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Experimental Section

Materials: Pristine multiwalled-carbon-nanotubes (MWCNTs) and tris(2-aminoethyl)
amine (TAA) were purchased from MERCK. Carboxylic acid (COOH) functionalization of the
pristine MWCNTs was conducted by oxidizing them with an H,SO4/HNO3; mixture at 70°C for
2 h. The resulting suspension was then carefully washed using dialysis tubing to eliminate the
byproducts and residuals. Organic solvents (ethanol, acetone) were obtained from Daejung
Chemicals & Metals (Republic of Korea). The other chemical reagents were purchased from

Sigma—Aldrich and used without further purification.

Fabrication of multiwalled-carbon-nanotube-forest (MWCF):

As-prepared COOH-MWCNTs and NH2-TAA molecules were dispersed in ethanol at
concentrations of 1 mg mL™! each. To build the (NH.-TAA/COOH-MWCNT), multilayers
(MWCEF), one side of the substrate (Celgard 2400 separator, quartz, or silicon wafer) was
subjected to UV-ozone treatment for 5 minutes to introduce oxygen-containing functional
groups on the surface. The substrate was then first immersed in the NH>-TAA solution for 10
minutes to form an NH>-TAA layer through hydrogen-bonding interactions, and the weakly
adsorbed TAA molecules were subsequently washed out with pure ethanol. The NH>-TAA-
coated substrate was then dipped into the COOH-MWCNT solution for 10 minutes and washed
with pure ethanol. This procedure was repeated to obtain the »—MWCF with the desired bilayer

number (7).

Preparation of LiFePO4 (LFP) and LiNio.sMno.1C00.102 (NMC811) Cathodes:
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The cathode preparation involved mixing either LFP or NMC811 powder with Super P carbon
and PVDF binder in a weight ratio of 8:1:1. This mixture was dispersed in NMP to form a
uniform slurry. The slurry was then coated onto carbon-coated aluminum foil (18 um thick)
using a doctor blade and dried at 90°C overnight. After the drying process, the cathode sheets

were pressurized at 20 MPa for 1 min.

Cell Assembly and Electrochemical Measurements:

Electrochemical measurements were performed using CR2032-type coin cells (MTI
Corporation) and a WBCS3000 multichannel workstation. The cells were assembled in an
argon-filled glovebox (MBraun, O> < 0.1 ppm, H,O < 0.1 ppm), with Li foil (35 pm thick) as
the anode, the prepared cathode, and either a Celgard 2400 separator or the n-MWCF separator.
For Li | Ni half-cells and Li | Li symmetric cells, the electrolyte used was 1 M LiTFSI in 1,2-
dimethoxyethane (DME)/1,3-dioxolane (DOL) (1:1 by vol%) with 2 wt% LiNOs. For Li |
NMCS811 and Li | LFP cells, the electrolyte was 1 M LiPFs in ethylene carbonate (EC)/diethyl
carbonate (DEC) (1:1 by vol%). For all coin cells, the amount of electrolyte was fixed at 100
pL. The galvanostatic charge-discharge tests for Li | NMCS811 cells were conducted in the
potential range of 2.7 to 4.3 V at 0.1 C for the first two cycles, followed by subsequent cycles
at varying rates. Li | LFP cells were tested in the range of 3.5 to 4.0 V under similar conditions.
The theoretical capacity of NMCS811 and LFP used for the C-rate calculation was 200 and 170
mAh g!, respectively. Li | Ni cells were cycled at a current density of 1 mA cm 2 with a cut-
off voltage of 1.0 V. Electrochemical impedance spectroscopy (EIS) measurements were
performed over a frequency range of 100 kHz to 0.1 Hz with a perturbation amplitude of 0.01

mV. All electrochemical tests were performed at room temperature (25°C). Electrochemical
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tests were conducted using at least three independent cells for both symmetric and asymmetric

configurations to ensure performance reliability.

Pouch Cell Assembly:

The pouch cells were assembled in an argon-filled glovebox (MBraun, O; < 0.1 ppm, H>O <
0.1 ppm). First, the Al and Ni tabs of the cathode and anode, respectively, were welded using
an ultrasonic welder (GN—800, Gelon). After the welding, the 20 um-thick Li-coated Cu foil
(11um thick), 3-MWCEF separator, and as-prepared cathode were packed into a laminate bag

and filled with the electrolyte. Then, the laminated bag was finally vacuum sealed.

