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ABSTRACT: Regulating electrostatic interactions between charged molecules is <~ 500

crucial for enabling advanced batteries with electrochemical reliability. To address 0’8 ‘: 8gFW°rk *
this issue, herein, we present a class of electrostatic covalent organic frameworks < 400} e MmoF Our work
(COFs) as on-demand molecular traps for high-energy-density Li metal batteries § ¢ o
(LMBs). A bipyridine-based COF and its quaternized derivative are synthesized = 300} ]mmbmngamons
and incorporated into LiNiy3Co,;Mng;0, (NCM811) cathodes and Li metal 2 2 - . 2
protective layers, respectively. These COF molecular traps are effective in @ 200 E - Fac'lolvi"cj > s
chelating transition metal ions dissolved from the cathodes, enhancing Li' > 3 e b N g
desolvation, suppressing solvent decomposition, and immobilizing anions of F 100r B ? . O Toomycor B
electrolytes. The resulting LMB with the COF molecular traps fully utilizes the |5 helating TMions () TpBpy-COF-Q
theoretical specific capacity of NCM811 at cathodes and allows stable Li plating/ 00_.. 2 4 6 8
stripping at anodes. A pouch-type LMB full cell with the COF molecular traps Areal capacity (mAh cm?)

provides high gravimetric/volumetric energy densities (466.7 Wh kg ., ~'/1370.1
Wh L ') under a constrained cell configuration, exceeding those of previously
reported Li metal batteries based on porous crystalline frameworks.

he development of high-energy-density batteries with anodes, resulting in the formation of undesired passivation
I electrochemical sustainability has attracted consider- layers.”""

able attention owing to the potential growth of smart The development of advanced electrolytes has been
portable electronics, electric vehicles (EVs), grid-scale energy extensively investigated as an effective and popular approach
storage systems (ESSs), and the Internet of Things.1’2 Among to resolve the aforementioned challenges, focusing on synthesis
several battery systems explored to date, Li metal batteries and engineering of new salts/solvents and control of
(LMBs) comprising thin Li metal anodes and high-capacity coordination chemistry.'”"> However, the electrolytes should
cathodes have been investigated as a promising power source simultaneously meet the different chemical/electrochemical
to fulfill this high-energy-density requirement.”” requirements of Li metal anodes and high-capacity cathodes

Previous studies on LMBs have mostly focused on while providing high ionic conductivity over a wide range of

addressing the limitations of Li metal anodes, including low temperatures. Moreover, interfacial side reactions between the
Coulombic efficiency (CE), interfacial side reactions between electrolytes and electrodes often generate unwanted by-
Li and electrolytes, dendritic Li growth, formation of dead Li, products during charge/discharge C}’Cling-m'ID
and uncontrollable volume changes.”~” In addition to this In contrast to the approaches described above, our focus is
research aimed at enhancing Li metal anodes, significant on regulating electrostatic interactions between charged
attention should be simultaneously devoted to high-capacity molecules during battery operation. Driven by complex
cathodes to achieve practical high-energy-density LMBs.
However, Ni-rich cathode materials, as an example of one of Received: March 20, 2023
the most spotlighted materials for LMBs, are plagued with the Accepted: May 2, 2023
dissolution of transition metal (TM) ions (e.g, Ni*' and Published: May 4, 2023

Mn?**), which impairs the structural stability of the cathode
materials.* ' Furthermore, the dissolved TM ions induce
electrolyte decomposition'’ and diffuse toward Li metal
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Scheme 1. Advantageous Effects of On-Demand COF Molecular Traps on the LMB Electrodes, and the Chemical Structures of
the ff-Ketoenamine-Linked COF (TpBpy-COF) for the NCM811 Cathode and the Postquaternized TpBpy-COF (TpBpy-

COF-Q) for the Li Metal Anode
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charge/discharge reactions, these intermolecular electrostatic
interactions tend to continuously evolve, which eventually
affects redox stability at electrodes and cycling retention. To
achieve this goal, herein, we present an on-demand molecular
trap strategy based on electrostatic covalent organic frame-
works (COFs) with electrode-customized molecular structures.
COFs are chosen as the platform material for these molecular
traps due to their highly porous structures with chemical
diversity,'"*° which can effectively maximize the advanta-
geous effects of the molecular traps. The COF molecular traps
are rationally designed to control intermolecular electrostatic
interactions in both Li metal anodes and LiNij3Co,;Mn, 0,
(NCM811) cathodes simultaneously. To this end, first, 1,3,5-
triformyl phloroglucinol (Tp) is condensed with $,5’-diamino-
2,2'-bipyridine (Bpy) via the reversible aldimine reaction and
irreversible enol-to-keto transformation to obtain f-ketoen-
amine-linked COF (TpBpy-COF). Subsequently, TpBpy-COF
is subjected to a postquaternization process to obtain highly

2464

ionized skeletons (TpBpy-COF-Q) with linear propanol side
chains. Owing to its electrostatic repulsion, the postquater-
nized TpBpy-COF-Q can be exfoliated into dispersible
nanosheets, thus effectively exposing its functional sites.

