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Covalent Organic Frameworks for Batteries

Dongyang Zhu, Guiyin Xu,* Morgan Barnes, Yilin Li, Chia-Ping Tseng, Zhuqing Zhang, 
Jun-Jie Zhang, Yifan Zhu, Safiya Khalil, Muhammad M. Rahman,* Rafael Verduzco,* 
and Pulickel M. Ajayan*

Covalent organic frameworks (COFs) have emerged as an exciting new class 
of porous materials constructed by organic building blocks via dynamic 
covalent bonds. They have been extensively explored as potentially superior 
candidates for electrode materials, electrolytes, and separators, due to 
their tunable chemistry, tailorable structures, and well-defined pores. These 
features enable rational design of targeted functionalities, facilitate the 
penetration of electrolytes, and enhance ion transport. This review provides 
an in-depth summary of the recent progress in the development of COFs 
for diverse battery applications, including lithium-ion, lithium–sulfur, 
sodium-ion, potassium-ion, lithium–CO2, zinc-ion, zinc–air batteries, etc. 
This comprehensive synopsis pays particular attention to the structure 
and chemistry of COFs and novel strategies that have been implemented 
to improve battery performance. Additionally, current challenges, possible 
solutions, and potential future research directions on COFs for batteries 
are discussed, laying the groundwork for future advances for this exciting 
class of material.
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For example, batteries enable a transition 
to electric vehicles[1–3] and offer solutions 
for storing sustainable sources of energy, 
including solar and wind.[1,2,4,5] There is 
a growing interest in the development of 
various battery technologies (Figure 1a,b), 
and improvements in energy densities, 
cycling stabilities, and safety are needed to 
meet the demand for energy storage.

These improvements can be achieved 
through the development or discovery 
of new materials that can be used in bat-
tery electrodes, electrolytes, or separators. 
A variety of porous materials have been 
studied and developed for use in batteries, 
including covalent organic frameworks 
(COFs),[6] metal-organic frameworks 
(MOFs),[6] and porous organic polymers 
(POPs).[7] These materials are attractive 
for energy storage applications because 
they all share tunable chemistry and 
structures, and their porous architecture 

facilitates the penetration of electrolyte and ion transport. They 
can be designed with redox-active functionalities or other func-
tionalities to increase charge storage capacity or improve ion 
mobility.[6–10] Among them, COFs are crystalline and porous 
materials built from modular organic building blocks.[11–13] 
Compared to MOFs, COFs have lower molecular weight and 
higher energy density since they are composed of light ele-
ments (C, H, N, O, B, etc.). COFs also display excellent stability 
in various solvents,[14] while the stability of MOFs is still a chal-
lenging problem.[15] Furthermore, the skeletons of COFs are 
composed of different organic linkers, while the skeletons of 
MOFs are constructed by metal ions and organic linkers, so it 
is easier to design more functionalities in COFs to realize the 
targeted properties. Compared to amorphous POPs with dis-
ordered structures, COFs have more ordered pore channels, 
facilitating ion transport. Crystalline structures of COFs also 
make it possible to predict their properties through theoretical 
simulations. Therefore, COFs have recently received growing 
interest (Figure 1c), including energy storage (Figure 1d). Pub-
lications on COFs and COF batteries have increased steadily in 
recent years (Figure 1c,d).

COFs have been extensively studied in the application of 
different batteries, including lithium-ion batteries (LIBs), 
lithium–sulfur batteries (Li-S), sodium-ion batteries (SIBs), 
potassium-ion batteries (PIBs), zinc-ion batteries (ZIBs), 
zinc–air batteries (Zn-air), lithium–CO2 batteries (Li-CO2) and 
lithium-silicon (Li-Si) batteries (Figure  2). The organic nature 

1. Introduction

Due to steady growth in worldwide energy usage and a shift 
toward renewable sources of energy, there is a need for inno-
vative energy storage solutions such as batteries. Batteries can 
help increase the utilization of renewable energy and poten-
tially reduce the demand for power supply during peak usage. 
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of COFs endows them with tunable chemistry and tailorable 
structures.[14] The redox-active sites can be predesigned into 
COF precursors with precise density and positions to alter the 
energy density of electrode materials.[16] Organic functionalities 
that promote metal ion mobility can also be precisely anchored 
in the structure of COFs, and thus overcome the sluggish ion 
transport drawbacks in batteries.[17,18] Additionally, functionali-
ties that can chemically interact with sulfur can be embedded in 
COF backbones, increase sulfur loading, and reduce sulfur loss 
during the charge-discharge process.[19–21] 2D layered structures 
of COFs ensure the ordered straightforward 1D pore channels 
that facilitate the ion transport and reduce resistance compared 
to complicated interlaced pore channels.[18] 2D layered struc-
tures also provide possibilities to control the thickness of COFs 
and give access to few-layered nanosheets that are desired in 
battery applications.[8] By taking advantage of these features, 
researchers managed to tackle the challenges in battery applica-
tions and improve their electrochemical performance.