Characterization:

High-resolution transmission electron microscopy (HR-TEM) was performed using a Technai
20 instrument (FEI). Field-emission scanning electron microscopy (FE-SEM) was conducted
with a Hitachi S-4800 instrument. The adsorption behavior and surface functionality of LbL-
assembled multilayers were investigated using a Fourier transform infrared (FTIR)
spectroscopy. This analysis was carried out with a CARY 600 spectrometer (Agilent
Technologies) in specular mode, with a resolution of 4 cm ™! at room temperature under ambient
conditions. The data obtained from 200 scans were processed using OMNIC software (Nicolet).
The UV-vis spectra of the LbL-assembled multilayers were measured using a Lambda 35
instrument (Perkin Elmer). X-ray photoelectron spectroscopy (XPS) was carried out using an
X-TOOL system (ULVAC-PHI). Quartz crystal microgravimetry (QCM) analysis was

performed using a QCM200 (SRS) device. The mass of each layer of the (NH>-TAA/COOH-
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MWCNT), multilayers (MWCF) was calculated from the frequency changes during the LbL

deposition process using the simplified Sauerbrey equation:S!l
AF (Hz) =-56.6 X Am

Here, AF and Am represent the frequency and mass changes, respectively, for each layer of the
(NH2-TAA/COOH-MWCNT), multilayers. The Brunauer-Emmett-Teller (BET) pore size
distribution and specific surface areas of n-MWCF-coated separator were measured using N>

(99.999%) adsorption at 77 K (BELSORP-mini II, MicrotracBEL, Corp).

Computational Details :

All calculations were performed using Q-Chem code version 5.4.0,15? employing B3LYP
(Becke three-parameter hybrid functional combined with Lee—Yang—Parr) correlation
functional™>¥ with a 6-311++G(d, p) basis set.>*) We modelled Celgard, H-terminated
molecular graphene with and without the carboxyl (FCOOH) group and conducted structural
optimization using the Direct Inversion in Iterative Subspace (DIIS) algorithm with the
convergence threshold of 1077 a.u.. Using the optimized structures, we investigated various Li

adsorption configurations, and the representative adsorption configurations.
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Figure S1. FTIR spectra of, COOH-MWCNT (black solid-line), and NH,—TAA (green solid-line).
Strong absorption peaks originating from O—H and C=O stretching vibrations of COOH groups

appeared, indicating that the COOH groups are well-anchored on the MWCNT surface
(COOH-MWCNT).
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Figure S2. FTIR spectra of (COOH-MWCNT/NH;-TAA), multilayers were analyzed before and
after thermal treatment (at 150, 180 , and 200°C) for 3 h in region of a) 2500-3550 cm™! and b) 1150-
2050 cm!. After thermal treatment, distinct amide bonds were observed in the
(COOH-MWCNT/NH,—TAA), multilayers, confirming the successful conversion of hydrogen
bonds to amide bonds. This result clearly demonstrates that the multilayers are assembled through

hydrogen-bonding interactions between the COOH and NH, groups.
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AE, = -0.59 eV

Figure S3. Atomic structures demonstrating interactions between COOH group and a) tertiary N
and b) primary amine group of NH,—TAA. Color codes: blue (nitrogen, N), white (hydrogen, H),
grey (carbon, C). In this case, the DFT results evidently demonstrated that the binding energy
between primary amine (NH;) of NH,—TAA and COOH groups of COOH-MWCNTs (—0.59 eV) is
stronger than that between tertiary N of NH,—TAA and COOH groups of COOH-MWCNTs (—0.42
eV).
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Figure S4. Surface coverage analysis. FE-SEM images (top) of each n~MWCF separator and
corresponding binary images (bottom) for visualizing surface coverage of the MWCF on the separator.
These results were obtained by ImageJ software.[S5+ In this case, the depicted binary images of each
n—MWCEF separator represent the coverage on the PP separator (Celgard 2400), rather than the porosity
of the MWCEF itself.
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Figure S5. Surface morphology of n-MWCF. a) AFM topographic images of n—~MWCFs (i.e.,
NH>—TAA/COOH-MWCNT multilayers) coated onto the Si wafer substrate with different bilayer
number (n) of 1, 3, 5, and 7. b) Root mean square (RMS) roughness values of MWCFs on the Si water
substrate as a functional of bilayer number (n). In this case, the RMS roughness was measured to be

