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Application of Covalent Organic Frameworks in

Sulfur-Based Battery Separators

Yuluan Zhang, Can Guo, Luanhua Zhou, Xiaoman Yao, Yiwen Yang, Huifen Zhuang,
Yi-Rong Wang, Qing Huang, Yifa Chen,* Shun-Li Li, and Ya-Qian Lan*

Owing to the high storage capacity and multiple-electron-transfer chemistry of
sulfur (S), sulfur-based (S-based) batteries with merits of high theoretical capacity/
energy density, eco-friendliness, and abundant supply hold much potential for
energy-storage/conversion devices. The capacity of S-based batteries is much
higher than that of traditional-metal-oxide cathode-based lithium-ion batteries,
which is regarded as the highest capacity of solid-state cathode materials at the
current stage. As a vital component of S-based batteries, separators play a pro-
found role in resolving urgent issues (e.g., shuttling effect, volume expansion,
poor conductivity, and metal dendrites, etc.). So far, some pioneering works have
been reported in the exploration of separators for S-based battery. On this basis,
covalent organic frameworks (COFs), as a kind of functional materials, offer much
possibility for S-based battery separators due to their advantages such as high
porosity, crystalline and well-defined structures, designable struts, and tunable
functions, etc. Herein, the reported works about COFs in S-based battery sepa-
rators including their structural characteristics, preparation methods, application
forms, and battery properties are summarized. Moreover, also, a brief perspective
is proposed on the challenges of COFs applied in S-based battery separators, and

supply, and high theoretical capacity.!*”

Specifically, a capacity of 1675 mAhg*
could be delivered owing to the reduction
reaction of S, which is larger than
typical insertion-type cathode materials.”!
Especially when S cathodes are paired with
lithium (Li) anodes, the obtained lithium—
sulfur (Li-S) battery presents theoretical
energy densities of 2600 Whkg '*°!
higher than lithium-ion batteries (LIBs)
(LiCoO,/graphite batteries, 387 Wh kg’l),
or its derivative battery systems (e.g., Li-
CO, battery, 1876 Wh kg™").°% Thus, dur-
ing the past few decades, S has been
applied as promising cathode material to
be cooperated with diverse anodes, such
as multivalent metals like Ca, Mg, and Al
or alkali metals like Li, Na, and K. Owing
to these advantages, S-based battery
holds much promise in a number of

new insights are provided for scientists in this field.

1. Introduction

Sulfur (S), as a by-product of the petroleum industry, can serve
as one of the most prospective electrode materials for
next-generation energy-storage devices on account of its attrac-
tive properties of low cost, environmental benign, abundant
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potential  applications  (e.g., electric
vehicles and unmanned aircraft systems,
etc.).'™" Specifically, Li-S batteries

with 350 Whkg™' have been explored

and tested in small-scale commercial
applications by OXIS Energy and Sion Power."? In spite of these
progresses in S-based battery, it still faces obstacles in mass
production, which is ascribed to the inherent drawbacks of
S-based battery (e.g., slow reaction kinetics, poor conductivity,
shuttling effect of polysulfides (PSs), metal dendrites, etc.).*~**!

In general, the multi-step conversion of sulfur gives a
high specific capacity to S-based battery yet it is also an inherent
drawback that limits the application of S-based battery. Taking
the Li—S battery as an example, the discharging process contains
the conversion of Sg to Li,S, during which it can be mainly
divided into the stepwise reduction of Sg to long-chain PSs
and further into low-order PSs, resulting in specific capacity
of 419 and 1256 mAh g~ ' respectively. All of these processes give
an overall theoretical specific capacity of 1675mAhg '
However, the simultaneously generated shuttling PSs, rapid con-
sumption of active materials and the dendrite behaviors largely
affect the battery performance and remain to be inherent
bottlenecks that largely restrict the potential applications of
Li-S batteries.

To conquer these bottlenecks, diverse strategies have been
explored to promote the properties of S-based batteries including
the development of innovative S host materials, separator
modification, binder optimization, and solid-state electrolytes,
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etc."2% Among them, the separator, as the core component of
the S-based battery, possesses vital functions of cathode and
anode separation, short circuit prevention, and metal-ion diffu-
sion, whose performances are strongly related to the active mate-
rial utilization rate, internal resistance, safety, and battery
performances.” An ideal separator needs to meet the require-
ments like chemical stability, thermal stability and sufficient
mechanical strength, meanwhile it can play a protective role
in microporous self-closing under high temperatures.* In addi-
tion to these, the functions like the PSs adsorption/catalysis or
anode protection are also essential for the separators that can be
applied in S-based battery.?>) Battery separators can be generally
classified into three types based on their structure and composi-
tion: microporous polymer membranes, non-woven membranes,
and inorganic composite membranes.”® Among them, due to
their advantages in cost, performance and safety, microporous
polymer membranes are most widely investigated separators
in liquid electrolyte battery.””) The type of microporous polymer
separator can be divided into polyolefin, poly(ethylene oxide)
(PEO),*8%! polyvinylidene fluoride (PVDF),**! poly(acryloni-
trile) (PAN)P%*¥ and co-blended polymer based separators,
etc.'?% During past years, traditional polymers like PEO or
PVDF have been studied as separators in Li battery systems,
yet they are still limited by their inherent drawbacks. For exam-
ple, the regularity and crystallization tendency of PEO separators
can hinder Li" migration and lead to low conductivity, while the
inferior tensile strength and thermal stability still limit the
applications of PVDF separators.****! Compared to the above
materials, polyolefin separators including polyethylene (PE) and
polypropylene (PP) with mature production processes have been
widely used in battery as commercialized separators with excel-
lent chemical stability, high porosity, and low cost, etc.>¢~*!
However, for polyolefin separators, there are multi-requirements
for their applications in S-based battery (e.g., metal-ion/
electrolyte diffusion, inhibition of PSs shuttling, metal anode
protection, or electrolyte wetting, etc.), which would not be satis-
fied by the merely using of single-function polyolefin. Thus, the
modification of polyolefin separators with certain functional
materials becomes one of the ideal options that are effective
and capable of meeting large-scale manufacturing needs, which
has arisen to be a hot topic in the battery field.['>*47)

Much progress has been made in the last decades on the mod-
ification of conventional separators and most of them applied
function materials like carbon, inorganic or polymeric materi-
als.?**) To achieve high-performance separators without
sacrificing the battery energy density, alternative materials with
properties like lightweight or ease in processing are more desired
to modify the separator. Covalent organic frameworks (COFs), a
kind of functional material that composed of light organic com-
ponents joined by covalent bonds, has gained significant interest
globally.*? Since Omar Yaghi et al. first reported COFs in 2005,
research on COFs has developed rapidly and possessed much
potential in the fields of photo-/electro-catalysis,[****! gas adsorp-
tion/separation,*’! sensing **) and drug delivery systems, etc.!*”)
In the research field of energy storage, COFs offer much possi-
bility for the potential application in S-based battery owing to
their modifiable and well-defined structures with high porosity
that are much beneficial for the rapid transfer of metal ions/
electrolyte and the design of functional units to promote the
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battery performance.”®>* However, there are still some bottle-
necks: 1) poor conductivity that might increase the impedance
and affect the charge transfer; 2) the interaction between soluble
PSs and COFs is weak and requires the specific design and
exploitation of effective functional groups; and 3) most of
COFs are synthesized by solvothermal reactions in hermetically
sealed glass tubes at certain temperatures, which is still limited
in scalable production or cost. Therefore, strategies that can
address these issues and explore the potential applications of
COFs in the modification of separators are highly demanded.

This work will systematically review the recent progress of
advanced COFs-modified S-based battery separators, including
the summary of the structure design of COFs, preparation meth-
ods, application forms of separators, and the relationship
between COFs structures and electrochemical performances,
etc. (Figure 1). In the first part, this review first comments
the development history and structural characteristics of COFs
for S-based battery separators. Then, it summarizes the prepara-
tion methods of COFs-modified separators containing casting,
vacuum filtration, and interfacial insitu polymerization. After
that, it presents a systematic review on the design and perfor-
mance of S-based battery systems, including Li-S, Na-S, and
Li-SeS, battery, based on the requirements of anodic and
cathodic electrodes. Finally, the prospects and possible research
directions in this field are also discussed.

