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Lithium-sulfur (Li-S) batteries have garnered attention as a promising alternative to commercial Li-ion batteries
owing to their high theoretical energy density and the natural abundance of sulfur. However, the uncontrolled
dendrite growth of Li metal anodes and shuttle effect of polysulfides have plagued their practical application. To
address these issues, here, we present electrostatic polarity-regulated, vinylene-linked cationic covalent organic
frameworks (COFs) as a class of ionic sieve membranes. The electrostatic polarity of the COFs was controlled by

varying the counter anions adjacent to the cationic framework. The higher electrostatic polarity achieved with a
bulkier anion, combined with the one-dimensional nanochannels of the COFs, suppressed polysulfide crossover,
while facilitating Li* conduction, demonstrating the viability of the ionic sieving effect of the membrane.
Consequently, the Li-S cell fabricated with the COF-based ionic sieve membrane exhibited a low capacity
degradation of 0.041 % per cycle over 1000 cycles at a fast current rate of 1 C.

1. Introduction

Benefiting from the high theoretical energy density (2600 Wh kg™1)
and natural abundance of sulfur, lithium—sulfur (Li—S) batteries have
attracted considerable attention as a potential candidate for post-LIB
energy storage devices [1-5]. However, some challenges hinder the
practical application of Li—S batteries, such as the inhomogeneous
deposition of Li, which results in unwanted dendrite growth from Li
metal anodes and the formation of dead Li during cycling [6-9]. In
addition, the continuous shuttle effect of the negatively charged lithium
polysulfides (LiPS) between the sulfur cathode and Li anode results in a
decline in the capacity and the structural deterioration of the electrode
during cycling [10-13].

Many previous works have focused on the use of porous carbons or
organic polymers as sulfur hosts to trap sulfur species through physical
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and/or chemical interaction [14-17]. However, the inability of most of
these approaches to resolve the trade-off between Li" transport and the
shuttle effect has limited their further application. Moreover, as both the
Li dendrite growth and shuttle effect problems are closely related to the
ion transport phenomena through separator membranes, they both can
be addressed by developing advanced separator membranes [18-21].
Accordingly, various functional materials, such as metal oxides,
metal-organic frameworks, nanostructured carbon, sulfides, and
MXenes, have been investigated to modify separator membranes
[22-26]. However, the incorporation of these functional materials re-
sults in the loss of ionic conductivity in the resulting separator mem-
branes. Therefore, a new membrane design that can provide
permselectivity (to facilitate the uniform Li* migration while simulta-
neously suppressing the shuttle effect) is urgently required.

Covalent organic frameworks (COFs), which are characterized with
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highly customizable structures and functionalities at the molecular level
owing to their abundant building units and linkages, have emerged as a
promising material in many fields, such as catalysis, gas storage, and
energy storage [27-51]. Owing to their highly ordered one-dimensional
(1D) pore channels and precisely tunable functionalities, COFs have
been investigated as an attractive alternative to separator membranes.
For example, Loh et al. recently constructed nanofluidic interface
separator membranes for high-performance Li—S cells using fluorinated
COFs [52]. Additionally, Wang et al. reported sulfonate-rich COF-mo-
dified separator membranes with strong electronegativity [53]. Further,
Sun et al. fabricated lithiated COF nanosheets (Li-CON)-coated separator
membranes [54]. These studies demonstrated that compared to neutral
COFs, ionic COFs exhibit unique advantages for designing separator
membranes owing to the surface charge-induced electrostatic ion
screening and the corresponding electrostatic repulsion. However, ionic
COFs with different electrostatic polarity have rarely been explored in
separator membranes for Li—S cells.

Here, we report electrostatic polarity-regulated, vinylene-linked
cationic COFs as a class of ionic sieve membranes for long-cyclable Li—S
cells. The electrostatic polarity of the COFs was controlled by varying
the counter anions (bromide (Br’), tetrafluoroborate (BF4), bis((tri-
fluoromethyl)sulfonyl)azanide (TFSI")) adjacent to the cationic frame-
work (Scheme 1a). Notably, introduction of a high density of a bulkier
anion (TFSI") into the 1D nanochannels of the COFs promoted the
intermolecular interaction between the COFs and ionic species (Li* or
LiPS), thereby suppressing the crossover of anionic LiPS, while simul-
taneously facilitating Li* conduction.

