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Ultrathin, Layer-by-Layer Assembled Lithiophilic Interlayers
for Dendritic Growth-Suppressed Lithium Metal Anodes
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1. Introduction

Lithium (Li) metal, recognized for its high energy potential, serves as

a promising anode material in battery technologies. However, the growth of
Li dendrites during charging and discharging cycles presents significant safety
and durability challenges. To address these challenges, a novel strategy is
developed employing an ultrathin, layer-by-layer (LbL) assembled multi-walled
carbon nanotube forest (MWCF) interlayer that is uniquely composed

of lithiophilic components without inactive binders. Strategically deposited on
one side of the separator, the LbL-assembled MWCF interlayer ensures excel-
lent electrical conductivity and forms seamless interfaces with the separator,
optimizing ion transport and reducing local current density. This configuration
allows for uniform Li plating while preventing dendrite penetration toward the
cathode, thus enhancing safety and extending the cell’s lifespan. This approach
has demonstrates exceptional cycling stability, sustaining over 10 000 h of
operation at 1 mA cm~2 and 1 mAh cm~2 in a symmetric Li | Li cell, surpassing
previously reported results. Furthermore, an LiNi, 3Mn, ;Co, ;O,-based
asymmetric cell exhibits remarkable durability, maintaining ~81.9% of

its capacity after 600 cycles at 1 C, and achieving an ultrahigh energy

of 678 Wh Kg~'. An LiFePO,-based asymmetric cell also demonstrates
superior cycling stability, further validating the effectiveness of our approach.

Li metal is considered a highly promis-
ing anode material because it has the
highest theoretical specific capacity
(3860 mAh g=1), an extremely low redox
potential (—3.04 V vs SHE), and a very
low density (0.534 g cm~3). These prop-
erties could help overcome the energy
density limits of conventional graphite
anodes (372 mAh g7!) in recharge-
able Li batteries.'™* However, despite
these remarkable advantages, serious
challenges remain—such as an unsta-
ble solid-electrolyte interphase (SEI)
layer with insufficient surface coverage,
uncontrollable  volume fluctuations,
and Li dendrite growth. These issues
compromise both performance and
safety, limiting the practical use of Li
metal anodes (LMAs) in Dbatteries.>*]

Among the various causes, the
non-uniform distribution of current
density on the LMA surface and/or
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LMA/electrolyte interface is widely recognized as a key fac-
tor. During charging, Li* ions pass through the SEI layer and
gain electrons at the anode surface, where they are reduced to
form Li metal.”78] These Li atoms tend to accumulate at de-
fects or surface irregularities, where the energy is lower, lead-
ing to localized growth of Li crystals (nucleation) and even-
tually forming sharp protrusions—known as Li dendrites.[*1!
This uneven growth stresses the SEI layer, often causing it
to crack.'!l The structural fracture of the SEI layer exposes
the fresh Li metal, which reacts with the electrolyte and pro-
motes further uncontrolled deposition and SEI growth. This
cycle of damage lead to thick, non-uniform SEI layer, needle-
like Li dendrites, and continuous volume expansion, all of
which degrade the battery’s lifespan, efficiency, and safety.'?]
Therefore, to prevent dendrite formation and ensure safe, long-
lasting batteries, a key strategy is to design electrodes that pro-
mote uniform current density and ion distribution across the
LMA.

Extensive efforts have been made to reduce the local current
density and enhance the stability of the LMA surface through
tailored chemical and/or structural design. These efforts encom-
pass the development of organic or inorganic lithiophilic sites,
the creation of highly porous frameworks on the host electrodes,
and the implementation of hierarchical architectures.[>° As
another alternative, various types of 3D structures with abun-
dantlithiophilic sites have garnered significant attention for their
ability to regulate the current distribution at the LMA/electrolyte
interfaces.?2* Among them, highly entangled carbon nan-
otubes (CNT5) could serve as an ideal interlayer material for uni-
form Li deposition in high-rate LMB applications due to their
high electrical conductivity and lower redox potential compared
to organic frameworks.[?-7] In particular, the electrical conduc-
tivity of such an interlayer structure can act as a pivotal factor
in alleviating interfacial resistance on Li* ion transport to the
surface of the host electrode, enabling low overpotential during
the high-rate Li plating process.[?!] Additionally, the porous struc-
ture of conductive CNT composites can aid in achieving a uni-
form distribution of the electric field at the electrode/electrolyte
interfaces, which effectively regulates the Lit ion concentration
gradient.”>% Furthermore, it should be noted that the spacious
3D network of the CNT architectures adequately buffers volume
changes during continuous Li plating and stripping processes.!l
Consequently, numerous strategies based on carbon materials,
including CNTs, have been implemented by simply depositing a
slurry onto the surface of LMA or the separator.?233] However,
the inclusion of insulating polymer binders within thick slurry
layers (ranging from a few to several tens of pm) can significantly
limit the porosity and charge mobility, hindering performance
enhancement. Particularly, the thick thickness (or high loading
mass) of slurry-based interlayers significantly decreases the en-
ergy density of LMBs. As a result, researchers and battery com-
panies are now focusing on developing ultrathin, highly conduc-
tive, and lithiophilic interlayers, although an ideal solution has
not yet been found.

Moreover, the role of interfacial interactions has often been
overlooked. These include interactions between adjacent compo-
nents (i.e., CNTs and/or lithiophilic species) within the interlayer
as well as between the interlayer and substrate (i.e., LMA or sep-
arator). Poor interfacial compatibility can lead to aggregation or
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separation within the layer, resulting in poor connectivity and dis-
continuous interfaces. These issues create electric field gradients
on the interlayer surface, which disrupt ion transport.[** In short,
the design of functional interlayers must carefully consider both
physical properties (like thickness, porosity, and density) and in-
terfacial structure, which together affect Li plating behavior and
dendrite growth kinetics.*>81 Therefore, developing an efficient
methodological approach to precisely control and optimize these
factors is highly desirable.

