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Three-dimensional covalent organic framework-
based artificial interphase layer endows lithium
metal anodes with high stability
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To gain a deeper understanding and address the scientific challenges of lithium dendrite growth, a robust
solid-state electrolyte interface (SEI) with good mechanical properties and rapid ion conduction is crucial
for the advancement of lithium metal batteries. Artificial SEI layers based on organic polymers, such as
covalent organic frameworks (COF), have garnered widespread attention due to their flexible structural
design and tunable functionality. In this work, a COF with 3D spatial geometric symmetry and a fully
covalent dia topology was synthesized and used as artificial SEl layers. A combination of comprehensive
DFT calculations and ex situ/in situ characterizations have unraveled the impact of interpenetrated chain
segments and anchoring lithiophilic groups on the microscopic dynamics related to Li ion desolvation,

charge transfer, migration pathways, and deposition morphology. The ultralow polarization voltage of
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46 mV for 9400 hours with a symmetric Li[Li cell at a harsh current density of 10 mA cm™
the high Li* utilization, low polarization voltage, and prolonged lifespan for 3D-COF-modified Li|S and
Li|LFP full cells, unambiguously corroborate the interphase reliability. This work also aims to shed new

light on the use of multi-dimensional porous polymer SEI layers to revive highly stable Li metal batteries.
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Introduction

Commercial lithium-ion batteries (LIBs) are reaching their
energy ceiling, and it is difficult to exceed a cruising range of
more than 500 km in the field of four-wheeled electric vehi-
cles."” A pivotal shift in the landscape of rechargeable high-
energy density batteries beyond state-of-the-art LIBs has paved
the way for growing demand for high-energy storage devices.>”
Both academia and industry are exploring alternative
rechargeable batteries using advanced electrode materials
paired with sulfur, oxygen, etc.®** Lithium metal has emerged as
one of the most promising alternatives and is poised to perfectly
balance the ambitious targets, due to its extremely high theo-
retical capacity (3860 mA h g™'), as well as the lowest negative
electrochemical potential (—3.040 V vs. SHE).*>*?
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However, in order to reinvigorate Li metal anodes (LMAs),
the adverse effects of high reactivity on the electrolyte interface
must be avoided.**® (i) The irreversible parasitic reactions
between the reactive Li anode and electrolytes reduces the
effective Li content and reduces the utilization of lithium metal
batteries. (ii) The spontaneous solid electrolyte interface (SEI)
layer struggles to suppress the corrosion of metallic Li after
suffering from repeated rupture and disintegration. (iii) Li"
tends to be unevenly concentrated and deposited in hotspots,
and the SEI breaks during the charge and discharge processes
in liquid electrolytes, resulting in unrestricted growth of lithium
dendrites and isolation of dead Li. As a consequence, the
practical application of lithium metal batteries (LMBs), such as
Li-LiFePO,, Li-S, Li-O,, etc., is seriously hindered owing to
their inferior coulombic efficiencies, fatal safety issues, and
shrinking lifespan, triggered by the notorious lithium dendrite
growth and fragile SEL.**>*

Considerable efforts have been devoted to solving these
obstacles of LMBs, including the use of three-dimensional
collectors, solid-state electrolytes, and artificial solid-state
electrolyte interfacial layers.*** Among them, constructing
a robust interfacial layer to regulate the transfer and distribu-
tion of charge/solvent molecules has emerged as one of the
most versatile strategies.”®*>" Recently, micro/nanoporous
interfacial pre-modification has been viably deployed to
modulate the plating/stripping behaviours and pathways of Li"
transportation due to their unique specific surface, pore size

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and interconnected structure.**** The fabrication of an inter-
facial pre-modification layer on LMAs mainly involves the
following examples: metal oxides (such as TiO,, Al,0;),*¢3*
carbon materials (graphene, composite carbon nanotubes),****
and organic polymers (polymer films).**** Compared with
inorganic materials, electrically insulating polymer matrixes
with tunable functional groups and satisfactory structural flex-
ibility have been shown to greatly expedite Li* diffusion and
alleviate the proliferation of Li dendrites.*****¢