2. Application of COFs in S-Based Battery
Separators

2.1. The Types and Timeline of COFs for S-Based Battery
Separators

COFs are typically constructed from tunable structural blocks by
reversible condensation reactions that allow for the precise
design of functionalities for the requirements of separator mod-
ification.*?) Since 2005, Yaghi first designed and successfully
realized 2D COFs using the dehydration condensation of boronic
acid and hexahydroxytriphenylene, a series of reversible reac-
tions (e.g., boron chemistry, Schiff base chemistry, and triazine
chemistry) for the design of COFs have been reported.’>>%

S-based

Cathode ‘

Y ‘c

Fabrication Application
x D e

COFs for S-based battery separators

Figure 1. Schematic representation of covalent organic frameworks
(COFs) for S-based battery separators.
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Among them, the Schiff base reaction, serving as the most com-
monly applied reaction in COF synthesis, includes the connection
of ligands through imine bond, amide bond, etc. During the reac-
tion process, various functional groups can be introduced into the
COFs skeleton through specially selected of the structure struts
with targeted functional groups. The common functional groups
in COFs include electron-rich atoms such as N and O, active bonds
(e.g., imine [-C = N, carbonyl [-C = O], etc.) and anionic groups
such as sulfonic acid (-SOsH-), as well as conjugated structures
(e.g., porphyrins) as shown in Table 1. In S-based battery separa-
tors, COFs are likewise involved in metal-ion/electrolyte transport
and PSs adsorption/catalysis mainly through these active func-
tional groups. These functional groups might promote Li* /elec-
trolyte transport and inhibit PSs shuttling. Some representative
work examples will be given in the following section.
According to the timeline as shown in Figure 2, remarkable
progress in the modification of S-based battery separator by
COFs has been achieved in recent years. In 2016, Lee and col-
leagues have synthesized a hybrid structure of microporous
COF network on mesoporous carbon nanotube (CNT) network,

www.small-science-journal.com

which can serve as a kind of porous chemical trap for PSs
(Figure 3a).”) A self-supporting COF-net on CNT-net interlayer
(i-e., NN interlayer) is prepared by insitu synthesis of COF on
CNT template. As model systems, two types of COFs (COF-1
and COF-5) are chosen to investigate their battery performances.
Among them, the COF-1 NN interlayer can efficiently facilitate
the selective deposition or dissolution of electrically inert
Li,S due to its recherche microporous structure. Thus, the
COF-NN interlayer gives a high cycling performance (capacity
maintained at 84% after 300 cycles at 2C current) (Figure 3b)
and rate performance (Figure 3c). By testing the electrochemical
impedance after cycling, the superior cyclability of battery utiliz-
ing the COF-1 NN interlayer is demonstrated (Figure 3d).
Subsequently, studies have been conducted on the introduction
of sites with high electron affinity such as N and O into COF
structures. Li et al. demonstrated an innovative strategy with a
COF including the pyridine groups as the separator modification
layer,*®l in which the COFs perform multifarious roles: the pyri-
dine nitrogen could form a Li bond through the dipole-dipole
interactions with Li*; the keto groups of TP would improve

Table 1. A summary of different COFs and their functional groups for sulfur-based battery separator modification.

Ligand 1 Ligand 2 Functional groups Battery system Reference
1 o) —-C=N Li-S 132]
oHe— P electron-rich N/O
O e
Q 0
2 OH -C=N Li-S [60]
OHC CHO
X
— HO OH —-OH
=-H,-Cl,-SO3;H SHo
3 H Nz o o —C=N Li-S [62]
O Q O I O porphyrin
oS o
4 ‘ o NH2 OH -C=N Li-S [61]
OHC CHO
HN~ N7 S0, -OH
HO OH —-SO;zH
CHO
5 HN O O NH, H3CO]©[CHO —C=N Li-S [65]
| OHC OCH;, —OCH;
WA O,
6 HaN NH —-C=N Li-S 68]
— )< OHC—( :)—CHO
HN NH, electron-rich N
7 NH, OH —-C=N Li-S [69]
P OHC CHO -
N7Z IN :<j[ triazine
HZNJ\\N NH, HO OH
CHO
3 N ® ® N, WS —C=N Li-S [70]
O OHCCHO electron-rich N/S
s
HoN O O NH,
= /= OH —C= i
9 r—(zlu—{,\}—(;\‘}—w2 oHC cHO C=N Li-S [58]
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Ligand 1 Ligand 2 Functional groups Battery system Reference
10 HOaSQNHz OH -C=N Li-S [59]
OHC CHO
HoN SOsH j;‘j[ —-OH
HO OH -SO;H
CHO
1 /@[NHZ OH -OH Li-S [71,72]
o cos OHC CHO 50,4l
HO OH
CHO
12 o i R F -F Li-S [73]
0 OHC CHO -C=N
7y Q
FF
o. O O~
INOARCE:
HN X X NH,
13 NH, OH Carborane Li-S [74]
OHC CHG -0
/AW HO OH —OH
|/\\\—/,/\| Lo
NH,
14 HO, OH HO OH boroxine Li-S [57]
B— )8 B )8
HO OH HO OH
HO  OH
HOOH
HO OH
15 HoN O O NH, Hscojc[CHO —C=N Li-S [75]
] oHC OCH: -OCH;
WA CL,
16 HO OH HO or Boroxine Li-S [76]
B )—E B )—E
HO OH HO Ok
17 s OH -C=N Li-S 77
HzN’Q S’ONHZ OHCj;‘j[CHO o 7
HO OH OH
CHO
18 HO OH HO OH Boroxine Li-S [78]
B—( )8 B—( )8
HO OH HO OH
19 HoN— N —NH OH -C=N Li-S [79]
\( D 2
&7,3’: OHC CHO _OH
HO OH electron-rich N
CHO
20 HoNLH OH —OH Li-S [80]
| OHC CHO )
H,N N)\NH :@[ electron-rich N
NH. HO OH
’ CHO
21 /©:NH2 OH -C=N Li-S [81]
OHC___~ CHC
c -OH
HoN SO;H |
HO™ " 0H -SO;H
CHO
OHC CHO —C= -
22 HzNQNHz =) 5 C=N Li-S 182]
OHC cHO
23 NH, OH —-C=N Li-S [83]
N)\N OHe cHo triazine
|
HZNJ\\NJ\NHZ HO OH
CHO
24 -C=N Li-S [63]
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Table 1. Continued.

Ligand 1 Ligand 2 Functional groups Battery system Reference
HO.__~._.CHO Porphyrin
| —OH
OHC™ " 0H
25 CHO -N=N Na-S [88]
OHC CHO
26 N HCO A~ cHo —C=N Li-SeS, [92]
O OHC™ ™~ 0CH, —OCH;
HN O O NH,
27 HoN-NH, OH -C=N Li-SeS, [93]
OHC CHO _OH
HO OH
CHO
28 HN— N _NH, CHO —-C=N Li-SeS, [94]
\E-Jr/' /@\ electron-rich N
OHC CHO
_Q_mfuuug::»ncr:a ;Q’“ *
Ao, 1
B
DMTA-COF CTFs iCON PyBBT-COF SCOF TAPP-ETTB TpPa-COF PA-COF
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r

oty pos
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=]

', TP-BPY-COF ”ucon };V i@TpPasou%‘;
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Figure 2. Evolution timeline of applications of COFs in S-based battery separators. Image for Py~DPP-COF: Reproduced with permission.?? Copyright
2021, American Chemical Society. Image for COF-1: Reproduced with permission.’”) Copyright 2016, American Chemical Society. Image for TP-Bpy-
COF: Reproduced with permission.”®l Copyright 2019, American Chemical Society. Image for TpPa-COF: Reproduced with permission.[*” Copyright
2022, American Chemical Society. Image for TAPP-ETTB: Reproduced with permission.[®? Copyright 2022, American Chemical Society. Image for
DMTA-COF: Reproduced with permission.’®® Copyright 2018, American Chemical Society. Image for PyBBT-COF: Reproduced with permission./’”
Copyright 2021, American Chemical Society. Image for TpPa-SOsLi: Reproduced with permission.”") Copyright 2021, American Chemical Society.
Image for Df-4F-THzOPr-COF: Reproduced with permission.”! Copyright 2023, American Chemical Society. Image for CB-COF: Reproduced with per-
mission.”#! Copyright 2021, American Chemical Society. Image for HUT-9: Reproduced with permission.””! Copyright 2022, American Chemical Society.
Image for PA-COF: Reproduced with permission.’®? Copyright 2022, American Chemical Society. Image for Azo-TbTh COF: Reproduced with permis-
sion.[B8 Copyright 2022, American Chemical Society. Image for SCOF: Reproduced with permission.’®) Copyright 2021, Wiley-VCH. Image for iCONs:
Reproduced with permission.” Copyright 2021, Wiley-VCH. Image for CTFs: Reproduced with permission.[%® Copyright 2019, Elsevier. Image for Li-
CON's: Reproduced with permission.’®! Copyright 2020, Elsevier.

the ability to adsorb PSs, and the pore channels of COFs could
facilitate Li* transfer. Additionally, the pyridine units could act as
the catalysis centers for the conversion of PSs, which can serve as

Small Sci. 2023, 3, 2300056 2300056 (5 of 18)

the redox-active group. The battery with the COFs-modified sep-
arators displays outperformance in cycling stability (after 250
cycles at 1C, 826 mAh g™).