In this review, we focus on the applications of COFs and 
COF composites in different electrochemical batteries, mainly 
LIBs, Li-S batteries, and other novel and emerging batteries, 
as illustrated in Figure  2. We summarize the latest progress 
and pay particular attention to the new structures and chem-
istries of COFs and novel strategies implemented to improve 
their performance. Finally, we will discuss the challenges in 
COF battery areas, put forward possible strategies to address 
current problems, and propose future potential research 
directions.

2. Application of COFs in LIBs

LIBs are the most promising energy storage technology for 
transportation applications. While lead-acid batteries are 
cheaper, more mature, and more widely used in vehicles, they 
do not produce sufficient power to replace internal combustion 
engines.[22] LIBs are superior to lead-acid batteries in capacity, 
efficiency, lifespan, and power.[23,24] Conventional LIBs are com-
posed of a graphite anode,[3,4,25] transition metal oxide cathode 
(e.g., LiCoO2, LiFePO4, and LiMn2O4),[23,26,27] electrolyte,[23,28–32] 
and membrane separator.[33–36] However, conventional LIBs 
cannot provide charge capacities greater than 200 mAh g−1 
due primarily to the limited energy storage capacity of the cat
hode.[3,23,25,27,37,38] Conventional LIBs also suffer from signifi-
cant capacity fade over repeated use, necessitating frequent 
replacement.[25,27,37,38] Therefore, there is a need for new mate-
rials and approaches that can increase both the capacity and 
lifespan of LIBs.

Inorganic battery materials generally offer higher energy 
storage capacities than organics;[3,25–27] however, organic mate-
rials provide several advantages, including lower cost, more 
abundant feedstocks, and greater sustainability.[3,4,6,8–10,26] 
However, it remains challenging to achieve high capacity and 
long cycle stability for organic electrodes since they have rela-
tively low conductivity and weak structural stability.[39–41] COFs 
provide several unique characteristics beneficial to electrode 
performance, including porous functional structures and excel-
lent chemical and thermal stabilities.[6,8–10] This section will 

Figure 1. Publication numbers by topic over time. Data from Web of Science March 2021 by searching the topic, a) lithium-ion battery, lithium–sulfur 
battery, sodium-ion battery, potassium-ion battery, zinc ion battery, zinc–air battery and lithium–CO2 battery, b) covalent organic frameworks, c) cova-
lent organic frameworks, battery.
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comprehensively summarize current studies of COFs in LIBs, 
including their applications in the anode, cathode, electrolyte, 
and separator.

2.1. Anode

The anode is also known as the negative electrode, releases Li-
ions to the electrolyte in the discharge process and receives 
Li-ions in the charging process.[3,4,25,38,42] Currently, the most 
popular anode materials are carbon-based materials (e.g., com-
mercial graphite) and porous, core-shell structures.[3,4,25] Cur-
rent experimental studies of COF anodes mainly focus on COFs 
with conjugated structures and a high density of redox-active 
sites,[43–48] hybrids of COFs with carbon materials (e.g., carbon 
nanotubes (CNT), graphene)[49] to enhance the electron conduc-
tivity and cycle stability, and exfoliated COF nanosheets[50–53] to 
shorten the Li-ion diffusion distance and increase access to active 
sites. Theoretical studies[54,55] have also been employed to under-
stand further the Li-ion insertion mechanism and transfer path-
ways at the anode. This section will introduce the most recent 
investigations of COFs as anode materials. Some reported critical 
parameters of these COF batteries are summarized in Table 1.

2.1.1. Highly Conjugated and Redox-Active COFs as Anode

Conjugated structures feature a backbone chain of alternating 
double and single bonds and a delocalized electron system. 