The synthesized TpBpy-COF is incorporated into a
LiNiy3Coo;Mny;0, (NCM811) cathode as a molecular trap
to electrostatically attract TM ions dissolved from NCMS811.
Meanwhile, the TpBpy-COF-Q_is introduced as a constituent
of the artificial solid electrolyte interphase (SEI) layer that can
be directly fabricated on a Li metal anode using a simple and
scalable ultraviolet (UV)-curing-assisted printing process.”'
The TpBpy-COF-Q_contributes to immobilizing anions of the
liquid electrolytes through electrostatic attraction, thus
enhancing Li* transport (leading to a high Li* transference
number (;)). Moreover, both COF molecular traps enable
dipole (COF)—dipole (solvent) interaction with the Li*
solvation sheath of liquid electrolytes, thereby lowering Li*
desolvation energy and suppressing direct contact of solvents

https://doi.org/10.1021/acsenergylett.3c00600
ACS Energy Lett. 2023, 8, 2463—2474
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Figure 1. TpBpy-COF molecular trap for the NCM811 cathode: Chelating TM ions and enhancing Li* desolvation. (a) MESP map of the H-
terminated TpBpy-COF motif. The red and blue represent the electron-rich and electron-deficient regions, respectively. The red-dashed area
indicates the region with the lowest ESP value. (b) Comparison of the AG; of Li*-bipyridine and Ni**-bipyridine complexes. (c) Solid-state
"H NMR spectra of the TpBpy-COF specimens that were soaked in the Ni**-containing solution as a function of the Ni** concentration. (d)
Concentration of Ni** captured by the PVAF and TpBpy-COF films (obtained from the ICP-OES analysis). (e) Cycling performance of the
NCMS811 cathodellLi metal anode half cells containing the E2* and E2* + COF at a charge/discharge current density of 1.0 C/1.0 C.
Nyquist plots of the symmetric cathodes (NCM811 cathodelINCM811 cathode): (f) 0% SOC and (g) 50% SOC, wherein the insets show the
corresponding equivalent circuit models.”*** (h) Rate capability of the TMC cathode (vs pristine cathode), in which the discharge current
density was varied from 0.2 to 8.0 C at a fixed charge current density of 0.2 C.

with electrodes. These advantageous roles of the on-demand
COF molecular traps are conceptually depicted in Scheme 1.

Owing to the coupled effects of the TpBpy-COF and
TpBpy-COF-Q_as on-demand molecular traps, the resulting
LMB (hereinafter, denoted as COF-LMB) full cell enables
stable Li plating/stripping cyclability at the Li metal anodes
and fully utilizes the theoretical specific capacity of NCM811
(~208 mAh gycmsi ')® over a wide range of areal mass
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loadings (even at 31.6 mg cm™?). Furthermore, we fabricate a
pouch-type COF-LMB full cell to explore the practical viability
of the COF molecular traps. Under a constrained cell
configuration (NCM811 cathode (6.6 mAh cm™?)IILi metal
anode (10.0 mAh cm™) and lean electrolyte (2.3 g Ah™")), the
full cell provides high gravimetric/volumetric energy densities
(466.7 Wh kg ~'/1370.1 Wh L., ™') and stable cycling
performance, which exceed those of previously reported full

https://doi.org/10.1021/acsenergylett.3c00600
ACS Energy Lett. 2023, 8, 2463—2474
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cells based on porous crystalline frameworks (including metal-
organic frameworks (MOFs) as well as COFs).

To exploit COFs as molecular traps for LMB cells, the COFs
should not be dissolved in liquid electrolytes but should exhibit
a high surface area to promote intermolecular interaction
between charged molecules. Taking these requirements into
account, we rationally designed the structure of COF
molecular traps. TpBpy-COF was solvothermally synthesized
using acetic acid as a catalyst. The catalyst induced the
interconversion of bipyridine from its trans- to cis-form at the
strut of its framework.””** Additionally, the eclipsed stacking
of the layered structures enforced the planar configuration of
cis-bipyridine to effectively chelate TM ions dissolved from
NCMS811. Meanwhile, as the tight-layered stacking was
weakened during the postsynthesis, the cis-to-trans trans-
formation of bipyridine was energetically favorable to enable
the dual quaternization with linear propanol chains, thereby
conferring an exceptionally high ionization degree for the
TpBpy-COF-Q. The structural characterization of the
synthesized TpBpy-COF and TpBpy-COF-Q was conducted
using the Fourier transform infrared (FT-IR) spectra, solid-
state '*C nuclear magnetic resonance (C NMR) spectra, X-
ray photoelectron spectroscopy (XPS) spectra, scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) images, and powder X-ray diffraction (PXRD) analysis
(Figures S1—S7 and Tables S1—S4).

The porous structure of the TpBpy-COF and TpBpy-COF-
Q, which plays a viable role in enabling the TpBpy-COF and
TpBpy-COF-Q_ as electrode-customized molecular traps, was
analyzed using N, sorption measurement at 77 K (Figure S8).
This result revealed that both TpBpy-COF and TpBpy-COF-
Q_ exhibited the type-IV adsorption isotherms, indicating a
mesoporous structure. Meanwhile, we observed that both
TpBpy-COF and TpBpy-COF-Q stably maintained their
crystalline structure without any loss in the weight after
storage in a liquid electrolyte (1 M LiPF, in EC/EMC = 3/7
(v/v) with 10 wt % FEC, 1 wt % VC) at 45 °C for 1 week
(Figure S9), exhibiting that these COFs are not dissolved in
the electrolyte.