© 2023 The Authors. Small Science published by Wiley-VCH GmbH

85UBD17 SUOWIWIOD aAITER1D) 3|aedl|dde ayy Aq peusenof ae sajp e VO ‘8sn Jo Se|nJ Joj ARiq18uUljuO /8|1 UO (SUOIIPUOD-PUE-SLLBI/LIOD A8 1M Alelq 1 pUluo//:SdNy) SUONIPUOD pUe SWie | 8y) 89S *[£202/2T/6T] U0 ARiqi auluo A3|IM ‘AISIeAIUN [UWION BUIYD YINoS Ag 95000£202 SWS/Z00T 0T/10p/wiod A3 1M Aeuq 1 pul|uo//sdny wou pepeojumoq ‘0T ‘€202 ‘Y0889


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

www.small-science-journal.com

e
= (":w
¥ =
g 5 =
£ & g
g A B
(b) £
o = 3
4
~ g E B B
© 1400 g t=!
< g
< =2
s :
z H
3 3
® o©
g g (@
S E 2009 "':z; a N 20C 10C 0.5C 02C  0.C
2 = A{;C Scorson | = [ |
SE1500 by =
z x‘-,. aac oc | =
50 100 150 200 250 300 £1000 < £ 24F
Cycle number z 20¢ o
Z 500 &
d z 320} 5
(€) 1200 (d) s00 < 3
—=—Non R, cre,  crey 0 "
000 o BRI e | oumve 1
a7 400 [--COF1INN RTOR W 010 2 30 4 70 400 800 1200 1600
o 800 (I) Cycle Number Specific Capacity (mAh/g)
4 £ 300} 20, JE1) ——
€ 60 5 ‘ Fi o
= = 20 » g. 1000 ~o-COF-SOH 523 mANg
S N 200 - | angesen, < g0 60.2%, retention
8 400 < \
o - NOn 0+ =
3 ey 100 | "1 5o
200 - —a—cor-1nn -
——COF-5NN L v — g 400
oL " PR R S |
5 10 15 20 25 30 35 40 45 0 100 200 300 400 500 b Rate: 2C
Cycle number Z' (ohm) kd

o 100 200 300 400 00 600 700 800 900 1000
Cycle Number

Figure 3. Li-S battery with COF-1 NN and COF-TpPa-X@rGO (-X: —H, —Cl, -SO3H)-modified separators and their performances. a) Schematic illus-
trations of the construction process and ion/electron-transfer behavior of N-N interlayers. b) Cycling stability of batteries with carbon nanotube (CNT)-,

COF-1 NN-, and COF-5 NN-modified separators at 2C. c) Rate performance

from 0.2 to 10.0C. d) Electrochemical impedance spectra after 300 cycles.

of Li-S batteries with CNT-, COF-1 NN-, and COF-5 NN-modified separators
a—d) Reproduced with permission.’”! Copyright 2016, American Chemical

Society. e) Schematic diagram of the fabrication of COF-TpPa-X@rGO (—X: —H, —Cl, —=SO3H). f) The effect of side chain X (-X: —=H, —Cl, and —=SO3H) in
pores of the three kinds COFs for Li* transport and PSs adsorption. g) Rate capability of battery using different separators. h) Discharge/charge curves for
COF-SO;H@rGO-separator-based battery. i) Cyclic stability of Li-S battery with rGO/COF-SO3;H, rGO, and polypropylene (PP) separators at 2C.

e—i) Reproduced with permission.!*® Copyright 2022, American Chemical

Subsequently, Wang and co-workers studied the performance
of sulfonate-rich, monosulfonate, and non-sulfonate COFs for
Li-S battery separator modification.’” The dual-sulfonated
COF (SCOF-2) has the benefits of concentrated negative charge,
improved interlayer spacing, and narrow bandgap, which concur-
rently promotes Li* transfer and mitigates the occurrence of den-
drites. In addition, the SCOF-2 can inhibit PSs shuttling by
chemical trapping and electrostatic repulsion. Hence, the battery
with SCOF-2-based separator displays a low deterioration rate
after 800 cycles of 0.047% per cycle. Then, in 2022, Lu et al.
revealed the impact of various functional groups on Li-S battery
performance and its principles in their manuscript (Figure 3e).
They prepared COF-TpPa-X@rGO (rGO: reduced graphene
oxide; —X:—H,-Cl,-SO3H) nanosheet hybrids with different func-
tions by changing the monomers.[*” According to Figure 3f, the
presence of functional groups may control the adsorption of PSs
and Li* transmission. In addition, the structure of the electron
cloud in COFs is altered by side chain groups, which would
impact the properties such as electrical conductivity. Specifically,
the properties of COF-SO;H@rGO separator outperform the
pure rGO, COF@rGO, and COF-Cl@rGO separators both in

Small Sci. 2023, 3, 2300056 2300056 (6 of 13)

Society.

terms of cyclic capacity and rate performance (Figure 3g,i).
Even at 2 C, the typical two-platform voltage curves show low
polarization and high capacity (Figure 3h). The results show that
the COF-SO;H@rGO separator presents high cycling perfor-
mance (after 1000 cycles at 2C, 60.2% retention, Figure 3i)
and specific capacity (1163.4mAhg™" at 0.2C). In addition,
researchers have also explored other functional groups and rep-
resentative COFs are listed in other sections and described in
conjunction with their performances.

2.2. Preparation Method of COFs-Modified Separators

Up to date, several approaches have been reported for the con-
struction of COFs-modified separators, containing vacuum filtra-
tion, doctor blade casting, and interfacial in situ polymerization,
etc. (Figure 4)."%%**Y Among them, vacuum filtration is a simple
and common strategy for preparing membranes at room temper-
ature, which can control the loading of COFs and the thickness of
modification layer (Figure 4a). For example, Negishi et al. opti-
mized the loading thickness of the modified layer by using dif-
ferent masses (5-10mg) of COF@graphene (COF@G)
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a) Filtration. b) Doctor blading methods. c) In situ interfacial
polymerization.

composite dispersed in a specific volume of 1-methyl-2-pyrroli-
done and also explored the effect of diverse ratios on the electro-
chemical properties when the materials are compounded.'®
After optimizing the conditions, the COF@graphene-modified
separator using 10 mg and ratio of COF:graphene (1:1) displays
an initial capacity of 1489.8mAhg ' at 0.2Ag ' and stable
cycling performance together with excellent rate performance.
However, in this method, the COFs dispersion, morphology tun-
ing, or processing techniques affect the homogeneity of the mod-
ified layer, which is closely related to the battery performance.
Additionally, the vacuum filtration strategy is subjected to rigor
through the experimental apparatus and is therefore difficult in
scale-up production.

In addition to the vacuum filtration method, the direct
casting method through the doctor blade is another method
for the preparation of separators, which is also a commonly
applied technique in industry (Figure 4b). For instance, an
anisotropically hybridized separator (CPM: COF-IL/PP/MOF)
using ionic liquid (IL)-modified porphyrin-based COF and cata-
Iytically conductive MOF was constructed and applied in Li-S
batteries by Lan’s group.®® Using a doctor blade, the COF-IL
suspension with PVDF-HFP was cast onto commercial PP.
The fabrication conditions (i.e., loading of COF-IL and layer
thickness) in CPM can be easily altered based on the doctor blad-
ing procedure, allowing for the preparation of a variety of CPM
separators to study their battery properties. At a current density
of 0.2C, the cycling capabilities of battery applying CPM separa-
tors with various casting thicknesses (50-750 pm) and COF-IL
loadings (10-30 wt%) have been assessed. Thus, the optimal con-
ditions are selected (250 pm and 20 wt% loading).

However, the methods mentioned earlier still have some prob-
lems, such as interface impedance and weak interaction between
the interface and modified layers, that might cause the modified
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layer to be detached and peeled off easily. Hence, it is essential to
explore other methods to conquer these obstacles and some pio-
neering techniques like insitu interface polymerization have
been proposed. For instance, an in situ interfacial polymerization
strategy has been proposed by Qu et al. to synthesize a kind of
TpPa-SO;H@PP separator (Figure 4c).*" The different ligands
are first dissolved in the organic and aqueous phases, and then a
PP separator, acting as a semipermeable membrane, is immobi-
lized at the solution interface. PP separators with deposited COFs
membranes are obtained by dropping the aqueous phase solu-
tion onto the separator layer. This novel synthesis method allows
insitu growth of commercial PP separators by growing them
internally and externally without obvious increase in volume
and mass. In this regard, the battery with TpPa-SO;H@PP
separator demonstrates excellent cycling performance of
863.97mAhg™' at 1C initially and maintains at
645.62mAhg ! after 500 cycles (0.05% fading per cycle).
Therefore, insitu interfacial polymerization could lower the
interfacial resistance and lead to the uniform performance of
the modified separator with industrial production potential,
but it is still limited in the types of COFs that can be synthesized.