In this study, we introduce an ultrathin (=62 nm thick and
16.5 pug cm™ in mass), electrochemically inactive component-
free lithiophilic multiwalled-carbon-nanotube-forest (MWCF)
designed through a lithiophilic molecular linker-mediated layer-
by-layer (LbL) assembly approach on separator (Scheme 1a).
This innovative yet straightforward methodology enables the cre-
ation of a gapless and intimate interface between the lithio-
philic MWCF interlayer and the separator. By leveraging nanome-
ter scale-controlled complementary interactions between lithio-
philic COOH-functionalized MWCNTs (COOH-MWCNTs) and
lithiophilic NH,-functionalized small molecular linkers (tris(2-
aminoethyl) amine, TAA) as well as between NH,-TAA and sep-
arator, this approach effectively regulates the Li dendritic growth
on the LMA surface, resulting in unprecedented operational sta-
bility. Notably, the lithiophilic molecular linkers directly connect
neighboring lithiophilic COOH-MWCNTs with a well-defined in-
teraction, ensuring structural integrity to effectively withstand
mechanical (i.e., volume expansion and contraction during elec-
trochemical cycles) and/or electrochemical stresses (i.e., SEI
formation, and Li dendrite growth) during repeated Li plating
and stripping processes. Our approach also leverages the tai-
lored chemical and physical properties of functional interlay-
ers, assembled at the nanometer scale without insulating poly-
mer binders, to influence the electrochemical kinetics of LMAs
through interfacial interactions between two distinct lithiophilic
functional components (i.e., COOH groups of MWCNTs and
NH, groups of molecular linkers).

To achieve this goal, the MWCF was formed through lithio-
philic linker-mediated LbL assembly of COOH-MWCNTs and
NH,-TAA onto a commercial battery separator. Importantly, this
LbL approach ensures uniform distribution of abundant lithio-
philic organic moieties (i.e., oxygen- and nitrogen-containing
functional groups) within the conductive MWCF networks, fa-
cilitating fast and homogeneous Li* ion flux and effectively
suppressing irregular Li dendrite growth. In particular, the
lithiophilic molecular linker-induced LbL-assembly, excluding
bulky/insulating polymeric linkers, enables the formation of a
highly entangled ultrathin forest interlayer with a robust inter-
facial structure without any inactive components, preserving the
porous nature and electrical conductivity of the COOH-MWCNT
itself. This MWCEF interlayer configuration promotes the forma-
tion of a uniform Li thin layer at the MWCF/separator inter-
face, directing Li growth toward the LMA surface and prevent-
ing its invasion into the separator (Scheme 1b). Using these
MW(CEF interlayer-assembled separators, the resulting symmet-
ric Li | Li cell demonstrated an exceptional lifetime exceeding
10 000 h under a current density of 1 mA cm~2 and a capacity
of 1 mAh cm~2. Additionally, a full-cell configuration composed
of LMA and LiNi, ;Mn,, Co,; 0, (NMC811) cathode achieved re-
markable cycling stability of 81.9% after 600 cycles at 1 C and
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Scheme 1. Schematic illustration a) Schematic illustration for the preparation of n—MWCF separator. b) Comparison of Li growth behavior dependent
on separators in repetitive galvanostatic Li plating.

delivered a maximal energy density of 678 Wh kg™ at 0.1 mA  interfacial interaction design offers unprecedented performance
cm~2. Surprisingly, LiFePO, (LFP) cathode-employed full cells  in terms of stability and energy density. Therefore, we believe that
demonstrated excellent cycling stability of 107% even after 1500  our approach, which allows precise and straightforward control
cycles at 1 C. These results significantly outperformed the typical ~ of the physical and chemical properties of all components and re-
interlayer-based cells reported to date, which are limited by un-  sulting interlayers, offers new insights and a foundation for de-
favorable interfacial design. As a result, our novel structural and  veloping future high-performance LMBs.
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2. Results and Discussion

2.1. Preparation of multilayered MWCF

To prepare lithiophilic MWCEF, we first transformed pristine
hydrophobic MWCNTs to hydrophilic COOH-MWCNTs using
H,SO,/HNO, oxidative method, which induced the formation
of COOH moieties on the exterior surface of MWCNTs. The suc-
cessful surface modification of the resulting COOH-MWCNTs
was verified by high dispersion stability in ethanol and by Fourier
transform infrared (FTIR) spectroscopy (Figure 1a; Figure S1,
Supporting Information). In this case, the COOH-MWCNTs
maintained their native tubular characteristic without significant
fragments after the given oxidation condition (Figure 1b).

Based on these results, the COOH-MWCNTs were sequen-
tially LbL-assembled with NH,-functionalized TAA (abbrevi-
ated as NH,-TAA, molecular weight ~146 g mol™') linkers
through hydrogen-bonding interaction between COOH moieties
of MWCNTs and NH, moieties of TAA in ethanol (Figure 1c).
The FTIR spectra of the formed (NH,-TAA/COOH-MWCNT),
multilayers exhibited evident absorption peaks originating from
the carbonyl (C=0) stretching vibration of COOH moieties at
1704 cm™" and N—H bending vibration of NH, moieties at 1573
cm™!, respectively (Figure S1, Supporting Information), and the
peak intensities of these characteristic vibrations were gradually
intensified as the bilayer number (n) was increased from 1 to
3 (Figure 1d). Further validation of the hydrogen bonding was
provided by observing amide bond formation post-thermal treat-
ment and supported by density functional theory (DFT) calcula-
tions (Figures S2 and S3, Supporting Information).

The adsorption behavior of (NH,-TAA/COOH-MWCNT),
multilayers was also investigated using UV-vis spectroscopy
(Figure 1e). With increasing the bilayer number (1) from 1 to
10, the intensity of the absorption spectra was almost linearly
increased. In this case, the total film thicknesses of the (NH,-
TAA/COOH-MWCNT), multilayers were increased up to ~198
nm (for n = 10), implying that the thickness per bilayer was es-
timated to be ~19.8 nm (Figure 1f). The average mass change
(Am) per bilayer was calculated from the frequency change (AF)
using quartz crystal microbalance (QCM) measurement and es-
timated to be ~5.5 ug cm? (AF ~ 312 Hz) (Figure 1g). In this
case, the proportion of TAAs within the multilayer is only ~12.8%
(i-e., 0.7 ug cm=2 per bilayer), affording the advantage of fully
harnessing the characteristics of the COOH-MWCNT5, including
porous structure and electrical properties. As a result, these ob-
servations clearly imply that the adsorbed amount per bilayer was
almost regular, and furthermore, could be exactly controlled by
the bilayer number (n). Therefore, each component (i.e., COOH-
MWCNTs and NH,-TAAs) can be evenly distributed within the
entire region of the resulting LbL-assembled multilayers.