9.54£1.3, 11.9£0.5, 13.3+0.6, and 15.3+0.8 for 1, 2, 5, and 7—bilayered MWCFs, respectively.
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Figure S6. Surface morphologies of polymer binder-employed MWCNT interlayers. FE-SEM images
of a) pristine MWCNT slurry with PVDF binder coated onto the separator. FE-SEM images for
(NHz—poly(ethyleneimine)/COOH-MWCNT),-coated separators with a different bilayer number (#) of
b) 3 and ¢) 5, respectively.
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COOH-MWCNT

Figure S7. Representative chemical structures of PP separator (Celgard 2400), NH,—TAA, pristine
MWCNT, COOH-MWCNT, and MWCEF, respectively.
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Figure S8. 24-hour acid-treated MWCNTs. a) FTIR spectra of COOH-MWCNTs with a different
oxidation time. The MWCNTs with a 24—hour acid treatment (abbreviated as 24—MWCNT) exhibited

approximately 2.4 times higher content of oxidation groups compared to the 2-hour treated one. This

value was estimated by monitoring the change in the peak intensity of C=C bond vibration. b) Bilayer

number (n)-dependent sheet resistance of (NH>-TAA/24—MWCNT), multilayers. The sheet resistance

value of 3-bilayered film was measured to be 3.7 x 107 Q sq’. ¢) Nyquist plot and d) cycling stability
test of (NH2-TAA/24-MWCNT); multilayer-coated separator-based Li | Ni half-cells. In this case, the

cell showed the charge transfer resistance (R.) of 32.3 Q and the equivalent-series resistance (Rs) of

1.09 Q. Additionally, the Coulombic efficiency (CE) was retained as 82.2 % up to 100 cycles.
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Figure S9. Li atomic charge. Atomic charge of Li as a function of functional groups with different

adsorption energies. Note that the MWCF contains functional groups of OH, O, and NHo.
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Figure S10. Nyquist plots for n-MWCEF separator-based half-cells. a) Representative equivalent
circuit of of n—~MWCF separator-based half-cell. (B-D) EIS spectra of the Li | Ni half-cells

assembled using n-—~MWCEF separator with varying bilayer number (r): b)n=2,c)n=4,andd) n="7.

The insets indicate an enlarged view of the EIS spectrum in the high-frequency region.
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Figure S11. Diffusion kinetics of n-MWCF separator. Bilayer number (n)-dependent diffusion
coefficient of the n—~MWCEF separator-based half-cells calculated from Warburg impedance data from
Figure 3b and S10.
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Figure S12. BET analysis. a) N»-adsorption-desorption isotherm and b) Comparison of pore size
distribution of bare and n—~MWCEF separators (n = 1, 3, and 5). The inset illustrates the gradual decrease

in pore size of the »~-MWCFs with increasing bilayer number (n).
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Figure S13. Cycle number-dependent voltage profiles. The voltage vs. charge/discharge capacities of
the Li | Ni half-cells based on n-MWCF separators at the a) 71t and b) 170" cycles, with varying bilayer

numbers (n).
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Figure S14. Li deposition behavior in bare separator-based cell. Li plating capacity-dependent voltage

profile (top) and corresponding FE-SEM images (bottom) of bare separator-based Li | Ni half-cells.
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Figure S15. Li deposition behavior in 3-MWCF separator-based cell. Li plating capacity-dependent
voltage profile (top) and corresponding FE-SEM images (bottom) of 3—MWCEF separator-based Li | Ni

half-cells.
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3-MWCF separator
after 300 cycles

3-MWCF |

Figure S16. Surface morphology. Cross-sectional FE-SEM images of 3-MWCEF separator-based cells
a) before and b) after 300 cycles. To remove excess electrolytes deposited on the 3-MWCF separator
after 300 cycles, the samples were treated with a solvent of 1,2-dimethoxyethane (DME)/1,3-dioxolane
(DOL) in a 1:1 by volume ratio. These images confirm that the 3-MWCF layers remain stably deposited

