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High-Performance Dendrite-Free Lithium Textile Anodes
Using Interfacial Interaction-Mediated Ultrathin Metal

Organic Framework Multilayers

Donghyeon Nam, Gwonho Yu, Chanseok Lee, Jeongyeon Ahn, Boyeon Kim, Sungha Choi,
Keun Hee Kim, Donghyeok Roh, Hyewon Kang, Jeong Gon Son, Hyung-Jun Koo,
Jieun Lee, Seoin Back,* Seung Woo Lee,* Yongmin Ko,* and Jinhan Cho*

Lithium (Li) metal batteries are among the most promising candidates for
next-generation high-energy-density battery systems. Their wider adoption,
however, is hindered by safety and stability issues, primarily due to the
uncontrollable growth of Li dendrites. Herein, a high-performance dendrite-
free Li textile anode is introduced for high capacity and long-term stability
using interfacial interaction-mediated ultrathin metal-organic framework
(MOF) multilayers. The repeated coordination bonding-based layer-by-layer
(LbL) assembly of Ag ions and trithiocyanuric acid (TCA) generates

uniform and ultrathin MOF multilayers with a thickness of less than 40 nm
on Ni-electroplated polyester textiles. During electrochemical operations,

Ag ions in the MOF are chemically reduced in situ to form highly lithiophilic
Ag nanoparticles (NPs) without requiring any additional treatment, which sig-
nificantly lowers the Li nucleation energy barrier. Additionally, the organic TCA
in the MOF structure promotes the formation of a Li; N-rich solid electrolyte

1. Introduction

The development of high-energy-density
batteries is crucial for advancing next-
generation energy storage technologies. Li
metal stands out as a particularly promising
anode material, boasting an exceptionally
high theoretical capacity of 3860 mAh g~!
and a low electrochemical potential of
—3.040 V versus the standard hydrogen
electrode.['*) However, the practical appli-
cation of Li metal anodes (LMAs) faces sig-
nificant hurdles. The primary challenge is
the formation of Li dendrites during charge-
discharge cycles, which poses severe safety
risks, including the possibility of internal
short circuits and thermal runaway.*>! Ad-
ditionally, the solid electrolyte interphase

interphase layer, thereby enhancing stability over 2000 h (at 1 mA cm=2?) in

a symmetric cell configuration. Furthermore, a full cell with a LiFePO, cathode
demonstrates remarkable capacity retention of ~96.5% after 1300 cycles at

1 C. The approach underscores the critical role of interfacial interactions and
ultrathin lithiophilic layers in advancing the performance of Li metal batteries.

(SEI) layer on Li metal is susceptible to
continuous fractures and degradation, ex-
acerbated by significant volume changes—
~4.8 ym mAh cm~?—during the processes
of Li plating and stripping.® These is-
sues lead to capacity loss and diminished
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cycle life, presenting substantial barriers to the commercial-
ization of LMAs.

To overcome these challenges, researchers have explored a
variety of strategies, including the development of novel elec-
trolytes, the engineering of artificial SEI layers, and the modi-
fication of separators.”* In addition to these approaches, 3D
self-standing current collectors with high electronic conductiv-
ity and large surface area stand out for their ability to suppress
dendrite growth.!'>77] These current collectors function as ‘Li
cages’, accommodating the volume expansion of the Li layer dur-
ing charge-discharge cycling and effectively reducing local cur-
rent density. This arrangement not only promotes uniform Li
deposition but also boosts electrochemical stability. Specifically,
the augmentation of the effective surface area afforded by 3D-
structured hosts serves to mitigate the concentration polariza-
tion of Li ions at the electrolyte/electrode interface, promoting a
more homogeneous interface energy distribution. That is, these
structural characteristics establish a well-defined ion diffusion
network, reducing the risk of Li* ion depletion or large concen-
tration gradient at the electrode/electrolyte interface. This effect
prolongs the Sand’s time, thereby delaying the critical threshold
that initiates Li dendrite formation.®]

While the porous structures of the 3D hosts ensure uniform
ion flux, the Li nucleation process is strongly influenced by sur-
face energy. In other words, Li ions preferentially adsorb onto
lithiophilic sites that provide strong binding interactions, thus
reducing the total Gibbs free energy of the battery system.!*°]
However, commonly used current collectors such as copper (Cu)
and nickel (Ni) exhibit poor interfacial wettability with Li, which
leads to high nucleation overpotentials and non-uniform Li depo-
sition. To mitigate these issues, lithiophilic metals (i.e., Ag, Zn,
and Au) and metal oxides (i.e., Ag,S, NiO, and Co;0,) have been
introduced onto lithiophobic current collectors (i.e., Cu or Ni) to
promote uniform Li nucleation and suppress dendritic growth
by lowering the nucleation barrier.2>-2*l Despite the effectiveness
of these approaches, they have primarily been demonstrated on
2D current collectors. Applying such strategies to highly porous
3D current collectors introduces new challenges, particularly in
achieving uniform surface modification throughout the complex
and tortuous internal structure. That is, a key challenge in uti-
lizing a 3D porous current collector is the uniform integration
of lithiophilic components. Unlike conventional flat 2D elec-
trodes, 3D current collectors present a large, intricate surface
area that is difficult to coat evenly. Traditional deposition meth-
ods such as slurry casting and electroless plating (or chemical re-
duction) often fail to provide uniform and controlled deposition,
leading to irregular Li nucleation and plating behavior.[2>-%8] Par-
ticularly, slurry casting poses additional limitations. The inclu-
sion of insulating polymer binders in thick slurry layers (ranging
from several to tens of pm) can significantly reduce the poros-
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ity and hinder ion transport, thereby limiting the potential per-
formance improvement.”! Compounding the challenge, non-
uniform deposition may create regions that are either oversatu-
rated or undercovered with lithiophilic material, disrupting uni-
form Li growth and increasing the risk of localized Li accumula-
tion and unstable deposition.

