
ligand-exchange reaction. This trend is consistently observed
with increasing bilayer number, confirming the successful LbL
assembly of [TREN/Ag NP], multilayers. Consequently, the
organic linker connecting adjacent Ag NPs consisted solely of the
small TREN molecule. This reduced interparticle distance was
further supported by UV-vis spectroscopy (Figure S2), in which
the characteristic surface plasmon resonance peak of TOAS-Ag
NPs in toluene gradually disappeared after assembly, indicating a
marked decrease in the separation distance between adjacent Ag
NPs.

The [TREN/Ag NP], bilayer deposited onto polyester textile
served as a conductive seed layer and exhibited a low sheet
resistance of 0.4 Q sq7!, resulting in densely packed arrays of
Ag NPs (Figure 1b,c). The X-ray diffraction (XRD) pattern of the
[TREN/Ag NP];-coated polyester displayed distinct diffraction
peaks at 38.1°, 44.6°, 64.7°, 77.6°, and 81.5°, which correspond well
to the crystalline phases of Ag (Figure S3).

Building upon this conductive seed layer, we further enhanced
the electrical conductivity of the textile host electrode by elec-
troplating nickel (Ni) onto the [TREN/Ag NP],-coated polyester.
This process reduced the sheet resistance dramatically to 7 x 1073
Q sq~! after a single electroplating step, proving far more efficient
than repeated Ag NP multilayer deposition for constructing a
highly conductive textile current collector (Figure 1c). Impor-
tantly, the resulting Ni-electroplated textile (hereafter denoted as
“Ni textile”) formed a smooth and continuous metallic layer on
individual fibers while preserving the highly porous structure of
the pristine polyester without blockage by metal aggregates.

After constructing the conductive Ni textile (mass density:
~0.7 g cm™), the surface was briefly primed with ultrathin
PEI/PAA layers to promote interfacial adhesion, followed by
the redeposition of [TREN/Ag NP], multilayers (n = 1-5) as
lithiophilic nanoparticle layers. To quantitatively evaluate the
bilayer-dependent adsorption behavior and lateral packing char-
acteristics of these lithiophilic [TREN/Ag NP], coatings, quartz
crystal microbalance (QCM) measurements were performed
(Figure S4). The frequency shifts (—Af) and corresponding mass
changes associated with the sequential adsorption of TREN
and Ag NPs were monitored as a function of layer number.
The mass uptake was calculated from the measured frequency
changes using the Sauerbrey equation, under the assumption
that the deposited layers are rigid, uniformly distributed, and
sufficiently thin, where Am, Af, C and n denote the mass change,
frequency change, Sauerbrey constant, and harmonic number,
respectively.

Sauerbrey equation Am = —CAf/n »

Notably, the amount of adsorbed Ag NPs was found to be
strongly governed by the underlying TREN sublayer, irrespective
of whether the substrate was a quartz crystal or a polyester
textile. As a result, the deposition of Ag NPs onto the TREN
layer induced —Af of 86.4 + 7.5 Hz, corresponding to a mass
loading of ~1.53 pg cm~2 per bilayer. Based on an average
Ag NP diameter of ~8 nm, the areal number density of the
optimized coating layer was estimated to be approximately 1.63
x 10" cm~2, corresponding to an estimated effective packing
density of ~82% in the lateral dimension. It is noteworthy
that conventional electrostatic assembly of negatively charged
metal nanoparticles onto positively charged organic layers in
aqueous media typically suffers from limited packing density
(<30%) because of strong interparticle electrostatic repulsion
[59, 60]. In comparison, the ligand-exchange-driven assembly
employed here, conducted in organic media, likely facilitates
denser nanoparticle packing, underscoring the effectiveness of
this interfacial engineering strategy. Atomic MD simulations of
the [TREN/Ag NP] interlayer reported by Song et al. further
showed that the separation distance between adjacent Ag NPs
was estimated to be approximately 6 A [61]. This molecular-scale
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FIGURE 1 | Fabrication of[TREN/Ag NP], Multilayer-Assembled Ni Textile. (a) FTIR spectra and corresponding schematic illustrations of the LbL
assembly of [TREN/Ag NP],, multilayers as a function of bilayer number (n). (b) FE-SEM images of [TREN/Ag NP];-coated polyester fiber. (c) Change
in sheet resistance (Q sq~!) of [TREN/Ag NP],-coated polyester textiles and Ni electroplating/[TREN/Ag NP], /polyester textile. (d) FE-SEM images of
bare Ni textile and n-Ag-Ni textiles. The inset shows the digital images of the respective textiles. (e) EDS elemental mapping images of 3-Ag-Ni textile. (f)
Digital photograph of a 10 x 10 cm? 3-Ag-Ni textile electrode, demonstrating the practical scalability of the solution-processable LbL assembly process

on a large-area 3D textile substrate. (g) Surface area of bare Ni textile and n-Ag-Ni textiles. (h) Electrolyte contact angle measurements for bare Ni plate
and [TREN/Ag NP];-coated Ni plate.
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interparticle spacing, together with the negligibly small mass
of each TREN layer, indicates that TREN is incorporated as a
confined molecular linker between neighboring Ag NPs rather
than as a substantial NH,-rich phase. Therefore, the amount of
TREN present within the ultrathin [TREN/Ag NP] interlayer is
expected to be intrinsically limited.

Despite this additional multilayer growth, the redeposited
[TREN/Ag NP], layers maintained a minimal thickness of only
a few tens of nanometers, remaining below 80 nm, while
effectively increasing the surface area through their nanoporous
architecture (Figure S5). These characteristics contribute to
the mitigation of current localization and the reduction of
nucleation overpotential, thereby promoting more uniform Li
plating. Figure 1d shows the change in surface morphologies of
[TREN/Ag NP],, multilayer-coated Ni textiles (hereafter denoted
as ‘n-Ag-Ni textile’) with increasing bilayer number (n) from 0
to 5, which was confirmed by FE-SEM. While all multilayer-
coated Ni textiles maintained their highly porous structure, an
increase in bilayer numbers led to the formation of larger Ag
NPs through the coalescence of smaller TOAS-Ag NPs, an effect
similar to Ostwald ripening, wherein smaller particles combine to
form larger entities. As already mentioned, the ligand exchange
from bulky pristine TOAS ligands to significantly smaller TREN
molecules during LbL assembly reduces the separation distance
between adjacent Ag NPs. This decrease in separation distance,
along with a low cohesive energy of 2.95 eV per Ag atom,
facilitated mutual atom diffusion within the Ag NPs, particularly
among those separated by a single TREN molecule. As shown
in Figure le, the energy dispersive spectroscopy (EDS) elemental
mapping confirmed the homogeneous distribution of Ni and
Ag throughout the entire 3-Ag-Ni textile surface, which was
further supported by XRD analysis showing distinct characteristic
peaks at 38.1°, 44.6°, 51.9°, 64.7° and 76.8° corresponding to the
crystalline bulk structures of Ni and Ag (Figure S6).

Beyond this local compositional uniformity, the solution-
processable LbL assembly could be readily extended to a 10 X
10 cm? textile substrate, yielding a large-area 3-Ag-Ni textile
electrode with a uniform macroscopic appearance (Figure 1f;
Figure S7). This result highlights the practical scalability of the
fabrication process and demonstrates its capability to uniformly
integrate lithiophilic active components over large-area and
geometrically complex 3D textile electrodes.