The COF-TFSI was applied as a coating layer to functionalize a
commercial polyolefin separator. The resulting modified separator
membrane (denoted as “COF-TFSI separator”) enabled stable Li plating/
stripping cyclability (over 800 h at a fast current density of 5.0 mA cm ™2
and a high capacity of 5.0 mAh cm™2) in a Li||Li symmetric cell. In
addition, a Li—S cell with the COF-TFSI separator exhibited long cycle
retention (only 0.041 % capacity loss per cycle over 1000 cycles).
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Particularly, the cell achieved a high areal capacity of 4.23 mA h cm ™2
after 100 cycles with a high sulfur loading of 8.81 mg cm™2 and lean
electrolyte of 5 pL mg ™}, outperforming previously reported COFs-based
Li—S cells.

2. Results and discussion

We synthesized a set of vinylene-linked COFs with similar skeleton
but different ionic pore channels (Br", BF4~, and TFSI"; denoted as COF-
Br, COF-BF4, and COF-TFSI, respectively. Scheme 1b-d). The electro-
static potential of these COFs is shown in Scheme le and the corre-
sponding electrostatic polarities of the COFs was in the following order:
COF-Br < COF-BF4 < COF-TFSI (Table S1). The increased electrostatic
polarity of COF-Br, COF-BF4, and COF-TFSI could improve the interac-
tion between COFs and Li ions, resulting in the accelerated migration of
Li ions. Besides, the anions in the systems could be repelled by the
increased electrostatic polarity of these COFs. Therefore, the increased
electrostatic polarity of COFs exhibited positive influence on the ion-
sieving effect and electrochemical performance of resulting Li-S cells.
In this study, COF-Br and COF-BF4 were synthesized using 1,3,5-tris-(4'-
formyl-biphenyl-4-yl)benzene (TFBB) and N-ethyl-2,4,6-trimethylpyr-
idinium bromide (ETMP-Br) or 2,4,6-trimethyl-pyrylium tetra-
fluoroborate (TMP-BF,) via the Knoevenagel condensation (Fig. S1). The
chemical structure of these COFs was investigated using Fourier trans-
form infrared (FT-IR) spectroscopy. Two new peaks emerged at
approximately 1634 and 967 cm ! in the FT-IR spectra of these samples,
and were attributed to the stretching and bending vibrations of car-
bon-carbon double bond, indicating the successful formation of vinyl-
ene linkage in COF-Br and COF-BF, (Fig. S2). Additionally, the peaks
corresponding to C=0 at 1701 cm™! in the FT-IR spectra of the corre-
sponding aldehyde monomer in the two COFs disappeared, suggesting
the high polymerization degree of the samples. The stepwise weight loss
of COF-Br and COF-BF,4 was observed in their thermogravimetric anal-
ysis (TGA) curves, particularly in the low temperature region. This result
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Scheme 1. (a) Schematic illustration of the ion sieve channels in the cationic COFs and its contribution to the facile Li" transport and electrostatic repulsion with the
anionic LiPS. Chemical structure of the cationic COFs: (b) COF-Br, (c) COF-BF,, and (d) COF-TFSI. (e) Electrostatic potential and molecular polarity of the COF-Br,

COF-BF,4, and COF-TFSL
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might be attributed to the degradation of the ionic groups in the pore
channels of the COFs (Fig. S3). Next, field emission scanning electron
microscopy (FE-SEM) revealed that COF-Br and COF-BF, exhibited
sphere-like morphology (Fig. S4), and the corresponding energy
dispersive spectroscopy (EDS) profiles showed that the composition el-
ements of the two COFs were distributed uniformly over the frameworks
(Figs. S5 and S6).