Another major challenge associated with lithiophilic
component-modified 3D hosts lies in their extensive surface
area, which significantly increases the Li/electrolyte interface.l*!
This expanded interface can accelerate the formation of the solid
electrolyte interphase (SEI) layer, often leading to excessive and
unstable SET layers. Such thick and uneven SEI layer formation
not only increases interfacial resistance but also reduces the
effective capacity of lithium metal anodes (LMAs), thereby
impairing overall battery performance. The structural integrity
and electrochemical stability of the SEI layer are primarily
governed by its chemical composition, which determines ion
transport, mechanical robustness, and interfacial compatibility
with the electrolyte.?'32] For instance, inorganic compounds,
such as lithium nitride (Li;N), exhibit high ionic conductivity
(~10° S cm™!) and superior mechanical strength compared
to organic components.33*°] These characteristics enable the
formation of dense, uniform SEI layers that effectively block Li
dendrite growth and maintain interfacial stability. Therefore,
engineering a high-quality SEI layer is considered a key strategy
for unlocking the full potential of 3D porous current collectors
in high-performance LMAs, as it addresses both safety and
longevity while enabling stable cycling.

In this study, we introduce a dendrite-free, high-performance
Li textile anode (LTA) that enables LMAs with high capacity
and long-term stability through the use of interfacial interaction-
mediated metal-organic framework (MOF) multilayers and Ni-
electroplated polyester textile (Scheme 1). Our approach lever-
ages a novel deposition technique in which ultrathin (<40 nm)
lithiophilic MOF multilayers are conformally assembled onto a
highly porous textile current collector. This is accomplished via a
coordination bonding-induced layer-by-layer (CB-LbL) assembly
process, ensuring uniform ion flux throughout the electrode. A
key advantage of this method is its ability to uniformly deposit
MOF architectures across the entire surface of the textile collec-
tor by repeatedly alternating Ag* ions and the organic linker,
trithiocyanuric acid (TCA), at room temperature. This elimi-
nates the need for additional complex synthesis steps typically
required in conventional MOF fabrication.**#] Notably, most
prior studies on MOFs have focused on separator modification—
typically via slurry coating—to homogenize current distribution
across the LMAP*#! (Table S1, Supporting Information). In con-
trast, our approach introduces an ultrathin MOF layer directly
onto the textile current collector via CB-LbL assembly, serving
as a lithiophilic interfacial layer. This technique enables pre-
cise control over the composition, uniformity, and mass density
of the [Ag*/TCA],-MOF multilayer at the nanometer scale, op-
timizing the interface for enhanced LMA performance. More-
over, while previous studies have mainly attributed the effect of
MOFs on LMA performance to the organic segments interact-
ing with Li* ions and the electrolyte, our findings reveal an ad-
ditional, synergistic mechanism: during electrochemical cycling,
Ag* ions within the MOF are chemically reduced to form lithio-
philic Ag nanoparticles (Ag NPs), which significantly lower the
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Scheme 1. Schematic illustration. Schematic illustration for the preparation of Li metal textile using interfacial interaction-mediated ultrathin MOF
multilayers.
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Li nucleation barrier.***>43] Furthermore, the coordinated TCA
molecules within the MOF multilayers generate surface dipoles
that attract anions from the inner Helmholtz plane, facilitating
the formation of an anion-dominated SEI layer comprising Li; N-
rich compounds.[*~*] Thus, the [Ag*/TCA], MOF multilayers
act as a multifunctional interfacial layer that not only promotes
homogeneous Li plating at the substrate/Li interface but also cat-
alyzes the formation of a thin, dense, and highly ion-conductive
SEI layer. More specifically, the novelty of our study lies in the
implementation of a well-defined interfacial CB-LbL assembly
strategy, which enables the in-situ formation of an ultrathin and
highly lithiophilic Ag NP layer onto the host electrode without the
need for additional chemical synthesis. This method further of-
fers precise, molecular-level control over both the physical archi-
tecture (e.g., thickness, uniformity) and the chemical functional-
ity of the MOF-based multilayer.

To realize this goal, we preferentially fabricated a conductive
polyester textile by employing a ligand exchange-induced LbL as-
sembly process using metal NPs such as Ag NPs, CuS NPs, and
Au NPs along with amine-functionalized molecular linkers—
specifically tris(2-aminoethyl)amine (TREN) (Scheme 1a). No-
tably, the polyester textile, composed of numerous intertwined
fibers, offers a significantly larger surface area compared to con-
ventional 3D current collector materials such as Ni foam. This
metal NP assembly not only transforms the intrinsically insulat-
ing textile into a conductive substrate but also enables its com-
patibility with subsequent nickel (Ni) electroplating. As a result, a
highly porous 3D textile current collector with an extremely large
surface area was successfully constructed. While the resulting
Ni-ET provides a conductive and porous framework that facili-
tates efficient current distribution, its inherently low lithiophilic-
ity makes it less suitable for uniform lithium deposition com-
pared to Ag NP-modified systems.

To overcome this limitation, we coated the Ni-ET with
[Ag*/TCA], MOF multilayers, which offer high lithiophilicity
arising from the COOH groups of TCA and the in-situ forma-
tion of Ag NPs during electrochemical operation, while maintain-
ing the conductive porous architecture that promotes uniform
curren distribution (Scheme 1b). Specifically, CB-LbL assembly
was carried out between Ag* ions and the thiol and amine func-
tional groups of TCA, forming [Ag* /TCA],-MOF multilayers di-
rectly on the Ni-electroplated textile collector. The resulting MOF-
coated substrate (i.e., [Ag*/TCA], MOF-coated Ni-electroplated
textile), termed “n-MOF-Ni-ET”, was subsequently electroplated
with Li to form the functional anode (Li-n-MOF-Ni-ET). Impor-
tantly, the porous architecture of the original polyester textile was
fully preserved throughout all processing steps, including metal
NP deposition, electroplating, and MOF assembly. Among these,
the Li-5-MOF-Ni-ET anode demonstrated particularly outstand-
ing performance, achieving a Coulombic efficiency of 99.1% at
600 cycles at a current density of 1 mA ¢cm~2 and an areal ca-
pacity of 1 mAh cm™2. In a symmetric cell configuration, this
LTA (i.e., Li-5-MOF-Ni-ET) exhibited stable cycling performance
for over 2000 h under the same conditions. Furthermore, when
paired with a lithium iron phosphate (LiFePO,, LFP) cathode in
a full cell configuration with a low N/P ratio of 1.4, the system
delivered excellent cycling retention of 92% over 180 cycles, as
well as robust electrochemical performance in a Li-5-MOF-Ni-
ET/LFP-based pouch cell. Although the increased total mass of
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porous textile-based host electrodes relative to thin Ni foil may
negatively affect energy density, it is important to note that the
resulting MOF-Ni-ET provides an exceptionally large lithiophilic
surface area. This feature effectively lowers the local current den-
sity, thereby significantly enhancing operational stability. Given
the effectiveness of ultrathin lithiophilic MOF layers based on
CB-LbL assembly for high-performance, dendrite-free LMAs, our
approach holds significant promise for the development of ad-
vanced LMAs.