Covalent organic frameworks (COF) are regarded as an
emerging class of porous crystalline organic polymers, crafted
from multivalent monomers linked by covalent bonds.*~*°
Their attractive periodic network structure, functional skeleton,
adjustable pore size, and large surface area provide a multifac-
eted platform for artificial solid-electrolyte interphase layers to
tailor Li* diffusion and transfer. Chen et al. developed a TpPa-
COF with regularly arranged lithophilic sites (O, N) with a low
surface work function to enable homogeneous lithium deposi-
tion/dissolution.®® Guo's group reported a highly selective Li"
transfer pathway via a specific cation-oriented channel using an
ingenious nitro-functionalized COF artificial solid-electrolyte
interface.®* This efficient strategy has also been consolidated
by our previous work incorporating versatile functionalities into
layered and overlapping-stack structures of two-dimensional
(2D) COFs, such as a highly crystalline spherical S-COF,*
a self-exfoliated TpTG-COF nano-mesh,** and a TFSI -grafted
anionic COF.*

Three-dimensional (3D) materials have attracted attention
due to their excellent structural stability, high porosity, and
easily controllable spatial structure. In sharp contrast with the
restricted eclipsed mode in 2D sheets, the analogous three-
dimensional (3D) COFs are fully interconnected covalent
systems with building blocks unfolded into three-dimensional
space providing a large number of contiguous pores, which
greatly improves the channel utilization, and effectively slows
down the volume expansion and Li dendritic crystal growth in
spatially confined structures.”** In addition, the number of
unburied and expanded lithophilic sites can accelerate Li'
accommodation in the interfacial electric double layer. In terms
of the striking topology diagrams of 3D COF, it is anticipated to
dissect the intrinsically mechanistic understandings of multi-
fold interpenetrated nets modulating interfacial Li" migration
and transfer behaviors.

In light of this, a highly crystalline 3D TAM-Dha-COF (TD-
COF) fabricated with a seven-fold interpenetrated diamond
(dia-c7) topology was synthesized and utilized as an artificial SEI
layer to regulate the deposition of lithium, as illustrated in
Scheme 1. The large number of lithiophilic linkage sites of -C=
N- and —OH spread throughout the fully conjugated backbone
not only dilute the local concentration gradient of Li" flux
passing through the multidimensional nanochannels, but also
expedite the uniform Li plating in each direction. The TD-COF-
dominated lithium-ion transfer energy barriers were calculated,
and the conceivable Li" migration channels were also profiled.
The original mechanisms of macroscopic electrochemical
behaviours on Li metal interfacial stability are in accord with
the Li" high-speed diffusion throughout the unstacked 3D COF

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transport channels and multi-directional pore architecture.
Compared with pristine Li, the resulting TD-COF@Li electrode
demonstrates excellent reversibility of elevated Li" utilization,
slight polarization, and prolonged cyclic performance in Li|Cu,
Li|Li, and Li-based full cells operated at harsh current densities.
This compelling evidence proves that the TD-COF artificial SEI
layer showcases tremendous potential for accelerated uniform
transfer of Li" and lithium dendrite suppression.

Results and discussion

The proposed three-dimensional TD-COF was synthesized via
a Schiff base reaction between tetrahedral 4-[tris(4-
aminophenyl)methyl]aniline (TAPM) and linear 2,5-dihydrox-
yterephthalaldehyde (DHBA) monomers, as depicted in Scheme
1 and Fig. S1.f Subsequently, the inherent chemical compo-
nents, structure and morphology features of the obtained TD-
COF were defined by a variety of characterizations. As shown
in Fig. 1a, the combination of the disappearance of the char-
acteristic -NH, peak (3394 cm ') of TAPM and the character-
istic -C=0 peak (1661 cm™") of DHBA with the appearance of
an imine bond (C=N) stretching vibration peak at 1611 cm™ " in
TD-COF provides compelling evidence for a high degree of
condensation.” Meanwhile, additional confirmation of poly-
merization was shown by C=N bond formation, supported by
the characteristic peak at 1550 cm™" in the Raman spectrum
(Fig. 1b) and by the intense signal at 163 ppm in the **C solid-
state NMR (Fig. 1c).