The TM ion-chelating ability of TpBpy-COF was simulated
using a H-terminated TpBpy-COF motif. The electrostatic
potential (ESP) of the TpBpy-COF was calculated using the
molecular electrostatic potential (MESP) analysis (Figure la;
see the Simulation details). The lowest ESP value was observed
for the bipyridine group of the TpBpy-COEF. To verify TM ion-
chelating ability, the electrostatic interaction (Figure S10)
between the functional groups of the TpBpy-COF and various
cations (Li*, Ni**, and Mn?") was calculated by comparing the
Gibbs free energy of formation (AGy). Figure 1b shows that
the AG; (—2.81 eV) of Ni**-bipyridine (from the TpBpy-
COF) complex was lower than that of the Li*-bipyridine
complex (AG; = —0.77 eV), indicating that the dissolved Ni**
can strongly interact with the TpBpy-COF. In addition,
another TM ion (i.e., Mn*") interacted with the TpBpy-COF
(AG; = —1.61 eV, Figure S10b). This theoretical result
indicated that the bipyridine site of the TpBpy-COF can
chelate TM ions (such as Ni** and Mn**) through electrostatic
interaction, thus mitigating the dissolution of TM ions from
NCMB811, which results in the depression of disproportiona-
tion at the cathode surface.**

Based on the above-described theoretical understanding, the
chelation of Ni** by the TpBpy-COF was experimentally
investigated. For this purpose, a TpBpy-COF specimen was
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prepared as a model sample, and then, it was soaked in a
NiCl,-containing aqueous solution, in which the Ni**
concentration was varied from 100 to 5000 ppm. Sub-
sequently, the soaked TpBpy-COF was subjected to solid-
state '"H NMR analysis (Figure 1c). The 'H NMR analysis
revealed the upward shift and gradual broadening of the
characteristic peak of bipyridine at 7.7 ppm’* as the Ni**
concentration increased, confirming the chelation of Ni** by
the TpBpy-COF. This TM ion-chelating capability of the
soaked TpBpy-COF was quantitatively verified using in-
ductively coupled plasma optical emission spectrometry
(ICP-OES). The amounts of TM ions trapped by the
TpBpy-COF specimen were estimated to be 116.0 (Ni*")
and 194.5 (Mn*") ppm, respectively, which were higher than
those (2.3 (Ni**) and 16.3 (Mn?*) ppm) of a polyvinylidene
fluoride (PVdF) specimen that has been widely used as a
commercial cathode binder and those (4.5 (Ni**) and 9.7
(Mn**) ppm) of ab azine-linked COF specimen”>*° chosen as
a COF analogue that has a similar backbone structure without
pyridine moieties. For this comparison, the PVdF and azine-
linked COF specimens were prepared to show the same
dimensions and weights as those of the TpBpy-COF (Figures
1d and S11). This result confirms the viable role of the TpBpy-
COF in chelating TM ions.

The effect of the TpBpy-COF on electrolyte stability was
investigated, in which electrolyte #1 (1.0 M lithium
hexafluorophosphate (LiPFs) + 0.6 M lithium bis-
(trifluoromethanesulfonyl) imide (LiTFSI) in ethylene carbo-
nate (EC)/ethyl methyl carbonate (EMC) = 3/7 (v/v) with
10 wt % fluoroethyl carbonate (FEC), 1 wt % vinylene
carbonate (VC), denoted as E1) and electrolyte #2 (1.0 M
LiPF, + 0.3 M Ni(TESI), in EC/EMC = 3/7 (v/v) with 10 wt
% FEC, 1 wt % VC, denoted as E2) were used (Figure S12). It
was observed that the TpBpy-COF plays a viable role in
suppressing the catalytic Ni**-driven parasitic side reactions in
NCMS811-containing cells. This advantageous effect of the
TpBpy-COF was further verified by analyzing the NMR
spectra of E2, E2*, and E2* + COF (Figure S13). As a model
study to confirm this beneficial effect of the TpBpy-COF on
the electrolyte stability, the cycling performance of the
NCMS811 cathode (areal capacity = 3.8 mAh cm™?)IILi metal
anode (areal capacity = 20 mAh cm™ corresponding to a
thickness of 100 um) half cells was investigated at 45 °C,
which was selected to expedite the detrimental effects caused
by the dissolution of TM ions (Figure le)."” Compared to the
control cell with E2* (46% after 50 cycles), the cell with E2* +
COF exhibited a higher cycle retention (81% after SO cycles),
demonstrating the beneficial contribution of TpBpy-COF to
the cycling performance of the electrolyte through the
chelation of TM ions dissolved in the electrolytes.

In addition to the TM ion-chelating capability of the TpBpy-
COF, its influence on Li* desolvation was investigated. Upon
the addition of the TpBpy-COF, the desolvation energy of
Li(EC)," was reduced to 0.23 eV (from 0.48 eV for the
pristine liquid electrolyte) (Figure S14). This result indicates
that the incorporated TpBpy-COF can attract EC molecules
from Li(EC)," via dipole-dipole interaction (Figure S15),
which is in agreement with the result of a previous study”’ that
reported the facile Li* desolvation in carbonate-based electro-
lytes by the addition of ethidium bromide COF:NOs.