An additional area of interest is the ability of the lithiophilic Ag
NP assembly to increase the surface area of the Ni-textile. To
investigate this further, we conducted Brunauer-Emmett-Teller
(BET) surface area measurements to evaluate the surface area
effect of the n-Ag-Ni textile (Figure 1g; Figure S8). Initially, the
pristine Ni textile had a surface area of approximately 0.927 m?
g%, which modestly increased to 0.949 m? g=! following the
deposition of 1 bilayer (i.e., 1-Ag-Ni textile). Notably, with the
addition of 3 bilayers, the surface area significantly expanded to
1.595 m? g1, suggesting the formation of an optimal nanoporous
structure induced by the fused Ag NPs, thus maximizing sur-
face accessibility while preserving the uniformity of the overall
microporous structure. However, increasing the bilayer number
(n) up to 5 resulted in a decrease in surface area to 1.087 m?
g, likely due to the excessive fusion of Ag NPs, which reduced
the accessible surface area. Additionally, the average pore size of

the n-Ag-Ni textiles decreased gradually with increasing bilayer
number. This can be attributed to the progressive deposition and
partial fusion of Ag NPs along the Ni-textile framework, which
narrows the pore channels by partially occupying the original
pore volume. These findings demonstrate that our approach
effectively optimizes the surface area of the textile anode by
leveraging both the nanoporous structure of the lithiophilic Ag
NP multilayers and the macroporous structure of the textile
current collector, thereby facilitating uniform current flux at the
electrode/electrolyte interface.

Additionally, to evaluate the electrolyte wettability associated
with the lithiophilic surface chemistry arising from the LbL-
assembled [TREN/Ag NP], multilayers, contact angle measure-
ments were performed using a flat 2D Ni plate. The [TREN/Ag
NP];-coated Ni plate exhibited superior electrolyte wettability
compared to the bare Ni plate (Figure 1h). Specifically, the
effective exchange of native TOAS ligands on Ag NPs with TREN
during the LbL assembly process resulted in an electrolyte-
wettable surface, producing an extremely low contact angle of
the electrolyte (1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in a 1:1 (v/v) mixture of 1,2-dimethoxyethane (DME)
and 1,3-dioxolane (DOL) containing 5 wt % lithium nitrate
(LiNO,)). This excellent electrolyte affinity minimizes interfacial
impedance, thereby enhancing energy efficiency.

2.2 | Electrochemical Properties of [TREN/Ag
NP],,-Coated Ni Textile Anode

To systematically assess the influence of lithiophilic [TREN/Ag
NP], multilayers on Li nucleation and growth behavior, we
prepared Li | separator | n-Ag-Ni textile half-cells with different
bilayer numbers (n). During Li plating at a current density of
0.5 mA cm~? and a capacity of 1 mAh cm~2, the n-Ag-Ni textiles
exhibited significantly lower nucleation overpotentials than the
bare Ni textile and the nonporous Ni foil (Figure 2a; Figure S9).
Specifically, increasing the bilayer number (n) of n-Ag-Ni textiles
from O (bare Ni textile) to 5 resulted in a notable reduction
in overpotential values from approximately 33.1 mV (n = 0) to
1.2 mV (n = 1), 49 mV (n = 3), and 8.8 mV (n = 5). Notably,
the 3-Ag-Ni textile-based half-cell exhibited the lowest nucleation
overpotential, indicating a smaller driving force required for the
nucleation process. This trend closely followed the variations
in effective surface area with different bilayer numbers (see
Figure 1g), suggesting that the enlarged electrochemically active
surface plays a critical role in reducing local current density and
providing abundant Li nucleation sites.

Electrochemical impedance spectroscopy (EIS) was conducted
to further investigate the internal resistance and Li* transport
kinetics at the interface of the n-Ag-Ni textile-based system
during Li plating (Figure 2b; Figure S10). The charge-transfer
resistance (R,,) of the n-Ag-Ni textile-based half-cells decreased
markedly with increasing bilayer number (), from 29.9 Q cm?
for the bare Ni textile (n = 0) to 26.3 Q cm? (n = 1) and 12.1 Q
cm? (n = 3), followed by a slight increase t0 19.2 Q cm? atn = 5.
To further evaluate the Li* transport behavior, the Li* diffusion
coefficient (Dy;, ) was estimated from the low-frequency Warburg
region based on the linear relationship between Z’ and w™"2.
Consistent with the R, trend, the Li* diffusion coefficient (D;,),
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FIGURE 2 | Electrochemical Properties of [TREN/Ag NP],-coated Ni Textile Anode. (a) Voltage (V) vs. capacity (mAh cm~2) profiles of n-Ag-Ni
textile-based half-cells during Li nucleation at 0.5 mA cm~2 and 1 mAh cm~2. (b) Nyquist plots for n-Ag-Ni textiles and (c) the corresponding ion diffusion
coefficients (Dy;*). (d) Coulombic efficiency (%) of n-Ag-Ni textile-based half-cells during repetitive Li plating/stripping cycles at 1 mA cm~2 and 1 mAh
cm™2. FE-SEM images for the surface morphologies of (e) bare Ni textile and (f) 3-Ag-Ni textile in half-cell configurations after Li plating at 0.5 mA cm~?2
to a capacity of 10 mAh cm~2. The insets show digital photographs of the Li-plated textiles. Deconvoluted XPS spectra of bare Ni textile and 3-Ag-Ni

textile collected after 10 CV cycles of Li plating/stripping: (g) F 1s, (h) N 1s, and (i) Li 1s.
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estimated from the low-frequency Warburg region, increased
from 8.82 x 10™® cm? s™' for the bare Ni textile to 9.29 x
1073 cm? s7! for the 1-Ag-Ni textile and reached a maximum
of 1.17 x 107 cm? s for the 3-Ag-Ni textile, followed by a
slight decrease to 8.99 x 107" cm? s7! for the 5-Ag-Ni textile
(Figure 2c). These results indicate that the optimized bilayer
architecture facilitates Li* transport while reducing interfacial
resistance, thereby promoting more efficient Li nucleation and
uniform plating.

Building on these electrochemical observations, we evaluated the
Coulombic efficiency to assess the long-term cycling stability of
the n-Ag-Ni textile anodes (Figure 2d; Figure S11). Although the
larger surface area of the bare Ni textile moderately improved
interfacial stability during Li plating/stripping relative to the non-
porous Ni foil by alleviating local current density concentration,
a rapid CE decline was observed after ~150 cycles. This behavior
primarily arises from the absence of intrinsic lithiophilic sites and
effective interfacial regulation, leading to nonuniform Li nucle-
ation and the promotion of irreversible parasitic side reactions.
The introduction of a single Ag NP layer (1-Ag-Ni textile) delayed
the onset of CE degradation to ~200 cycles, indicating modest
improvements in interfacial uniformity. Further increasing the
bilayer number to n = 3 resulted in the most stable cycling
performance. The 3-Ag-Ni textile maintained an average CE of
97.0% without noticeable degradation over more than 320 cycles,
attributable to the well-regulated Li* flux and the suppression
of parasitic reactions enabled by the uniformly distributed Ag
NP array. In contrast, the 5-Ag-Ni textile displayed earlier CE
deterioration, beginning around 230 cycles, followed by a rapid
decline. This instability arises from excessive Ag NP deposition
that reduces the effective surface area and disrupts uniform Li
plating. Collectively, these results demonstrate that the 3-Ag-Ni
textile achieves an optimal balance of lithiophilicity, interfacial
stability, and long-term cycling performance, establishing it as the
most effective architecture for high-performance LMAs.