The geometric crystallinity and unit cell parameters of TD-
COF were deciphered using powder X-ray diffraction (XRD)
patterns and a spatial structure simulation, as shown in Fig. 1d
and S2.7 The spatial model of TD-COF was assessed on the basic
of a seven-fold interpenetrated dia topology until the geometric
energy is minimized. The simulated parameters of the unit cell
were o« = 8 =y =90° a = b = 19.81 A, and ¢ = 9.08 A, in line
with the determined space group of I4,/a (Table S1t). As antic-
ipated, the XRD curve was in precise agreement with the Pawley
refinement theoretical pattern, in which the prominent
diffraction peaks that appeared at 8.82, 10.98, 17.68 and 24.46°
are assigned to the (200), (101), (400) and (501) crystal planes,
respectively.”® Scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM) were
also performed to observe the microscopic structure of TD-COF.
The TD-COF clearly displays an octahedral aggregated geometry
with a particle size of about 200 nm, as shown in Fig. 1e, S3 and
S4,f which is closely related to the dimensional trans-
formation.” Meanwhile, the clear lattice fringes with an inter-
planar distance of 1.01 nm in Fig. 1f are in accordance with the
(200) lattice plane in the XRD patterns. Accordingly, the energy
dispersive spectrum (EDS) indicates evenly distributed C, N,
and O elements on the excellent crystalline TD-COF (Fig. S57).
The N, adsorption/desorption isotherms of TD-COF were
measured at 77 K, as shown in Fig. S6.1 The Brunauer-Emmett-
Teller (BET) specific surface area of TD-COF was calculated to be
279.2287 m”> g~'. The pore size distribution of TD-COF was
mainly centralized at 0.8 nm based on the non-local density
functional theory (NL-DFT), and the corresponding pore volume

Chem. Sci., 2024, 15, 19160-19167 | 19161


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05297h

Open Access Article. Published on 17 October 2024. Downloaded on 6/18/2026 7:55:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

OH
Vi .
O/ <
HO

DHBA

(b)

Cathode

View Article Online

Edge Article

N
\
o

\
b OF.N"M

TAM-Dha-COF

| OH
m
H
‘ 7
N
OH

& \\

Dendrites

In situ SEl—
Anode oz

Scheme 1
COF modification via a 3D spatial configuration.

—
[y
=

(b)

DHBA CHO !

TAPM

3600 3200 2800 2400 2000 1600 1200
Wavenumber (cm™)

s
|} z<:>sN "y
\ (200)
EQ—\\N S
5 s 2 7 - 3 (101)
413 o

Transmittance(%)
Intensity

3

00 1200 1400 1600 1800 2000
Wavenumber(cm™')

—~
o
-~
—~
o
-

—— Pawley Refined
- Experimental
—— Difference
Bragg Positions
Simulated
R,,=7.89% R,=6.26%

400)  (501)

Intensity(a.u.)

6

It 0 LI i
15 20 25 30 35 40
26 (degree)

200 180 160 140 120 100 80 60 5 10
Chemical Shift(ppm)
© )

Fig. 1 Structure and surface morphology of the targeted TD-COF. (a)
FT-IR spectra, (b) Raman spectrum, (c) *C solid-state NMR spectrum,
(d) XRD patterns and the corresponding Pawley refinements, (e) SEM
image and (f) HRTEM image of the synthesized TD-COF.

is 0.379 cm® g . The above-mentioned evidence indicates that
the highly crystalline dia-c7 model TD-COF is critically contin-
gent on the flexible junction with tetrahedral and linear linkers.
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(a) The synthesis of TD-COF derived from TAPM and DHBA monomers, and (b) lithium deposition and growth with and without TD-