In particular, given that the oxygen atoms within the COOH
groups of MWCNTs and the nitrogen atoms within the NH,
groups of TAA have a strong affinity for Li* ions,34%] the (NH,-
TAA/COOH-MWCNT), multilayers (i.e., -MWCFs) with a ho-
mogeneous structure serve a uniform active sites for Li deposi-
tion during electrochemical operations. Since the LbL-assembled
multilayers are composed solely of COOH-MWCNTs and NH,-
TAA molecular linkers without electrochemically and lithiophili-
cally inactive components or bulky polymeric linkers, our MWCF
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is expected to exhibit strong lithiophilic properties, a highly uni-
form/nanoporous structure, and excellent electrical conductivity.
These properties are highly advantageous, facilitating the fast and
homogeneous infiltration of Li* ions into the MWCFs and effec-
tively suppressing the irregular growth of Li dendrites.

2.2. Characterization of MWCF on Separator

To confirm these possibilities, the MWCFs were deposited onto
one side of the UV-irradiated polypropylene (PP) separator (Cel-
gard 2400) using a hydrogen-bonding interaction-mediated LbL
assembly. As shown in Figure 2a, the surface coverage of the
MWCEF on the separator gradually increased as the bilayer num-
ber (n) of the multilayers increased from 0 to 5. In particular, the
3-MWCFs with a thickness of ~60 nm exhibited a surface cover-
age of over 90% on the separator while well-maintaining a highly
nanoporous structure (Figure S4, Supporting Information). Fur-
thermore, the formed MWCFs exhibited exceptionally smooth
surface morphologies with nanometer-scale roughness, indicat-
ing uniform deposition of the components through the LbL as-
sembly process (Figure S5, Supporting Information). These fea-
tures enable the LbL-assembled MWCF to serve as a high-quality
functional interlayer with a uniform structure between the sep-
arator and LMA. In contrast, it is worth noting that the bulky
polymer binder-based approach has difficulty in effectively uti-
lizing the physical advantages of MWCNTs due to pore clogging
and nonuniformity (Figure S6, Supporting Information), which
deteriorates ion transfer kinetics. Specifically, the significant ad-
vantage of our approach is that the (NH,-TAA/COOH-MWCNT),,
multilayers have a gapless interface with the separator due to
the formation of robust interfacial interaction (i.e., hydrogen-
bonding interaction) between the multilayer and the separator
as well as between adjacent COOH-MWCNT layers. This phe-
nomenon is particularly significant as it effectively excludes the
possibility of needle-like Li dendrites penetrating the potential
gap between the separator and the MWCEF (details will be dis-
cussed later).

Furthermore, it is also very important to consider the electri-
cal conductivity of the MWCEF coated onto the separator in LMB
systems. Specifically, when the lithiophilic MWCF-coated sepa-
rator is in close contact with the Li metal anode, the conductive
MW(CEF acts as an upper electrode of the LMA, enabling effective
and homogeneous distribution of the current density from the
separator to the Li metal anode. This means that a nanoporous
MWCEF with higher electrical conductivity is much more favor-
able for preparing high-performance LMBs with low overpoten-
tial and long-term stability. Notably, our conductive MWCEF, as-
sembled with NH,-TAA, which has a low molecular weight (M,,
~ 146), has a distinct advantage over MWCF with insulating
NH,-functionalized polymeric linkers (e.g., NH,-poly(ethylene
imine), NH,-PEI). Figure 2b shows the change in the sheet re-
sistance of (NH,-TAA/COOH-MWCNT),-coated separator and
(NH,-PEI/COOH-MWCNT),-coated separator as a function of
bilayer number (n). In this case, it was found that the sheet re-
sistance value of NH,-TAA-based separator was two orders lower
(1.3 x 10* Q sq7! for n = 3) than that of the NH,-PEI-based one
(1.6 x 10° Q sq7* for n = 3). These results evidently indicate
that the small molecular linker used in our approach minimizes
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Figure 1. Preparation of n—MW(CFs. a) Digital images of pristine (left) and acidic-treated MWCNTs (right) dispersed in ethanol. b) HR-TEM images of
COOH-MWCNTs. c) Diagrams presenting the LbL assembly of COOH-MWCNT and NH,-TAA through specific interactions. d) Changes in FTIR spectra
of (NH,-TAA/COOH-MWCNT), multilayers as a function of bilayer number (n). e) Variation in the UV-vis spectra of (NH,-TAA/COOH-MWCNT),,
multilayers with different bilayer number (n). The inset presents the UV-vis absorbance at a wavelength of 233 nm as a function of bilayer number (n). f)
Bilayer number (n)-dependent film thickness of (NH,-TAA/COOH-MWCNT),, multilayers. Insets indicate the cross-sectional FE-SEM images. g) QCM
results of (NH,-TAA/COOH-MWCNT),, multilayers with different bilayer number (n).
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Figure 2. Characterization of n—MWCFs. a) FE-SEM images of n—MWCF separators with different bilayer numbers (n) of O (bare separator), 1,3, and 5.
The insets show the corresponding digital images of each n—MWCF separator. b) Bilayer number (n)-dependent changes in sheet resistance (Q sq") of
n—MWCF separators with different linkers: NH,-TAA (red circles) and NH,-PEI (blue circles). c) Changes in electrical conductivity (o/c) of a 3—-MWCF
separator under 10 000 bending cycles with a bending radius of 2.5 mm (insets). d) Wettability tests of electrolyte (LiTFSI in DME/DIOX mixture) on
n—MWCF separators through variations in contact angles with different bilayer numbers (n). €) Electrolyte uptake capabilities of n—MWCF separators.
f) Electrostatic potential maps for the bare PP separator, pristine MWCNT, COOH—MWCNT, and MWCF, respectively. g) Trends in adsorption energy

for Li* ions on each component.
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the contact resistance between neighboring COOH-MWCNTTs.
Additionally, the (NH,-TAA/COOH-MWCNT),-coated separator
(abbreviated as 3—~MWCF separator) exhibited excellent electri-
cal stability even under repeated bending cycles (o/o, = 100%
after 10 000 bending cycles) due to the robust interfacial inter-
action among all components (i.e., NH,-TAA, COOH-MWCNT,
and separator) (Figure 2c). Given that the role of the MWCF on
the separator is to ensure uniform charge distribution in the in-
terspace between the LMA and the separator, gapless interfaces
between conductive MWCFs and LMA, as well as between ad-
jacent MWCNTS, are highly beneficial for improving the perfor-
mance of LMAs.