2.3. Application of COFs in Li-S Battery Separators

Among the metal-sulfur battery systems, the Li-S battery is
intensively researched since 1970s, and there are thousands of
publications on Li-S batteries every year.’”~"! Specifically,
COFs as a kind of promising functional materials have also been
explored for the utilization of Li-S battery separators over the
past few years.[®"l In this section, we will summarize the appli-
cations of different COFs in the modification of Li-S battery sep-
arators including their related battery performances in Table 2.
We have made a brief classification about the COFs-modified
separator and will discuss detailedly in the following sections.

In fact, the demands for the separators are diversified owing to
the different conditions on both sides of the electrode. For the
separators orienting S cathode, the PSs adsorption/catalysis
should be considered first. At the same time, an anodic interlayer
should be electron insulated while preserving Li* transmission
and suppressing dendrite growth. Specifically, the porous and
regular structures of COFs are beneficial for the ion/electrolyte
transport and can be applied to effectively induce the uniform
metal-ion deposition and reduce dendrite generation.
Meanwhile, COFs containing PSs-adsorption/catalytic conver-
sion sites can be applied to efficiently prevent the shuttling effect
and enhance the battery performance on the S-based cathode
side. On this basis, we will classify the COFs-modified separators
into two categories (modified separator facing S-based cathode or
facing Li anode), and introduce related works in the following
two sections.

2.3.1. COFs-Modified Separator Facing S Cathode Side

The main reason affecting the performance of Li-S cells is the
shuttling effect of PSs, and thus adsorbing PSs or catalyzing
long-chain PSs into short-chain PSs are the strategies to effec-
tively suppress the shuttling effect.l'*) COFs can not only block
PSs shuttling by a dense network, but also expand the density of
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Table 2. A summary of COFs-modified separator performance for Li-S batteries.

Substrate separator Modified material Method S content [mgcm 2] Cycling performance [mAhg™'] Reference
1 PP separator COF-TpPa-SO;H@rGO Casting 0.9 523 (1000 cycles, 2 C) [60]
2 Celgard 2400 TAPP-ETTB@GO Vacuum filtration 1.5-2.0 920 (400 cycles, 0.2Ag™") [62]
3 Celgard 2400 TpPa-SOs;H@PP In situ interfacial polymerization 1.0 645.62 (500 cycles, 1C) [61]
4 Ceramic DMTA-COF Casting 1.5 1000 (100 cycles, 0.5C) [65]
5 Celgard CTFs Casting 2.0 700 (800 cycles, 1C) [68]
6 Celgard 2500 CTF Vacuum filtration / 684 (400 cycles, 1C) [69]
7 Celgard 2400 PyBBT-COF Vacuum filtration 1.0 905 (100 cycles, 0.2C) [70]
8 Celgard TP-BPY-COF Casting 1-1.5 826 (250 cycles, 1C) [58]
9 Celgard 2325 SCOF-2 Casting 1.2-2.0 497 (800 cycles, 1C) [59]
10 Celgard PP/PE/PP TpPa—SO;Li/CNT Vacuum filtration 1.5 482 (400 cycles, 4C) [71]
1 Celgard 2325 SCOF Casting 1 750 (120 cycles, 0.5C) [72]
12 PP separator 4F-COF Casting 0.8-1 873.1 (100 cycles, 0.2C) [73]
13 Celgard 2400 CB-COF Casting 2.0 569 (1000 cycles, 1C) [74]
14 polyethylene COF-1 on CNT Vacuum filtration 1.1 84% (300 cycles, 2.0C) [57]
15 Ceramic CNT@DMTA-COF Casting 2.0 621 (500 cycles, TAg™) [75]
16 Celgard 2500 Py—DPP-COF@CNT Casting 1.2-2.0 584 (1000 cycles, 1C) [32]
17 Celgard 2400 C@COF Vacuum filtration 1.2-1.5 655.7 (500 cycles, 1C) [76]
18 Celgard HUT9@CNT Casting 1.1 750 (500 cycles, 1C) [77]
19 Celgard COF-rGO Vacuum filtration 1.0-1.5 1169.4 (50 cycles, 0.1C) [78]
20 Celgard Li-CON Vacuum filtration 1.0-2.0 645 (600 cycles, 1C) [79]
21 Celgard 2400 Ti;C,@iCON Vacuum filtration 12 706 (2000 cycles, 2C) [80]
22 Celgard 2500 TpPa-SO5H Vacuum filtration 1.2 494 (500 cycles, 1C) [81]

adsorb/catalyze PSs sites by predesigned geometry and uni-
formly dispersed polar bonds, thus effectively inhibiting the
shuttling effect.

To prevent the shuttling effect, the design of pore channels
for COFs is very important. For instance, an AB-stacking COF
(DMTA-COF:  2,5-dimethoxy-1,4-dicarboxaldehyde ~ (DMTA)-
4,4',4" 4”-(ethene-1,1,2,2-tetrayl)tetraaniline-COF) with 0.56 nm
pore size that could effectively mitigate the shuttling of PSs
(0.51-0.68 nm) has been prepared by Cai and colleagues
(Figure 5a).*! Using this porous COF as a coating for ceramic
separators, the corresponding cells initially have a capacity of
1415mAhg ! at 0.5C and preserve 1000mAhg™" after 100
cycles (Figure 5b). As the nanopores in the DMTA-COF can pre-
vent the PSs on the separator, the shuttling effect and the
decrease of S are reduced. Compared to the original ceramic
and the Super-P-modified, the performance of the DMTA-
COF-based separator is significantly improved (Figure 5c—e).
To demonstrate the nanopore advantage, a TAPB-PDA-COF-
based separator (synthesized from 1,3,5-tris(4-aminophenyl)ben-
zene (TAPB) and terephthalaldehyde (PDA)) (pore size: 2.52 nm)
is also prepared. In contrast, battery with TAPB-PDA-COF-based
separator initially provides a capacity of 1065 mAhg™" at 0.5C,
and decreases to only 525 mAh g~ after 100 cycles. This is a con-
sequence of the pores in the TAPB-PDA-COF might be unsuit-
able to efficiently accommodate the PSs.

Except for the design of pore channels, researchers prefer to
introduce functional groups in the structures to effectively inhibit
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shuttling effect or promote ion conduction. The common func-
tional groups that can possess effect on the interaction with PSs
in COFs include electron-rich atoms (e.g., N and O, etc.), redox
active sites (e.g., -C=0, -C=N-, C=C, etc.), anionic groups
(-SO;H), and multi-electron macrocycles groups (e.g., porphyrins)
would contribute to the adsorption/catalysis of PSs.P%%¢¢7]

For example, Ye et al. demonstrated the 2D covalent triazine
framework (CTF) including benzene derivatives and triazine
rings with the functions of capturing PSs chemically, and lithio-
philic interaction of the heteroatoms could result in reduced PSs
shutting, high utilization of S, the protection of Li anode, and low
self-discharge (Figure 5f).[°® The multifunctional CTFs-based
separators have the capacity to physically interact with PSs
due to the adsorption of pyridinic/pyrrolic nitrogen with PSs.
Moreover, CTFs have high porosity and excellent wettability
of electrolyte, and possess abundant lithiophilic triazine
groups that aid in Li* transfer inside their host framework.
It is proved that the battery with CTFs-coated separators
(~0.14 mgcm™?) can exhibit a high initial discharge capacity
(1249 mAh g™ at 0.5C) (Figure 5g), while showing a rate perfor-
mance (802 mAh g™ ! at 2C), good capacity retention (decay rate
of 0.052% per cycle after 800 cycles at 1C) (Figure 5h), remark-
able anti-self-discharge ability and excellent Li-anode-protection
capacity.