2. Results and Discussion

2.1. Ni-textile Current Collector Using LbL-Assembled Metal NP
Multilayers

For preparing highly conductive textile current collectors as de-
picted in Figure 1a, we initially synthesized tetra(octyl ammo-
nium) (TOA) stabilized-Ag NPs with an average diameter of
~8 nm in toluene (Figure 1b; Detailed Experimental Section, Sup-
porting Information). These TOA-Ag NPs were then subjected to
an in situ ligand exchange reaction with TREN molecules (M,, ~
146) containing amine (NH,) groups. In this process, the loosely
bound bulky TOA ligands on the Ag NP surface were replaced by
NH, groups of TREN, which were confirmed by Fourier trans-
form infrared (FTIR) spectroscopy (Figure S1, Supporting Infor-
mation). Additionally, the organic molecular linker, consisting of
a single, small TREN molecule, effectively reduced the distance
between adjacent Ag NPs. To verify this, we analyzed the opti-
cal properties of LbL-assembled [TOA-Ag NP/TREN], multilay-
ers with increasing bilayer numbers using UV-vis spectroscopy
(Figure 1c). Notably, the characteristic surface plasmon peak of
TOA-Ag NPs dispersed in toluene at 418 nm (indicated by a red
dashed line in Figure 1c) completely vanished after the deposi-
tion of one bilayer (i.e., n = 1), indicating a significant decrease
in the interparticle distance both laterally and vertically.

As the bilayer number (n) of [TOA-Ag NP/TREN], multilay-
ers increased from 1 to 3 onto polyester textile with a thick-
ness of ~150 pum, the sheet resistance of the modified textiles
significantly decreased, from ~550 to 0.05 Q sq~! (Figure 1d).
This reduction in sheet resistance enabled the subsequent elec-
troplating of Ni. Specifically, for the [TOA-Ag NP/TREN], mul-
tilayers, which exhibited a sheet resistance of ~5.2 Q sq7!, an
additional Ni electroplating process further lowered the sheet re-
sistance to ~1.1 X 107 Q sq7! (with an electrical conductivity
~2.52 x 10* S cm™!). This indicates the formation of a highly
conductive Ni layer on the surface of the [TOA-Ag NP/TREN],
multilayer-coated polyester fibers. Moreover, this Ni-electroplated
textile (Ni-ET) maintained the highly porous structure of the orig-
inal polyester, as the LbL-assembled Ag NP multilayers were uni-
formly deposited across numerous polyester fibers, followed by
selective, uniform coating of a Ni layer (thickness ~800 nm)
on the conductive fibers, as shown in Figure le. Given that
the primary function of Ni electroplating is to enhance elec-
tronic conductivity, other electrochemically stable metals with
high conductivity—such as copper (Cu)—could also be used
for this purpose (Figure S2, Supporting Information). The elec-
troplated Ni layer included crystalline nickel hydroxides such
as a-Ni(OH), and g-Ni(OH), as well as metallic Ni (Ni® state)
on the surface, which was confirmed by X-ray photoelectron

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA11E81D) 8|qeot dde 8u) Aq pausenob ke SapIe O '8sn JO S9INJ 10} AR1q1T 8UIUO A8 |IAA UO (SUONIPUOD-PUR-SLLIBI WD A8 |IM"ALeiq 1 Ul |UO//:Stny) SUORIPUOD Pue SWis 1| 841 88S *[9202/20/50] Uo Aridiauliuo A11Mm 'O e1miisu| sngbucedo nbeeq Aq 812805202 eWPe/Z00T 0T/10p/Luod A8 | 1M Alelq 1 jeul U0 peoueApe//Sdiy Woly pepeojumod 'S ‘9z0Z 'S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SORNCF s JMATERIALS

www.advancedsciencenews.com www.advmat.de

da

Orgamc Linker :
(TREN, cysteamlne) z

[

(Ag Au, CuS)

Bare Textile

LbL Assembly of Ni Electroplating
Metal NP

25 108 [
[TOA-Ag NP/TREN], ~ -®- [TOA-Ag NPITREN],
20 8‘ 10 I —e— Ni electroplating
ad i 3 L
3 g e
c @ 102 AN
© o
Ke] S 100
= &8 10
o 2 I
2 B 100 F N
)
< ~ © 10} -
05 /7 ~ n=1 < =~
418 nm  ~T0A-Ag NPs (in Toluene) 2 102 14 x 109
<2 ’
ool 00 T ] n 100} - X Qsq
400 500 600 700 800 . . A \ .
0 1 3 4 5
Wavelength(nm)

Bllayer Number (n)

Figure 1. Preparation of Ni-ET. a) Schematic illustration for the preparation of Ni-electroplated textile. b) High-resolution transmission electron spec-
troscopy (HR-TEM) images of synthesized TOA-Ag NPs. The insets show the enlarged HR-TEM image of TOA-Ag NP with lattice fringes of 2.04 A and
a digital image of toluene solution containing TOA-Ag NP. c) UV-vis spectra of [TOA-Ag NP/TREN], multilayers with different bilayer numbers (n). The
red dashed line represents the characteristic surface plasmon resonance (SPR) peak at 418 nm for TOA-Ag NPs dispersed in toluene. d) Sheet resistance
of the (TOA-Ag NP/TREN),-coated textile with different bilayer numbers (n) and the Ni-electroplated [TOA-Ag NP/TREN],-coated textile (i.e., Ni-ET).
e) Digital images and field-emission scanning electron spectroscopy (FE-SEM) images of bare textile (left), [TOA-Ag NP/TREN],-coated textile (middle),
and Ni-ET (right).
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spectroscopy (XPS) (Figure S3, Supporting Information). Addi-
tionally, the formed Ni-ET maintained a highly porous structure
of pristine polyester textile without any block-up phenomenon
originating from metal NP aggregation and/or excessive Ni plat-
ing. Furthermore, it is important to note that TOA-CuS NPs and
TOA-Au NPs, alongside TOA-Ag NPs, are also assembled using
NH,-functionalized molecular linkers such as TREN to produce
conductive textiles with electrical conductivity that is well-suited
for Ni electroplating (Figure S4, Supporting Information).