Next, we investigated the optimal TpBpy-COF content in
the NCM811 cathode (NCM811/carbon black conductive
additive/PVdF binder = 90/5/5 (w/w/w) and high mass

https://doi.org/10.1021/acsenergylett.3c00600
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https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00600/suppl_file/nz3c00600_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

25
15
o
2
05 5
2
S
05 9
=}
X
15
25

a
" oo, ? IH@PN e Path 1
N e
TFsrL.‘Nf e IP; N . S S [ Path 2
o TS "LIFS" oH o TFSI
XYY SNH
XX on D O 0 . O Prs
INH ,?;S\I,N*I \ \_/ 2T .
B joH 2 N"\/\ﬁ\‘ P\“\O“ /2 ) \
*or irsr I o exchan®® Ny o
i SNoH I‘\ HNI :'I ——————— ; V \ 2N, /
Z X o, o / \-— N N
X Ho{\\ ;3;&.'/1 3 ‘: _\.0_05 e ,’\\
Y TFSI_f’! ) 'ETlFSI‘ ok '\'ﬂ{i 5 . \\\ \\\330
VJ S N ( H [} % \\ ). ‘0“\ 6//
OH oo > 30 \\.7 0NN £
".8 6// \ )Q ,.; \\ ?o’o
/9' \\ \
(o] d B /?Q \\\\L & ‘\\‘ ’a‘v\.
~10 ad N \7
c | I Li* ion conductivity z \),"-‘\ \
o Anion conductivity /R [ \
wn 8 t.=026 PO \
E ' N S 1 \
= \ . =0.17 RN
> 6 \ :[‘L P e V /I% ' \
= S g Anion™>+t (]
3 ~-- XC, | '
3 4 =072 L he;nge AT
S enre—mae A\ ool
o 2 - . Limetal
L
5 0 5pum
LE ASEI
e f
”l
Solvent-Li* —— LE —LE
. % —— ASEI ~ |—ASEI _
S o € =
O | Solventy, —~ = ]
o : 3 c
2 i 5 S
S 2 5
5 2 g
2 el 0 10 20 30 40 - y
< < Time (s) >
S Y : : ‘ 0ooo 200 600 800 1000
1850 1800 1750 850 825 5 o -5 10 15 ”
Wavenumber (cm™') "Li chemical shift (ppm) X position (um)
g 0.4
0.2 "'| — Pristine Li
i — ASEl-coated Li
=02 =1
01 3 02 y
g ' (i IR i ‘
0.0} > 0.0 T, I ] \“\‘
~ [ \ |
(] i
2 I
-0.1 %'02 r-='
3 |
02T 04 . . .
0 2 4 6 8101214161820 0 100 200 300 400 500 600
Time (h)

Figure 2. TpBpy-COF-Q molecular trap for the Li metal anode: Stabilization of Li metal anodes via anion immobilization. (a) MESP map of
the TpBpy-COF-Q motif. The blue color represents the high ESP values (assigned to the electron-deficient region), while the red-dashed
area indicates the region with the highest ESP value. (b) Schematic describing the mechanism of PF4~ immobilization by TpBpy-COF-Q. (c)
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loading of NCM811 (31.6 mg cm ™ that corresponds to an
areal capacity of 6.6 mAh cm™2)). By monitoring the change in
the specific discharge capacity (C,,) of NCM811 as a function
of the TpBpy-COF content, we found that the suitable TpBpy-
COF content in the cathode was 4 wt % (Figure S16).

The NCMS8I11 cathode with the optimal TpBpy-COF
content of 4 wt % (hereinafter, denoted as the TMC cathode)
was characterized in detail. There was no significant difference
in the thickness of the pristine and TMC cathodes (~100 ym,
which corresponds to an areal capacity of 6.6 mAh cm™2),
indicating that incorporation of the TpBpy-COF did not affect
the resulting cathode structure. (Figure S17). Additionally, the
energy-dispersive X-ray spectroscopy (EDS) analysis of the
TMC cathode (Figure S17, right) showed the homogeneous
distribution of the nitrogen (N) element (originating from the
TpBpy-COF) throughout the entire region of the examined
cathode, revealing the uniform dispersion of the TpBpy-COF.
Meanwhile, the TMC cathode stably maintained a high
electrode density (~3.0 g cm™)* over a wide range of areal
mass loadings (Figure S18). This result indicates that
incorporating the TpBpy-COF as a molecular trap exerts no
significant effect on the structure of the TMC cathode.