Additionally, the well-distributed functional groups within the
MW(CFs can ensure the good wettability of the electrolyte con-
sisting of typical polar solvents (which usually contain oxygen
molecules) in Li ion battery (LIB) applications.*!l This was con-
firmed by monitoring the contact angles of the electrolyte solu-
tion (1M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in
dimethyl ether (DME)/1,4-dioxane (DIOX) mixture with a 1:1 vol-
ume ratio) on the n—MWCF separators (Figure 2d). As the bilayer
number (n) of n—MWCF separator increased from 1 to 5, the
electrolyte contact angle notably decreased, ultimately reaching
complete wetting in the 3—MWCF separator. In addition to such
good electrolyte wettability, it should be noted that 3D-structured
MWCEF with numerous nanopores can serve as efficient elec-
trolyte reservoir. When the weight of electrolyte uptake of the
n—MWCF separator was calculated using the following Equa-
tion (1), it was increased from 150% for the bare separator to
311% for the 5—-MWCF separator, respectively (Figure 2e).

W, -W,
Electrolyte uptake = % x 100% (1)

o

where W, and W, represent the weight of n—MWCF separa-
tor before and after soaking the electrolyte, respectively. In this
case, the electrolyte uptake capacity of the MWCF consistently
increased with the bilayer number, indicating precise control
of the specific surface area through the LbL assembly process.
These results suggest that the n—MWCF separator has excellent
electrolyte compatibility, which is highly advantageous for reduc-
ing the internal ionic resistance and achieving long-term cycle
retention.[*]

Density functional theory (DFT) calculations were additionally
used to gain insight into the effect of the introduced functional
groups on Li dendrite formation. Based on the experimental ev-
idence of the surface of each component on electrolyte compat-
ibility, we compared the properties of five different representa-
tive structures: bare PP separator, NH,-TAA, pristine MWCNT,
COOH-MWCNT, and MWCF (NH,-TAA/COOH-MWCNT mul-
tilayers) (Figure 2f; Figure S7, Supporting Information). First,
we constructed the electrostatic potential (ESP) maps to visual-
ize a charge density distribution (Figure 2f). The bare separator
showed an almost neutral charge, while the pristine MWCNT
without carboxyl groups displayed a slight negative charge, close
to neutral. In contrast, the COOH-MWCNT showed a significant
negative charge, especially localized around the oxygen atoms
of the carboxyl group. Notably, extending the oxidation time of
COOH-MWCNT can generate more lithiophilic carboxyl groups,
but it also reduces electrical conductivity and increases the in-
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ternal resistance of the cell, thereby lowering the cycle stability
(Figure S8, Supporting Information). Additionally, the comple-
mentary interaction between the amine group of NH,-TAA and
the oxygen in the carboxyl group resulted in an overlap of neg-
ative charges. This visualization highlights potential adsorption
sites for the Li atom.

Furthermore, the comparative analysis of the adsorption en-
ergy for Li atoms revealed distinct differences among the mate-
rials. Specifically, the bare separator, NH,-TAA, and MWCNT ex-
hibited weak adsorption energies of —0.01, —0.68, and —0.82 eV,
respectively (Figure 2g). On the other hand, the materials con-
taining the oxygen functional groups with significant negative
charges exhibited stronger adsorption energies of —2.73 eV for
COOH-MWCNT and -3.11 eV for MWCEF, respectively. These
results demonstrate that the NH,-TAA acts not only as a linker
but also provides additional favorable adsorption sites, effectively
regulating the charge distribution for uniform Li deposition. Ad-
ditionally, the atomic charge of Li tends to increase with the ad-
sorption energy of the functional sites, indicating that the ad-
sorption of Li atoms could be driven by a strong electrostatic in-
teraction between the negatively charged functional site and the
positively charged Li* ion (Figure S9, Supporting Information).
Thus, DFT calculations suggest that the MWCF, with strong and
uniform co-adsorption sites for Li atom, can significantly allevi-
ate local current density and effectively prevent critical dendritic
formation. Based on these findings, our approach suggests the
possibility of precisely designing and controlling the functionali-
ties of the n—MWCEF separator through the hydrogen-bonding-
mediated LbL assembly between lithiophilic COOH-MWCNTs
and lithiophilic small molecular linkers (NH,-TAAs), without in-
corporating any lithiophilic inactive components.

2.3. Electrochemical Properties of the n-MWCF Separator in a
Half-Cell Configuration

To systematically evaluate the effect of the lithiophilic MWCF
on Li dendrite growth behavior during Li plating and stripping
processes, we assembled Li | Ni half-cells using n—MWCEF sep-
arators with varying bilayer number (n). As already confirmed
in Figure 2, the electrolyte wettability and uptake capacity of the
MW(CEF vary clearly with the number of bilayers (or components),
each of which induces a thickness change of ~#20 nm. This also
implies that the electrochemical performance of the n—MWCF
separator-based cell can be effectively controlled and optimized
through our LbL assembly approach. Additionally, the abundant
lithiophilic sites in the LbL-assembled MWCEF significantly re-
duce the energy barrier at the initial Li nucleation step, promot-
ing uniform Li deposition.*’] As shown in Figure 3a, the half-
cells with the n—MWCF separators exhibited relatively low nucle-
ation overpotential values compared to the bare separator-based
cell. Specifically, with increasing the bilayer number (n) from 0
(bare separator) to 5 (5—MWCEF separator), the overpotential val-
ues notably decreased from 97 to 44 mV at a current density of
0.5 mA cm™2. This demonstrates a strong correlation between the
bilayer number (n) of MWCEF and its lithiophilicity.
Electrochemical impedance spectroscopy (EIS) test was fur-
ther performed at room temperature to analyze the internal re-
sistance and ion (Li*) transfer kinetics at the interface in the
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Figure 3. Electrochemical properties of n—MWCF separator-based half—cells. a) Voltage (V) versus time (sec) curves of n—MWCF separator-based Li | Ni
cells during Li nucleation at 0.5 mA cm™2. b) Nyquist plots for n—MWCF separator-based Li | Ni cells and c) the corresponding ion diffusion coefficients
(D *). d) Coulombic efficiency (CE) of i—MWCF-based half-cells during repetitive Li plating/stripping cycles at 1 mA cm=2 and 1 mAh cm~2. ) FE-SEM
images of the surface of a Ni plate in Li | Ni cells with bare separator and f) 3—~MWCF separator after cycling. g) Effect of the n—MWCF interlayer on Li