To establish a direct correlation between electrochemical stability
and Li deposition morphology, ex situ FE-SEM imaging was
conducted after Li plating at 0.5 mA c¢cm~2 to a capacity of 10
mAh cm~2 (Figure 2e,f). The bare Ni textile exhibited relatively
rough and non-uniform Li deposition with locally protrusive
features, reflecting the comparatively lower lithiophilicity of the
electroplated Ni surface relative to the 3-Ag-Ni textile and the
resulting inhomogeneous Li nucleation behavior. It should be
noted, however, that the electroplated Ni layer used to prepare the
bare Ni textile contains a non-negligible amount of lithiophilic
metal oxides (i.e., Ni(OH), and NiO) in addition to metallic
Ni, which render it slightly more lithiophilic compared with
conventional Ni foil or Ni plate (Figure S12; Figure S13). Such
interfacial heterogeneity of the bare Ni textile can promote
uneven Li growth during continued cycling, thereby increasing
the risk of capacity degradation and unstable cell operation
(Figure 2e).

In contrast, the 3-Ag-Ni textile showed markedly more uniform Li
deposition morphology, evolving toward a dense mossy structure
during electrochemical operation (Figure 2f). This improvement
arises from the enhanced lithiophilicity and uniform Ag NP
arrangement provided by the [TREN/Ag NP], multilayer assem-
bly, which regulates Li* flux and suppresses the development

of localized high-surface-energy protrusions. The more uniform
and compact Li deposition observed on the 3-Ag-Ni electrode fur-
ther confirms that the optimized Ag NP configuration effectively
homogenizes Li nucleation and growth, thereby enabling more
stable and reversible Li metal cycling.

To gain molecular-level insight into this dendrite-to-mossy tran-
sition and to clarify that the observed improvements stem not
only from Ag NP incorporation but also from the introduction of
TREN, density functional theory (DFT) calculations were carried
out to compare Li adsorption and migration behaviors on Ni, Ag
and TREN-coated Ag surfaces (Figure S14). As shown in Figure
S15, the Li adsorption energy becomes increasingly negative from
Ni (-1.59 eV) to Ag (-1.99 eV) and further to TREN-coated
Ag (—2.08 eV), indicating progressively enhanced lithiophilicity.
The relatively weak Li adsorption on Ni suggests a limited
ability to stabilize adsorbed Li at the initial deposition stage,
whereas Ag provides a more favorable surface for Li adsorption.
Upon introducing TREN, the adsorption energy becomes even
more negative, implying that the N-containing TREN layer offers
additional energetically favorable sites for Li binding. Consistent
with this trend, the calculated surface work functions shown in
Figure S16 decreased from 4.98 eV for Ni to 4.30 eV for Ag and
further to 4.04 eV for TREN-coated Ag, indicating a progressively
more favorable electronic environment for Li reduction in the
order of Ni < Ag < TREN-coated Ag. These results collectively
suggest that Ag provides both stronger Li affinity and a more
favorable electronic environment for Li reduction than Ni, while
the introduction of TREN further amplifies these effects by
strengthening Li binding and lowering the work function. There-
fore, the TREN-coated Ag surface is expected to provide the most
favorable thermodynamic environment for Li nucleation, while
the following NEB analysis further clarifies how post-adsorption
Li migration is regulated on each surface.

To further clarify the post-adsorption Li behavior, NEB calcu-
lations were carried out to evaluate Li diffusion on Ni, Ag,
and TREN-coated Ag surfaces (Figure S17). The Ni surface
exhibited a high Li diffusion barrier of 0.67 eV, indicating that
Li migration after adsorption is kinetically hindered. In contrast,
the Ag surface showed an almost negligible diffusion barrier of
0.01 eV, suggesting facile surface diffusion of adsorbed Li on the
lithiophilic Ag surface despite its stronger adsorption compared
with Ni. Notably, the TREN-coated Ag surface exhibited a distinct
potential energy well of —0.09 eV near the N-containing TREN
sites, indicating that TREN provides energetically favorable sites
for locally stabilizing adsorbed Li. These results suggest that Ag
promotes facile lateral Li redistribution, while the N sites of
TREN guide and stabilize Li at uniformly distributed nucleation
sites, thereby enabling spatially regulated Li nucleation and
suppressing localized dendritic growth.

Given that regulated nucleation and migration can significantly
influence electrolyte decomposition pathways and the chemistry
of the interphase formed during cycling, we next analyzed the
SEI to correlate the deposition behavior with interfacial stability.
To investigate the chemical composition of the SEI formed on
the electrodes, ex situ X-ray photoelectron spectroscopy (XPS)
analysis was conducted after 10 CV cycles (Figure 2g-i). For the
bare Ni textile, the F 1s, N 1s, and Li 1s spectra revealed strong
signals from electrolyte decomposition products such as CF,,
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SO,F~, and LiN,Oy. The high content of these species usually
indicates that the anion (e.g., TFSI7) or electrolyte additives
(e.g., LINO;) are being continuously and severely decomposed
by highly reactive Li, leading to the formation of unstable
intermediates and thereby suggesting incomplete or nonuniform
SEI formation [62, 63]. In sharp contrast, these species were
substantially suppressed on the 3-Ag-Ni textile. In particular, the
N-containing decomposition species, such as LiN,O,, markedly
diminished after cycling on the 3-Ag-Ni textile, whereas the
Li;N-related component became dominant in the N 1s spectrum.
More importantly, the additionally analyzed N 1s spectra after
100 cycles showed that this Li;N-dominant feature was well
maintained on the 3-Ag-Ni textile, with a negligible LiN,O,
contribution (Figure S18).

To directly determine whether the TREN-derived interfacial
chemistry causes persistent active-Li consumption, coulometric
titration time analysis (CTTA) was performed using a TREN-
coated Ni textile without Ag NPs, thereby isolating the effect
of TREN (Figure S19). The TREN-coated Ni textile exhibited a
shorter first open-circuit voltage (OCV) duration (7ocy;) than the
bare Ni textile, indicating an additional initial interfacial reaction.
From the second titration onward, however, the TREN-coated
Ni textile consistently exhibited longer OCV durations (7ocy,),
demonstrating slower subsequent Li consumption. Consistently,
the time required for the accumulated charge consumed by side
reactions to reach 300 uAh cm~2 was ~80.8 h for the TREN-coated
Ni textile, compared with ~78.8 h for the bare Ni textile. These
results demonstrate that, although TREN participates in a limited
initial Li-consuming reaction, it does not accelerate cumulative Li
consumption.