The effect of TpBpy-COF on the ion-transport phenomena
inside the cathodes was investigated by the electrochemical
impedance spectroscopy (EIS) analysis of symmetric cathodes
(NCMS811 cathodelNCM811 cathode). At a state of charge
(SOC) of 0%, the 45° slope in the low-frequency region, which
represents ionic resistance (R,)/3 (estimated from trans-
mission line model cylindrical pores), indicates the ionic
resistance inside electrolyte-filled cathodes.”® Compared to the
pristine cathode (12.6 Q cm?*), the TMC cathode exhibited a
lower R,,/3 (8.4 Q cm?) (Figure 1f), indicating the
advantageous role of the uniformly dispersed TpBpy-COF in
facilitating ion conduction in the cathode. In addition, the
charge-transfer resistance (R.) of the TMC cathode (33.5 Q
cm?) at 50% SOC was lower than that of the control cathode
(64.2 Q cm?®) (Figure 1g), which was ascribed to the enhanced
Li* desolvation enabled by the TpBpy-COF (as previously
described in Figure S14). Consequently, the TMC cathode
exhibited higher capacities than the pristine cathode over a
broad range of discharge current densities (Figure 1h).

Free anions such as PF¢™ in liquid electrolytes often induce
ion concentration polarization and nonuniform Li plating/
stripping on Li metals.”~ Figure 2a indicates that the TpBpy-
COF-Q_ exhibited the highest ESP (7.78 eV) near the
bipyridinium groups, which possessed positively charged
nitrogen atoms. This cationic repeating framework of the
TpBpy-COF-Q plays a vital role in immobilizing anions (here,
PF,”) of liquid electrolytes via electrostatic attraction.

The immobilization mechanism of PFs~ by the TpBpy-
COF-Q was investigated using DFT calculation, which
involved two steps: (1) immobilization of PF,~ (Gibbs free
energy to trap PF,~, AG,) and (2) anion exchange from TFSI~
to PF~ (Gibbs free energy of exchange, AG,), in which the
TESI™ already exists as a counteranion in the TpBpy-COF-Q.
Figure 2b indicates the spontaneity of the immobilization of
PF4~ in the vicinity of the TpBpy-COF-Q (AG, = —0.41 eV,
path 1). Subsequently, the TFSI™ in the TpBpy-COF-Q can be
exchanged with PF~, which is energetically favorable (AG, =
—0.11 eV). Meanwhile, for path 2, first, the TFSI™ of the
TpBpy-COF-Q was exchanged with the PF¢™ in the electrolyte,
which could occur upon exposure to thermal perturbation
because the AG, (= +0.05 eV) was relatively small.
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Subsequently, additional PF,~ can be captured by the
TpBpy-COF-Q (AG, —0.57 eV). In addition to the
aforementioned paths 1 and 2, other paths (represented by
paths 3 and 4) could be suggested (Figure S19). This
theoretical consideration demonstrates that the immobilization
of PF~ by the TpBpy-COF-Q was facilitated by their strong
intermolecular electrostatic interaction.

The TpBpy-COF-Q described above was incorporated in an
artificial SEI (denoted as ASEI) layer of a Li metal anode. The
ASEI consisted of the TpBpy-COF-Q, the UV-irradiation-
cured ethoxylated trimethylolpropane triacrylate (ETPTA)
polymer matrix acting as a mechanical framework, and a liquid
electrolyte. From the measurement of ionic conductivity of the
ASEI as a function of the TpBpy-COF-Q/ETPTA composition
ratio, an optimal TpBpy-COF-Q/ETPTA composition ratio
was estimated to be 80/20 (w/w) (Figure $20). In addition,
the high zeta potential and energy-dispersive X-ray spectros-
copy (EDS) mapping images of the ASEI with the optimal
composition ratio showed the uniform dispersion state of the
TpBpy-COF-Q in the ASEI (Figure S21).

The ionic conductivity of the ASEI film was examined as a
function of the temperature and compared to that of the liquid
electrolyte (abbreviated as LE) (Figure S22). Despite having
marginally lower ionic conductivity compared to the LE, the
ASEI film exhibited a lower activation energy for ion
conduction (E, obtained from the Arrhenius equation).
Moreover, the t;;+ (Figure S23a—d and Table SS) of the
ASEI film was observed to increase (t;+ = 0.72 vs 0.26 for the
LE). Consequently, the ASEI film exhibited a higher Li*
conductivity (o1, = 2.45 mS cm™, defined as ion conductivity
multiplied by #;*) than the LE (oy; = 1.95 mS ecm™") (Figure
2c). To further elucidate this anion immobilization enabled by
the TpBpy-COF-Q, a control ASEI film with the TpBpy-COF
was prepared, and its ¢+ was measured (Figure S23e,f). There
was no significant difference in t;;* between the control ASEI
(t,r = 0.27) and LE (0.26) (Table SS5). This result
demonstrates a viable role of the postquaternization of the
COF in achieving anion immobilization, thereby enabling the
TpBpy-COF-Q as a customized molecular trap for Li metal
anodes. Based on this understanding of the model samples, the
ASEI was introduced directly onto a Li metal foil using the
UV-curing-assisted printing process,””*”*" and the resulting
ASEI thin layer (thickness & 500 nm) was evenly deposited
over a wide area on the Li metal foil, indicating its scalability
for fabrication (Figures 2d and $24).