plating mechanism in LMB systems.

n-MWCF separator-based system (Figure 3b; Figure S10, Sup-
porting Information). In this case, the charge transfer resistance
(R) values decreased sharply from 244 (for the bare separator)
to 126 Q cm? (for the 101 nm-thick 5-MWCF separator), and
the equivalent-series resistance (R,) values also decreased from
7.8 t0 3.8 Q cm?. Although ion diffusion resistance may increase
with the total thickness of the n-MWCEF interlayer, the electri-
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cal conductivity of the interlayer improved as the number of
bilayers—(NH,-TAA/COOH-MWCNT), —increased from 1 to 5
(see Figure 2b). The R, value typically reflects the energy bar-
rier associated with the de-solvation of Li* ions in the electrolyte,
which must accept an electron from the electrode to be deposited.
Therefore, the lower R, values observed in cells with n-—MWCF
separators (particularly as n increases from 1 to 3) indicate more
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efficient Li* ion transport. This suggests that the enhanced con-
ductivity of the interlayer reduces the activation energy required
for Li* ion deposition, facilitating a smoother and more efficient
charge transfer process.

These findings are consistent with the results presented in
Figure 3a. Notably, the Warburg slope of the cell with the
5—MWCEF separator—featuring a thicker and denser interlayer—
was slightly lower than that of the 3-MWCF separator-based
cell, indicating a modest increase in ion diffusion resistance.
This phenomenon was further clarified by calculating the diffu-
sion coefficients derived from the measured Warburg impedance
(Figure 3c; Figure S11, Supporting Information). The calculated
diffusion coefficients (D;;*) exhibited an upward trend as the bi-
layer number (n) increased from 0 to 3, but gradually decreased
as the bilayer number (n) increased further from 4 to 7 (Figure
S11, Supporting Information, ESIT). It is well-known that the
various electrode factors, including electrical conductivity, thick-
ness, porosity, and surface area, are closely linked to ion diffusion
kinetics in electrochemical energy storage systems, thereby in-
fluencing Li dendrite growth and overall performance.[**! In this
study, the LbL-assembled n-MWCF on the separator showed an
increase in thickness and surface area with increasing the bilayer
number (n), while the pore size gradually decreased, which was
confirmed by Brunauer-Emmett-Teller (BET) analyzer (Figure
S12, Supporting Information). The surface areas of bare and n-
MWCEF (n =1, 3, and 5) separators were estimated to be ~40.8,
41.4,43.3, and 43.8 m? g1, respectively.

To more clearly assess the influence of the n-MWCF separator
on electrochemical performance of the LMBs, we monitored the
Coulombic efficiency (CE) during Li plating/stripping cycles at
1 mA cm2 and 1 mAh cm~2 in a Li | Ni half-cell configuration,
depending on the bilayer number (1) (Figure 3d; Figure S13, Sup-
porting Information). Initially, the CE of the bare separator-based
cell decreased drastically after 70 cycles, indicating a short-circuit
due to the uncontrollable rapid growth of Li dendrites. However,
as the bilayer number (n) of the MWCEF separator increased up
to 3, the cycling stability was significantly improved, exhibiting a
high CE of #97.2% after 190 cycles. Notably, this improved stabil-
ity decreased again as the bilayer number was further increased
from 3 to 5, consistent with the observed trends in the bilayer
number-dependent ion diffusion kinetics. In fact, the Li plating
behavior on the electrode surface is largely influenced by the ion
diffusion condition at the electrode/electrolyte interface, which is
also directly related to the dendritie growth.[*>#¢] Therefore, these
observations suggest that the 3-MWCF separator may provide
an optimal structure for effectively suppressing indiscriminate
growth of Li dendrites in repeated Li plating/stripping cycles. As
a result, the bare separator-based Li | Ni half-cell exhibited typ-
ical needle-like Li dendrites on the Ni plate after cycling, caus-
ing severe short-circuit (Figure 3e). In contrast, the 3-MWCF
separator-based cell showed moss-like deposition of Li, as de-
picted in Figure 3f, indicating a well-controlled current flow over
the electrode surface (i.e., Ni plate). Particularly, the enhanced ion
diffusion property of the n-MWCEF separator-based cell can mit-
igate diffusion limitations at the electrode/electrolyte interface,
effectively maintaining an appropriate ion concentration for the
formation of a mossy Li layer during long-term cycling (Figures
S14 and S15, Supporting Information). Thus, our small molec-
ular linker (i.e., TAA)-mediated LbL assembly can precisely tai-
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lor the functionality of the MWCF interlayer at the nanometer
scale, while effectively maintaining the highly porous structure
and electrical conductivity of MWCNT itself, facilitating charge
transfer. In this context, the LbL-assembled conductive MWCF
represents a promising alternative to insulating polymer binder-
based composite interlayers. In particular, the conventional sim-
ple mechanical mixing (i.e., blending) approach, in the absence
of sufficient interactions between each component, can lead to
poor charge conductivity due to partial clogging of nanopores (de-
tails will be discussed later).