2.2. Ultrathin MOF-Coated LTA Using Coordination-Bonding LbL
Assembly

Based on these results, we tried to deposit an ultrathin, lithio-
philic MOF multilayer onto a highly porous Ni-ET. To accomplish
this, Ag* ions in aqueous media (i.e., Ag, CO;-dissolved aqueous
solution) were sequentially LbL-assembled with TCA in ethanol
using complementary coordination bonding to form the Ag* ion-
incorporated MOF multilayers, referred to as [Ag*/TCA],-MOF
multilayers (see Figure 2a). Specifically, the Ag* ions preferen-
tially coordinate with the soft donor atoms (particularly sulfur)
of deprotonated TCA molecules, primarily forming Ag-S coor-
dination bonds (Figures S5 and S6, Supporting Information).
Owing to the multiple coordination sites of TCA, each molecule
can bridge several Ag* ions, facilitating the formation of an om-
nidirectional, crosslinked MOF network (Figure S7, Supporting
Information). This LbL approach enables the in situ formation
of an ultrathin and robust MOF architecture across the entire
Ni-ET surface—a notable difference from previously reported
MOF layers, which are primarily based on thick slurry pastes
(at least several ym thickness) and often result in inadequate
interfacial interactions.[*’”] With increasing the bilayer number
(n) of [Ag*/TCA], multilayers, the absorbance peak intensity at
320 nm, originating from the triazine ring of TCA, increased pro-
gressively, as confirmed by UV-vis spectroscopy (Figure 2b). Cor-
respondingly, the color of the Ni-ET changed visibly to gold, in-
dicating a uniform and dense coating of the [Ag*"/TCA], mul-
tilayers (see digital image in Figure 2b). We also quantitatively
monitored the growth of multilayers using a quartz crystal
microbalance (QCM). Figure 2c shows the frequency changes
(-AF) and corresponding mass changes of the adsorbed Ag* ions
and TCA, resulting from an increasing layer number. The mass
changes were calculated from the —AF values of the Ag ions and
the TCA adsorbed on the crystal surface (Detailed Experimen-
tal Section, Supporting Information). Alternating the deposition
of the Ag ions and the TCA resulted in —AF of 39.4 + 5 (Am
of ~697 ng cm™?) per bilayer, respectively, indicating the layer-
dependent vertical growth of multilayers. Given that our LbL
technique allows for precise control over the thickness, composi-
tion, and uniformity of each component layer within the compact
thin-film architecture, the surface area of the resulting porous
[Agt/TCA],-coated Ni-ET (i.e., n-MOF-Ni-ET) is expected to in-
crease systematically with the bilayer number (n). To validate this,
we performed Brunauer-Emmett-Teller (BET) surface area anal-
ysis for [Agt/TCA], multilayers with varying bilayer numbers
(Figure S8, Supporting Information). The specific surface areas
were measured to be 0.614, 1.263, 1.464, and 1.648 m” g~' for
n = 0,1, 3, and 5, respectively, confirming that internal porosity
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and structural uniformity are well preserved throughout the CB-
LbL assembly process. It is worth noting that our approach can be
effectively applied to various metal atoms with distinct chemical
characteristics, such as Cu and Co, enabling the optimal design
tailored to specific functionality and performance requirements
(Figure S9, Supporting Information).

The precise control over the deposition of each component
through specific interfacial interactions enables a homogeneous
distribution with a periodic configuration, potentially facilitat-
ing the formation of self-organized crystal lattices. As shown in
Figure 2d, the LbL-assembled [Ag*/TCA];-MOF multilayers ex-
hibited high crystallinity, indicating a well-ordered framework
structure. Specifically, the formed multilayers showed distinct
diffraction peaks at 17.7, 22.6, 26.0, 32.7, and 38.2°, correspond-
ing to the well-defined crystalline domains that result from the
large periodicity of the MOF unit cell and the short-range coor-
dination among its components.**#] This finding sharply con-
trasts with the results from composites produced through the
simple blending between Ag* ions and TCA in solution. These
structural characteristics of the [Ag*/TCA],-MOF multilayers
not only create a facile Li ion diffusion pathway with uniform
current flux, but also effectively accommodate volume changes
during Li plating/stripping processes. Additionally, the formed
[Ag*/TCA],-MOF multilayers exhibited the nanoporous surface
morphology with the thickness of ~8 nm per bilayer (Figure 2e;
Figure S10, Supporting Information).

We also investigated the chemical properties of the LbL-
assembled [Ag* /TCA],-MOF multilayers using XPS analysis. As
shown in Figure 2f, the multilayers primarily exhibit the Ag*
state, with no detectable presence of metallic Ag®. Additionally,
the TCA in the [Ag*/TCA],-MOF multilayers manifests in two
different chemical forms, attributed to the resonance structure of
the triazine ring (Figure 2g). That is, the deconvolution of N 1s
spectrum displayed peaks at 398 and 400.4 eV, corresponding to
C=N—C and N—C bonds, respectively. Notably, the enhanced in-
tensity of the C=N—C peak in the multilayers, compared to TCA
alone (Figure S11, Supporting Information), suggests polymer-
ization between Ag and TCA, confirming the development of a
polymerized MOF structure.

2.3. Characterization of [Ag* /[TCA],-MOF Multilayers on Li
Deposition

Electrolyte wettability of the anode surface is a crucial factor af-
fecting the electrochemical performance, ion transport behav-
ior, and interfacial stability of the battery systems. The organic
linkers (TCA) within the [Ag*/TCA],-MOF multilayers exhibit
the hydrophilic properties due to the presence of abundant po-
lar functional groups, such as thiol and amide, enabling the su-
perior electrolyte wettability compared to that of a bare Ni plate
(Figure S12, Supporting Information). It is noteworthy that the
Ni plate demonstrated complete wettability with the electrolyte
(1 M LiTFSI in 1,3-Dioxolane/Dimethoxyethane (DOL/DME, 1:1
vol%) with 5 wt.% LiNO;) after the deposition of [Ag*/TCA],
multilayers, indicating high coating quality. These characteris-
tics suggest the possibility that the [Ag* /TCA],-MOF multilayers
can induce the uniform electrolyte distribution across the acces-
sible electrode surface of 3D-structured Ni-ETs, facilitating ion
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Figure 2. LbL-assembled MOF multilayers. a) Schematic illustration for the preparation of LbL-assembled [Ag* /TCA], multilayers onto Ni-ET. b) UV-vis
spectra and ¢) QCM data of [Ag*/TCA], multilayers with different bilayer numbers (n). Insets in Figure 2b show the molecular structure of TCA and a
digital image of [Ag*/TCA], multilayer-coated quartz substrate. d) XRD patterns of LbL-assembled [Ag* /TCA]; multilayers and blended Ag*-TCA films.
e) FE-SEM image of [Ag* /TCA]s multilayers onto Si wafer. The inset shows the cross-sectional FE-SEM image of [Ag™ /TCA[s multilayers. f) Ag 3d and
g) N 1s XPS spectra of [Ag* /TCA]s-MOF multilayers. Deconvolution of the N 1s spectrum reveals the presence of two types of molecular structures of