The anion immobilization in the ASEI layer by the TpBpy-
COF-Q_was further elucidated using spectroscopic analysis.
The FT-IR spectra (Figure 2e) of the ASEI layer revealed a
downshift in the characteristic vibration peak of the P—F bond
(841 (LE) — 837 cm™"). Considering that the P—F vibration
of PFs~ was affected by ion association states,”” this result
indicates the electrostatic immobilization of the PF,~ by the
positively charged bipyridinium of the TpBpy-COF-Q. In
addition, the local chemical environment of Li* within the
ASEI layer was investigated using 'Li NMR spectroscopy
(Figure 2f). The ASEI layer exhibited a narrow width
(indicating the enhanced mobility of free Li*)*"** and
downshift (indicating the dissociation of Li salts) of the
singlet 'Li peak. To further elucidate this behavior, we
performed the saturation recovery measurement (inset of
Figure 2f). The ASEI layer exhibited a smaller T, value (0.47 s)
than the solidified LE film (1.1S s), indicating a faster Li*
mobility.””** This result was confirmed by analyzing cyclic
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Figure 3. Enhancement in the electrochemical performance of LMBs by COF molecular traps. (a) Cycling performance of the COF-LMB (vs
control LMBs) at charge/discharge current density of 0.2 C/1.0 C and 45 °C. (b) FIB-SEM, (c) HR-TEM (left), HADDF-STEM images
(right), and (d) EDS line analysis of the P element along the depth of the cycled NCM811 particles (after 300 cycles). Insets are the HR-
TEM images showing the EDS scan position: control LMB1 (top) and COF-LMB (bottom). (e) Concentration of the Ni deposited on the
cycled Li metal anode (obtained from the ICP-OES analysis) after 300 cycles. (f) Surface SEM images of the cycled Li metal anodes (control
LMBI1 vs COF-LMB) after 300 cycles. (g) TOF-SIMS mapping images of the Ni deposited on the cycled Li metal anodes after 300 cycles.

voltammetry (CV) profiles of LillCu asymmetric cells (ASEI-
coated Cu vs pristine Cu) (Figure S25).

In addition to the previously described analysis of Li* and
PFs~ in the ASEI layer, the solvation sheath coordination
structure was investigated. The LE (Figure 2e) exhibited a
characteristic FT-IR peak at 1769 cm™’, which was assigned as
Li*-coordinated carbonates.’** In contrast, the peak of Li'-
coordinated carbonates was downshifted to 1763 cm™),
indicating that the desolvation of Li*-coordinated carbonates

could be facilitated by the TpBpy-COF-Q_in the ASEI layer.
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This result was theoretically verified using DFT calculation
(Figures $26 and $27).*°

This advantageous effect of the ASEI layer on the anion
immobilization and facile Li* desolvation led to an improve-
ment in the Li plating/stripping behavior of the cell at a
current density of 1 mA cm™ and capacity of 1 mAh cm™
(Figure 2g). Moreover, this stable cyclability was still observed
even at a higher current density of S mA cm™> and capacity of
5 mAh cm™? (Figure S28). To further elucidate the Li metal
stabilization enabled by the ASEI layer, we conducted local
electrochemical impedance spectroscopy (LEIS) analysis®™*®
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that can quantitatively identify the uniformity of ionic topology
and resistance (Figure 2h). The ASEI-coated Cu exhibited a
uniform ionic topology with a low average local resistance (138
Q cm?) after five Li plating/stripping cycles compared to the
pristine Cu, which exhibited an inhomogeneous ionic topology
with a relatively high and uneven average local resistance (214
Q cm?) owing to the interfacial side reactions between the
liquid electrolyte (specifically, anions and solvents) and plated
Li**** This result demonstrates that the ASEI layer enables
preferential and uniform Li* flow toward the Li metal.

The effect of the on-demand COF molecular traps described
above on high-energy-density Li metal full cells was
investigated. The TMC cathode was assembled using the
ASEI-coated Li metal anode to obtain the COF-LMB.
Additionally, three control LMB cells were prepared using
the same cell fabrication process: control LMBI1 (without any
COF molecular traps in the NCM811 cathode and in the ASEI
layer of Li metal anode), control LMB2 (with TpBpy-COF in
the NCM811 cathode and without TpBpy-COF-Q in the ASEI
layer of Li metal anode), and control LMB3 (without TpBpy-
COF-Q in the NCM811 cathode and with TpBpy-COF-Q_in
the ASEI layer of Li metal anode).

The cyclic voltammogram (CV) profiles of the cells showed
that the incorporated COF molecular traps allowed the
decrease in the gap between the anodic and cathode peak
potentials, which indicates the improvement in the redox
kinetics at the electrodes (Figure $29). Notably, the COF-
LMB exhibited the smallest gap in the peak potential compared
to the control LMB cells, verifying the coupled effect of the
TpBpy-COF (customized for NMC811 cathode) with the
TpBpy-Q-COF (for Li metal anode) as on-demand molecular
traps.