In addition to providing a highly porous network for efficient
ion diffusion channels, the conductive MWCF interlayer with
abundant lithiophilic groups serves as a robust and effective host
material for stable Li plating. Specifically, a high surface cover-
age of the MWCF on the separator, along with the formation of
a gapless interface with favorable complementary interactions,
promotes the sequential deposition of Li onto the outermost sur-
face and porous interior of --MWCF multilayers, which is rich in
lithiophilic functional groups, instead of the interface between n-
MWCF and separator. This directs the Li growth from the MWCF
separator to the LMA surface, effectively preventing Li dendrite
penetration through the separator (Figure 3g).

2.4. Symmetric Cells Based on n-MWCF Separator

To precisely analyze the impact of the MWCF separator on Li de-
position behavior during galvanostatic cycling, a Li | Li symmet-
ric cell test was performed. In this test, the MWCF interlayer on
the separator was held facing the working electrode (anode). Af-
ter 400 cycles of Li plating/stripping at 3 mA cm™2, the cell as-
sembled with the bare separator showed typical rough dendritic
growth on the Li metal anode surface (Figure 4a). In contrast,
the 3—-MWCF separator-based Li-symmetric cell exhibited very
smooth and uniform Li deposition with a moss-like morphology
on the Li metal surface, consistent with the observations in the
half-cell configuration (Figure 4b), which ensured strong adhe-
sion to the separator (Figure S16, Supporting Information). Im-
portantly, the 3-~MWCEF, which covers the separator with a gap-
less interface, allows for dense Li deposition and directs the Li
metal growth toward the anode surface, effectively suppressing
its penetration into the bare separator (Figure S17, Supporting
Information). In addition, the X-ray photoelectron spectroscopy
(XPS) analysis confirmed that the SEI layer on both the 3-MWCF
separator and the Li metal surface remained stable even after
400 cycles, indicating that the Li plating is uniform and well-
controlled without severe morphological cracks (Figures S18 and
S19, Supporting Information). Moreover, the 3-MWCEF interlayer
itself retained its original chemical functionalities, as evidenced
by the consistent presence of characteristic functional groups in
the C 1s and O 1s spectra, suggesting its structural and chem-
ical stability during prolonged cycling (Figure S20, Supporting
Information).

As mentioned earlier, the ion conduction behavior at the in-
terface plays a crucial role in achieving stable Li plating, which
is reflected in the ionic conductivity and Li* ion transference
number of the cell.*’] To evaluate these factors, we conducted
the EIS and DC polarization analysis at room temperature on Li-
symmetric cells using different separators (Figure 4c; Figure S21,
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Figure 4. Symmetric cell tests. Comparison of Li plating behavior for the Li | Li symmetric cells with a) bare separator and b) 3—MWCF separator.
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Supporting Information). In this case, the R, values of each cell
notably decreased from 391.2 to 141.8 Q cm? as the bilayer num-
ber (n) increased from 0 to 5 (Figure 4c). This trend aligned
with the improvement in electrical conductivity of the MWCF
interface with increasing bilayer number. However, despite the
reduced R value in the 5-MWCF separator-based symmetric
cells, it is noteworthy that their ion conductivity and Li* trans-
ference number were lower compared to those of the 3-MWCF
separator-based ones (Figure 4d). This observation was consis-
tent with the trends observed in the ion diffusion coefficients
and CE values of the half-cell tests. Specifically, increasing the bi-
layer number (n) continuously enhanced the electrical conductiv-
ity and lithiophilicity of the MWCEF interlayer, but it also resulted
in changes in pore size and thickness, which decreased the ion
diffusion kinetics, as observed in the 5~MWCF separator-based
half-cell (see Figure 3c). As a result, the 3-MWCF separator-
based symmetric cell exhibited significantly higher ion conduc-
tivity (0.46 mS cm™!) and Li* transference number (0.76) com-
pared to other tested cells.

The superior charge diffusion properties of the 3—MWCF sep-
arator ensure uniform ion distribution at the interfaces across a
wide range of current densities, thereby facilitating electrochem-
ical reactions while effectively suppressing dendritic Li deposi-
tion. This feature can be described as “Sand’s capacity (Cs,,4),"
which refers to the maximum capacity at which mossy Li can
form without transforming into dendritic structures. This thresh-
old capacity is calculated by multiplying Sand’s time by the cur-
rent density. Sand’s time is specifically defined as the period be-
ginning with the initial deposition of mossy Li and ending when
the concentration of cations (i.e., Li* ions) at the electrode inter-
face decreases to zero. The relationship can be expressed by the
following equation:

(zccoF)2
app 4]t 2

(2)

CSund = JtSand =zD

where z_ is the charge number of the cation (z, = 1 for Lit), ¢,
is the bulk salt concentration, F is the Faraday’s constant, | is
the current density, t, = 1 — t;; is the transference numbers of
associated anions, and D,,, is the apparent diffusion coefficient
of the electrolyte.