This interpretation is further supported by the persistent Li;N-
dominant N 1s feature observed after cycling, indicating that
the initial Li-N interfacial reaction is self-limiting and leads
to the formation of a stable Li;N/LiF-rich passivating inter-
phase. The resulting interphase effectively suppresses subse-
quent Li-consuming side reactions while facilitating reversible
Li plating/stripping. Consequently, the lithiophilic interfacial
modification of the host electrode regulates interfacial reaction
pathways, suppresses excessive electrolyte-anion decomposition,
and mitigates parasitic active-Li consumption.

2.3 | Fabrication of a Lithiophilic Interfacial
Interaction-Mediated Separator

Based on the enhanced electrode stability provided by the
lithiophilic [TREN/Ag NP], multilayer-assembled Ni textile, we
aimed to further improve the anode performance by modifying
the pristine separator. Although the [TREN/Ag NP]; multilayers
deposited on the Ni textile-based host electrode significantly
enhance interfacial lithiophilicity and charge transfer efficiency
at the electrode surface, the overall electrochemical performance
remains constrained by sluggish Li* ion transport through the
separator and competitive anion migration.

To address this limitation, we engineered lithiophilic poly-
mer layers consisting of COOH-functionalized PAA and NH,-
functionalized PEI onto the surface of a glass fiber separa-
tor, which is mainly composed of SiO,. Generally, glass fiber

separators possess substantially higher porosity (typically >85-
90%) than polypropylene separators (~40%), enabling greater
electrolyte uptake and providing more abundant ion-transport
pathways. These characteristics help mitigate concentration
polarization and local electrolyte depletion, thereby promot-
ing homogeneous Li-ion transport and suppressing Li dendrite
growth, even under relatively high current densities. In addi-
tion, the excellent electrolyte wettability of glass fiber, arising
from the hydrophilic silanol (Si-OH) groups on its surface,
further facilitates uniform electrolyte distribution throughout the
separator.

The presence of hydrogen-bonding interactions between PAA
and PEI, as well as between PEI and the glass-fiber separator
surface, facilitates the robust formation of a uniform [PAA/PEI],
multilayer onto the separator surface (i.e., PAA/PEI/separator)
(Figure 3a). In this case, the thickness of a single bilayer of
PAA/PEI was measured to be approximately 2 nm, as determined
from the assumption that the thickness of the PAA/PEI layer on
the glass fiber separator is similar to that on SiO,/Si wafers, a
hypothesis corroborated by ellipsometry measurements (Figure
S20).

This unique design allows the [PAA/PEI],-separator with a PAA
outermost layer—hereafter referred to as the ‘LbL-separator’—to
selectively enhance Li* ion transfer while effectively suppressing
anion transport. The successful formation of a single [PAA/PEI],
multilayer on the separator surface was confirmed by XPS anal-
ysis (Figure 3b). The pristine separator exhibited no detectable
N Is signal, consistent with the absence of nitrogen-containing
functionalities. However, after [PAA/PEI], deposition, a distinct
N 1s envelope emerged in the ~399-402 eV region, confirming
the incorporation of amine-containing moieties. Notably, the N
1s spectrum could be deconvoluted into neutral amine (-NH,)
and protonated/strongly interacting amine (-NH;*) components,
with a markedly increased -NH;* contribution compared to the
PEI-only reference (Figure S21). This redistribution toward the
high-binding-energy component indicates strengthened inter-
facial interactions between PAA and PEI chains within the
assembled multilayer, consistent with hydrogen bonding and/or
acid-base ion-pair formation. Notably, the PAA-terminated layer-
by-layer (LbL) chemistry is anticipated to be more pertinent
for separator modification than a surface composed solely of
amine-functionalized PEI. The carboxyl group-rich surface of
PAA can facilitate charge-selective ion transport by promoting Li*
ion migration while simultaneously restricting anion transport,
thereby achieving a more uniform Li* flux across the separator.
Importantly, FE-SEM images confirmed that the [PAA/PEI],
coating preserved the porous fibrous morphology of the pristine
separator without noticeable pore blocking (Figure S22), indicat-
ing that the ultrathin LbL layer can modify the separator surface
while maintaining its intrinsic ion-transport pathway.

The key advantage of this strategy lies in achieving enhanced
electrochemical properties through a single, ultrathin coating of
the lithiophilic [PAA/PEI], interlayer on the separator surface.
However, both the bare glass fiber separator and [PAA/PEI],
interlayer-coated glass fiber separator exhibit near-complete elec-
trolyte wetting owing to their highly porous structure, regardless
of the underlying difference in surface hydrophilicity. Therefore,
electrolyte contact angle measurements were conducted on flat
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FIGURE 3 | Fabrication of a Lithiophilic Interfacial Interaction-Mediated Separator. (a) Schematic illustration of the preparation for lithiophilic
interfacial interaction-mediated separator. (b) Deconvoluted N 1s XPS spectra of the bare separator and LbL-separator. (c) Electrolyte contact angle
measurements of Si wafer and [PAA/PEI];-coated Si wafer. (d) Electrolyte uptake capabilities of bare separator and LbL-separator. (e) Linear sweep
voltammetry (LSV) profiles of bare separator and LbL-separator. (f) Tafel plots of bare separator and LbL-separator. (g) Comparison of Li* adsorption
energies for bare separator and LbL-separator. (h) Charge density difference (CDD) analysis of Li ion adsorption on the bare SiO, and PAA/PEI-coated
SiO, surfaces, where red and blue dashed boxes highlight PAA and PEI, respectively. Each panel displays the top (left) and side views (right). Yellow and
cyan regions indicate electron accumulation and depletion, respectively. One-dimensional COMSOL-simulated anion concentration profiles across the
cell employing the (i) bare separator and (j) LbL-separator at different stages of 2C discharge.
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Si wafers using 1 M LiTFSI in a DOL/DME mixture, in order to
investigate only the intrinsic electrolyte affinity of the [PAA/PEI],
bilayer independent of structural geometry (Figure 3c). The
[PAA/PEI],-coated Si wafer exhibited significantly improved elec-
trolyte wettability compared to the bare Si wafer, reflecting the
enhanced surface affinity induced by the abundant lithiophilic
polar functional groups within the multilayer. This improved
wettability provides model-surface evidence that the [PAA/PEI],
interlayer can contribute to favorable electrolyte affinity at the
separator—electrolyte interface. Beyond interfacial wettability, the
polar groups in the LbL-separator facilitate capillary-driven elec-
trolyte infiltration into the separator pores, thereby enhancing
electrolyte uptake and promoting uniform Li* transport. Con-
sequently, the electrolyte uptake, calculated using Equation (2),
increased from 246% for the bare separator to 328% for the LbL-
separator (Figure 3d), where W, and W, denote the separator’s
weight before and after electrolyte absorption, respectively.

W, - W,
Electrolyte uptake = % x 100% )

[

This increase in uptake indicates superior electrolyte affinity,
which is beneficial for lowering internal ionic resistance and
ensuring prolonged cycling stability.