The COF-LMB and control LMBs were cycled at a charge/
discharge current density of 0.2 C/1.0 C at 45 °C, where the
temperature of 45 °C was chosen to accelerate the detrimental
effects caused by the dissolution of TM ions.'”*° The control
LMBs suffered from capacity degradation with cycling, which
was more pronounced for the control LMB1 (56.8% after 300
cycles). Meanwhile, the control LMB3 showed a relatively
rapid decline in the cycling retention after 100 cycles. This
result indicates the beneficial effects of the TpBpy-COF-Q in
the ASEI layer of the Li metal anode on the cycling
performance during the early stage of cycling. However, the
absence of the TpBpy-COF in the NCM811 cathode of the
control LMB3 may result in a relatively rapid capacity
degradation during the later stage of cycling. Further studies
will be conducted to elucidate this cycling behavior. In
contrast, the COF-LMB exhibited stable capacity retention
(82.6% after 300 cycles) (Figures 3a and S30). This enhanced
cyclability of the COF-LMB was verified by analyzing its EIS
spectra (Figure S31). The COF-LMB cell mitigated the growth
in the cell impedance compared to the control LMB1 (Table
S6). Furthermore, the COF-LMB exhibited higher discharge
capacities over a wide range of discharge current densities
(0.2—8.0 C) compared to the control LMBs (Figure S32).

To elucidate this difference in the cyclability, a postmortem
analysis of the cells was conducted after 300 cycles. During
cycling, liquid electrolytes penetrate into NCMS811 particles,
thus triggering the disruption of their layered structure and
generation of a NiO phase. Consequently, this resulted in the
anisotropic change of the lattice parameter of the NCM811
particles and the generation of cracks, which resulted in the
deterioration of the performance of the NCM811 cathode.'”**
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Figure 3b shows that the cycled NCMS8I11 particles of the
COF-LMB maintained their structural integrity, whereas those
of the control LMBI1 suffered from severe cracking and
disruption. This result demonstrates that the TpBpy-COF in
the TMC cathode played a crucial role in the prevention of the
interfacial side reactions between the NCM811 particles and
liquid electrolyte owing to its ability to suppress the Ni*'-
induced solvent decomposition (Figure S13).

The Ni** dissolution-induced structural transformation of
the NCMS811 from a layered to a NiO-like rock-salt phase is
known to deteriorate its electrochemical performance.”®™"
The high-resolution TEM (HR-TEM) and high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) images of the cycled NCMS811 particles
revealed the presence of a thick CEI layer (>30 nm) and rock-
salt phase in the control LMB1 (Figure 3c, top). In contrast,
the layered structure with d-spacing of 0.48 nm was stably
preserved in the cycled NCM811 of the COF-LMB, together
with the formation of a thin CEI layer (~11 nm) and NiO-like
rock-salt phase (<5 nm) (Figure 3c, bottom). In addition, the
anion decomposition-derived byproducts®>*” were investigated
by conducting EDS line analysis along the depth of the cycled
NCMS811. Compared to the control LMBI, a negligible
amount of P element was observed at the COF-LMB (Figure
3d), which may due to the suppression in the catalytic Ni**-
driven parasitic side reactions® with PF,~ of the liquid
electrolyte. This result demonstrates the beneficial effect of
COF molecular traps on the Ni** chelation.

The CEI layers were further characterized using XPS and
time-of-flight secondary ion mass spectroscopy (TOF-SIMS)
analysis. A characteristic peak assigned to NiF, (684.6 €V)
byproducts,” which are formed by unwanted interfacial side
reactions between NCM811 and electrolytes, was observed in
the XPS F 1s spectra (Figure S33) of the cycled NMC811
(after 300 cycles) of the control LMB1. This XPS result is
consistent with the depth profiling of TOF-SIMS measurement
(Figure S34). The cycled NCM811 particles of the COF-LMB
exhibited the lower fragments of byproducts (such as C,HO™,
PO,”, and NiF;") stemmin% from electrolyte decomposition
and TM ion dissolution®™""*® compared to those of the
control LMBI. In addition to the detrimental effect on the
structural stability of cycled NCM811 described previously, the
dissolved TM ions (e.g,, Ni**) tend to migrate toward the Li
metal anode and form passivation layers.® The ICP-OES
analysis (Figure 3e) revealed that the COF-LMB (69 ppm)
suppressed the Li metal contamination induced by the
deposition of dissolved Ni** compared to the control LMB1
360 ppm). In addition, solvent molecules were often
decomposed by the reduction of the dissolved Ni** at the Li
metal anode,”'"** resulting in the formation of randomly
distributed passivation layers (Figure 3f, left). In contrast, a
relatively smooth and clean morphology was observed at the Li
metal anode of the COF-LMB (Figure 3e, right), indicating
the mitigation of catalytic decomposition of solvents. These
results were further verified by TOF-SIMS analysis, which
revealed a significant decrease in the Ni**-triggered byproducts
at the Li metal anode of the COF-LMB (Figure 3g).