TCA within the [Ag* /TCA]5-MOF multilayers.

diffusion and lowering the energy barrier for the Li nucleation
process.

For confirming this possibility, the [Ag*/TCA],-MOF multi-
layers were coated onto the Ni-ET current collectors using the
aforementioned CB-LbL assembly, followed by sequential Li elec-
troplating at 6 mAh ¢cm™2 in 1 M LiTFSI in DOL/DME mix-
ture (Figure 3a). Figure 3b compares the potential difference of

Adv. Mater. 2026, 38, €08218 08218 (7 of 15)

the n-MOF-Ni-ET and the bare Ni-ET on Li plating at a current
density of 0.1 mA cm™? and an areal capacity of 6 mAh cm™.
In contrast to the bare Ni-ET with a nucleation overpotential of
19.3 mV, the n-MOF-Ni-ETs demonstrated significantly reduced
values of 8.1, 3.9, and 1.6 mV for n = 1, 3, and 5, respectively.
These observations suggest that an increase in the amount of hy-
drophilic (or lithiophilic) moieties within the [Ag*/TCA],-MOF
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Figure 3. Li textile anode. a) Schematic illustration for the preparation of LTA. b) Voltage (V) versus capacity (uAh cm=2) curves of bare Ni-ET and
n-MOF-Ni-ET-based half-cells during Li nucleation at 0.1 mA cm~2 and 6 mAh cm™2. b) Nyquist plots of bare Ni-ET and n-MOF-Ni-ET half-cells. Insets
show enlarged impedance curves in the high-frequency region and the representative equivalent circuit. d) N 1s XPS spectra of bare Ni-ET and n-MOF-Ni-
ETs with different bilayer numbers (n). Calculated anion adsorption energy (E,4) versus potential curves of e) anion molecules (NO;~ and TFSI™) and
f) solvent molecules (DME and DOL) adsorbed onto bare Ni-ET and n-MOF-Ni-ET electrodes. g) Schematic illustration of surface configurations for bare
Ni-ET and n-MOF-Ni-ET surfaces. h) Bader charge analysis of bare Ni and [Agt/TCA]s-MOF surfaces at different potentials. i) Cyclic voltammograms
of bare Ni-ET and 5-MOF-Ni-ET electrodes at a scan rate of 10 mV s™'. j) Cross-sectional FE-SEM image and corresponding elemental mapping images
(Ag and N) of the 5-MOF-Ni-ET electrode after 10 cycles.
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multilayers enhances nucleation efficiency by reducing the ion
concentration gradient at the interface. Consequently, the hy-
drophilic properties of [Ag* /TCA],-MOF multilayers not only di-
minish unnecessary energy loss during battery operations but
also potentially suppress the formation of Li dendrites, which are
typically caused by localized current density. Additionally, electro-
chemical impedance spectroscopy (EIS) analysis revealed a con-
sistent decrease in charge transfer resistance (R ) with increas-
ing bilayer number (n) in the n-MOF-Ni-ET samples (Figure 3c).
This trend indicates that the [Ag*/TCA],,-MOF multilayers facil-
itate more efficient Li* ion transport to the electrode surface. As
a result, high-quality, conformal Li coatings were achieved while
the highly porous architecture of the textile substrate was impec-
cably preserved (Figure S13, Supporting Information). In con-
trast, Li plating on the bare Ni-ET resulted in nonuniform and
agglomerated Li deposition, which obstructed the porous struc-
ture of the textile substrate (Figure S14, Supporting Information).
As a result, the n-MOF-coated Ni-ETs (or n-MOF-coated LTAs),
which exhibit both highly macroporous (inherent to the pristine
textile) and nanoporous structure (contributed by the MOF mul-
tilayers) structures, were successfully prepared through a CB-LbL
assembly.

The formation of a stable SEI layer on the anode surface is
critical for cell performance, which is strongly influenced by sur-
face charge density and SEI composition. The SEI is formed
by the decomposition of electrolyte components adsorbed onto
the electrode’s inner Helmholtz plane (IHP). At typical elec-
trode interfaces, only a limited number of anions initially oc-
cupy the IHP. When an external current is applied, these an-
ions are displaced from the IHP due to electrostatic repulsion,
resulting primarily in the reduction of free solvent molecules.
This preferential solvent reduction produces an SEI layer defi-
cient in critical inorganic components such as Li; N and LiF, thus
exhibiting weak mechanical strength and limited chemical sta-
bility. However, the introduction of [Ag*/TCA],-MOF generates
strong surface dipoles at the IHP, significantly enhancing the
adsorption forces acting upon the anions. Consequently, these
anions remain anchored to the IHP even under electrostatic re-
pulsion during charging, facilitating the formation of an anion-
derived SEI that demonstrates superior chemical stability and en-
hanced mechanical robustness. Moreover, the complete conver-
sion of LiNO, to Li;N at the electrode/electrolyte interface dur-
ing electrochemical operation faces a high energy barrier due to
the strong N—O bonds in the NO,;~ anion, which necessitates
multielectron transfer processes.’! In this regard, the nitrogen
groups (—N=) in the triazine ring structure of TCA facilitate elec-
tron transfer to LiNO;, thereby promoting its decomposition into
Li;N and lithium oxides, which subsequently contribute to the
formation of the SEI layers.>=3] As evidenced in the deconvo-
luted N 1s XPS spectra after the 10th CV sweeps (Figure 3d),
the bare Ni-ET electrodes displayed characteristic peaks for Li;N
and its intermediates (LiN,O,), whereas the [Ag*/TCA],-MOF-
coated LTAs showed a gradual decrease in the peak intensities
of intermediates. Notably, the 5-MOF-coated LTAs exhibited a
more pronounced single Li;N peak. This observation indicates
that the [Ag* /TCA],-MOF multilayers facilitate the complete de-
composition of LiNO, into Li;N, through dipole-dipole interac-
tions within the inner Helmholtz plane. In particular, increasing
the bilayer number (n) of [Ag*/TCA],-MOF multilayers leads to
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a higher density of TCA molecules—rich in nitrogen groups—
which effectively lowers the energy barrier for this phase trans-
formation. A similar trend was observed in TCA-based electrodes
without the Ag NP component, clearly confirming the pivotal role
of TCA in facilitating the formation of Li; N-rich SEI (Figure S15,
Supporting Information). Additionally, the polarized surface of
the [Agt/TCA],-MOF multilayers during discharge generates lo-
calized electric dipoles that can interact with TFSI™ anions in the
inner Helmholtz plane, thereby facilitating their reduction to LiF
(Figure S16, Supporting Information).