onto separator even after prolonged cycling.
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Figure S17. Morphology analysis of the 3-MWCEF separator. Lithium growth behavior on the 3-MWCF
separator in a Li | Li symmetric cell test with different Li plating/stripping cycle numbers: a) 0, b) 1, ¢)
250, and d) 400 at 3 mA cm 2, | mAh cm™.
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Figure S18. XPS analysis of 3-MWCEF separator. XPS spectra of a) C /s, b) Li /s and ¢) N /s for the
3—-MWCEF separator after discharging step of 400" cycles. The deconvoluted C Is spectrum of the 3-
MWCEF separator showed two distinct peaks corresponding to Li—C bond and Li,COs at 283.5 and 289.5
eV, respectively, indicating the presence of the Li metal and the SEI layer deposited on the MWCF
interlayer. The peaks of C=C, C—C, C=0, COOH, and n—n* stacking corresponded to 284.5, 285.1,
288.3, 289.5, and 291.3 eV, respectively, and obviously originate from the COOH-MWCNT of the 3-
MWCEF separator.[¢ Additionally, the Li /s spectra of the 3-MWCF separator revealed the presence
of Li® (54.8 €V) and LisN (55.5 V), indicating the deposition of Li metal and the SEI layer on the
separator. The characteristic peak for SEI layer was also observed clearly in the N /s spectrum at 398.6
eV (Li3sN).57- These results indicate that the use of the 3-MWCF separator induces the simultaneous
and uniform Li growth on both the separator and the anode, thereby significantly enhancing the

regulation of dendritic Li growth.
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Figure S19. XPS spectra of (a) C 1s, (b) Li 1s, and (c) N 1s for the Li metal facing the MWCEF interlayer
after 400™ charge-discharge cycles.
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Figure S20. C 1s XPS spectra of the 3-MWCF separator obtained from Li | Ni half cells a) before and
b) after 50 plating/stripping cycles. To analyze the underlying 3-MWCEF interlayer after cycling, the
SEI layer formed on the 3-MWCEF surface was selectively etched.
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Figure S21. Chronoamperometry and EIS measurements. DC polarization profiles and EIS spectra

(inset) for r—MWCF separator-based Li | Li symmetric cells with different bilayer number (n) of a) 0

(bare separator), b) 1, ¢) 3, and d) 5.
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Figure S22. Sand’s capacity. Current-dependent Sand’s capacity of n—Janus separator with different

bilayer number (n) of a) 0, b) 1, ¢) 3, and d) 5.
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Figure S23. Galvanostatic cycling of 3-MWCF separator-based Li symmetric cells under 1 mA cm™, 1
mAh cm? for a) 4400 and b) 2400 cycles. The consistent average overpotential and stable performance
retention confirm the reproducibility and reliability of the --MWCF separator systems (see Figure 4e).
Additionally, among the repeatedly measured data, the most representative (or optimal) result

was presented in Figure 4e..
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Figure S24. Symmetric cell stability test. Voltage (V) vs. time (h) profiles of 3-MWCF separator-

based cells at a) 3 mA cm2/3 mAh cm2 and b) 10 mA cm2/10 mAh ecm™.
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Figure S25. Average Coulombic efficiency. The average Coulombic efficiency measurements for a)
bare and b) 3-MWCEF separator at 2 mA cm? and 1 mAh cm for 50 cycles, based on the modified test

protocol proposed by Zhang and co-workers.S®!
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Figure S26. Chronoamperometry and EIS measurements. DC polarization profiles and EIS spectra
(inset) for Li symmetric cells assembled using a) pristine MWCNT slurry-coated separator and b) (NHa-
PEI/COOH-MWCNT)s-coated separator. In this case, the Li" ion transference number (t;;+) of each
cell was calculated to be 0.36 for slurry-based cell and 0.47 for (NH,-PE/COOH—MWCNT);-based

cell, respectively.
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Figure S27. Cycle stability test. Voltage (V) vs. time (h) profiles of Li symmetric cells based on a)
pristine MWCNT slurry-coated separator and b) (NH,-PEI/COOH-MWCNF)s-coated separator at 3

mA ¢cm 2 and 1 mAh cm 2. The MWCNT slurry-based cell showed heavy fluctuations of overpotential
during the first 150 cycles, then maintained a high value of approximately 463.3 mV, suggesting poor
ionic conduction behavior at the interfaces. In the case of the polymer linker (NH,—PEI)-based
interlayer, the overpotential was measured to be approximately 91.8 mV, which is much higher than
that of TAA molecular linker-based interlayers. This is mainly due to the relatively high interfacial
resistance of the (NH,—PEI/COOH-MWCNT); interlayer, which results in the formation of an unstable

passivation layer (SEI) and impedes easy ion conduction at the interfaces.
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Figure S28. Galvanostatic charge/discharge (GCD) test. (a) Galvanostatic discharge profiles of
3—-MWCF separator-based full cells as a function of cycle number. (b) Charge capacities of Li |
NMCS811 cells with 3-MWCEF separator and bare separator.
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Figure S29. a, c) Galvanostatic cycling and b, d) corresponding voltage profiles of Li | NMCS811 full
cells. These data were obtained to confirm the reproducibility of the results presented in Figure 5a.
These data were obtained to confirm the reproducibility of the results presented in Figure Sa.
Additionally, among the repeatedly measured data, the most representative (or optimal) result