Currently, highly conjugated COFs have been designed by 
many researchers and used as anode materials in LIBs. In 
2005, Yang et  al.[47] reported the application of highly conduc-
tive 2D COFs composed of porphyrin and 4-thiophenephenyl 
moieties as anode materials in LIBs (TThPP COF in Figure 3a). 
The uniform, large-area polymer anode films were directly 
prepared by in situ chemical oxidative polymerization of 
meso-tetrakis(4-thiophenephenyl) porphyrin on copper foil 
surface. The uniform COF films were comprised of many flat 
nanosheets and showed superior in-plane conductivity (2.38 × 
10−4 Sm−1) compared to most organic electrodes, which typically 
have conductivities below 10−5 Sm−1.[41] The ordered alignment 
of 2D sheets facilitated the carrier transportation and Li-ion 
storage into layers and resulted in a high rate performance. It 
exhibited a reversible capacity (666 mAh g−1 at a current den-
sity of 200  mA  g−1) that was larger than graphitic[56] or other 
organic anodes.[57–63] At a current density of 1 A g−1, The ini-
tial discharge and charge capacity reached 623 mAh g−1 and 
401  mAh  g−1, respectively, and discharge capacity stabilized at 
381 mAh g−1 after 200 cycles.

Bai et  al.[43] prepared two fully conjugated COFs, N2-COF 
(Figure  3b) and N3 COF (Figure  3c), with high surface areas 
(1496 and 1142 m2 g−1, respectively). N2-COF and N3-COF have 
ordered stacking channels and features very small pore sizes 
(N2-COF ≈2.3  nm; N3-COF ≈1.6  nm). The ordered stacking 
enhanced Li-ion transport and electrolyte permeation. When 
the two COFs were applied as anode materials without any 
binders in LIBs with a metallic Li counter electrode in coin 
cells (2032), they showed discharge capacities of 735 and 

Figure 2. Schematics of COFs for different battery applications including lithium-ion batteries (LIB), lithium–sulfur batteries (Li-S), sodium-ion bat-
teries (SIB), potassium-ion batteries (PIB), zinc-ion batteries (ZIB), and zinc–air batteries (Zn-air), lithium–CO2 batteries (Li-CO2) and lithium-silicon 
batteries (Li-Si).
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732 mAh g−1 and charge capacities of 689 and 707 mAh g−1 at 
1 C (or 1 A g−1) for N2-COF and N3-COF, respectively. Each COF 
maintained excellent stability and showed a charge capacity of 
around 600 mAh g−1 after 500 cycles, 80% greater than the ini-
tial charge capacity. The long cycle stability was also reflected 
by the recovered capacity when the current density was reduced 
from 5 C to 2 C after many cycles.

A higher density of redox-active building blocks in con-
jugated COF structures can provide more lithium affinity 
sites and increase the potential capacity of batteries.[6,8–10,44,45] 
Researchers have developed versatile strategies to integrate 
more redox-active moieties[44,45] on each pore of COFs. Feng 
et  al.[45] designed a bicarbazole-based redox-active monomer 
and successfully integrated it into highly crystalline COFs 
(Cz-COF1 and Cz-COF2, Figure  3d,e). The bicarbazole arrays 
around the pore provided a high density of redox-active sites. In 

contrast, open 1D pore channels facilitated the electrolyte and 
ion transport, making these two COFs ideal for energy storage 
applications. Cz-COF1 (Figure  3d) exhibited a charge storage 
capacity of 628 mAh g−1 at 100 mA g−1, much higher than many 
POPs[64] and graphite.[56] Cz-COF1 (Figure 3d) also exhibited a 
capacity of 236 mAh g−1 after 400 cycles. Very recently, Wolfson 
et  al.[44] reported COFs with dehydrobenzoannulene-based 
redox-active moieties (DBA-COF3, Figure  3f). The unique 
π-conjugated triangular-shaped macrocycles showed reversible 
redox performance, and the alkynyl ligands could successfully 
bind Li-ions, making it applicable for battery applications. How-
ever, it showed a lower capacity (207 mAh g−1 at 50 mA g−1) and 
rate performance compared to other COF anodes.

Though researchers have made many efforts to design versa-
tile COF structures to improve the anode electrochemical per-
formance, a systematic understanding of the property-structure 

Table 1. Performance summary of COF anodes.

Anode materials COFs Electrolyte First charge-discharge  
(CC/DC/R)

Cycling stability  
(RC/R/CN)

Voltage vs  
Li/Li+/V

Ref.