Subsequently, Zhang et al. modified the general Li-S battery
separator using a CTF-type COF.1*! The CTF/CNT composite
could offer a regular channel for quick Li*/electronic transport
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Figure 5. DMTA-COF- and CTF-modified separators and their battery performances. a) Schematic synthesis and structure of DMTA-COF. b) Comparison
of the cycling stability of the battery with pristine ceramic, super-P/ceramic and DMTA-COF /ceramic separator at 0.5C. c) Column diagram of pristine
ceramic, super-P/ceramic and DMTA-COF/ceramic separator at different rates. d) Galvanostatic charge—discharge profiles of pristine ceramic, super-P/
ceramic and DMTA-COF/ceramic separator at 0.5C. e) Electrochemical performance of battery using DMTA-COF/ceramic separator with 1.5 mgcm ™2 S
loading at 0.5C. a—e) Reproduced with permission.®®! Copyright 2018, American Chemical Society. f) Schematic diagram of the CTF-coated interlayer and
its advantages in Li-S battery. g) Electrochemical performance of the batteries with Celgard and CTF—Celgard at 0.5C and 30 °C. h) Long life cycle test of
batteries with Celgard and CTF—Celgard at 1C and 30 °C. f-h) Reproduced with permission.®! Copyright 2019, Elsevier.

and exhibits potent PSs-adsorption properties. Using the CTF/
CNT/Celgard separator, the rate capability and cycle properties
of the battery are obviously promoted. At 1C, the battery exhibits
a high capacity of 684 mAh g™ after 400 cycles. As comparison
to Celgard separator, the battery utilizing the CTF/CNT/Celgard
separator shows better performance even at a 2 mg cm ™2 loading
of S. Benzobisthiadiazole (BBT) with electron-rich N/S possesses
a strong electron-withdrawing property. The unique electron
affinity allows the BBT-derived PyBBT-COF to capture PSs for
redox conversion at the separator of a Li-S battery. An imine-
linked tetragonal 2D COF was created by Guo et al. by combining
a BBT-derived building block with a pyrene-based unit.”” Due to
the combination of highly available pore channels and high elec-
tron affinity, the Li-S cell separator modified with COFs could
conquer the shuttling effect. In the aspect of cycling performance
at 0.2C, the PyBBT-COF-based Li-S battery provides a reversible
capacity of 1249mAhg™ and maintains at 905mAhg™' after
100 cycles. At 1C, the PyBBT-COF-based battery also achieves a
reversible capacity of 948 mAh g™" and outstanding cycling perfor-
mance (0.083% fading per cycle after 500 cycles).

Small Sci. 2023, 3, 2300056 2300056 (9 of 18)

Furthermore, the introduction of some anionic groups (e.g.,
sulfonate (SO; ™), into the COFs backbone, can efficiently adjust
the Li flux and achieve stable long-term Li plating/exfoliation at
high current densities. Simultaneously, it can also inhibit PSs
shuttling due to its electrostatic repulsive effect on PSs anions.
For instance, Wang and his co-workers have constructed a
sulfonate-rich SCOF-2 for separator modification (Figure 6a).>”!
The results show that SCOF-2 is more electronegative and has
wider interlayer spacing in comparison to sulfonate-free/mono-
sulfonate COFs, which could promote Li* transport and mitigate
the growth of dendrites. The self-discharge behavior of SCOF-2 is
suppressed by its small bandgap and strong interactions with
PSs, which is revealed by density-functional theory (DFT) calcu-
lation and other experiments. The improved battery provides
0.047% within 800 cycles and offers excellent self-discharge
resistance through a low-capacity decline of 6.0% per cycle
(Figure 6b). Furthermore, the cell shows ~80% capacity reten-
tion after 100 cycles even under 3.2-8.2mgcm > S loading
and a lean electrolyte (5uLmg™"), demonstrating possibility
for practical applications (Figure 6¢). By substituting Li for H
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modified separators and their performances. a) Schematic synthesis of the
ing test of batteries with different separator over 800 cycles at 1C. c) Cycling
respectively. a—c) Reproduced with permission.?!

Copyright 2021, Wiley-VCH. d) Schematic of the Li-S cell with the TpPa—SOsLi/Celgard separator. €) Cycling test of batteries applying TpPa—SOsLi/
Celgard, TpPa—SO;3;H/Celgard, and pristine Celgard at 0.2C. f) Cycling test of the batteries applying TpPa—SO;Li/Celgard and pristine Celgard under

5.4mgcm

~2 S loading at 0.2C. g) Schematic illustration of the batteries with TpPa-SOsLi/CNT/Celgard, TpPa-SOsLi/Celgard, and pristine Celgard.

h) Cycling test of the batteries with TpPa-SOsLi/CNT/Celgard and CNT/Celgard at 4C. d-h) Reproduced with permission.”"! Copyright 2021,

American Chemical Society.

in the intrinsically ordered pores of COFs, aligned nanochannels
for Li conduction are created, which increases the transfer rate of
Li. In addition, Sun and colleagues have synthesized TpPa—SO;Li
layer onto the Celgard separator (Figure 6d).”" At 0.2C, the
battery can accomplish a high capacity (822.9 mAhg™") and
a high retention rate (78% over 100 cycles) with a total mass
S loading of 5.4mgcm™ using the TpPa-SO;Li layer
(Figure 6e,f). The advantage that TpPa—SOsLi layer can suc-
cessfully boost the Li* transfer while limiting PSs diffusion
through the electrostatic contact due to the existence of
ordered channels and consecutive sites of negative charge
(Figure 6g,h). Moreover, Zhang et al. reported a sulfonated
COF (SCOF) as a modified layer for the separator.’? The
lithiated sulfonate groups may facilitate Li" transportation
and decrease the coating-induced energy barrier of ion
transportation. After 120 cycles at 0.5C, the battery with the
SCOF-modified separator displays a capacity retention of
81.1%. It also shows a modest capacity fading over 600 cycles
at 1C of 0.067% per cycle. In addition, even at 2C, the battery
exhibits a superior reversible capacity of 576mAh g!

In addition to functional groups like electron-rich atoms and
SO;7, the introduction of F site in the COFs structure can also

Small Sci. 2023, 3, 2300056 2300056 (10 of 18)

help to construct negative charge channels for regulating the ion
migration behavior of Li—S battery. In 2023, Xie et al. constructed
a nanofluidic membrane based on a fluorinated COF (4F-COF)
and employed in Li-S battery (Figure 7a).”*! Fluorine in the
channels contributes to the construction of permselective nano-
fluidic channels. The nanofluidic separator based on 4F-COF
prevent PSs shutting while permitting Li* transfer due to the
elevated density of well-organized and negatively charged ion chan-
nels. Specifically, the Li-S battery with 4F-COF exhibits Li metal
durability surpassing 2000h at 1mAcm™ (Figure 7b),
capacity decay of 0.018% per cycle after 1000 cycles at 2C
(Figure 7c), and rate capability of 568 mAh g™ " at 10C (Figure 7d).

Furthermore, there are also some interesting works about
introducing other active sites into COFs that can be functional
units in Li-S battery separator. For example, Yu and co-workers
have synthesized an amphiphilic carbon-alkyl COF (CB-COF),
and the CB building block acts as a 3D structure with various
pro-sulfur-adsorption sites to capture PSs, which significantly
increases the capture efficiency of PSs (Figure 7e).”* In addition
to the developed channels for the transmission of Li* and elec-
trons, CB-COF also contains a lot of active sites (C-O and B-H)
to adsorb PSs. Both theoretical calculations and experimental
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Figure 7. Li-S battery with fluorinated COF (4F-COF)- and carbon-alkyl COF (CB-COF)-modified separators and their performance. a) Construction of COFs
(4F-COF) with electron-negative building components for size-exclusion and charge-repulsion membranes. b) Cycling performance of Li/Li symmetric cells
with 4F-COF, Df-COF (Df-COF was synthesized with low-electronegativity 1,4-diformylbenzene as the aldehyde linker for comparison), and PP separators at

TmAcm=2 and TmAhcm™2.

c) Long-term cycle test of Li-S battery with 4F-COF, Df-COF, and PP separators at 2C. d) Rate performance from

0.2 to 10C of Li-S battery with 4F-COF/PP separator. a-d) Reproduced with permission.’?! Copyright 2023, American Chemical Society. e) Schematic
illustration of the synthesis of CB-COF and composite separator. f) Cycling test at 1C of CB-COF-modified-separator-based Li-S battery. g) Cycling test
at 2.5C of CB-COF-modified-separator-based Li-S battery for 1000 cycles. e-g) Reproduced with permission.”#! Copyright 2021, American Chemical Society.

results show that CB-COF has an effective PSs-adsorption capac-
ity. This ability allows the separator with CB-COF to effectively
restrain the shuttling effect, leading to a long cycle life of
314mAhg™" with 1000 cycles at 2.5C (decay rate of 0.0395% at
1C over 1000 cycles) (Figure 7f,g). When the S loading is increased
to 9mgcm ™ at a low E/S ratio (6.37 pL mg™?) at 0.1C, it still pro-
vides an area capacity of 6.3 mAh cm ™2 after 100 cycles.

For applications of COFs-modified separators facing the
cathode side, the conductivity of the material is also extremely
important. Conductive structure smooths current distribution
and makes sure that active components can be contacted.
Meanwhile, conductive modification layer can also provide addi-
tional reaction sites for active S and reduce PSs release during
the discharge process. Additionally, the electrons can effortlessly
transform from electrode to separator, allowing for the realiza-
tion of redox processes. Thus, the absorbed PSs could be used
upon cycling, effectively improving the utilization of S.
Traditionally, the conductivity can be enhanced by physical mix-
ing (e.g., adding conductive carbon materials to the mixed slurry)
during the battery processing. However, the mechanical mixing
and ununiform dispersion caused by the particle aggregation of
COFs might lead to partial aggregation of ions and electrons,
thus leading to poor performance. Therefore, some researchers
have discovered the hybridization of porous carbon materials
(e.g., graphene and CNTs) with COFs through the in situ growth
of COFs on the surface of conductive agents (Figure 8).