The crystalline structures of the COFs were investigated using pow-
der X-ray diffraction (PXRD) measurement. Four peaks were observed in
the PXRD pattern of COF-Br at 3.90, 6.87, 17.88, and 25.9°, which were
assigned to the 100, 110, 011, and 001 facets, respectively (Fig. 1a, red
curve). Additionally, five characteristic PXRD peaks were observed in
the PXRD pattern of COF-BF4 at 4.12, 7.13, 12.62, 15.25, and 24.32°,
which corresponded to the 100, 110, 300, 040, and 001 facets, respec-
tively (Fig. 1b, red curve). The corresponding theoretical structures of
the COFs were investigated using density function tight binding (DFTB™)
method. The PXRD curves (Fig. 1, purple circles) simulated from Pawley
refinements of these two COFs could reproduce the experimental PXRD
profiles, evidenced by the negligible differences in the satisfactory res-
idues (5.82 % of Rwyp, 4.37 % of R, for COF-Br and 6.47 % of Ry, 5.12 %
of R, for COF-BFy; Fig. 1, black curves). Meanwhile, the PXRD curves
(Fig. 1, yellow curves) calculated from the AA stacking mode were well
matched with the experimentally observed PXRD patterns of both COFs.
In contrast, there were notable differences between the PXRD calculated
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from the AB stacking mode and the experimental PXRD profiles (Fig. 1,
purple curves).

The permanent porosity of COF-Br and COF-BF4 was investigated
using Nj sorption at 77 K. The two COFs exhibited typical type-I iso-
therms, indicating that they exhibited microporous structures (Fig. S7).
The pore size distribution analysis was calculated using the nonlocal
density functional theory (NLDFT) cylindrical pore model. The pore
sizes of COF-Br and COF-BF4 were determined to be 1.57 and 1.54 nm,
respectively (Fig. S8), which were consistent with their theoretical pore
sizes calculated from their frameworks.

The COF-TFSI was prepared by replacing Br~ with TFSI” in aqueous
lithium bis(trifluoromethane)sulfonimide (LiTFSI) solution to through
an ion-exchange strategy (Fig. S9). The FE-SEM image of the sample
after the ion exchange suggested that there was no notable morpho-
logical change (Fig. S10). Additionally, the TGA curve of COF-TFSI
displayed similar degradation behavior with that of COF-Br, and the
notable degradation observed at approximately 400 °C might to be
attributed to the degradation of the TFSI group (Fig. S11). The chemical
structure information of the COF-TFSI was examined using FT-IR and
XPS profiles. Four characteristic peaks (1050, 1126, 1179, and 1343
em™!) corresponding to the TFSI group were observed in the FT-IR
spectrum of COF-TFSI between 1000 and 1400 cm™! and the peaks for
vinylene linkage were retained, indicating that Br~ was successfully
replaced by TFSI” and the skeleton was retained after ion exchange
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Fig. 1. PXRD patterns of (a) COF-Br and (b) COF-BF,: the experimental XRD patterns (red curves), the refined patterns (purple circles), the difference between the
observed and refined profiles (black curves), simulated XRD curves from the AA stacking (yellow curves) and AB stacking (purple curves) modes. (c) PXRD patterns of

COF-Br and COF-TFSL. (d) FT-IR spectra of COF-Br and COF-TFSI.
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process (Fig. 1d). The peaks corresponding to Br™ in the XPS profiles of
COF-Br (Fig. S12) and COF-TFSI (Fig. S13) at 71.1 and 68.6 eV (Br 3d)
almost disappeared, and new peaks emerged at approximately 687.5 eV
and 686 (F1s) and 170.17 and 168.9 eV (S 2p), which were attributed to
TFSIT, indicating the complete exchange of all the Br™ in COF-Br by
TFSI". After the ion exchange, COF-TFSI displayed similar peaks with
COF-Br (Fig. 1c). The peak corresponding to the 100 facet shifted from
3.90 (COF-Br) to 4.11° in the spectra of COF-TFSI owing to the larger
size of TFSI” group in COF-TFSI compared with Br™ in COF-Br. The pore
size of COF-TFSI was 1.52 nm, respectively (Fig. S14). The decreased
BET surface area and pore size of COF-TFSI might attributed to be the
larger size of TFSI ion compared to that of Br™.