To gain deeper insight into the influence of surface dipole
moments, we performed density functional theory (DFT) calcu-
lations. However, conventional DFT simulations are inherently
limited in capturing the effects of applied electrochemical po-
tentials, as they are typically conducted under constant-charge
conditions with a fixed total number of electrons. To overcome
this limitation and better approximate experimental conditions,
we employed the grand-canonical DFT (GC-DFT) framework.
Unlike traditional methods, GC-DFT enables simulations under
constant-potential conditions by dynamically adjusting the elec-
tron count in the system to match a specified target potential.

Using the GC-DFT approach, we calculated the adsorption
energies of various molecules adsorbed on electrode surfaces
across different applied potentials. Specifically, we compared two
surface models: a bare Ni surface and a [Ag*/TCA],-MOF sur-
face. To examine the interactions between solvent molecules and
these surfaces, we investigated the adsorption energies of vari-
ous solvent molecules (i.e., DME and DOL) and anion molecules
(i.e., NO;~, and TFSI~). The atomic structures of these solvent
molecules are shown in Figure S17 (Supporting Information).
On the bare Ni surface, anion adsorption energies increased as
the potential decreased from 2 to 0V, indicating stronger adsorp-
tion at lower potentials (Figure 3e). In contrast, the [Agt/TCA],-
MOF surface exhibited the opposite trend, with anion adsorption
energies decreasing as the potential decreased. These results in-
dicate that anions are more stably adsorbed on the MOF-modified
Ni surface than on bare Ni at low potentials.

For the solvent molecules, the adsorption energies were con-
sistently lower on the Ni surface compared to the [Ag*/TCA],-
MOF surface across the full potential range (0-2 V), implying that
ether molecules (in DOL/DME) are more stable on the Ni sur-
face (Figure 3f). We attribute the enhanced anion adsorption on
the [Ag*/TCA],-MOF surface to the presence of TCA molecules,
which induce a strong surface dipole moment. This dipole arises
from a positively charged top layer and negatively charged under-
lying layers, generating a strong Coulombic attraction toward an-
ions. In contrast, the bare Ni surface exhibits only a weak dipole,
with relatively less negative charge in the upper layers compared
to the bottom, resulting in reduced anion affinity.

To further validate the role of surface dipole moments and sur-
face charges, we performed Bader charge analysis at potentials of
0, 1, and 2V, focusing on the top two atomic layers and the under-
lying layers of both surfaces (Figure 3g; Figure S18, Supporting
Information). On the bare Ni surface, all layers displayed negative
charges at every potential, with the degree of negativity increasing
as the potential decreased (Figure 3h). This growing surface neg-
ativity at lower potentials likely contributes to the reduced anion
adsorption, as stronger electrostatic repulsion hinders anion ap-
proach and binding. In contrast, Bader charge analysis revealed
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that [Ag*/TCA],-MOF surface displayed a positively charged top
layer and negatively charged lower layers, confirming the forma-
tion of a significant surface dipole. Furthermore, as the applied
potential decreased, the charge separation between the positively
charged upper layer and the negatively charged lower layers be-
came more pronounced (Figure 3g,h). This enhancement in the
surface dipole moment effectively mitigates the electrostatic re-
pulsion associated with the applied potential, thereby promoting
stable anion adsorption on the [Ag*/TCA],-MOF surface.

This phenomenon was further confirmed by cyclic voltamme-
try (CV) measurements conducted on the 5-MOF-Ni-ETs and bare
Ni-ET electrodes at a scan rate of 10 mV s~! (Figure 3i). Dur-
ing the cathodic sweep, the 5-MOF-Ni-ETs exhibited significantly
higher current responses compared to the bare Ni-ET electrodes
in the potential range 0of 0.9 to 1.2 V (vs Li* /Li). The observed re-
duction peak at 1.0 V is associated with the reduction of NO,~
and TFSI~ anions, which are essential for SEI formation, im-
plying that the [Ag*/TCA],-MOF multilayers effectively retain a
large number of anion molecules (i.e., NO,~ and TFSI™) at the
interface.’’3] In addition, the LbL-assembled [Ag* /TCA],-MOF
multilayers on the Ni-ET current collector retained their struc-
tural integrity even after repeated Li plating/stripping cycles, de-
spite the considerable volume changes involved in these pro-
cesses, which was confirmed by cross-sectional FE-SEM images
and energy dispersive X-ray spectroscopy (EDS) mapping images
(Figure 3j; Figure S19, Supporting Information). Furthermore,
during cathodic sweeps in the low potential range (typically below
1V), the electrons transferred from the electrode reduce Ag* ions
in the MOF multilayer to metallic Ag° (370.1 and 376.1 eV), form-
ing lithiophilic Ag NPs along with the Ag-Li alloy phases (368.5
and 374.5 eV) (Figure S20, Supporting information). After the Li
stripping step, Li was extracted from the electrode, leaving only
metallic Ag® peaks, indicating reversible alloying/dealloying be-
havior that remained consistent over repeated cycles. This behav-
ior enables the in situ formation of a well-distributed, ultrathin
layer of lithiophilic Ag NPs without requiring additional chem-
ical treatments (Figures S21 and S22, Supporting Information).
As aresult, structural deformation is minimized, preserving elec-
trochemical stability throughout cycling. Notably, in the case of
5-MOF-Ni-ET, the reduction of Ag* ions was completed imme-
diately after the first Li plating/stripping cycle, demonstrating
highly efficient and rapid electron transfer across the uniformly
assembled MOF multilayers.