Based on this calculation, the Li | Li symmetric cell using the
3—MWCEF separator exhibited the largest predicted regions for
mossy Li formation, following the relationship Cs,,;, = 35.2/]
(Figure S22, Supporting Information). In addition, we inves-
tigated the interfacial stability and cycling reversibility of the
n—MWCF separator-based Li-symmetric cells. To this end, the
voltage profiles of the devices were monitored over long-term dis-
charge/charge cycles at different current densities, maintaining
a constant capacity of 1 mAh cm~2 (Figure 4e,f; Figure S23, Sup-
porting Information). The voltage curves of all Li | Li symmetric
cells using the n-MWCF separators exhibited fluctuations dur-
ing the initial 200-300 h of cycling at both 1 mA cm=2 (under
1 mAh cm™2) and 3 mA cm™ (under 1 mAh cm=2). Moreover,
this fluctuation was more pronounced under harsher cycling con-
ditions, such as 3 mA cm2/3 mAh cm~? and 10 mA cm~2/10
mAh cm™?) (Figure S24, Supporting Information). This behavior
may be attributed to the formation of an unstable interface be-
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tween the MWCF-coated separator and the electrolyte during the
early stages of cycling. In all cases, the Li-symmetric cell with a
bare separator exhibited a limited life span of less than 200 cy-
cles, accompanied by erratic voltage hysteresis. In contrast, us-
ing n—MWCF separators extended the life span of the symmetric
cells with significantly reduced overpotentials. Particularly, the
3—MWCEF separator-based cells showed excellent cycle stability
of 5000 cycles at 1 mA cm™ and 10 500 cycles at 3 mA cm™2,
with smooth and stable voltage plateaus showing a low voltage
hysteresis below ~28.3 mV. Moreover, to evaluate the impact of
the unique structure of the 3-MWCEF interlayer on enhancing cy-
cling reversibility, the average Coulombic efficiency (ACE) was
evaluated using a modified testing protocol developed by Zhang
and co-workers.[*8-0] After 50 cycles at a current density of 2 mA
cm~2 with a capacity of 1 mAh cm~2, the Li||Ni cell employing the
3-MWCEF separator exhibited an ACE of 99.97%, ~0.29% higher
than that of the cell with the bare separator (Figure S25, Sup-
porting Information). Furthermore, this stable cycling behavior
persisted even as the current densities and capacities increased
up to 10 mA cm and 10 mAh cm™ clearly demonstrating the
superior interfacial stability and Li* ion transfer capability of
the 3-MWCF interlayer (Figure S24, Supporting Information).
To our knowledge, this unprecedented high operational stabil-
ity demonstrated by the 3—MWCF separator-based Li-symmetric
cells significantly outperforms that of previously reported func-
tional separator-based symmetric Li cells (Figure 4g).5t%1 Im.-
portantly, our small molecular linker (TAA)-mediated LbL design
for the lithiophilic MWCNT interlayer effectively optimizes the
interfacial structure to enable excellent charge conduction across
a range of current densities, surpassing conventional slurry- or
polymer linker-based approaches (Figures S26 and S27, Support-
ing Information).

2.5. Characterization of -MWCF Separator-Based Asymmetric
Full Cells

To further demonstrate the potential of the MWCF sep-
arator for practical LMB systems, commercially available
LiNi, ¢Mn,,; Co, 0, (NMC811) was employed as the cathode ma-
terial to fabricate asymmetric full cells and characterize their elec-
trochemical performance. The cells were tested in 1 M LiPF( in
EC/DEC (1:1 by vol.%), as carbonate-based electrolytes offer su-
perior oxidative stability, which is essential for high-voltage oper-
ation. We investigated the cycling performance of the 3—MWCF
separator-based full cells (i.e., Li | 3~MWCF sep. | NMC811) with
aloading amount of 1.1 mg cm~2 at 1 C. Remarkably, they exhib-
ited 81.9% capacity retention and a CE of 99.9% even after 600 cy-
cles, outperforming the bare separator-based cell, which rapidly
degraded after 320 cycles (Figure 5a; Figures S28 and S29, Sup-
porting Information).

To further evaluate the effect of the MWCEF interlayer on the
separator, we investigated the rate performance of the 3—-MWCF
separator-based full cells, which delivered higher capacities over
a wide range of current rates compared to the bare separator-
based full cells (Figure 5b). Particularly, the 3—~MWCF separator-
based full cells exhibited the highest specific capacity of 191.7
mAh g7' at 0.1 Cand 145.9 mAh g™' at 2 C, which is 118% of the
bare separator-based cells despite the same loading amounts of

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Performance of asymmetric full-cell with n-MWCF separator. a) Cycling tests of Li | NMC&11 full cells with bare and 3—MWCF separators.
b) Rate-capability tests of Li | NMC811 full cells with bare and 3—MWCF separators. c) Cycling tests of Li | NMC811 full cells with bare and 3—MWCF
separators under a cathode loading of 21.5 mg cm™2 (N/P ratio ~1.5). The tests were conducted at 2 mA cm~? after precycling at 0.4 mA cm~2.
d) Current density-dependent discharge profiles of Li | NMC811 full cells with a cathode loading of 21.5 mg cm™2. The inset presents the energy and
power densities at varying current densities. e) Spider chart for Li | NMC811 full cells with different separators to compare the various performance
parameters. f) Capacity retention of Li | NMC811 pouch cells with a cathode loading of 10.5 mg cm™2, tested at 1 mA cm~2. The inset shows a digital
image of the assembled pouch cell. g) Cycling tests of Li | LFP full cells with bare and 3—MWCF separators.
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active materials. This improved rate capability implies that the
LbL-assembled MWCEF interlayer effectively overcomes kinetic
barriers and mass transport limitations at the interfaces during
high-rate operation, resulting in a significant reduction in the
overpotential (0.06 V) compared to that of the bare separator-
based cells (x0.3 V) (Figure S30, Supporting Information). This
promising performance of the 3—-MWCF separator-based full
cells was further demonstrated by the EIS measurement, which
showed a significantly lower R, value of 59.6 Q cm? compared
to 163.4 Q cm? for the bare-separator-based cells (Figure S31,
Supporting Information). These results clearly indicate that the
3—MW(CEF interlayer effectively reduces the interfacial resistance
within the cell by promoting uniform Li* ion deposition and en-
hancing the Li* ion mobility.

Importantly, to realize high-energy LMBs in practical appli-
cations, several challenging factors must be considered, includ-
ing a low capacity ratio of the negative electrode to the positive
electrode (N/P ratio < 2), a high cathode loading, and a reduced
electrolyte content.[®!) In order to clarify these critical issues, we
further carried out long-term cycling tests for the full cells with
a high cathode (NMC811) loading of 21.5 mg cm~2 and a low
N/P ratio of 1.5 (Figure 5c). In all cases, the formation cycling
was conducted at 0.4 mA cm™ (0.1 C) for a stable SEI layer,
then subsequently cycled at 2 mA ¢cm™2 (0.5 C). As shown in
Figure 5c, the 3-MWCEF separator-based full cells exhibited an
excellent capacity retention of 84.5% at 150 cycles, maintaining
of near 100%. Afterward, the capacity dropped notably after the
200th cycle, accompanied by unstable CE, which may be due
to severe Li loss (Figure S32, Supporting Information). In con-
trast, cells with the bare separator experienced significant capac-
ity degradation after only 20 cycles and showed poor functional-
ity, with CE values dropping sharply by the 77th cycle (Figure S33,
Supporting Information). Additionally, the 3-~MWCEF separator-
based full cells showed much better rate performance than the
bare separator-based cells, suggesting that the improved charge
conduction properties of the 3-MWCEF interlayer can be par-
ticularly beneficial in mass loading applications (Figure 5d). As
a result, the 3—-MWCF separator-based full cells delivered the
maximum energy and power densities of 678 Wh kg~! and 347
W kg1, respectively, based on the total weight of active materi-
als, significantly outperforming those of the previously reported
functional separator-based cells as well as the bare separator-
based cells (inset of Figure 5d).1°2%] Particularly, the excellent
performance of 3—MWCF separator-based cells retained supe-
rior even when calculating the energy and power densities by in-
cluding the weight of non-active components (i.e., the electrolyte,
Al current collector, separator, and MWCF interlayer) as well as
active materials (Figure S34, Supporting Information). Figure 5e
summarizes the representative characteristics of the 3—-MWCF
separator-based full cells for comparison with the bare separator-
based cells. These results clearly demonstrate the stable perfor-
mance of the MWCF interlayer in regulating uniform current
flux under rigorous practical conditions.