Comparative density functional theory (DFT) calculations
were employed to dissect the interaction mechanisms between
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and TD-
COF fragments and solvents (DME and DOL). The optimized
geometric conformations (Fig. 2a) show that Li" and LiTFSI
exhibit lower binding energies of —1.44 eV and —1.69 eV with
the immobilized electronegative oxygen and nitrogen atoms
(Fig. 2b) anchored in the TD-COF skeleton, which are signifi-
cantly lower than those of Li* with DME (—0.76 eV), DOL (—0.90
eV)and TFSI™ (—1.10 eV). The results show that the energetic Li"
interactions with TD-COF can facilitate the Li" desolvation from
the solvent cluster and expedite the adsorption on the nitrogen
and oxygen sites of TD-COF. The final TFSI" anion readily
couples to the Li"-enriched TD-COF interfacial layer, as evi-
denced by the much lower binding energy of —1.69 eV, which
leads to an enhanced local concentration of LiTFSI electrolyte.
The chemical affinity of Li* in TD-COF impregnated with LiTFSI
electrolyte was further verified using ’Li solid-state nuclear
magnetic resonance (ssNMR) experiments. The significant
chemical shift of the LITFSI@TD-COF sample from —1.14 ppm
to —0.28 ppm in Fig. 2c is attributed to the deshielding effect of
the electron-withdrawing groups -OH and -C=N- in TD-COF.>®
Based on the aforementioned DFT calculations, it can be
concluded that the numerous dispersed -OH and -C=N-
functional groups and versatile three-dimensional geometry
framework of TD-COF unambiguously accelerate the Li* trans-
fer kinetics to mitigate the Li* concentration gradient variation.

The implementability and influence of the TD-COF interface
layer on reversible Li deposition and dissolution was assessed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular coordination environment between 3D-COF frag-
ments and LiTFSI-based electrolyte. (a) Simulated adsorption energy of
LiTFSI with different solvent types and 3D-COF fragments. (b) Mulliken
population analysis and electrostatic potential distribution map. (c) “Li
solid-state NMR spectra.

via systematic electrochemical measurements. The modified
electrodes were fabricated by drop-casting a TD-COF suspen-
sion onto copper foil and lithium foil, respectively. Asymmet-
rical Li|Cu cells were assembled with TD-COF@Cu and bare Cu
as the working electrodes. The lithium nucleation overpotential
is an important descriptor that was used to scrutinize the lith-
ophilicity and mass transfer barrier. As shown in Fig. 3a, the TD-
COF@Cu electrode garners a much lower nucleation over-
potential of 47.3 mV than that of 122.0 mV for bare Cu, revealing
a dynamic downhill Li nucleation barrier for the TD-COF@Li-
based cell. In addition to the initial higher overpotential of
TD-COF (125.0 mV) compared to bare Cu (64.6 mV) during pre-
activation shown in Fig. S7,7 the voltage hysteresis decreased to
34.3 mV at the 60th cycle, and 31.3 mV at the 120th cycle, and
these values are lower than those obtained for the bare Cu foil of
38.2 mV and 68.6 mV. From the combination of the lower
nucleation barrier and the accordant DFT calculations, it can be
concluded that numerous lithophilic sites (N and O atoms) and
the well-defined spatial channels play crucial roles in acceler-
ating the mass transfer dynamics. Compared with the signifi-
cantly decreased coulombic efficiency (CE) after 90 cycles found
for bare Cu cells, the TD-COF@Cu anode was tested for a pro-
longed run of 140 cycles and retained a coulombic efficiency of
95.05% at 0.5 mA cm™ > with a fixed capacity of 1 mA h em ™2, as
shown in Fig. 3b. Moreover, the CE can still be maintained at
>95% for 92 cycles and 56 cycles at the elevated current densi-
ties of 1 mA cm™> and 2 mA cm ™, respectively, as plotted in
Fig. $8.1 Even at a higher current density of 3 mA cm > with
a capacity of 2 mA h cm™2, the TD-COF@Cu cell was able to
cycle for more than 40 cycles, while the bare copper cell shorted
out in less than 2 cycles. The significant advancement in
coulombic efficiency and postponement of electrode failure
indicate that the TD-COF layer can suppress parasitic reactions
and retain more available Li during the repeated cycles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The comprehensive electrochemical reversibility of a Li metal
anode with and without a TD-COF coating layer in 1 M LiTFSI DOL/
DME with 2 wt% LINOs as electrolyte. Coulombic efficiency (a) and
nucleation overpotential (b) of asymmetric Li|Cu batteries at 0.5 mA
cm~2and 1 mA h cm~2. The galvanostatic cycling profiles (c and d) and
rate performance (e) of Li|Li symmetric batteries at various plating
current densities and capacities.