2.4. Electrochemical Properties in Half-Cell and Symmetric Cell
Configurations

To evaluate the effect of n-MOF-Ni-ETs on the formation of the
SEI layer, we examined electrochemical properties using a half-
cell configuration (i.e., Li//Li-n-MOF-Ni-ET). As a first step, the
Li-ion diffusion behavior within the electrode was analyzed us-
ing EIS measurements during successive Li plating/stripping cy-
cles (Figure 4a; Figure S23, Supporting Information). In LMB
systems, the diffusion coefficient (D), which quantifies the rate
at which charged species migrate through the electrolyte, plays
a critical role in the dynamic formation and growth of the SEI
layer. Variations in diffusion coefficients can influence Li-ion
transport by altering interfacial resistance and modifying ionic
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conduction pathways. Based on the parameters obtained from
the Nyquist plots after 10 CV cycles, the diffusion coefficients
for each cell were calculated using the following equations:**

Z' =R +R,+0,0" (1)

2
RT
D=0. 2
035 <AF20WC> @)

where o is the Warburg impedance coefficient, w is the angu-
lar frequency, R is the gas constant, T is the absolute tempera-
ture (K), A is the electrode area (cm?), F is Faraday’s constant (C
mol~1), and C is the molar concentration of ions in the electrolyte
(mol L7).

As shown in Figure 4b, the ion diffusion coefficient val-
ues of Li-n-MOF-Ni-ETs were determined to be 1.02 x 10712,
3.06 x 10712, 41.8 x 107!, and 67.3 x 1072 cm? s™! forn =0
(bare Ni-ET), 1, 3, and 5, respectively. Notably, a sharp increase in
diffusion coefficient was observed at n = 3, indicating a thresh-
old beyond which the presence of [Ag*/TCA],-MOF multilayers
significantly enhances ion transport. This behavior is likely at-
tributed to the formation of a sufficient quantity of [Ag*/TCA],-
MOF multilayers at n > 3, which not only improves ion diffu-
sion but also promotes the development of Li; N within an anion-
rich SEI layer—an interpretation consistent with the XPS results
shown in Figure 3d. Additionally, the R, values gradually de-
creased with increasing the bilayer number (n) of Li-n-MOF-Ni-
ETs, further supporting the formation of a high-quality, Li,N-
rich SEI layer with improved ionic conductivity (Figure 4c). How-
ever, when the bilayer number (n) was further increased to 10, a
slight rise in charge transfer resistance (R.,) was observed, likely
due to the additional resistance induced by the increased thick-
ness of the MOF film. Importantly, the Li-5-MOF-Ni-ET exhibited
the highest Li* transference number of 0.67, indicating superior
ion transport efficiency and stable electrochemical performance
(Figure 4d).

The CE value during continuous electrochemical cycling re-
flects the operational reversibility of the battery cells, which
is closely related to the quality of the SEI layer. As shown in
Figure 4e, the CE values were recorded for each cell under gal-
vanostatic charge-discharge (GCD) cycling at 1 and 1 mAh cm™2.
The relatively low CE values during the initial cycles are pri-
marily attributed to the formation of the SEI layer, which ir-
reversibly consumes a portion of Li ions at the anode surface
(Figure S24, Supporting Information). Among the tested elec-
trodes, the Li-5-MOF-Ni-ET exhibited a noticeably higher CE
value during the early GCD cycles compared to the others, in-
dicating that the SEI formation occurs more efficiently with re-
duced irreversible Li loss. This behavior implies the rapid for-
mation of a stable, thinner, and more ion-conductive SEI layer
on the Li-5-MOF-Ni-ET, which in turn enables excellent cycling
reversibility (Figure S25, Supporting Information). The forma-
tion of this high-quality SEI also promotes smoother and denser
lithium plating, in stark contrast to the bare Ni-ET, which exhibits
nonuniform, needle-like lithium growth (Figure S26, Support-
ing Information). As a result, the (Li//Li-5-MOF-Ni-ET) half-cells
demonstrated superior operational stability, achieving a CE of
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~99.7% over 600 cycles, outperforming other cell configurations
(Figure 4e).

The cycle retention performance of the Li-n-MOF-Ni-ETs
was further evaluated using a symmetrical full-cell configu-
ration (i.e., Li-n-MOF-Ni-ET//Li-n-MOF-Ni-ET) under two dif-
ferent operating conditions: 1 mA cm~2/1 mAh cm™? and
3 mA cm™2/3 mAh cm~? (Figure 4f,g). Under these conditions,
the bare Ni-ETs showed significant fluctuations in CE values af-
ter only 50 cycles. In contrast, the Li-n-MOF-Ni-ETs maintained
excellent stability, sustaining CE values close to 100% for over
400 cycles. In particular, the Li-5-MOF-Ni-ET-based cells demon-
strated outstanding long-term performance, retaining stable op-
eration for 2000 h (1000 cycles) at 1 mA cm=? (1 mAh cm™?),
and for 950 h (475 cycles) at 3 mA cm™ (3 mAh cm™),
with smooth and consistent voltage profiles. In this case, the
small decreases or slight fluctuations in overpotential observed
during the cycling of Li-5-MOF-Ni-ET-based symmetric cells—
particularly in the absence of signs of severe cell degradation—
are likely attributable to benign factors such as minor inter-
facial rearrangements, thermal fluctuations, or electrode sur-
face activation (Figure S27, Supporting Information). Impor-
tantly, the excellent cycling stability of the Li-5-MOF-Ni-ET-based
cells is primarily attributed to the formation of a high-quality
solid electrolyte interphase (SEI) enriched with inorganic com-
ponents such as Li;N and LiF, which collectively contribute
to superior mechanical robustness and high ionic conductiv-
ity.