The electrochemical stability of the separators was further
evaluated by linear sweep voltammetry (LSV). As shown in
Figure 3e, the LbL-separator exhibited a delayed onset of oxidative
current at ~4.61 V, compared to ~4.38 V for the bare sepa-
rator, indicating enhanced interfacial oxidative stability. This
phenomenon is attributed to the complementary roles of PAA
and PEI within the ultrathin interlayer. Specifically, strong Li*
coordination by the polar functional groups of the LbL-separator
reduces the local activity of oxidative anions (e.g., TFSI™)
near the separator-electrolyte interface, while the hydrogen-
bonded PAA/PEI network stabilizes the interfacial structure
and promotes homogeneous Li* transport, thereby suppressing
anion-driven electrolyte decomposition at elevated voltages [64].
Collectively, these features suggest the feasibility of achieving
high energy density through compatibility with high-voltage
cathode materials.

Additionally, Tafel analysis was conducted to evaluate the kinetic
advantages of the LbL-separator (Figure 3f). The exchange cur-
rent density (j,) increased from 0.225 mA cm™? for the pristine
separator to 0.322 mA cm~2 for the LbL-separator, indicating
substantially improved charge-transfer kinetics at the electrode-
electrolyte interface. This enhanced interfacial behavior, com-
bined with the improved oxidative stability evidenced by the LSV
results, underscores the ability of the LbL-separator to facilitate
uniform Li deposition and support high-performance, durable
LMBs.

To verify whether these favorable separator properties translate
into improved Li plating/stripping stability while decoupling
the effect of electrode-side lithiophilicity, Li | separator | Ni
foil half-cells were assembled by varying only the separator
component. The EIS spectra showed that the PAA/PEI-modified
glass fiber separator exhibited a reduced charge transfer resis-
tance (R..) value compared with the bare glass fiber separator,

indicating decreased interfacial resistance (Figure S23a). The
PAA/PEI-modified glass fiber separator exhibited more stable
Li plating/stripping behavior than the bare glass fiber separator
(Figure S23b), confirming that the ultrathin PAA/PEI interlayer
contributes to stable Li metal interfacial reactions.

The chemical stability of the PAA/PEI interlayer during repeated
Li plating/stripping was first examined by post-cycling N 1s XPS
analysis of the LbL-separator after 100 cycles at 3 mA cm~2 and 1
mAh cm~2. The analysis revealed the persistent presence of both
-NH, and -NH;* components (Figure S24), indicating that the
PAA/PEl interlayer largely preserves its chemical integrity during
repeated Li plating/stripping.

To further determine whether the polar functionalities within
the LbL coating induce additional irreversible Li consumption,
coulometric titration time analysis (CTTA) was performed using
Li | separator | Ni textile cells while varying only the separator
component (Figure S25). The cell employing the LbL-coated
separator consistently exhibited longer open-circuit durations
(tocv,) than the cell with the bare separator from the first titration
onward. Consistently, the time required for the cumulative side-
reaction charge (qZ) to reach 300 yAh cm™? increased from
~78.8 h for the bare separator to ~89.6 h for the LbL-separator.
These results demonstrate that the PAA/PEI interlayer does not
increase irreversible Li consumption despite the presence of
carboxyl and amine functionalities.

Taken together, the post-cycling XPS and CTTA results demon-
strate that the PAA/PEI LbL coating remains chemically stable
during repeated Li plating/stripping and does not serve as
a continuous Li-consuming pathway. Instead, the polar inter-
layer suppresses parasitic Li-consuming side reactions, thereby
stabilizing the Li-metal interface during prolonged cycling.

Furthermore, to examine the practical applicability of this
separator-side modification beyond glass fiber substrates, the
same PAA/PEI assembly strategy was applied to a surface-
activated commercial PP separator. First, X-ray photoelectron
spectroscopy (XPS) analysis was performed to verify the suc-
cessful assembly of the PAA/PEI multilayer on the PP separator
(Figure S26). Consistent with the PAA/PEI-modified glass fiber
separator (i.e., the LbL separator), the PAA/PEI-modified PP
separator exhibited distinct contributions corresponding to proto-
nated amine (-NH;*) and neutral amine (NH,) species in the N 1s
spectrum. The coexistence of these -NH;* and NH, components,
originating from electrostatic interactions and hydrogen-bonding
interactions between the amine groups of PEI and the car-
boxyl groups of PAA, provides clear evidence for the successful
formation of the PAA/PEI multilayer on the PP separator.

EIS analysis further revealed that the PAA/PEI-modified PP
separator showed a smaller R value than the bare PP separator
(Figure S27a), suggesting improved interfacial kinetics after
PAA/PEI modification. The PAA/PEI-modified PP separator also
showed improved half-cell stability compared with the bare PP
separator in the same Li | separator | Ni foil configuration (Figure
S27b), indicating that this separator-side interfacial modification
can be extended to commercially relevant polyolefin separator
platforms.
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To directly visualize how the separator-side modification affects
Li deposition morphology, ex situ FE-SEM imaging was further
conducted in Li | Ni foil half-cells assembled with either the
bare separator or the LbL-separator at increasing plated capacities
of 1, 3, and 5 mAh cm~2 (Figure S28). The Ni surface with
the bare separator exhibited rough and non-uniform Li deposits
with pronounced protrusive features over the entire plating
process, indicating localized Li nucleation and uncontrolled
growth. In contrast, the LbL-separator maintained a relatively
smooth and compact deposition morphology even at higher
plated capacities, suggesting that the modified separator enables
a more homogeneous interfacial Li-ion flux and effectively
suppresses the development of irregular protrusions during Li
plating.

In addition to the electrochemical evidence, we sought to clarify
the molecular-level origin of the improved interfacial kinetics
enabled by the LbL-separator. Specifically, density functional
theory (DFT) calculations were performed to investigate how the
PAA/PEI coating alters the Li*-ion affinity and local electronic
environment of the separator surface (Figure S29). As shown
in Figure 3g, bare SiO, exhibits a Lit adsorption energy of
—0.17 eV, indicating the weak intrinsic Li* affinity of the bare
surface, whereas PAA/PEI-coated SiO, yields a more negative
value of —0.91 eV, demonstrating that the polymer coating ren-
ders Li* adsorption energetically favorable. The charge density
difference (CDD) analysis reveals pronounced electron accu-
mulation around the PAA/PEI monomers in the vicinity of
the Li*. This localized charge redistribution generates an elec-
trostatic ion-dipole interaction stronger than that on the bare
SiO, surface, leading to a highly stabilized adsorption energy
and enhanced lithiophilicity of the PAA/PEI-modified separator
(Figure 3h).

To further clarify the macroscopic impact of the LbL-separator
on ionic transport dynamics under high-rate conditions, 1D
COMSOL Multiphysics simulations were conducted (Table SI)
[65]. Figure 3ij depict the evolution of the anion concentra-
tion profiles for cells with bare and LbL-separators during a
2C discharge. The bare separator displays a steep concentra-
tion gradient, characterized by significant anion accumulation
near the lithium metal side and depletion toward the cathode
side as discharge progresses, indicative of severe concentration
polarization due to insufficiently suppressed anion migration.
In contrast, the LbL-separator maintains a substantially more
uniform anion distribution across the cell, demonstrating effec-
tive suppression of anion migration. This behavior is consistent
with the markedly higher Li* ion transference number of the
LbL-separator relative to that of the bare separator, which is
attributed to the COO~-functionalized outermost PAA layer
that promotes selective Li* ion conduction while inhibiting
anion migration. Consequently, the LbL-separator effectively
alleviates concentration polarization and preserves a more stable
ionic environment even at a high 2C rate. Combined with the
improved wettability and electrochemical stability revealed by
the preceding analyses, these results collectively demonstrate
that the LbL-separator regulates ion transport by suppressing
anion migration and mitigating concentration polarization under
high-rate operation.