To expand the applicability of the MWCF separator to in-
dustrial demands, 6 mAh-level pouch cells were fabricated by
employing an NMC811 cathode with an areal capacity of 2
mAh cm™ (N/P ratio ~2) and investigated for their electro-
chemical performance. Notably, the 3—-MWCF separator-based
pouch cells achieved an outstanding capacity retention of 99.85%

Adv. Energy Mater. 2025, 2500850 2500850 (13 of 15)

www.advenergymat.de

per cycle for 100 cycles (Figure 5f; Figure S35, Supporting
Information).

To further demonstrate the versatility of the MWCF separator,
it was paired with LFP cathodes to construct a Li | 3-MWCF sep.
| LFP full cell. The MWCF separator-based LFP cells, with a load-
ing of 3.3 mg cm™2, maintained a remarkable capacity retention
of 107% even after 1500 cycles at 1 C (Figure 5g; Figures S36 and
S37, Supporting Information). The gradual increase in areal ca-
pacity observed during the first 100 cycles, compared to the initial
value, is likely attributed to the enlarged interfacial area between
the MWCF-coated separator, LFP, and electrolyte, as well as the
enhanced activation of the system through repeated cycling. This
effect was particularly pronounced when using a bare separator,
suggesting improved interfacial contact among the hydrophobic
bare separator, the electrolyte, and the cathode components dur-
ing the initial electrochemical cycling. That s, the LFP cells using
a bare separator with the same loading experienced a gradual de-
cline in capacity after 200 charge/discharge cycles. Additionally,
the MWCEF separator-based LFP cell with a higher cathode load-
ing of 20.6 mg cm~? exhibited a similar trend, showing a capacity
retention of 96.9% after 120 cycles at 2 mA cm™2 (N/P ratio ~2)
(Figure S38a, Supporting Information). Furthermore, the overpo-
tentials for the MWCEF separator-based LFP cells at the 3rd and
80th cycles were 0.16 and 0.23 V, respectively, which were con-
siderably lower than those of the bare separator-based LFP cells
(0.43 V at the 3rd cycle and 0.6 V at the 80th cycle) (Figure S38Db,
Supporting Information). These results indicate that the LbL-
assembled MWCF interlayer effectively facilitates mass transport
within the cell and prevents the formation of Li dendrites. This is
further corroborated by XPS analysis, which revealed that the Li
metal anode paired with the 3-MWCF separator showed reduced
intensities for LiF and Li,PO,F, compared to the bare separator.
(Figure S39, Supporting Information), which was also confirmed
by the atomic ratio analysis using XPS depth profile (Figure S40,
Supporting Information). Additionally, the signals correspond-
ing to stable inorganic compounds (Li,O and Li,CO,) are more
pronounced in the 3-MWCF separator-based anode. These phe-
nomena suggests the formation of a thinner, more uniform SEI
layer, attributed to the homogeneous Li* ion flux enabled by the
3-MWCEF separator (Figure S41, Supporting Information). Build-
ing on this promising performance of the MWCF interlayer, the
pouch cell of Li | 3-MWCF sep. | LFP with loading amount
of 10.5 mg cm~2 with total capacity of 5 mAh (N/P ratio ~2.3)
delivered outstanding capacity retention of 99.81% per cycle at
2 mA cm~? (Figure S42, Supporting Information).

3. Conclusion

We demonstrated the development of a high-performance LMB
by utilizing an ultrathin MWCEF interlayer assembled at the inter-
face with the separator, effectively suppressing and directing the
growth of needle-like Li dendrites during repetitive Li plating and
stripping on LMAs, thereby achieving exceptional operational
stability. The MWCF interlayer was LbL-assembled solely from
lithiophilic COOH-MWCNTs and NH,-functionalized molecu-
lar linkers (TAA), leveraging well-defined complementary inter-
facial interactions without incorporating electrochemically inac-
tive components. This unique approach significantly enhances
charge conduction properties at the interfaces while maintaining
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robust structural integrity, facilitating uniform current distribu-
tion onto the LMA surface, and providing sufficient pore space
for stable Li plating. Particularly, the small molecular linker-
mediated LbL assembly could precisely control the chemical and
physical functionalities of the MWCEF interlayer on a nanometer-
scale, resulting in low internal resistance and high energy effi-
ciency even during high-rate operation.

Based on this approach, the optimized 3—MWCF separator-
based symmetric cells (i.e., Li | 3-MWCF separator | Li symmet-
ric cell) exhibited unprecedented high cycling stability of 10 500
cycles at the current density of 3 mA cm~ with a significantly
reduced overpotential of 28.3mV, surpassing the stability perfor-
mance of the symmetric cells prepared by conventional slurry
casting method. In addition, the asymmetric full cells employ-
ing the NMC811 cathode achieved a maximum energy density of
678 Wh kg™' and an excellent capacity retention of 81.9% even af-
ter 600 cycles. Notably, the 6 mAh pouch cell maintained a stable
capacity retention of ~99.85% (areal capacity of ~2 mAh cm~2)
per cycle. Considering that our approach can precisely control
the Li dendritic growth through the multilayer functionality and
structural design, we believe that it can provide a basis for the
development and design of a high-performance LMB enabling
ultra-long operational stability.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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