Pure TThPP film TThPP COF 1 m LiPF6/EC/DMC(1:1,v/v) 401/623/1000 381/1000/200 0.005–3 [47]

Pure N2-COF without any binder N2-COF 1 m LiPF6/EC/DMC/DEC
(1:1:1,v/v)

689/735/1000 600/1000/500 0.05–3 [43]

Pure N3-COF
Without any binder

N3-COF 1 m LiPF6/EC/DMC/DEC
(1:1:1,v/v)

707/731/1000 593/1000/500 0.05–3 [43]

65 wt% PA-COF+25 wt% CB+10 wt%
(PVDF)

PA-COF 1 m LiPF6/EC/DMC/DEC
(1:1:1,v/v)

267/321.9/1000 401.3/1000/500 0.01–3.5 [48]

65 wt% TB-COF+25 wt% CB+10 wt%
(PVDF)

TB-COF 1 m LiPF6/EC/DMC/DEC
(1:1:1,v/v)

262.4/311.4/1000 379.1/1000/500 0.01–3.5 [48]

Cz-COF-1/acetylene black/sodium
Alginate (5:3:2, w/w/w)

Cz-COF-1 1 m LiPF6/EC/EMC/DMC
(1:1:1 v/v)

≈400/≈390/200
Second cycle

236/200/400 0.005–3 [45]

Cz-COF-1/acetylene black/sodium
Alginate (5:3:2, w/w/w)

Cz-COF-2 1 m LiPF6/EC/EMC/DMC
(1:1:1 v/v)

≈270/≈270/200
second cycle

≈158/200/400 0.005–3 [45]

DBA-COF 3/Super P/ 
PVDF (6:3:1, w/w/w)

DBA-COF 3 1 m LiPF6/EC/DMC
(1:1 v/v)

–/–/– 207/50/90 0.05–3 [44]

COF@CNT/acetylene black/ 
PVDF(8:1:1, w/w/w)

COF-LZU1 1 m LiPF6/EC/DEC
(1:1 w/w)

383/928/100 1021/100/500;
1536/100/500

0.005–3 [49]

TFPB-COF/CB/PVDF (8:1:1, w/w/w) TFPB-COF 1 m LiPF6/EC/DEC
(1:1 w/w)

–/–/– 126/100/300 0.005–3 [53]

E-TFPB-COF/CB/PVDF (8:1:1, w/w/w) TFPB-COF 1 m LiPF6/EC/DEC
(1:1 w/w)

1211/2046/100 968/100/300 0.005–3 [53]

E-TFPB-COF-MnO2/CB/ 
PVDF (8:1:1, w/w/w)

TFPB-COF 1 m LiPF6/EC/DEC
(1:1 w/w)

1274/2423/100 1359/100/300 0.005–3 [53]

IISERP-CON2/CB/PTFE (7.5:2:0.5) IISERP-CON2 1 m LiPF6/EC/DMC
(1:1 w/w) +2% FEC

≈160/340/100 790/100/1000 0.01–3 [50]

IISERP-CON3/CB/PTFE (7.5:2:0.5) IISERP-CON3 1 m LiPF6/EC/DMC
(1:1 w/w) +2% FEC

≈170/230/100 580/100/1000 0.01–3 [50]

IISERP-COF7/CB/PTFE (7.5:2:0.5) IISERP-COF7 1 m LiPF6/EC/DMC
(1:1 w/w) +2% FEC

≈240/≈240/100 200/100/1000 0.01–3 [50]

IISERP-COF8/CB/PTFE (7.5:2:0.5) IISERP-COF8 1 m LiPF6/EC/DMC
(1:1 w/w) +2% FEC

≈160/≈160/100 130/100/1000 0.01–3 [50]

IISERP-CON1/CB/PTFE (7.5:2:0.5) IISERP-CON1 1 m LiPF6/EC/DMC
(1:1 w/w) +2% fluoro ethylene glycol

≈750/2060/100 ≈600/500/1000 0.01–3 [52]

Note: all of them are half cells by using lithium metal as counter electrode; ethylene carbonate = EC; dimethyl carbonate = DMC; ethyl methylcarbonate = EMC; diethyl 
carbonate = DEC; 1,3-dioxolane = DOL; dimethoxyethane = DME; Fluoroethylene carbonate = FEC; carbon black = CB; polyvinyl chloride = PVDF; CC = charge capacity, 
mAh g−1; DC = discharge capacity, mAh g−1; R = rate, mA g−1 or C; RC = reversible capacity, mAh g−1; CN = cycling numbers.
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relationship and more molecular design strategies to increase 
the redox-active sites in the COF skeletons are still needed. It is 
crucial to study the electrochemical behavior of different conju-
gated COFs by systematically altering structural and chemistry 
variables. To increase the redox-active site density, the intro-
duction of redox-active functionalities in each COF monomer 
may serve as a possible solution. Alternatively, the introduction 
of functionalized side chains with redox-active sites can also 
increase the energy density.