Subsequently, the as-synthesized COF samples were uniformly pelt
on the surface of a commercial separator (Celgard 2500) with a thick-
ness of 10 pm and mass loading amount of approximately 0.43 mg cm ™2
(Figs. S15-17). The corresponding wettability of different separators
toward the electrolyte was investigated using contact angle (CA) mea-
surements (Fig. 2a). The CA of COFs toward the electrolyte was in the
following order: COF-TFSI (5.9°) < COF-BF4 (7.9°) < COF-Br (11.2°).
These values are significantly smaller than that of the Celgard separator
(43.4°). This indicates that the coating of ionic COFs on the surface of
Celgard is an effective method for improving electrolyte adsorption, thus
promoting ion migration. The ion transport behaviour of these modified
membranes was investigated using electrochemical impedance spec-
troscopy (EIS), with a focus on ionic conductivity and ionic mobility
(Fig. 2b). The ionic conductivities of COF-TFSI, COF-BF4, COF-Br and
Celgard were 1.63, 1.41, 1.31, and 0.72 mS cm Y, respectively (Fig. 2c).
The enhanced ionic conductivity of COF-TFSI might be attributed to the
synergistic effect of the enhanced wettability and electrostatic interac-
tion between the COFs coating and electrolyte. The Li* transference
numbers (t;;;) of Celgard, COF-Br, COF-BF,4, and COF-TFSI were esti-
mated to be 0.50, 0.73, 0.76, and 0.84, respectively (Fig. S18). Conse-
quently, the Li" ion conductivity (= ionic conductivity x t,) of
Celgard, COF-Br, COF-BF,4, and COF-TFSI were calculated to be 0.36,
0.96, 1.07, and 1.37 mS cm’l, respectively. This result demonstrated
that the integration of COFs on the Celgard as a coating layer is
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(a)

I COF-Br
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beneficial for enhancing the Lit migration. Besides, the anionic con-
ductivity of Celgard, COF-Br, COF-BF4, and COF-TFSI were calculated to
be 0.36, 0.35, 0.34, and 0.26, respectively, indicating that the transport
of anions in these systems can be suppressed after the introduction of
COF coating layers on the Celgard. These results exhibited that the Li*
migration can be enhanced while suppressing the anion (Br~, BF4~, and
TFSI") conduction, demonstrating the ion-sieving effect of the COFs on
different ions. These results exhibited the enhanced ionic migration and
repressed anion (Br", BF4~, TFSI') transport. The ion-selective transport
behavior was dominated by the corresponding anions the negatively
charged pore channels, which promoted the migration of cations and
blocks the transport of anions, particularly for TFSI"-functionalized COF.

Li symmetric batteries were prepared using various COFs modified
separators to investigate the reaction kinetics of Li anode using Tafel
plots. The batteries with different COFs-modified separators (COF-TFSI
> COF-BF4 > COF-Br) exhibited the enhanced exchange current density
compared to the battery with Celgard, indicating accelerated Li*
migration via the integration of ionic groups in the pore channels,
particularly for TFSI (Fig. 2d). Moreover, the influence of ionic COFs
modified separators on the performance of Li metal was further char-
acterized using Li||Li symmetric cells. The rate performance of the
batteries with COFs-modified separators exhibited narrower voltage
hysteresis than that of the cell with pristine Celgard separator and the
smallest value was achieved for the cell with COF-TFSI separator
(Fig. 2e). The cell with the Celgard separator exhibited the largest
voltage hysteresis (> 400 mV) at all the current densities, whereas the
cell with COF-TFSI achieved a stable and the smallest voltage hysteresis
under the same condition. Additionally, the long-term cycling mea-
surement revealed that the battery with COF-TFSI exhibited the lowest
and stable polarization behavior (16 mV) at a current density of 1.0 mA
em ™2 and a capacity of 1.0 mAh cm™2 (Fig. 2f). Meanwhile, at a larger
current density of 5.0 mA cm ™2 and a capacity of 5.0 mAh cm ™2, the cell
with COF-TFSI still exhibited the lowest and stable polarization behavior
(33 mV) (Fig. 2g). These results demonstrated that the introduction of
ionic COFs coating on the surface of Celgard (particularly COF-TFSI)
significantly constrained the growth of Li dendrites. To further
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elucidate this superior cyclability of the COF-TFSI, we examined the
surface of the cycled Li metal anodes (Fig. S19). The results demon-
strated that the cell with COF-TFSI exhibited a uniform and smooth Li
surface compared to the other separators. This result indicates that the
COF-TFSI separator was beneficial for uniform and facile Li* flux, which
results in stable Li plating/stripping on the Li metal anode.