To further investigate the lifespan and operational feasibility
of TD-COF on the reversibility of long-term charge-discharge
cycles at different harsh current densities, a Li|Li symmetrical
battery was assembled with TD-COF@Li and bare Li electrodes.
The initial variable interface composition and prolonged
process of methodical charge distribution make a profound
contribution towards the voltage fluctuations. As shown in
Fig. 3¢, d and S9,f it is noteworthy that the electrochemical
performance of Li|Li symmetric batteries modified with TD-COF
is significantly improved compared with that of the bare Li
batteries. The large fluctuant overpotential and greatly curtailed
lifespan of bare Li based cells confirm the continuous inter-
phase deterioration. In sharp contrast, the TD-COF@Li based
cells achieved extraordinary constant voltage fluctuations of
35.1 mV, 46.7 mV and 80.7 mV and significantly enhanced
lifetimes of 7400 hours, 9400 hours and 3300 hours at current
densities of 5 mA cm ™2, 10 mA ecm ™2 and 20 mA ecm 2, respec-
tively, which surpass the previously reported results for 2D COF
artificial coating layers (Table S21t). In addition, the TD-COF@Li
electrode exhibits preeminent rate performance with a smaller
voltage hysteresis at various current densities ranging from 0.25
to 6 mA cm > (Fig. 3e), which reflects the ability of TD-COF to
accelerate fast Li" migration.

Cycle-dependent electrochemical impedance spectroscopy
(EIS) was used to investigate the evolution of the interface, as
shown in Fig. S10 and Table S3.7 The slightly increased resis-
tance during the initial cycles can be reasonably attributed to
poor electronic conductivity due to the semiconducting nature

Chem. Sci., 2024, 15, 19160-19167 | 19163
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of the pristine TD-COF layer and the sustainable rearrangement
of Li ion transport channels adjacent to the TD-COF|Li inter-
face. Notably, with the enriched SEI generation on TD-COF@Li,
the gradual decrease in interfacial and charge transfer resis-
tances indicate increased ionic conductivity after 50 cycles,
which is consistent with the variational tendency of Li|Li
symmetrical batteries. Moreover, the higher Li" transfer
number of 0.78 in Fig. S12 and Table S47 further reinforces the
conclusion that TD-COF can modulate mass Li" flux transfer
with lower concentration polarization through the rigid 3D
pathway and stabilize the interphase. On this basis, it can be re-
emphasized that the TD-COF layer endowed with strong
electron-rich sites confers rapid translocation of Li* with
decreased interface resistance by virtue of the derived passiv-
ated SEI film.

At the same time, the potential Li" migration paths and
corresponding migration energy barriers for the 3D configura-
tion were further optimized and analysed to reveal the
structure-dominated electrochemical performance. In sharp
contrast to the ordered, vertically aligned 1D channels in
a classical layered COF, wraparound anticlockwise and clock-
wise ion migration behaviors were conceived for TD-COF, as
shown in Fig. 4, S13 and S14.7 Specifically, the Li* ions transfer
along the surrounded one-dimensional channel in an orthog-
onal direction according to either anticlockwise paths (paths 1-
4) periodically migrating as Li; — Li, — Liz; — Li, — Li; (Li;)
or clockwise paths (paths 5-8) in the manner of Lig — Li; — Lig
— Lig — Li;, (Lig). The calculated migration energy barriers
reveal measurably higher energy barriers in the anticlockwise
paths, especially path 1 with a value of 1.78 eV in Fig. 4b and c,
than that of clockwise path 5 with a maximum value of 0.92 eV.
In addition to the spatially centrosymmetric matrix, another
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Fig.4 Schematic illustrations of the suggested Li* migration pathways
in TD-COF (a), and the corresponding energy barriers for anticlock-
wise (b) and clockwise (c) path migration.
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straightforward insight into the difference between the migra-
tion barriers of the clockwise and anticlockwise paths is that it
may caused by the different interactions of O atoms with Li".
The migration distance of Li" in contact with O atoms in the
anticlockwise path is longer than that in the clockwise path
(Fig. S147), thus the shorter distance in the clockwise path
implies reduced interference from other atoms on the Li"
migration.