2.1.2. Incorporation with Conductive Carbons

Organic materials suffer from poor conductivity compared to 
carbon-based materials and inorganic materials. This can be 
addressed by blending them with carbon-based materials such 
as CNTs, graphene, or other commercial conductive carbons. 
Both physical blending and in situ growth have been applied as 
effective approaches. Physical blending is simple and straight-
forward. The active materials are usually mixed with carbon 

black as a conductive agent and polyvinyl chloride (PVDF; poly-
vinylidene fluoride) binder through stirring in appropriate sol-
vents like N-methyl pyrrolidinone. Super-P conductive carbon 
and acetylene black are most widely used, and the weight 
percentage of these carbon additives usually ranges from 
≈10–30  wt%. However, the interfacial charge transport barrier 
existed in electrode samples prepared by physical blending 
though the electron conductivity can be improved.

Another strategy that is widely explored for both COF 
anodes[49,65] and cathodes[66–69] is to grow the COFs in the pres-
ence of CNTs, graphene, or reduced graphene oxide (rGO) 
(Figure  4a,b). Through in situ growth, COFs can bind with 
carbon materials through chemical interactions, which reduce 
the barrier for interfacial charge transport and enhance electron 
mobility.

For example, Wang and coworkers[49] achieved impressive 
charge storage capacities by in situ growth of COF-LZU on 
CNTs (1.4:1, w/w) (Figure 4c–e), which exhibited a high revers-
ible capacity of 1021 mAh g−1 after 500 cycles at 100  mA g−1 
(Figure  4e). The capacity first decreased to ≈230 mAh g−1 in 

Figure 3. Different COF chemistries and structures studied as anode materials. a) TThPP COF and its top view and side view. b) N2-COF c) N3-COF. 
d) Cz-COF1 e) Cz-COF2. f) DBA COF3.
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the initial ten cycles, then increased to 443 mAh g−1 from the 
tenth to 112th cycle, subsequently increased to ≈600 mAh g−1 
over the 112th to 225th cycle, and finally rapidly increased to 
1021 mAh g−1 from the 225th to 500th cycles and maintained 
this capacity without further degradation (Figure  4e). CNTs 
played a significant role in improving the electrochemical per-
formance of this anode. First, CNTs enhanced the electron con-
ductivity of COFs through chemical binding and π–π interac-
tion. Second, few-layer COFs can be produced due to the in situ 
separation by CNTs, thus exposing more redox-active sites.

While in situ growth is promising, it is difficult to control 
the uniformity of COFs on the conductive carbons. COFs are 
typically synthesized under solvothermal conditions without 
stirring, so the carbon materials precipitate in the reaction 
solvent and lead to the non-uniform growth of COFs on them. 
Furthermore, these carbon materials usually have a low disper-
sity in COF synthesis solution and have low interactions with 
COF functionalities. Therefore, it is important to improve the 

solvent dispersity of carbon materials and chemical interactions 
with COFs through surface modification techniques such as the 
introduction of NH2, CHO, and COOH functionalities. Micro-
wave reactions can also serve as an effective approach to ensure 
the homogeneous growth of COFs on carbon materials since 
microwave reactions produce highly crystalline and porous 
COFs and enable homogeneous dispersion of carbon materials 
in solution simultaneously.

2.1.3. Exfoliation of Bulk COFs into Nanosheets

Another challenge of the COF anodes is to overcome the slug-
gish lithium diffusion caused by multiple stacking layers. The 
stacking of COF sheets increases the Li-ion insertion distance 
and leads to poor lithium diffusion kinetics. This multilayer 
stacking can also block redox-active sites. Exfoliation of bulk 
COFs into few-layer nanosheets can increase the exposed 

Figure 4. In situ growth of COFs on a) CNTs and b) graphene. c) Diagrams for synthesis of COF-LZU. d) Top view schematics of COF@CNT. e) Cycling 
performance of COF@CNT. c–e) Reproduced with permission.[49] Copyright 2018, Nature Publishing Group.