CNTs are commonly used as conductive materials in Li-S bat-
tery. In 2020, Teng et al. have designed an innovative functionalized
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separator (COF-CNT-separator) to suppress the dissolved PSs by
combining COFs with an interlude CNT network.”>! Remarkably, it
serves as both a house for PSs and an ionic sieve to effectively sieve
PSs and contain them in the cathode area. After the first cycle, the
battery has a 1068 mAh g™ ! reversible capacity at 1 A g%, and after
500 cycles, the capacity can be stabilized at 621 mAh g™ (80% S
content). Li-S batteries with a COF-CNT-separator can operate
among the temperature range of 10-50 °C and exhibit high S utili-
zation rates, outstanding rate, and cycle performance. As a result,
the facile method of using a separator with a unique network to
create a high-performance Li-S battery is a strong contender.

Then, Chen and his co-workers fabricated a kind of diketopyr-
role (DPP)-based COF separator (denoted as COF@CNT)
through the in situ growth method (Figure 8a).*? By adding a
suitable CNT concentration (66 wt%), the electrocatalytic
activity can be maximized. DFT calculations and experiments
demonstrate that the DPP unit can control PSs conversion by
—C=0-/-C-O- bond. The Li-S battery achieves the target capac-
ity of 8.7 mAh cm™2 with a S loading of 10 mgcm™2 and a lean
electrolyte (E/S =5) (Figure 8b), and displays a fading rate of
0.042% after 1000 cycles (Figure 8c).

Subsequently, Wu et al. have prepared a layered interlayer con-
structed from boroxylated COFs with high Li* conductivity by
similar COFs insitu growth strategy onto CNT (C@COF)
(Figure 8d).”% Due to the rich heterogeneous interface between
the interior conducting CNTs and the exterior COFs, the
interlayer functions as both a physical barrier and a catalyst
for PSs adsorption/catalysis, offering high Li* conductivity

© 2023 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 8. Li-S battery with COF@CNT and COF@graphene (COF@G)-modified separators and their performance. a) Schematic diagram of the
COF@CNT synthesis procedure and its catalytic application. b) Cycling test of battery with COF@CNT separator under 10mgcm™2 S loading at
0.1C. ¢) Long-term cycling test of battery with COF50-, COF66-, and COF83-based separators, respectively. a—c) Reproduced with permission.*?
Copyright 2021, American Chemical Society. d) Schematic images of working process with commercial separators and C@COF-modified separators
in Li-S battery. e) Cycling test of battery with C@COF-based separators at 1C. d,e) Reproduced with permission.”® Copyright 2022, Wiley-VCH.
f) Schematic image of COF@G interlayer in Li—S battery. g) Rate capability of batteries with COF@G and G separators. h) Discharge/charge curves
for the tenth cycles of batteries with COF@G, G, COF, and pristine separators at 0.2 Ag™". i) Cycling test of batteries with COF @ G-modified separators at
0.5A g™ over 400 cycles. f-i) Reproduced with permission.®¥ Copyright 2021, American Chemical Society.

(1.85 mS cm ') and Li*-transfer number (0.78). The battery with
this catalytic interlayer exhibits a fading rate of 0.07% in 500
cycles at 1C and a lifetime more than 1000 cycles at 3C
(Figure 8e). In 2022, Zhang et al. have synthesized a new
disulfide-bonded COF (HUTY) that can be generated on the sur-
face of CNTs as a separator modification material in Li-S cell.””)
DFT calculations and experiments show that the disulfide bond
can efficiently trap soluble PSs while accelerating the conversion
of PSs to Li,S/Li,S, and improving S utilization. The polar
groups of the COFs deliver chemisorption, while the interwoven
network (physically bound) of HUTI@CNT synergistically
inhibits the transport of PSs. After 500 cycles at 1C, the
modified cell still retains 83% of its capacity (attenuation
per cycle was 0.032%). To be more precise, the improved
2-HUT9@CNT separator exhibits a 3.4 mAh cm ™2 area capacity
after 50 cycles at S loading of 4 mg cm ™ (S content: 80 wt%, E/S
ratio: 10mLg™).

The combination of COFs with graphene has also received
much attention due to conductive network of graphene can
decrease the Li*-transfer distance and promote the performance
of COFs. For example, by depositing COFs onto graphene, Hu
and colleagues have developed an innovative approach for easily

Small Sci. 2023, 3, 2300056 2300056 (12 of 18)

anisotropic ordering of 2D COFs.”® With outstanding shuttling
effect inhibition and adaptability to Li-S battery, the obtained
membranes serve as ionic sieves leading to great cyclability.
The battery with the COF-rGO membrane displays a capacity
of 1386.9mAhg™! initially and maintains at 1169.4mAhg™"
after 50 cycles. In addition, Sun and his group have constructed
COF nanosheets assembled with graphene nanosheets (GNs)
through the Schiff base reaction, providing a lithiated COF nano-
sheet (Li-CON) containing rich functional units like triazole and
phenolic, as well as ordered channels for the effective introduc-
tion of Li sites.””) COFs assembled with 2D GNs can form com-
pact layers on commercial Celgard separators, in which GN can
act as a conductive network to anchor PSs to decrease the
interfacial resistance and lessen the Li*-transfer distance.
Li-CON@GN cells have lower polarization (AV), smaller over-
charge potential, and lower charge-transfer resistance (R) com-
pared to CON@GN cells and GN cells. After 200 cycles at 0.5C,
the battery applying Li-CON@GN still maintains at
750 mA h g ', which is more superior to the other contrast sam-
ples. After 600 cycles, Li-CON@GN cells exhibit a reversible
capacity of 645 mAh g~' with a fading rate of 0.057% per cycle.
Furthermore, COF@G composites with PSs blockers and

© 2023 The Authors. Small Science published by Wiley-VCH GmbH
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conversion catalysts have also been prepared by Negishi et al.
(Figure 8f).[°? The crystalline TAPP-ETTB COF (synthesized
from  5,10,15,20-tetrakis(4-aminophenyl)porphyrin ~ (TAPP)
and from 4,4’4"4”-(ethene-1,1,2,2-tetrayl)tetrabenzaldehyde)
(ETTB) is employed to have a regular pore geometry, which pro-
vides sufficient sulfophilic sites for strong chemisorption and
catalysis of PSs. Meanwhile, graphene can achieve high electron
transport, which enhances the redox kinetics of S. At 0.2Ag™",
the TAPP-ETTB@G separator-based Li-S battery exhibits a high
reversible capacity of 1489.8mAhg ' along with excellent
cycling properties (920mA g™" after 400 cycles) (Figure 8i)
and good rate capacity (827.7 mAhg™" at a current of 2Ag™)
(Figure 8g,h).

MXene, a kind of promising and functional materials with
excellent conductivity, amphiphilic interactions with PSs, and
catalytic effects, present much potential in Li-S battery. In
2021, Li et al. have prepared the modification layer of PP separa-
tor involving Ti3C, nanosheets with guanidinium-based iCON
uniformly loading (Ti;C,@iCON) (Figure 9a).*” Innovating
platforms are provided by the synergetic effects of Ti3C, and
iCON, which can speed up the redox dynamics of PSs and enable
efficient conversion of PSs. The Li-S battery applying
Ti3C,@iCON coating layer displays a low capacity deterioration
(0.006% per cycle in 2000 cycles at 2C) (Figure 9b). The
separator is still effective at 7.6mgcm > S loading and
90 wt% S content, with areal, reversible, and volumetric capaci-
ties of 9.01 mAhcm™2, 1186 mAh g™, and 1201 mAhcm™> at
0.1C, respectively (Figure 9c,d).

Except for the carbon materials, polymer materials are also
one of the effective materials for combining with COFs to
enhance performance. Li et al. found that a novel zwitterionic
microporous polymer (QTB-SA) was an intriguing option for
advanced Li-S battery because it could accomplish decent Li*
transfer and outstanding ion-sieving effect (Figure 9e).*' By

_— ey
Condensation k’
Ti,C,@iCON

« Ti,C,@iCON-PP o Ti\CyPP + PP

1000
Cyele number ), —1GONS/S5

o, —CodIELORS
N\ Xy, — CNTSSEGTsS,
gy —poly T,

,

Ato1c

« 76mgem’

100 150 200
Cyde number

=
=

www.small-science-journal.com

spin-coating, they constructed a QTB-SA/COF/PP separator,
which demonstrated quick Lit conduction as well as efficient
immobilization and catalytic conversion of PSs by integrating
the microporosity of polymer and COFs and the zwitterionic
properties of polymer. The experimental results present that
the high prolonged cycling behavior of battery applying QTB-
SA/COF/PP separator (0.087% capacity degradation per cycle
at 1C after 500 cycles) and excellent rate performance (Figure 9f,g).
Additionally, the Li-S battery can reach an areal capacity of
3.4mAhcm ™ * after 100 cycles at 4.5 mgcm > S loading.