was presented in Figure Sa.
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Figure S30. Galvanostatic charge/discharge (GCD) test. 5" GCD cycles of bare separator- and
3—-MWCEF separator-based asymmetric full cells at 0.1 C. The overpotential values of each cell were

measured to be 0.3 V and 0.06 V, respectively.
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Figure S31. EIS measurement. a) Nyquist plots and simplified equivalent circuit (inset) of Li//LFP full
cells assembled using bare separator (black solid circle) and 3-MWCEF separator (red solid circle). b)

Fitted impedance values of each cell.
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Figure S32. Performance of asymmetric full-cell with ~-MWCF separator. Cycling trend of Li |
NMCS811 full cells with 3-MWCF separators after 150 cycles.
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Figure S33. Galvanostatic charge/discharge (GCD) test. (a) Galvanostatic charge/discharge profiles
and (b) charge capacities of Li | NMC811 (mass loading of 21.5 mg cm™2) full cells with bare and
3—MWCEF separators.
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Figure S34. Energy and power densities. Energy and power densities of NMC811 (21.5 mg cm ?)-based
asymmetric cells at varying current densities. All values were obtained based on the weight of all
electrode components, including the active materials, electrolyte, Al current collector, separator, and/or

MWCF interlayer.
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Figure S35. Galvanostatic charge/discharge (GCD) test. Discharge profiles of Li | NMC811 pouch cells
with a cathode loading of 10.5 mg cm 2, tested at 1 mA c¢cm 2.
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Figure S36. Galvanostatic charge/discharge (GCD) test. (a) Discharge profiles of Li | LFP cells with
3—MWCF separator, tested at 1 C. (b) Charge capacities of Li | LFP cells with 3-MWCEF separator and

bare separator.
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Figure S37. a, c) Galvanostatic cycling and b, d) corresponding voltage profiles of Li | LFP full cells.
These data were obtained to confirm the reproducibility of the results presented in Figure 5g.
Additionally, among the repeatedly measured data, the most representative (or optimal) result

was presented in Figure 5g.
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Figure S38. Capacity retention. a) Capacity retentions and b) corresponding galvanostatic

charge/discharge profiles of Li | LFP full cells with bare and 3-MWCF separators.
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Figure S39. XPS analysis. XPS analysis of the F /s spectra was performed on the lithium metal anode
from a) Li | bare separator | LFP and b) Li | 3-MWCF separator | LFP cells after the 100" discharge

cycle. The deconvoluted F 1s spectra for both separators revealed three distinct peaks at 685.1 eV, 686.6

eV, and 688.6 eV, corresponding to PFs ", LiF, and Li\POyF,, respectively. Notably, the lithium metal

anode paired with the 3-MWCF separator exhibited lower intensities for LiF and LiPOF, compared

to the bare separator. This reduction indicates the formation of a thinner and more uniform SEI layer,

attributed to the homogeneous Li* ion flux facilitated by the 3—-MWCF separator.
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Figure S40. XPS depth profiles of the SEI layer in the Li//LFP full cells assembled with (a) a
bare separator and (b) a 3-MWCF-coated separator. The 3-MWCF-based cell exhibited a

relatively higher atomic percentage (%) of F 1s across the entire depth profiles, while the

atomic contents of the other elements were lower compared to the bare separator-based cell.

Typically, the F species are indicative of LiF formation within the SEI layer, a highly stable

inorganic phase known to contribute to the mechanical and chemical stability of the

electrode/electrolyte interface.
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Figure 41. Deconvoluted O 1s and C 1s XPS spectra of Li//LFP full cells assembled with (a)
a bare separator and (b) an MWCF-coated separator after 100™ charge-discharge cycles. the
deconvoluted O 1s XPS spectrum of the cell with MWCF-coated separator exhibits distinct
peaks at 528.5 and 532.0 eV, corresponding to Li>O and Li>COs3, respectively—both of which

are stable inorganic compounds typically formed in carbonate electrolyte-based systems.
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Figure S42. Capacity retention. a) Capacity retention and b) discharge profiles of Li | LFP pouch cells

with a cathode loading of 10.5 mg cm ™2, tested at 2 mA c¢cm 2.
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Table S1. Comparison of the electrochemical performance of various interlayers, including 3-MWCEF,

conventional carbon materials and polymer coatings.
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