Adv. Funct. Mater. 2021, 31, 2100505
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redox-active sites, reduce the lithium insertion distance, 
enhance the lithium transfer kinetics, and boost their electro-
chemical performance. Exfoliation of graphite into few-layer 
or single-layer graphene proves to be an effective strategy to 
improve the energy storage performance and has been widely 
investigated.[70] Similarly, researchers have managed to synthe-
size few-layer COF nanosheets (or called CONs)[50,52,53] from 

bulk COFs through multiple exfoliation methods to overcome 
the drawbacks of bulk materials (Figure 5a).

Chen et  al.[53] synthesized a bulk TFPB-COF (Figure  5b) 
and then exfoliated it into few-layer nanosheets (ETFPB-COF, 
Figure  5b,c) through a strong oxidant intercalation process 
using HClO4. They then produced an ETFPB-COF/MnO2 com-
posite through in situ reduction of KMnO4 on ETFPB-COF 

Figure 5. a) Schematic showing multiple approaches to exfoliate bulk COFs into few-layer nanosheets. b) Chemical exfoliation synthesis of few-layer 
ETFPB-COF with MnO2 particles from bulk COFs. c) High-resolution transmission microscopy graph of E-TFPB-COF/MnO2. d) Cycle performance of 
TFPB-COF, ETFPB-COF, and ETFPB-COF/MnO2. b–d) Reproduced with permission.[53] Copyright 2019, Wiley-VCH. e) Diagrams for synthesis of IISERP-
CON2 and IISERP-CON3 from bulk COFs through Diels–Alder reaction. f) Assembly of full cells using CONs and LiCoO2. g) Cycle performance of 
CONs. e–g) Reproduced with permission.[50] Copyright 2019, Wiley-VCH.

Adv. Funct. Mater. 2021, 31, 2100505
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(Figure  5b). The presence of MnO2 nanoparticles prevented 
the re-stacking and aggregation of ETFPB-COF nanosheets. 
The composite anode exhibited high capacity and long cycling 
stability due to the unique 2D few-layer structure and syner-
getic effect of COF and MnO2 nanoparticles. The composite 
displayed an initial charge/discharge capacity of 2423 mAh g−1 
and a reversible capacity of 1359 mAh g−1 after 300 cycles at 
0.1 A g−1 (Figure 5d). The porous structure of COFs suppressed 
significant volume expansion and shrinkage during the charge 
and discharge process. Meanwhile, the few-layer 2D structure 
exposed more redox-active sites, shortened the Li-ion inser-
tion distance, and facilitated their diffusion, leading to a higher 
capacity and shorter activation process compared to COF/
CNT.[49]

Haldar et  al.[50] exploited a chemical exfoliation method 
through post-insertion and successfully delaminated bulk 
COFs into few-layer CONs as anodic electrode materials. In 
detail, they first synthesized two bulk anthracene-based COFs 
(IISERP-COF7 and IISERP-COF8, see Figure  5e) and then 
utilized a thermal Diels–Alder reaction between anthracene 
moiety and maleic anhydride to exfoliate the black bulk COFs 
into brownish-red ultrathin CONs (CON2 and CON3, see 
Figure  5e) with a thickness ranging from 2 to 5 layers. COFs 
have relatively lower interlayer interactions and are much easier 
to be exfoliated compared to graphite, so the steric obstruc-
tion between layers generated by maleic anhydride could suc-
cessfully expand layer distance, weaken the layer interactions, 
and thus assist the chemical exfoliation process. Maleic anhy-
dride also introduced more redox-active carbonyl groups into 
COF structures and increased the theoretical capacity. When 
the CONs were applied as anode electrodes in a half cell with 
CON-LiPF6-Li metal coin-cell configurations, they delivered a 
steady capacity of 790 mAh g−1 for IISERP-CON2 (see structure 
in Figure  5e) and 580 mAh g−1 for IISERP-CON3 (see struc-
ture in Figure 5e) after 280 cycles at 100 mA g−1. After running 
for several cycles, the insertion of lithium into CONs occurred 
at very low potential (0–0.03 V) and contributed more current 
during this potential range. Furthermore, a full cell was fabri-
cated by the assembly of CONs as anode and LiCoO2 as cathode 
to evaluate the actual performance of CONs (Figure  5f). 
The potential window was set as E0 +/− 0.5 V to ensure com-
plete lithiation and delithiation. CON-2 and CON-3 exhibited 
specific capacities of 220 mAh g−1 with 92% capacity retention 
and 170 mAh g−1 with 68% capacity retention after 200 cycles, 
respectively (Figure 5g).