2.4 | Symmetric Cell With Dual-Interface
Modification

To investigate the synergistic effect of the n-Ag-Ni textile anode
and LbL-separator on the electrochemical properties of LMB
systems, a symmetric cell configuration composed of 3-Ag-
Ni textile | LbL-separator | 3-Ag-Ni textile was first employed
to evaluate the Li* transference number and overall charge
transport efficiency. As shown in Figure 4a, the introduction of
the LbL-separator dramatically increased the Li* transference
number to 0.778—substantially higher than those of the Ni
textile | bare separator | Ni textile configuration (0.541) and
the 3-Ag-Ni textile | bare separator | 3-Ag-Ni textile (0.651)
configurations (Figure S30). Notably, the 3-Ag-Ni textile | PEI-
coated separator | 3-Ag-Ni textile cell exhibited a Li* transference
number of 0.654 (Figure S31), which was nearly identical to
that of the 3-Ag-Ni textile | bare separator | 3-Ag-Ni textile
cell, whereas the LbL-separator markedly increased the value
to 0.778. These results demonstrate that the amine-rich PEI
coating alone does not significantly improve Li*-selective trans-
port, whereas the PAA-containing LbL chemistry plays a critical
role in suppressing anion migration and homogenizing Li*
flux. Additionally, the ionic conductivities of the cells exhib-
ited a trend similar to that of the Li* transference number.
This concurrent enhancement of both parameters highlights
the intrinsic advantage of the dual-interface modification in
promoting more uniform and efficient charge transport within
the cell.

Beyond the promising bulk ion transport behavior, EIS measure-
ments were further performed to evaluate the interfacial charge
transfer kinetics of the dual-interface modification systems, a
key parameter governing Li nucleation at the electrode interface
(Figure 4b,c). Notably, the 3-Ag-Ni textile | LbL-separator | 3-Ag-
Ni textile cells exhibited a remarkably low R of 2.5 Q cm? and
interfacial resistance (R;,.) of 10.1 Q cm?, substantially lower than
those of the n-Ag-Ni textile-based symmetric cells assembled with
a bare separator (Figure S32). These results clearly demonstrate
that the synergistic combination of LbL-assembled Ag NP multi-
layers on the Ni textile current collector and the PAA/PEI bilayers
on the separator simultaneously enhances Li* transport, reduces
interfacial resistance, and promotes uniform Li nucleation.

Based on these observations, we evaluated the cycling stability
of these symmetric cells under a constant current density of
1 mA cm~2 and a capacity of 1 mAh cm~2 (Figure 4d; Tables S2
and S3). Pronounced differences in overpotential evolution and
cycling lifetime were observed. The bare Ni textile exhibited rapid
voltage fluctuations and progressively increasing overpotentials,
leading to early cell failure within 200 h. This poor stability
is attributed to insufficient lithiophilicity, resulting in interfa-
cial instability, uneven Li nucleation, and subsequent dendritic
growth. In contrast, the 3-Ag-Ni-based symmetric cell maintained
stable cycling for over 900 h with suppressed overpotentials,
yet the absence of separator modification eventually limited
long-term cycle retention, identifying the separator interface as
a critical factor for further expanding cycle life. Impressively,
the 3-Ag-Ni textile | LbL-separator | 3-Ag-Ni textile cell with
dual-interface modification demonstrated exceptional long-term
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stability, sustaining >2200 h of cycling without noticeable over-
potential fluctuation or short-circuiting. Notably, this stability
persisted even under elevated conditions. Under 3 mA cm™2
and 3 mAh cm™?, the symmetric cell employing the 3-Ag-Ni
textile | LbL-separator | 3-Ag-Ni textile configuration delivered
stable cycling for over 800 h without noticeable voltage polar-
ization (Figure 4e). The superior stability of the LbL-separator
compared with the PEI-coated separator further confirms that
carboxylate-assisted Li* transport regulation is more effective
than amine-only surface modification for separator-side stabi-
lization (Figure S33). Even at a higher current density of 5 mA
cm~? and 1 mAh cm?, the 3-Ag-Ni textile | LbL-separator | 3-Ag-
Ni textile cell maintained stable operation for over 600 h, again
with negligible polarization growth (Figure S34). The cycling
stability profiles of all symmetric cells are presented up to their
final cell failure stage, while the localized enlarged views in
Figure S35 verify that stable voltage polarization was preserved
throughout the main cycling region before cell failure. These
observations confirm that the cells maintained stable operation
without premature short circuit. Overall, these results clearly
demonstrate that dual-interface modification is highly effective in
enhancing the electrochemical robustness of LMA-based battery
applications.

To further elucidate how dual-interface modification influences
Li deposition morphology, ex situ FE-SEM imaging was con-
ducted after 100 plating/stripping cycles at 3 mA cm™ and 1
mAh cm~2. As shown in Figure 4f, the bare Ni textile exhibited
uncontrolled, dendritic Li deposits with sharp protrusions—
morphologies indicative of poor lithiophilicity and highly het-
erogeneous nucleation. Such unstable deposits accelerate cell
degradation and increase the risk of internal short circuits,
underscoring the inherent limitations of the unmodified Ni
textile. In stark contrast, the 3-Ag-Ni textile facilitated smooth
and densely packed Li deposition (Figure 4g), confirming the
beneficial effect of Ag-induced lithiophilicity. Most notably, the
combined use of the 3-Ag-Ni textile and the LbL-separator
resulted in a remarkably uniform, dense, mossy Li morphology
even after 100 cycles (Figure 4h), validating the strong synergistic
advantage of dual-interface engineering.

2.5 | Asymmetric Cells With Dual-Interface
Modification

To validate the practical applicability of the proposed dual-
interface modification strategy, asymmetric full cells were assem-
bled by pairing the 3-Ag-Ni textile anode and LbL-separator
with an LFP or NCM cathode (i.e., the 3-Ag-Ni textile | LbL-
separator | cathode) (Figure 5a). The interfacial properties of the
full cells were first evaluated by EIS measurement (Figure 5b;
Figure S36). The full cell employing the 3-Ag-Ni textile with
the LbL-separator showed a markedly smaller semicircle in the
Nyquist plot than the cell using the bare Ni textile with the bare
separator, corresponding to a pronounced reduction in the overall
interfacial resistance from 11.12 to 4.21 Q cm?. In addition, the
modified cell exhibited a lower R, further supporting improved
ion transport characteristics. These results indicate that the dual-
interface modification of the electrode and separator effectively
alleviates interfacial polarization and facilitates Li* transport
under practical full cell conditions.