The LiPS shuttle effect severely restricts the commercialization of
sulfur cathodes. In this study, the H-type electrolytic cell was utilized to
conduct permeation experiments to directly visualize the effect of COFs
on the prevention of the shuttle effect (Fig. S20). To this end, the left
border of a H-type electrolytic battery was filled with LiPS (10 mM
LiSe) solution and the right side was filled with the clear electrolyte
(DOL/DME, 1:1 by volume). The various separators were placed be-
tween the two electrolytic sides. For the Celgard separator, after 0.5 h,
LiPS migration was observed, and the color gradually became deeper
with time. In contrast, for the COF-Br and COF-BF, separators, the
hindrance of LiPS migration was observed and the color of the right-side
electrolyte only became deeper after 3 and 6 h, respectively. When COF-
TFSI separator was employed, the ride-side electrolyte maintained a
clear color with no notable color change even after 12 h. These results
confirmed the ability of the COF-TFSI coating layer to inhibit the LiPS
shuttle.

The corresponding electrochemical performance of the Li—S cells
was tested by combining sulfur cathode (~1.2 mg cm™2), COFs-coated
separators, and Li anode. The electrochemical impedance spectroscopy
(EIS) plots (Fig. S21) revealed that the charge transfer resistance (R.t) of
the pristine cells was in the order of COF-TFSI (11.85 Q) < COF-BF4
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(15.84 Q) < COF-Br (16.25 Q), which were all lower than that of the
battery with the Celgard separator (18.58 Q). This can be attributed to
the enhanced wettability of the COFs-modified separators toward the
electrolyte, which improved the ion migration kinetics, particularly for
COF-TFSI. Two typical reduction peaks were observed in the cyclic
voltammetry (CV) curves (Fig. S22) of the Li—S cells with the COFs-
modified separators at ~2.25 and ~1.95 V at scanning rates from 0.1
to 0.5 mV s~ 1. These peaks suggested the occurrence of the multistep
reduction of Sg to the long-chain soluble LiPS (Li3Sy, 4 < x < 8) and then
to LipSo/LisS, respectively. The oxidation peak at ~2.45 V during the
charging process can be attributed to the complicated process conver-
sion of LisS to Sg. The diffusion characteristics of Li»S, could be evalu-
ated indirectly based on that of Li", which were analyzed from the CV
curves at different scanning rates. According to the Randles—Sevcik
equation, the slope of the fitted line corresponds to the Li* diffusion rate,
which can positively reflect the mobility of Li" within the electrode
(Fig. S23). The slope value of the battery with COF-TFSI was higher than
those of the batteries with COF-BF4, COF-Br, and Celgard, which further
indicated the positive influence of COF-TFSI on the Li" diffusion rate.
The polarization voltage was investigated using the third galvanostatic
charge—discharge curves at 0.2 C, and the cell with COF-TFSI separator
exhibited the smallest polarization (170 mV) compared to the cells with
COF-BF4 (176 mV), COF-Br (179 mV), and the pristine Celgard (304 mV)
separators, demonstrating the superior kinetics of redox conversion re-
actions (Fig. 3a).

The cyclic performance of the Li—S cells with various separators was
investigated at a rate of 0.2 C (Fig. 3b). The battery with COF-TFSI
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exhibited an initial discharge capacity of 1381 mAh g~!, which was
significantly higher than that of the batteries with COF-BF4 (1313 mAh
g™ 1), COF-Br (1211 mAh g™1), and Celgard (1188 mAh g~!). The COF-
TFSI battery experienced a slow decay rate and a high Coulomb effi-
ciency (CE) in the subsequent cycles, and achieved the highest discharge
capacity of 973 mAh g~! at the 200th cycle. After the 200th cycles, the
weekly attenuation rate of COF-TFSI was 0.15 %, which was signifi-
cantly lower than those of COF-BF4@Celgard (0.26 %), COF-Br (0.28 %),
and that of Celgard (0.35 %). The rate performances of the COFs bat-
teries were evaluated at various current densities (0.2, 0.5, 1, 2, and 5 C;
Fig. 3c¢). The COF-TFSI-modified battery delivered capacities of 1460,
1144, 987, 859, and 707 mAh g’1 at current densities of 0.2, 0.5, 1, 2,
and 5 C, respectively, which were higher than those of the batteries
based on COF-BF4, COF-Br, and Celgard at different current densities.
The COFs-modified batteries recovered their initial capacity after the
current density was returned back to 0.2 C, indicating stable electro-
chemistry of sulfur and rate performance. Even at a high rate of 5.0 C,
the COF-TFSI battery exhibited a low polarization voltage of 0.43 V
(Fig. S24). In contrast, at the same rate, the charge—discharge curves of
COF-BF,4, COF-Br, and Celgard batteries exhibited larger polarization
voltages. Moreover, the charge and discharge curves of COF-TFSI, COF-
BF4, COF-Br, and Celgard batteries at 0.2, 0.5, 1, 2, and 5 C
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demonstrated that the battery with COF-TFSI exhibited the smallest
polarization voltage (Fig. S25).