In addition, the complexities of the interlayer migration
(paths 9 and 10) and path transfer conversion (Path 11) in TD-
COF were also evaluated, as shown in Fig. S15.7 The higher
interlayer migration energy barrier of an anticlockwise path is
1.04 eV (path 10, Li, — Li;,), as opposed to 0.62 eV (path 9, Li;4
— Li,) for a clockwise path, indicating that Li' is inclined to
migrate through the clockwise interlayer cavity to another
neighboring clockwise one-dimensional channel. The path
transformation from clockwise to anticlockwise tends to be
hindered due to the higher migration energy barrier of 1.17 eV
(path 11, Li;; — Lis). In general, the TD-COF layer showcases
a great ability to accelerate the charge transfer with a higher Li"
transfer number of 0.78 (Fig. S127), which can slow down the Li"
concentration polarization via passing through the one-
dimensional channel to interlayer cavity in sequential clock-
wise wraps.

To further reveal the inherent relationship between the
improved electrochemical reversibility and the TD-COF artificial
layer, the topographic textures of cycled Li metal were visually
analyzed. The SEM images of the front and side views in
Fig. S16% revealed that the TD-COF film was uniformly coated
on the lithium metal surface with a thickness of about 8 um. It
is well-known that the Li volume variance during repeated
charge and discharge processes is the main cause of infinite
swelling and cracking of the SEI As shown in Fig. 5, the
modified electrode exhibited a tightly packed smooth
morphology without the appearance of cracks and dendrites
after plating and stripping protocols at the 300th cycle, which is
conducive to minimizing the exposure area of fresh lithium in
the electrolyte. After the corresponding cycling, significant gaps
and moss-like lithium dendrites were observed from the bare Li
counterpart, and the porous and rough surface undoubtedly
exacerbated the loose Li accumulation and dead Li stacking
because of the uneven distribution of the electric field. Due to
the numerous faults and collapse, the substantial damage to the
natural SEI with continuous electrolyte consumption of the bare
Li electrode undoubtedly induced the available lithium decre-
ment from a thickness of 497.4 um to 363.5 um, in sharp
contrast with that of 505.2 pym to 460.4 um for TD-COF@Li
shown in Fig. 5c¢ and f. In addition, in situ optical microscopy
images exhibit that the bare Li electrode shows sudden growth
of Li protrusions after the initial 10 min deposition (Fig. S177),
while the TD-COF-modified lithium remains relative smooth
(Fig. 5j-1). These major improvements indicate that the unique
spatial structure and numerous lithium affinity sites of TD-COF
not only provide unimpeded charge transfer channels but also
homogeneous nucleation sites. The inhibited spread of lithium
dendrites and reformed electrochemical interphase stability are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Surface morphology characterizations of bare Li (a—c) and TD-
COFa@Li (d—f) electrodes in Li|Li symmetric batteries after 300 cycles at
4 mA cm~2 and 2 mA h cm™2. Lithium plating (a, ¢ and d, f), lithium
stripping (b and e). In situ optical microscopy observation of the Li
deposition process on bare Li (g—i) and TD-COFa@Li (j-1) at a current
density of 5 mA cm™2 for 50 min.

in accordance with the important reversibility of Li|Cu and Li|Li
batteries.

X-ray photoelectron spectroscopy (XPS) was carried out for
a careful understanding of the variations in interfacial compo-
sition. As shown in Fig. 6, both electrodes were mainly
composed of a mixture of organic (-O-C=0, C-O-C, ROCO,Li)
and inorganic (Li,COj;, Li3N, Li,SO,) species.”® The organic
substances of ROCO,Li (53.7 eV), RCO,Li (54.3 eV), -O-C=0
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Fig.6 XPS spectra of Li1s, C1s, N 1s, F 1s and S 2p for bare Liand TD-
COFa@Li electrodes (a—f) and the corresponding contents percentage
of different chemicals (g) in Li|Li symmetric batteries after 300 cycles at
4mAcm2and 2 mAhcm™2
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(287.8 eV), C-O-C (284.9 eV), and C-C (283.8 eV) fitted from Li
1s and C 1s spectra have been identified as products from the
decomposition of the ether-based solvent at low voltage during
SEI formation.®>® Typically, the peak intensities of N 1s-, F 1s-,
and S 2p-associated inorganic and organic compounds of Li;N,
Li,SO,CFj, Li,NSO,CF3, LiF and Li,SO, derived from NO;~ and
TFSI” anions in the TD-COF@Li sample are remarkably
decreased with respect to those of the bare Li anode,*” which
strongly demonstrates that the TD-COF layer can effectively
inhibit the reaction between LiTFSI and Li metal. In addition,
the higher relative percentage of LiF in the TD-COF-modulated
SEI layer indicates the nature of the superior interfacial Li"
transfer kinetics.®® This stable SEI configuration avoids Li
dendrites and energy-barrier-reduced interfacial chemistry to
considerably extend battery lifespan.