To validate this hypothesis, we performed both nanoindenta-
tion and real-time electrochemical impedance spectroscopy (EIS)
analyses on SEI layers formed on electrodes with and with-
out the Li-n-MOF after prolonged cycling. The SEI formed on
the Li-5-MOF-Ni electrode exhibited significantly higher me-
chanical hardness (0.31 GPa) than that on the bare Ni elec-
trode (0.03 GPa), indicating markedly improved mechanical
stability (Figure S28, Supporting Information). This enhance-
ment is likely due to the formation of a Li;N-rich SEI. Fur-
thermore, analysis of the force—indentation curves revealed that
the SEI thickness on the Li-5-MOF-Ni electrode was ~137 nm,
compared to 346 nm on the bare Ni electrode, suggesting
that the MOF promotes the formation of a thinner, denser,
and more compact interfacial layer on the lithium metal sur-
face.

Consistent with these mechanical findings, Nyquist plots
(Figure S29, Supporting Information) show that the Li;N-rich
SEI on the Li-5-MOF-Ni-ET electrode maintains a smaller and
more stable high-frequency semicircle throughout 100 cycles,
corresponding to a reduced and nearly constant SEI resistance
(R_SEI). In contrast, the SEI on the bare Ni-ET electrode shows
a gradual increase in semicircle diameter, indicating a continu-
ous rise in R_SEI and ongoing interfacial restructuring. These
results collectively suggest that the Li;N-rich SEI not only pro-
vides enhanced mechanical durability but also sustains excel-
lent ionic conductivity, likely owing to the intrinsically fast Li*
transport pathways within Li;N. Therefore, these results clearly
demonstrate that the LbL-assembled ultrathin MOF multilayers
effectively regulate Li deposition behavior and SEI formation.
Moreover, they highlight that electrochemical performance can
be finely tuned through simple and precise control over the num-
ber of MOF bilayers.
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2.5. Electrochemical Performance of LiFePO,-Based Full Cell

To more accurately assess the practical performance of the Li-
n-MOF-Ni-ET anodes, asymmetrical full-cells were designed us-
ing a LiFePO, (LFP) cathode with a mass loading of 3 mg cm™
and tested under GCD cycling at 1C within a voltage range of
2.5-3.9 V (Figure 5a). In stark contrast to the bare Ni-ET, which
exhibited poor capacity retention of less than 200 cycles, the Li-
5-MOF-Ni-ET anode maintained ~96.5% of its initial capacity
(0.441 mAh cm™2) over 1300 cycles, demonstrating outstand-
ing long-term stability. Furthermore, when paired with a high
loading LFP cathode (16.7 mg cm™2) to achieve an N/P ratio
of 1.4, the Li-5-MOF-Ni-ET anode delivered a reversible capac-
ity of 2.26 mAh cm™? (~92% retention) and a CE of 99.8% after
180 cycles (Figure 5b; Figure S30, Supporting Information), indi-
cating efficient ion transport and stable SEI formation. Notably,
the (Li-5-MOF-Ni-ET//LFP) full-cell (N/P = 1.4) exhibited excel-
lent rate performance, delivering a capacity of ~1.81 mAh cm™2
(106.5 mAh g=!) even at a high rate of 5 C. Upon returning to 1
C, the capacity fully recovered to 2.44 mAh cm= (144 mAh g),
highlighting the superior mass transport and charge conduc-
tion capabilities provided by the LbL-assembled MOF structure
(Figure 5c). As a result, the full cells utilizing the Li-5-MOF-
Ni-ET anode achieved maximum energy and power densities of
9.14 mWh cm~2 and 48.3 mW cm™2, respectively, based on the
area of the cell (Figure 5d). These values significantly surpass
those reported for LFP full cells using previously developed Li-
deposited anode as well as those employing Li foils (inset of
Figure 5d)

To further expand the applicability of the Li-5-MOF-Ni-ET,
10.5 mAh-level pouch cells were fabricated using an LFP cath-
ode with a high areal capacity of 3.5 mAh cm™ (N/P ratio
~1.1), and their electrochemical performance was investigated.
Notably, the 3—-MWCF separator-based pouch cells achieved an
outstanding capacity retention of 98.6% per cycle for 100 cycles
(Figure 5e; Figure S31, Supporting Information). These results
clearly demonstrate that our MOF multilayer-assembled LTA
enables precise control over lithium dendrite growth through
its tailored functionality and structural design, thereby signifi-
cantly improving overall cell performance. Although the current
demonstration serves as a proof-of-concept using a small-scale
system (10.5 mAh), our approach holds strong potential for scal-
ing up to large-area pouch cells. This is because the solution-
based LbL assembly process can be readily applied to a wide range
of substrates, regardless of their size or geometry (Figure S32,
Supporting Information). Therefore, our method is well-suited
for the scalable fabrication of electrodes and enables the uniform
deposition of active components even on substrates with complex
3D structures, such as textiles.

3. Conclusion

In summary, we have successfully developed a high-performance
LTA that enables LMBs with both high capacity and long-term
cycling stability. This achievement was made possible through
the precise and uniform deposition of ultrathin lithiophilic MOF
multilayers onto a highly porous textile current collector. These
multilayers were fabricated via a repeated CB-LbL assembly of
Ag* ions and the TCA organic linker, without the need for any
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additional complex synthesis steps. During electrochemical cy-
cling, the [Ag* /TCA],-MOF multilayers underwent in situ chem-
ical reduction to form lithiophilic Ag NPs, which effectively low-
ered the lithium nucleation barrier. In addition, the TCA linkers
within the MOF contributed to the formation of an anion-rich SEI
layer, particularly enriched with Li;N compounds. This multi-
functional role of the [Ag*/TCA],-MOF multilayers—facilitating
uniform lithium plating at the electrode interface while catalyz-
ing the formation of a thin, dense, and highly ion-conductive
SEI layer—represents a significant advancement over previous
approaches, such as MOF-based strategies primarily focused on
separator modification, and lithiophilic metal NP-based meth-
ods aimed at interlayer coatings on host materials. The opti-
mized Li-5-MOF-Ni-ET anode achieved a CE of 99.1% after 600
cycles at 1 mA cm™2/1 mAh cm™2. In symmetric cell configura-
tions, it exhibited remarkable cycling stability, operating contin-
uously for over 2000 h under the same conditions. Furthermore,
when paired with an LFP cathode in a full cell, the system main-
tained 96.5% capacity retention over 1300 cycles and demon-
strated excellent electrochemical performance in a pouch cell
format. These findings underscore the potential of our CB-LbL-
assembled ultrathin, lithiophilic MOF-based LTA to drive the de-
velopment of next-generation, dendrite-free, high-performance
LMBs.
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the author.
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