In addition to top-down strategies, bottom-up approaches are 
also effective in synthesizing few-layer nanosheets through the 
direct polycondensation of starting monomers. For example, 
Haldar et  al.[52] found few-layer COFs could be synthesized 
through a self-exfoliation process if the interlayer π–π interac-
tions are weak enough. They were able to prepare triazole-tri-
formyl phloroglucinol-based ultrathin CONs in one pot under 
mild conditions without further post-exfoliation. As an anodic 
material in half cells, these CONs showed a specific capacity of 
720 mAh g−1 at 100 mA g−1, which was the highest among all 
self-standing non-graphite organic materials. After 100 cycles, 
it retained a capacity of ≈570 mAh g−1 at a current density of 
1 A g−1, and the half cell retained Coulombic efficiency of 98% 
after 1000 cycles. However, bottom-up approaches cannot be 

widely applied to a variety of COFs since this method highly 
depends on monomer chemistry. More general ways such 
as introduction of templating agents should be developed to 
expand the applicable scope of bottom-up approaches.

In summary, multiple exfoliation approaches, including 
mechanical exfoliations and chemical exfoliations, have been 
utilized in the synthesis of COF nanosheets for electrode appli-
cations. It is still challenging to scale up and synthesize a large 
amount of COF nanosheets using a straightforward approach. 
Post-synthetic exfoliation also damaged the crystallinity of 
COFs. So, it is essential to develop one-pot synthesis strategies 
that can be easily scaled up without sacrificing the crystallinity 
of COFs. Controlling the thickness of COF nanosheets through 
exfoliations is also challenging. Introduction of side function-
alities on the pore channels of COFs that form steric hindrance 
and assist the exfoliation of interlayer sheets may serve as a 
possible solution.

2.2. COFs with Different Linkages as Cathode

Compared to anode materials, cathode materials play a more 
significant role in determining the specific capacity and 
working voltage of LIBs.[26,27,37] Graphite is the most widely 
used anode material and has a large theoretical capacity of 
372 mAh g−1.[25,26] By comparison, cathodes generally have 
much lower capacities (generally <200 mAh g−1), representing a 
bottleneck in the improvement of LIB energy density.[23,26,27,37,38] 
Inorganic materials including LiCoO2, olivine LiFePO4, 
LiMO2 (M: Ni, Co, Mn, etc.), and lithium-rich layered oxide 
xLi2MnO3(1−x)LiMO2 (M: Ni, Co, Mn, etc.) are of significant 
interest for cathodes.[23,26,38] COFs are also extensively investi-
gated, and current studies on COF cathode materials mainly 
focus on design carbonyl structures in COFs with different 
linkages and enhancement of conductivity by incorporation of 
carbon materials.[66–69,71,72] In this section, we comprehensively 
summarize the most recent applications of carbonyl-containing 
COFs with various linkages (boronate,[66] boroxine,[71] imine,[72] 
and imide[67–69]) as cathode materials (Figure 6). Strategies used 
in the anode section (e.g., incorporation with carbon materials, 
exfoliation, etc.) have also been applied in cathode materials 
and will be discussed in specific works. The critical parameters 
for the electrochemical performance of COF cathodes are sum-
marized in Table 2.

The first generation of cathode COF materials is based on 
unstable boronate-linked and boroxine-linked COFs. In 2015, 
Jiang and coworkers[66] designed a redox-active, crystalline, 
mesoporous COF with boronate linkages and naphthalene 
diimide walls on CNT (DTP-ANDI-COF, see Figure 6a). Naph-
thalene diimide monomer experienced significant discharge 
capacity attenuation due to the monomer dissolution in the elec-
trolyte. By comparison, DTP-ANDI-COF@CNTs demonstrated 
much higher stability and capacity due to the low solubility  
in the electrolyte, abundant porosity for electrolyte transpor-
tation, increased active site exposure, and higher electron  
mobility assisted by CNT. DTP-ANDI-COF@CNTs cathode 
achieved a capacity of 67 mAh g−1 and maintained a 100% Cou-
lombic efficiency after 100 cycles, indicating an 82% utilization 
efficiency of redox-active sites in the DTP-ANDI-COF@CNTs 
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cathodes and a 100% utilization efficiency of electrons and ions 
involved in the oxidation and reduction reactions (Figure  6b). 
CNTs allowed for rapid charge and discharge with negligible 
hysteresis, and as a result, the cathode demonstrated a rapid 
charge and discharge potential. The cathode also demonstrated 
good rate performance at a high charge rate. For example, the 
capacity was 58 mAh g−1 at 12 C, representing an 85% reten-
tion of the capacity at 2.4 C (Figure  6c, red line). Yao et  al.[13] 
designed a boroxine-linked COF with redox-active sites pyrene-
4,5,9,10-tetraone. A cathode composed of 70% COF and 30%  