The reliable durability of TD-COF@Li in practical imple-
mentation was tested by pairing sulfur (S) and lithium iron
phosphate (LFP) cathodes, and the results are shown in Fig. 7
and S18.1 The voltage hysteresis values of 436.0, 334.7 and 323.2
mV for bare Li, and 488.9, 313.0 and 310.3 mV for TD-COF@Li-
based Li|S full cells corresponding to 5, 100, and 200 cycles are
depicted in Fig. 7a and b. After the interfacial activation at the
initial 5 cycles, the subsequent measurable decreased voltage
overpotentials indicate that the TD-COF layer endowed with
enriched LiF indeed facilitates the rapid Li* transfer passing
through the 3D spatial channels, which is consistent with half-
cell cycling and EIS results. The long-term cycling performance
of the Li|S full cell was also tested at a current density of 1C, as
shown in Fig. 7c. The TD-COF@Li-based battery has a higher
reversible capacity of 406.49 mA h g~ " after 500 cycles, which
exceeds that of the bare Li|S battery of 336.56 mA h g™ ', In
addition, the rate performance of the TD-COF@Li-based full
battery also shows a significant capacity gap compared to the
bare Li|S battery (as shown in Fig. 7d). Similarly, the LFP full
cells with a TD-COF artificial SEI layer also exhibited superior
performance properties including a lower voltage hysteresis,
higher charge-transport efficiency and enhanced fast charging/
discharging ability, which are preferable to the bare-Li-based

28 o ‘4‘36.0 mV/ 238 488.9 mV

3103 mv

: 18
Bare Li 37mv \ TD-COF@Li  313.0 mV
16
100 200 300 400 500 600 100 200 300 400 500 600
(c) Capacity (mAh g') (d) Capacity (mAh g™')
1400
= ~12000 1 ¢
2 b 1000 '."\.020
E g E 800 \, —L FEE 02¢C
= 8 2 600 Sy 1C —]
] S 15C
S 200 ) o 400 .
[¢] = Bareli 1c 20 S 200 = Bareli S—
" + TD-COF@Li o * TD-COF@Li
| 0
0 200 400 600 800 0 10 20 30 40 50 60

Cycle Number Cycle Number

Fig. 7 Electrochemical performance of the Li|S full cell assembled
with bare Li and TD-COF@lLi electrodes. The galvanostatic charge/
discharge curves (a and b), long-term cycling (c) and rate performance
(d) when operated at different current densities.
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counterpart. The enhancement effect of the TD-COF-modified
Li|LFP full cell is consistent with that of the Li|S full cell.
Overall, a reasonable conclusion that can be made based on
these gratifying achievements in maintaining a low interfacial
resistance, slight polarization, and considerable capacity
retention is that the efficient TD-COF artificial SEI plays an
indispensable role in the stabilization of LMBs.

Conclusions

In conclusion, the highly crystalline 3D TD-COF with a dia-c7
topology was successfully synthesized and exploited as an arti-
ficial SEI layer to regulate and strengthen the lithium interfacial
stability. The unfolding three-dimensional space with inter-
penetrated building blocks anchoring a substantial number of
lithiophilic sites of -C=N- and -OH offers compelling benefits
for speeding up the migration of Li* flux (¢f; = 0.78) in
a clockwise pathway. The methodized charge distribution with
lower energy barriers makes a profound contribution towards
Li" desolvation and dendrite-free Li deposition. The derived LiF-
rich SEI layer enables the formation of thin and homogeneous
interphases to consolidate and extend the modified electrode
lifespan. Compared with pristine Li, the TD-COF@LI electrode
demonstrates intriguing properties of superior Li" utilization,
a lower nucleation barrier and prolonged reversibility in Li|Cu,
Li|Li, Li|S and Li|LFP full batteries. This viable guidance
emphasizes that profound attention should be paid towards the
further development of innovative 3D COF polymer-modified
layers that are capable of realizing high-performance Li metal
batteries.
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