2.3.2. COFs-Modified Separator Facing Li Anode Side

An essential prerequisite for ensuring the safety of the battery is
the protection of the metal anode.'**! Due to the theoretical
capacities and low potentials, Li is viewed as a potential material
of anode for the next-generation batteries. Nevertheless, inhomo-
geneous Li deposition and the appearance of unregulated Li den-
drites lead to rapid capacity fading, low Li utilization, and poor
cycling performance.!*® The introduction of COFs may suppress
these problems based on the following considerations: 1) the
COFs with uniformly arranged channels may accelerate the
deposition kinetics and produce uniform electric-field distribu-
tion and 2) COFs with designable structure and imparted func-
tional groups can provide Li-adsorption sites and possess strong
interfacial interaction with Li anode surface.

Cai et al. demonstrated that aromatic functional groups in
COFs can guarantee the uniformly transfer of Li".*? To protect
the anode, the introduction of lithiophilic aromatic groups in PA-
COF coating layer could interact with Li*, decrease Li* solvation,
and promote uniform and quick Li* conduction. Even at
20mAcm™2, the Li* can still be consistently deposited and
stripped with the PA-COF-based separator in Li-Li symmetrical
cell. In addition, Feng and his colleagues have designed the
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Figure 9. Li-S battery with COF/MXenes and COF/QTB-SA composite—modified separators and their performance. a) Schematic diagrams for the prep-
aration of Ti;C,@iCON. b) Long life cycle test of batteries with Ti;C,@iCON-PP, Ti;C,—PP, and PP at 2C. c) Cycling stability of Ti;C,@iCON-PP with
90% S content and 7.6 mgcm 2 S loading at 0.1C. d) Comparison of the electrochemical performance of Ti;C,@iCON-PP with reported materials.
a—d) Reproduced with permission.®% Copyright 2021, Wiley-VCH. e) Schematic diagrams for the QTB-SA/COF/PP composite separator. f) Rate-capability
performance of batteries with QTB-SA/COF /PP, COF/PP, and PP separator. g) Long life cycle test of batteries with QTBSA/COF/PP, COF/PP, and PP
separator at 1C. e—-g) Reproduced with permission.®"! Copyright 2023, Elsevier.

Small Sci. 2023, 3, 2300056 2300056 (13 of 18)

© 2023 The Authors. Small Science published by Wiley-VCH GmbH

85UBD17 SUOWIWIOD aAITER1D) 3|aedl|dde ayy Aq peusenof ae sajp e VO ‘8sn Jo Se|nJ Joj ARiq18uUljuO /8|1 UO (SUOIIPUOD-PUE-SLLBI/LIOD A8 1M Alelq 1 pUluo//:SdNy) SUONIPUOD pUe SWie | 8y) 89S *[£202/2T/6T] U0 ARiqi auluo A3|IM ‘AISIeAIUN [UWION BUIYD YINoS Ag 95000£202 SWS/Z00T 0T/10p/wiod A3 1M Aeuq 1 pul|uo//sdny wou pepeojumoq ‘0T ‘€202 ‘Y0889


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

lipophilic COFs with triazine rings and carbonyl groups for Li
metal battery interlayer.®” The periodically arranged subunits
with numerous functional groups in lipophilic COFs are
beneficial to ensure smooth Li deposition, consistent Li*
efflux distribution, and less Li dendrite growth. With extremely
low polarization voltages of 0.5mAcm™' (12mV) and
1.0mA cm™" (14 mV), respectively, the symmetric battery with
COF interlayers exhibits exceptional cycling stability for over
2450 and 1000 h. The full cells coupled with S cathodes exhibit
outstanding energy density and rate performance.

Specifically, separators that can possess synergistic effect to
simultaneously conquer the bottlenecks of the both electrode
sides would be much desirable for the progress of powerful sep-
arator to satisfy the high requirement of S-based battery separa-
tors. Lan et al. reported an anisotropically hybridized separator
(CPM) based on catalytically conductive Ni3(HITP), and porphy-
rin-based COF modified with IL (COF-366-OH-IL) for Li-S bat-
tery.®® DFT calculations and adequate characterizations
demonstrate that CPM has anisotropic effects on both the
cathodic (e.g., PSs adsorption/catalysis) and anodic sides (e.g.,
Li* transfer, anode protection, and PSs adsorption) of the cell.
Notably, the battery based on obtained separator has an ultralow
polarization voltage (30mV), high Li*-transference number
(ti = 0.8), high initial specific capacity (921.38 mAhg™" at
1C), and excellent cycling performance, which is superior to
PP- and monolayer-modified separators.

2.4. COFs-Based Separator for Other S-Based Batteries

To date, there have been numerous breakthrough studies con-
centrating on the advancement of Li-S batteries.***¢
Nevertheless, owing to the restricted supply of Li sources and
the expected price increase, using Li-metal anodes may become
problematic in the near future. Researchers have explored a vari-
ety of alternative battery systems connecting the high-capacity S
cathode with various metallic anodes (e.g., Na, K, Mg, and Ca,
etc.) on account of the progress and advancement made in
Li-S batteries.*’” Nevertheless, there are few works about
COFs-based separators in these systems at current stage.
Based on our research of the published works, we find that
the research interest of scientists mainly focuses on S-based bat-
tery systems like Li-SeS, and Na-S, and there remains much
work to be carried out. Therefore, this part will briefly introduce
the recent work on Li-SeS, and Na-S battery, and we hope it will
give new insight for the development of COFs in these alternative
S-based battery systems.

In contrast to Li, Na is gaining more and more attention in the
battery field due to its more abundant reserves. Na—S battery is
remarkable for the superhigh energy density (1230 Whkg™?),
and low cost of Na when compared with Li-S battery.®* For sta-
tionary energy-storage applications, high-temperature Na—S bat-
tery (300-350°C) has been operated as commercial battery
system. Nevertheless, the high operating temperature would
limit its widespread use, thus room-temperature Na-S batteries
are gradually investigated by the research community.®” At
room temperature, the drawbacks of the Na—S battery are more
serious than that of the Li-S battery due to the difference
between Na and Li: 1) Na is substantially more active than Li,
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thus the dendritic formation of Na anode is much more severe
than Li anodel’; 2) Na polysulfides have a worse shuttling
impact than Li polysulfides caused by its higher solubility in lig-
uid electrolytes®?; 3) compared to a Li-S battery (80% volume
expansion), the volume expansion of cathode in Na—S battery
can reach up to 170%*”); and 4) Na™ exhibits slower charge trans-
mission and electrochemical reaction kinetics as well as increased
cell polarization due to their larger radius and lesser mobility when
compared to Li". Considering the modifiable and well-defined
structures with high porosity of COFs, precisely designed COFs
might serve as functional separators to promote the Na-S battery
performance and related works will be listed in the following part.

For instance, Wang and co-workers have synthesized a kind
of COFs-based thin films with azobenzene side groups
(Figure 10a).®®! The azobenzene branches possess two advan-
tages: 1) inhibiting the PSs shuttling effect by reducing the pore
size to the sub-nanometer range and 2) accelerating the Na*
migration by acting as ion-hopping sites. Specifically, at 0.2C,
the COFs thin film as the separator in Na-S battery shows a
reversible capacity of 1295mAhg™" and a low fading rate of
0.036% per cycle with 1000 cycles at 1C (Figure 10b). This study
emphasizes the significance of COFs design for separator mod-
ification in improving the Na—S battery performance.

To address the low electronic and ionic conductivity of ele-
mental S reactive substances, elements like Se, Fe, Ti, and Te
are doped with S to enhance its electrochemical activity.®”) Se
is especially appealing among them, and the doping of Se would
efficiently facilitate the reaction kinetics of S and inhibit the for-
mation of PSs, where SeS, obtains excellent electronic conduc-
tivity and strong ionic conductivity, thus making it to be the best
ratio choice.*®! In addition, SeS, also has a superior capacity of
1342 mAh g~ '. Nevertheless, the sluggish transportation of Li*
and shuttling effect attracted by polysulfides and polyselenides
have restricted the application of Li-SeS, battery. For instance,
a separator (TPB-DMTP-COF-coated separator) reported by
Cai et al. can effectively resolve these issues (Figure 10c).*”
When TPB-DMTP-COF applied in separator modification, the
accumulation of lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in channels results in narrower pore size and improved
transfer efficiency of Li" in cell. As a consequence, with a SeS,
loading of 2 mg cm ™2, the Li—SeS, battery attains a superior per-
formance with TPB-DMTP-COF separator of 844.6 mAh g™ ! at
0.5C. The cells demonstrate a specific capacity of 684 mAh g~ ' at
1C even with 4 mg cm ™2 SeS,. Moreover, the capacity of the battery
can be sustained at 416.3 mAh g™ ! after 800 cycles (Figure 10d).