To investigate the corresponding long-term cyclic performance, the
Li—S batteries with COFs were cycled at a large current density of 1 C
(~3.5mA cm™2; Fig. 3d). The battery with COF-TFSI displayed an initial
specific capacity of 1066 mAh g~! and the capacity was maintained at
630 mAh g1 after 1000 cycles, with only a 0.041 % capacity loss per
cycle over 1000 cycles. The battery with COF-BF,4 exhibited a capacity of
1044 mAh g~ ! at the first cycle at 1 C and 516 mAh g™! after 1000
cycles, with a weekly capacity decay rate of 0.055 %. The capacity of the
battery with COF-Br was 957 mAh g~ at the first cycle and 429.8 mAh
g~ ! after 1000 cycles at 1 C, with the capacity decay rate of 0.057 %. The
battery with Celgard demonstrated the lowest capacity of 863 mAh g~!
at the first cycle and 294 mAh g~! after 1000 cycles at 1 C, with the
largest capacity decay rate of 0.066 %.

The use of the ionic COFs-modified separators significantly improved
the cycling performance of the battery, indicating a significant inhibi-
tion in the shuttle of LiPS in the COFs modified batteries, particularly for
the COF-TFSI. Additionally, the improved ion transport ability in the
COF-TFSI battery was beneficial to the high-rate performance.
Furthermore, the corresponding electrochemical performances of bat-
teries with high sulfur loading and electrolyte deficiency was
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Fig. 4. In situ time-resolved Raman spectra obtained during the discharge reaction with (a) Celgard and (b) COF-TFSI separators. Selected Raman spectroscopy of the
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investigated to evaluate the potential practical application of the Li—S
cell with the COF-TFSI separator. To this end, S/BP2000 cathodes with
71.3 % sulfur content (Fig. S26) were fabricated and employed to
investigate the electrochemical properties under a high sulfur loading
(8.81 mg cm™2) and lean electrolytes (5 uL. mg™'). Under a high sulfur
loading of 8.81 mg em ™2 and after six cycles of activation, the specific
discharge capacities of the battery with COF-TFSI after the first cycle
was 673 mAh g ! ata current rate of 0.1 C (Fig. 3e). After 100 cycles, the
capacity retention rate was 71.3 %. The batteries with COF-TFSI sepa-
rator (Fig. 3f and Table S2) displayed superior performance in terms of
capacity retention at high rates, cycle stability, and areal capacity
compared to previously reported Li—S batteries with functional layers
and traditional modified separators.

Next, in-situ Raman spectroscopy was conducted to reveal the LiPS
shuttle effect on the Li metal anode in real-time and investigate the role
of ionic vinylene-linked COFs in inhibiting the LiPS shuttle. The time-
resolved Raman contour maps and selected Raman signals of the cells
with COF-TFSI separator and Celgard at different discharge/charge
states (Fig. 4a-d) were compared. For the cell with the Celgard sepa-
rator, the S%‘ signals at 203, 400, and 445 cm™! was observed at the
initial discharge stage (2.10 V), suggesting the formation of the long-
chain soluble LiySg and its shuttling across the separator. During the
discharge process, the intensity of the S3~ signals slightly decreased and
the peaks at approximately 451, 475 and 460 cm ™", corresponding to the
characteristics S7, S, and SZ°, respectively, appeared simultaneously.
Moreover, during the charge process, the prominent characteristic peaks
of S5, SZ-, S¢, and S§~ could be observed, indicating the occurrence of
the LiPS shuttle and the irreversible loss of sulfur species. However, the
cell with the COF-TFSI separator exhibited weak Raman peaks of LiPS
during the discharge and charge processes, suggesting that the poly-
sulfides migration was effectively repelled. Moreover, the characteristic
FT-IR peaks of the C-F bond (Fig. 4e) were distinctly observed. Herein,
the PVDF contents of these systems were identical. Thus, the intensity
difference of FT-IR peaks for C-F bond could be ascribed to the strong
interaction between COF-TFSI and Li*, indicating the strong interaction
between COF-TFSI and Li™.