These improved interfacial kinetics resulted in superior rate
capability. As shown in Figure 5c, the dual-modified full cell
delivered higher specific capacities than the bare Ni textile-
employed cell across all tested C-rates, from 0.1 C to 2 C,
demonstrating the effectiveness of the dual-interface modifica-
tion in enabling stable operation under fast charge/discharge
conditions. To further assess the chemical stability of the full-
cell interface under non-operating conditions, the self-discharge
behavior of LFP-based full cells was monitored during a 24 h
open-circuit rest period after charging to 3.9 V (Figure S37).
The bare Ni textile cell with the unmodified bare separator
exhibited a more significant voltage decay, reflecting continuous
parasitic reactions and unstable interfacial chemistry during the
rest period. In contrast, the 3-Ag-Ni textile | LbL-separator | LFP
full cell maintained a more stable voltage profile with reduced
self-discharge, indicating that the dual-interface modification
effectively mitigates spontaneous electrolyte/Li consumption and
preserves the charged state of the cell. Owing to these improved
interfacial kinetics and suppressed self-discharge behavior, the
3-Ag-Ni textile | LbL-separator | LFP full cell with an LFP
loading of 0.91 mg cm~2 retained 72% of its initial capacity after
5000 cycles at 1C, while maintaining a Coulombic efficiency
close to 100%. In stark contrast, the cell employing the bare Ni
textile with a bare separator experienced rapid degradation and
failed prematurely (Figure 5d; Figure S38). It is worth noting
that our dual-interface modification strategy could effectively
be applied to typical layered transition-metal oxide cathodes,
such as LiNiy.sCoy.,Mn,.,0, (NCM), resulting in significantly
improved electrochemical performance without compromising
the intrinsic cathode behavior (Figure S39).

To further elucidate the origin of the improved full-cell durability,
XPS depth profiling was performed on the cycled anodes retrieved
from LFP-based asymmetric full cells after 100 charge-discharge
cycles. Notably, the Ni textile cell using a bare separator displayed
an increasing O-rich signature with etching depth, implying
the severe formation and accumulation of organic/oxygenated
decomposition species. Concurrently, it exhibited a relatively
lower fluorine (F) content that failed to remain pronounced in
the deeper regions (Figure 5e). In contrast, the dual-modified
cell (3-Ag-Ni textile | LbL-separator) displayed opposite trends for
the O and F elements. It exhibited a relatively suppressed O-rich
signature with increasing depth, indicating reduced formation
of such decomposition species. Furthermore, it maintained a
higher F content throughout the etching depth, with the F
fraction increasing and remaining significantly more pronounced
in deeper regions (Figure 5f). Importantly, high-resolution F
1s analysis further revealed that this F enrichment primarily
originated from LiF formation rather than the accumulation of
LiPF,-derived fluorinated species (Figure S40). Compared with
the bare-separator-based Ni textile cell, the dual-modified cell
exhibited a markedly stronger LiF contribution and a reduced
high-binding-energy F component assigned to Li,PO,F,/P-F
species. These results indicate that the dual-interface modifi-
cation not only suppresses oxygenated organic decomposition
but also redirects interphase chemistry toward a robust LiF-
rich SEI. The formation of this LiF-dominant interphase is
expected to enhance mechanical integrity, suppress parasitic elec-
trolyte decomposition, and stabilize Li plating/stripping, thereby
accounting for the reduced polarization and improved cycling
stability observed in Figure 5d.
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FIGURE 5 | Asymmetric Cells with Dual-Interface Modification. (a) Schematic illustration for the preparation of asymmetric full cell composed
of 3-Ag-Ni textile anode and LbL-separator. (b) Nyquist plots and the corresponding equivalent circuit (inset) for LFP-based full cells with bare and
dual-interface modified components. (c) Rate capability tests of the full cells at 0.1 C to 2 C. (d) Galvanostatic cycling performance of the bare Ni textile
and dual-modified cells at 1 C (cathode loading: 0.91 mg cm~2) with an upper cutoff voltage of 3.9 V. XPS depth profiles of the SEI layer formed on (e)
the bare Ni textile and (f) the dual-modified 3-Ag-Ni textile after the 100! GCD cycle. (g) Long-term cycling stability under lean-Li conditions (N/P ratio
of 1.4). (h) Rate-dependent voltage profiles of the 3-Ag-Ni textile | LbL-separator | LFP full cell under high-loading/low-N/P conditions. The inset shows
the corresponding Ragone plot comparing energy and power densities calculated based on the mass of LFP active material under a high LFP loading of
7.24 mg cm~2. (i) Cycling performance and Coulombic efficiency of the 3-Ag-Ni textile anode | LbL-separator | LFP cathode pouch cell with a cathode
active-material loading of 11.8 mg cm~2, tested at 1 mA cm~2 within a voltage range of 2.5-3.9 V. The inset shows a digital image of the assembled pouch
cell.
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To further substantiate these findings, long-term cycling was
performed under a more demanding condition with a high-LFP
loading of 7.24 mg cm™? and a low N/P ratio of 1.4 (Figure 5g).
Notably, the 3-Ag-Ni textile | LbL-separator | LFP full cell
exhibited excellent cycling stability, retaining ~92.0% of its initial
capacity even after 235 GCD cycles at 1C, in stark contrast to the
bare Ni textile-based cell, which showed rapid capacity fading
before 40 cycles. To further evaluate the cell performance under
lean-electrolyte conditions, the electrolyte volume was reduced
from 100 to 50 uL (Figure S41). The cells were assembled with the
same LFP loading and N/P ratio as those in Figure 5g. Notably,
the dual-modified cell still exhibited improved cycling stability
under the limited-electrolyte condition (E/C ratio of 23 uL/mAh),
confirming that the enhanced performance does not simply result
from excess electrolyte addition but rather originates from the
dual-interface modification. This stable cycling behavior further
confirms the superior reversibility of the dual-modified cell
architecture, which effectively utilizes the Li source to form a
high-quality SEI while minimizing parasitic consumption. Post-
cycling FE-SEM analysis further supported this interpretation
(Figure S42). After cycling, the Ni textile | bare separator-based
LFP full cell exhibited heavily accumulated, irregular dendritic
Li deposits, whereas the 3-Ag-Ni textile | LbL-separator-based
LFP full cell maintained a comparatively uniform and conformal
Li-covered fibrous morphology even after prolonged cycling,
indicating more regulated Li deposition and improved interfacial
stability.

To further evaluate the structural reversibility of Li plat-
ing/stripping, ex situ XRD analysis was performed on the 3-
Ag-Ni textile anodes paired with the LbL separator at three
representative electrochemical states: after the first lithiation,
after the first delithiation, and after prolonged cycling to end-of-
life (Figure S43). After the first lithiation, the Li(110) reflection
was clearly observed together with a LiF peak, confirming
deposition of metallic Li and the initial formation of an inorganic
SEI Following the first delithiation, no discernible crystalline
Li reflections were detected, whereas the LiF peak remained,
indicating efficient stripping of the deposited Li while preserving
the inorganic SEI. Even after prolonged cycling to end-of-
life state, no detectable reflections corresponding to crystalline
metallic Li were observed, with only weak signals arising from
inorganic SEI species, including LiF, Li,O, and LiOH. These
results provide direct structural evidence that the dual-interface
architecture enables highly reversible Li plating/stripping while
suppressing the accumulation of crystalline inactive Li detectable
by XRD during extended cycling. This interpretation is further
supported by previous XRD studies demonstrating that residual
Li(110) reflections after discharge signify incomplete Li stripping
and dead-Li accumulation, whereas Li(110)-oriented deposition
on 3D hosts promotes more homogeneous and reversible Li
plating/stripping [66, 67].