In addition, Ke et al. have synthesized a kind of ATFG-COF
fiber (synthesized from 2,4,6-trihydroxy-1,3,5-benzenetrialde-
hyde and hydrazine) and modified it onto PP that can serve
as a coating layer in Li-SeS, battery.”” Experimental results
and DFT theoretical calculations show that the ATFG-COF with
abundant carbonyl group could facilitate Li* transport, and trap
bis[(trifluoromethyl)sulfonyl]azide anionics (TFSI™) through the
hydrogen bond generated between TFSI™ and the amino group
in the channel, thus narrowing the channels and promoting the
Li*-transfer number. Hence, ATFG-COF fiber coating can not
only reduce the appearance of Li dendrites by constructing a
quick and consistent Li* diffusing layer on the Li anode, but also
conquer the shuttling effect by screening polysulfide and polyse-
lenides ions. After 200 cycles at 0.5C, the Li-SeS, cell with the
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Figure 10. Schematic illustration and performance of Na-S battery with Azo—TbTh-modified separators and Li-SeS, battery with TPB—-DMTP-COF-modi-
fied separators. a) Schematic diagram of the synthesis and application of Azo—TbTh separator of Na—S battery. b) Cycling test of Na—S battery with Azo—
TbTh and glass-fiber separator up to 1000 cycles at 1C. a,b) Reproduced with permission.®® Copyright 2021, American Chemical Society. c) Schematics
image of Li-SeS, battery with the TPB-DMTP-COF separator. d) The long life cycle test of TPB-DMTP-COF-modified-separator-based Li-SeS, battery at
1C. ¢,d) Reproduced with permission.®? Copyright 2021, Royal Society of Chemistry.

ATFG-COF/PP separator presents high cycle stability with a
capacity of 509 mAh g™,

In addition, some researchers have also designed ionic COFs
with anionic or cationic structures that might possess functions
of interaction with Li*, PSs, or polyselenides. For instance, Zhao
et al. have synthesized ATG-DMTZ-COF (ATG: 1,3,5-benzene-
tricarboxaldehyde, DMTZ: 3,5-diamino-1,2,4-triazole) with abun-
dant N sites for Li-SeS, battery separator modification.”*! In the
pore channels of ATG-DMTZ-COF, the N atom would preferen-
tially interact with the Li* to create a N-Li bond to promote Li*
diffusion during battery cycle processes. Moreover, they demon-
strate that the presence of TFSI™ in the pore channel will cause
the pore size of ATG-DMTZ-COF to decrease thus inhibiting the
shuttling effects of PSs and polyselenides by the sieving
effect. Consequently, with a SeS, loading of 2.38 mgcm™?, the
battery applying the ATG-DMTZ-COF-modified separator exhib-
its exceptional performances with an initial capacity of
1028.7mAhg ' at 0.5C. Furthermore, after 700 cycles at 1C,
a specific capacity of 404.7 mAh g™ can be still maintained.

3. Perspective
On account of aforementioned content, we have summarized the

applications of COFs-modified separators in S-based battery yet

Small Sci. 2023, 3, 2300056 2300056 (15 of 18)

there are still some important issues need to be summarized and
discussed. As an imperative component in battery, separator
plays a profound role in settling problems in S-based battery
and an ideal S-based battery separator needs to meet the follow-
ing properties: 1) remarkable electrolyte wettability, high poros-
ity, and high electrochemical stability; 2) excellent mechanical/
thermal stability to tolerate dendrite formation; and 3) excellent
functions in PSs-adsorption/catalytic conversion and metal-ions/
electrolyte transport. Currently, its disadvantages such as low
wettability, inferior metal-ions/electrolyte transfer, and shuttling
effect of commercial separators hinder the performance of
S-based battery. To address these complicated issues with
S-based battery, modifying commercial separators with functional
materials is recognized as one of the most efficient techniques.
More importantly, due to the various conditions on both electrode
sides, the requirements for the separator are actually diversified.
For functional layers facing S cathode, the capacity of PSs adsorp-
tion/catalysis should be considered first as well as conductivity for
efficient transport of electrons between the electrode and separa-
tor. Simultaneously, an anodic interlayer should maintain rapid
Li* transfer and possess anode-protection capability.

The tunable properties of COFs (e.g., high porosity, well-
defined structure, modifiability, and crystallinity) provide much
possibility to be applied for S-based battery separators to meet the
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requirements of electrode. In terms of COFs material design,
previous research has guided the way: 1) homogeneous pore
channels facilitate metal-ion/electrolyte transport; 2) the precise
design of the structure allows the introduction of additional and
ordered active sites to improve the cell performance; 3) modula-
tion of the COFs nanomorphology (e.g., exfoliated nanosheets,
nano-fiber, etc.) may expose more active sites to improve cell
performance; and 4) design of the anionic/cationic backbone
to enhance the interactions with the metal ions, PSs, or
polyselenides. In terms of the strategy for the preparation of
COFs-modified separators, vacuum filtration, and casting are rel-
atively simple methods that are suitable for most of materials,
and allow facile adjustment of the modified layer (e.g., thickness
and composition, etc.). However, both methods might still
lead to high interfacial resistance and poor interfacial contact.
In addition to this, there has been some pioneering method
on in situ interfacial polymerization, yet it still faces obstacles like
large-scale production. Thus, it is desirable to explore more pow-
erful synthesis methods to conquer the technical barriers in the
production of COFs-modified separators.

Actually, the exploration of S-based batteries for potential
applications is still at early stage and the achieved performances
are still far from satisfactory. For most of reported S-based bat-
tery, they are difficult to achieve high energy density, long cycle
stability, and high-rate performance at the same time. There
remains a long way to go to promote the S-based battery from
laboratory investigation to practical application. As the most crit-
ical issues of S-based batteries, the PSs shuttle effect and lithium
dendrite problems are most important challenges to overcome.
Despite some advanced techniques like solid electrolytes can par-
tially address the PSs shuttle problems, tremendous efforts are
still needed to conquer the technical barriers for their potential
industrial applications. Moreover, other important issues like the
safety, cost, and feasibility in processing also needed to be
carefully and systematically studied.

COFs hold much promise to be applied in the separator of
S-based battery to conquer the possible challenges of S-based bat-
tery to some extent and the research directions concentrated on
COFs-modified separators of S-based battery are summarized as
follows: 1) the investigation of COFs-modified separators mainly
focuses on Li-S, Na-S, or Li-SeS, battery systems at current
stage and there is a huge demand for the development of more
advanced COFs-modified separators or novel battery systems to
achieve better performance; 2) processing methods with
enhanced interfacial interaction and low interfacial impedance
that can satisfy the demand of industrial production need to
be developed; 3) for the functionality of the separator, it is essen-
tial to systematically take the requirements for the both sides of
cathodic and anodic electrodes into consideration, and direction-
ally design the multifunctional COFs for further applications;
and 4) as a kind of crystalline materials, COFs can serve as suit-
able platforms to study the internal battery mechanisms yet more
deeper insights into the structure—property relationships are
needed to guide the material design. In this regard, a large num-
ber of pioneering works relating to both the design of COFs or
investigation of advanced battery techniques would still be essen-
tial to further accelerate the potential applications of COFs in the
separators of S-based battery.
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4, Conclusions

This review first comments the development history and struc-
tural characteristics of COFs for S-based battery separators; then,
it summarizes the preparation approaches of COFs-modified
separators containing vacuum filtration, casting, and interfacial
in situ polymerization; after that, it gives a systematic review on
the design and performance of S-based battery systems (includ-
ing Li-S, Na-S, and Li-SeS, battery) based on the requirements
of anodic or cathodic electrodes, and finally a perspective and
possible research directions in this field are also discussed.
Although the applications of COFs in separator modification
for S-based battery have attracted sustained attention, there is
a giant gap between the laboratory investigation and industrial
applications at current stage. As we envisioned, huge efforts
relating to COFs design or separator processing techniques
are still required to achieve “lab to industry” technology advance
in the next decades. We anticipate this review will offer fresh per-
spectives or guidance for readers to have a profound understand-
ing of this field and promote the development of novel COFs for
S-based battery applications to expand the limitation of current
battery technology.
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