Additionally, the elemental composition of the surface of the Li
anode of the as-prepared batteries after 200 cycles was analyzed using
XPS. All the batteries with the COFs-modified separators were measured
after the charging process. Four characteristic peaks were observed in
the S 2p spectra at binding energies of 161.9, 163.1, 167.2, and 169.0
eV, in which the peak at 161.9 was attributed to Li»S/LisS, (Fig. S27).
Compared to those of the other batteries, the Li anode of the cell with the
COF-TFSI separator exhibited a lower intensity of the LisS/Li»Ss peak,
indicating the suppressed irreversible deposition of LiS/LizS2 on the
surface of Li anode. The cycled separators were immersed in DME sol-
vent (Fig. S28). After being soaked for 1 h, the Celgard separator showed
an obvious yellow color in the DME solvent, while the COFs separator
showed a slightly light-yellow color in the DME solvent, especially for
the COF-TFSI separator. These results indicated that the very limited
amount of polysulfuides could be adsorbed on the surface of COF-TFSI
separator.

In addition, the XPS analysis of the disassembled cells revealed the
detailed information of the absorbed polysulfides: COF-Br (Fig. S29),
COF-BF, (Fig. S30), and COF-TFSI (Fig. S31) separators. Four charac-
teristic peaks with the binding energies of 161.9, 163.1, 167.2 and 169.0
eV were observed in the S 2p spectra for these cycled COFs separators, in
which the peak at 161.9 eV was attributed to Li3S/LisS;. The results
suggested that the lowest intensity of Li»S/Li»Ss was found for the COF-
TFSI separator, indicating that the COF-TFSI separator exhibited lowest
polysulfide absorption ability and the strongest inhibition of poly-
sulfides absorption .

Further, the interaction energy density of COFs toward LiPS was
investigated using density functional theory (DFT) calculations. Here,
SZ” and LiySe were selected as representative LiPS examples to calculate
the corresponding interaction with various COFs. The interaction energy
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between SZ and COFs exhibited a negative energy value, which
confirmed the electrostatic repulsion between the LiPS and anions in the
COFs pore channels (Fig. 4f). The energy values of these COFs toward S2~
was in the following order: COF-Br (—54.2 kcal mol™) < COF-BF4
(—59.2 keal mol™!) < COF-TFSI (—60.3 kcal mol™), indicating that COF-
TFSI exhibited the largest repulsion ability towards SZ-, which is
consistent with the electrochemical performance results of the Li-S cells.
Moreover, the calculated results of the interaction energy between COFs
and LipSe suggested that the LiPSs could be repulsed by the ionic COFs.
The binding energies between COFs and LiPSs increased in the order of
COF-Br to COF-BF,4 to COF-TFSI, with COF-TFSI exhibiting the largest
binding energy (—59.2 kcal mol™). These results suggested that LiPS
could be effectively repelled across the pore channels owing to the
electrostatic interaction between the ionic groups and LiPSs, which is
consistent with the experimental results.

3. Conclusions

In this study, we presented electrostatic polarity-regulated, vinylene-
linked cationic COFs as an ionic sieve membrane strategy to address the
trade-off issue between Li" migration and the shuttle effect. Among the
various counter anions examined herein, TFSI" effectively interacted
with Li* or LiPS owing to the enhanced electrostatic polarity. Conse-
quently, facile and uniform Li* conduction was achieved, leading to
stable Li plating/stripping cyclability. Additionally, the enriched
anionic environment in the 1D nanochannels of the COF-TFSI sup-
pressed the shuttle effect of anionic LiPS. Consequently, the Li—S cells
with the COF-TFSI separator exhibited improved rate capability and
cycling stability (only a 0.041 % capacity loss per cycle over 1000 cy-
cles). The COF-TFSI separator enabled the stable operation of Li—S cells
under constrained cell conditions (high sulfur loading of 8.81 mg cm ™2
and lean electrolyte of 5 pL mg™1), highlighting its potential contribu-
tion to the development of practical Li—S cells. This electrostatic
polarity-regulated cationic COF provides a new insight into the design of
ionic sieve membranes and holds promise as a platform technology for
next-generation batteries suffering from the conflicting ion transport
phenomena.
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