In addition to thin Li metal anodes, high areal-mass-loading
cathodes are required to enable high-energy-density LMB full
cells.”*** In this study, we prepared various TMC cathodes as
a function of the areal mass loadings (Figure S3S). Neither
structural disruption nor delamination was observed even at a
high areal mass loading of 31.6 mg cm™* (corresponding to an
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Figure 4. High-energy-density COF-LMB full cells with high-mass-loading TMC cathodes. (a) Specific capacity (based on the weight of
NCMS811 particles) of the TMC cathodes and (b) cycling performance of the TMC cathodes and as a function of the areal mass loading at a
charge/discharge current density of 0.1 C/0.1 C. (c) Schematic illustration and X-ray CT image of the pouch-type COF-LMB full cell (TMC
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3.0—4.4 V under a limited amount of electrolyte (E/C ratio of 2.3 g Ah™"). Inset is a photograph of the pouch-type cell (46 X 44 mm?” in
size). (e) Gravimetric energy densities of the cells as a function of the areal capacity (COF-LMB full cell (this study) vs previously reported
full cells with porous crystalline frameworks (such as COF and MOF). Details on the references are provided in Table S8.

areal capacity of 6.6 mAh cm™2). Achieving theoretical
capacities of cathode materials is still a major difficulty in the
development of high-mass-loading cathodes.”**” In this study,

the TMC cathodes exhibited a nearly full utilization of the
theoretical specific capacity (~210 mAh gycvsi ')’ of
NCMS11 over the entire areal-mass-loading range examined
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herein (Figures 4a and S36). Moreover, the obtained TMC
cathodes exhibited a stable cycling performance at a high
charge cutoff voltage of 4.4 V (Figure 4b). This achievement in
the electrochemical performance of the areal-mass-loading
TMC cathodes can be attributed to the advantageous effect of
the TpBpy-COF molecular traps, which were uniformly
distributed along the thickness of the TMC cathode, as
previously shown in Figure S17.

To explore the practical applicability of the COF-LMB, a
pouch-type full cell (46 X 44 mm? in size) was fabricated, and
its cell performance was investigated over a voltage range of
3.0—4.4 V. The pouch-type full cell consisted of the TMC
cathode (areal capacity of 6.6 mAh cm™*)IIASEl-coated Li
metal anode (areal capacity of 10.0 mAh cm™, negative (N)/
positive (P) capacity ratio 1.5)). The cross-sectional
morphology of the prepared full cell was characterized using
X-ray computed tomography (CT), revealing the well-defined
and intimate interfacial contact between the component layers
(Figure 4c). In addition, we observed that the amount of liquid
electrolyte in the cell was set as 2.3 g¢ Ah™' by considering a
preferred amount of electrolyte (<3.0 g Ah™" for practical high-
energy-density full cells).”’* A commercially accessible
conventional liquid electrolyte (1 M LiPFg in EC/EMC = 3/
7 (v/v) with 10 wt % FEC, 1 wt % VC) was employed to
explore the feasibility of the COF molecular traps for practical
applications compared to the specially designed liquid
electrolyteslz’13 with unusual solvents/salts/additives and
complicated composition ratios. The pouch-type full cell
exhibited a discharge capacity of 208 mAh g™ (Figure S37),
which was almost consistent with the result shown in Figure
4a.

To enable the commercial feasibility of LMB full cells, high
energy densities should be secured while ensuring high areal
capacities. The gravimetric/volumetric energy densities of the
pouch-type full cell (herein, the packaging substance was
excluded for a fair comparison with the results of previous
studies) were estimated to reach 466.7 Wh kg, ~'/1370.1 Wh
Lo ~" at a high areal capacity of 6.6 mAh cm™ (Table S7),
which far exceeded those reported in previous studies on full
cells with porous crystalline frameworks, such as COF and
MOF (Figure 4d and Table $8).>"**~*® In addition, the energy
densities (including the packaging substances) of the pouch-
type full cell were estimated to be 300.6 Wh kg, ~'/715.7 Wh
L.y~ " (Table S7). We expect that the cell energy density values
can be further increased by introducing a multicell stack
configuration that allows the reduction of the weight/volume
portion of the packaging substances in the resulting full cells.
Under the constrained cell condition (i.e., high areal capacity,
low N/P ratio, and limited amount of the commercially
available liquid electrolyte), the pouch-type full cell exhibited a
stable cycling retention of 81.7% at 100 cycles (Figure 4e).
This result demonstrates the viability of the COF molecular
traps in achieving a practical high-energy-density LMB full cell.

In summary, we demonstrated the electrostatic COFs as on-
demand molecular traps to regulate electrostatic interactions
between charged molecules, in which these COF molecular
traps were designed to simultaneously fulfill the heterogeneous
electrochemical requirements of thin Li metal anodes and
high-capacity cathodes for practical high-energy-density LMBs.
The synthesized TpBpy-COF and TpBpy-COF-Q were
incorporated in an NCMS811 cathode to chelate TM ions
and in an ASEI layer to immobilize anions of liquid
electrolytes, respectively. These COF molecular traps allowed
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the dipole-dipole interaction with the Li* solvation sheath of
the liquid electrolytes, thereby lowering the desolvation energy
and suppressing the solvent decomposition. Owing to these
combined effects of the TpBpy-COF and TpBpy-COF-Q
molecular traps, the resulting COF-LMB exhibited an almost
full utilization of the theoretical specific capacity of NCM811
and stable cycling performance over a wide range of areal mass
loadings. Notably, the pouch-type COF-LMB achieved high
gravimetric/volumetric energy densities (466.7 Wh kg '/
1370.1 Wh L") under the constrained cell condition, which
exceeded those of previously reported cells based on porous
crystalline frameworks such as COFs and MOFs. This COF
molecular trap strategy opens a new route toward electrode
design and shows potential as a platform technology for the
advancement of emerging high-energy-density metal (includ-
ing Zn, Mg, and Al) batteries as well as LMBs.
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