To further elucidate the through-thickness degradation behavior,
post-mortem cross-sectional FE-SEM analysis was conducted on
textile anodes harvested from full cells cycled to their respective
end-of-life under different LFP loading conditions (Figure S44a).
The bare Ni textile paired with the bare separator exhibited
dense, spatially heterogeneous deposits that extensively filled the
internal porous framework, indicative of nonuniform Li plat-
ing/stripping accompanied by the progressive accumulation of

inactive Li and electrolyte-decomposition products. In contrast,
the 3-Ag-Ni textile paired with the LbL separator maintained a
substantially more homogeneous deposit distribution throughout
the fibrous framework, with significantly less localized accumu-
lation and pore blockage, even at the high LFP loading of 7.24 mg
cm™2,

Cross-sectional EDX elemental mapping of the cycled 3-Ag-Ni
textile from the high-loading full cell further revealed continuous
Niand Ag signals across the entire electrode thickness, indicating
that the Ag-containing interfacial layer remained uniformly dis-
tributed without discernible macroscopic redistribution during
cycling (Figure S44b). These post-mortem analyses collectively
demonstrate that the dual-interface architecture effectively sup-
presses heterogeneous deposit accumulation while preserving the
internal porous structure of the textile anode, thereby contribut-
ing to stable Li deposition under practically relevant high-loading
conditions.

As a result, the 3-Ag-Ni textile | LbL-separator-based full cells
delivered maximum energy and power densities of 530.1 Wh kg~!
and 2748.8 W kg™, respectively, calculated based on the mass of
LFP active material under a high LFP loading of 7.24 mg cm™2
(Figure 5h). In addition, at a N/P ratio of 1.4, the specific energy
calculated based on the combined mass of the LFP active material
and pre-deposited Li inventory reached 499 Wh kg™, surpassing
those of previously reported LMBs (Table S4).

Furthermore, we calculated the energy density of the electrode
using the total mass including LFP, conductive additive, binder,
and current collector. In this case, the mass contributions were
12.8 mg of LFP active material, 3.2 mg of conductive additive and
binder, 9.0 mg of Al current collector, 0.79 mg of Li inventory for
N/P = 1.4, 60.0 mg of 3-Ag-Ni textile host, 40.0 mg of glass-fiber
separator, and 100.0 mg of electrolyte. Based on a total component
mass of approximately 225.8 mg, the corresponding component-
level specific energy was estimated to be approximately 30.1 Wh
kg~! under the present high-loading coin-cell configuration.

Collectively, these full cell results clearly demonstrate that the
synergistic combination of a lithiophilic 3D electrode and a func-
tional separator enables stable Li metal behavior, establishing it as
a key strategy for realizing high-performance, long-lasting LMBs.

To extend the applicability beyond coin-cell configurations, a
pouch cell was fabricated using the 3-Ag-Ni textile anode and
the LbL-separator, underscoring the scalability and practical
potential of dual-interface modification. When paired with a
LFP cathode featuring an active material loading of 11.8 mg
cm™2, the pouch cell exhibited good cycling stability, retain-
ing approximately 90.7% of its initial capacity after 100 cycles
(Figure 5i). The shorter cycle life observed under higher cathode
loading and lower N/P ratio can be attributed to the combined
effects of a limited Li reservoir and increasingly demanding
cell-level conditions. Specifically, the higher cathode loading
requires more extensive Li plating/stripping during each cycle,
while the reduced N/P ratio limits the available Li inventory to
compensate for irreversible Li loss. These harsher conditions are
expected to accelerate the accumulation of electrically isolated
(dead) Li and the associated depletion of active Li inventory,
thereby promoting continuous side reactions at the Li/electrolyte
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interface, increased cell polarization, and ultimately premature
cell failure. Nevertheless, the dual-interface-modified cells con-
sistently outperformed their bare counterparts, underscoring the
robustness of the lithiophilic interface design across a range of
practically relevant operating conditions. This demonstration in
a practical cell format confirms that the dual-interface modifi-
cation strategy—combining an ultrathin, lithiophilic TREN/Ag
NP multilayer with a functional PAA/PEI-assembled separator—
provides a highly effective pathway for developing dendrite-free,
high-performance Li metal anodes. Therefore, we believe that this
approach holds strong promise for enabling the next generation
of advanced LMBs.

3 | Conclusions

In this study, we report high-performance LMBs enabled by
a dual lithiophilic interfacial interaction-mediated assembly
strategy. This rationally designed approach offers a robust and
effective solution to suppress uncontrolled Li dendrite growth
during prolonged plating/stripping processes. Specifically, ultra-
thin, nanoporous, lithiophilic [TREN/Ag NP], multilayers were
integrated onto a 3D porous Ni textile, while a conformal
[PAA/PEI], bilayer was deposited onto the separator, collectively
constructing a synergistically engineered electrode-separator
architecture. The optimized [TREN/Ag NP], multilayers and
[PAA/PEI], bilayer exploit ligand-exchange-induced covalent
interactions and strong hydrogen bonding, respectively, thereby
markedly enhancing charge transport, homogenizing current
distribution across both interfaces, and preserving exceptional
structural integrity during cycling.

A key advantage of this approach lies in the ability to introduce
ultrathin functional coatings—collectively below 50 nm across
both interfaces—without incorporating electrochemically inac-
tive components. The resulting uniformly lithiophilic interfaces
promote stable Li nucleation within the available pore struc-
ture, minimize internal resistance, and substantially improve
energy efficiency, even under high-rate operation. Importantly,
this nanoscale chemical and physical control enables precise
regulation of Li* flux and interfacial stability, thereby overcom-
ing fundamental limitations associated with conventional LMA
designs.

As a result, the optimized symmetric cell (3-Ag-Ni textile |
LbL-separator | 3-Ag-Ni textile) achieved exceptional cycling
durability of 2200 h at 1 mA cm~2 and 1 mAh cm~2, with a remark-
ably low overpotential of 33 mV—far surpassing the performance
of symmetric cells employing traditional LMA architectures.
Furthermore, the full cells paired with LFP cathodes (i.e., 3-Ag-Ni
textile | LbL-separator | LFP) at an LFP loading of 0.91 mg cm™>
retained 72.0% of their initial capacity after 5000 cycles. When
evaluated under more practically relevant conditions involving a
higher LFP loading of 7.24 mg cm~2 and a limited Li inventory
with an N/P ratio of 1.4, the full cells delivered a high LFP-
normalized specific energy of 530.1 Wh kg™!, calculated based
on the mass of LFP active material. Notably, the resulting
pouch cell delivered an initial capacity of 6.9 mAh and retained
approximately 90.7% of its initial areal capacity of 1.7 mAh cm™2
over 100 cycles, demonstrating the feasibility of scaling this
interfacial design to practical battery formats. Overall, the dual-

interface modification strategy presented herein—combining
lithiophilic LbL-assembled nanostructures with a mechanically
compliant 3D host—offers precise control over Li deposition
behavior and effectively mitigates dendrite formation. This work
establishes a versatile and scalable framework for advancing
next-generation LMBs with high specific energy and long-term
operational stability.

4 | Experimental Section/Methods

Detailed experimental procedures are provided in the Supporting
Information.
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