CNT without any binder exhibited a specific capacity of  
198 mAh g−1, only 24% capacity decrease at 1000 mAh g−1 com-
pared to that at 100 mAh g−1, and Coulombic efficiency of 99.6% 
after 150 cycles. In general, the specific capacities of bonoate-
linked and boroxine-linked COFs are low compared to existing 
polymer cathodes.[39,73,74] Additionally, the long-cycle stability of 
these COF cathodes is limited due to the insufficient chemical 
stability of boronate or boroxine linkages in the electrolyte.

The stability of COF cathodes has to be improved to achieve 
longer recycling performance. To address this problem, the 

Figure 6. Development of COFs with increasingly stable linkages as cathode materials. a) DTP-ANDI-COF with boronate linkages and DTP-ANDI-
COF@CNT composites. b) Cycling performance and c) rate performance of DTP-ANDI-COF@CNT. a–c) Reproduced with permission.[66] Copyright 
2015, Nature Publishing Group. d) Tb-DANT COF with imine linkages and Tp-DANT COF with ketone linkages. e) Cycling performance of Tb–DANT-
COF; f) rate capability and Coulombic efficiency of Tb–DANT-COF. d–f) Reproduced with permission.[72] Copyright 2016, Royal Society of Chemistry. 
g) Graphics of 2D-PAI@CNT. Electrochemical test for 2D-PAI@CNT: h) cycle performance, i) charge-discharge profiles, j) rate capacity. g–j) Reproduced 
with permission.[69] Copyright 2019, Wiley-VCH.
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second-generation COF cathode materials with imine or ketone 
linkages were proposed.[72] For example, Yang et al.[72] designed 
an amine monomer containing naphthalene diimide and pre-
pared two highly crystalline imine- and ketone-linked COFs 
(Tp–DANT-COF and Tb–DANT-COF, see Figure 6d). The conju-
gated backbones and regular pores facilitated the ion transport, 
and strong covalent linkages helped avoid the dissolution of 
redox-active moieties. Hence, these two COFs exhibited higher 
specific capacity and improved cycling stability compared to 
boronate- and broxine-linked COFs. Tb–DANT-COF delivered 
an initial discharge capacity (123.7 mAh g−1) and retained a dis-
charge capacity after 200 cycles (Figure 6e). Tb–DANT-COF also 
exhibited good rate performance. The specific discharge capaci-
ties were 118.1, 101.7, 94.4, 85.4, 76.8, and 66.6 mAh g−1 at cur-
rent rates of 0.34, 0.69, 1.4, 3.4, 6.9 and 13.7 C, respectively. The 
discharge capacity recovered gradually when the current rates 
suddenly decreased to 0.69 C (Figure 6f).

The third generation of COF cathode materials is based on 
imide-linked COFs with greatly improved stability compared to 
imine- or boronate- or broxine-linked COFs. For example, Luo 
et al.[67] designed a microporous imide COF featuring abundant 
carbonyl groups (10 redox-active sites in each repeat unit). After 
blending with graphene, it exhibited a capacity of 271 mAh g−1 
with fast kinetics and long cycle stability due to the sufficient 
utilization of carbonyl groups and enhanced electron and Li-ion 
mobility. Wang et al.[68] also incorporated rGO sheets with imide 
COFs to improve the conductivity. The bulk COFs were further 
exfoliated into few-layer nanosheets to expose the redox-active 

sites fully. The bulk imide COF/rGO displayed a capacity of 
85 mAh g−1 (60% of theoretical capacity), whereas the few-layer 
imide COF/rGO showed a higher capacity of 112 mAh g−1 (79% 
of theoretical capacity). The few-layer imide COF/rGO cathode 
retained a nearly constant capacity after 300  cycles, and their 
Coulombic efficiencies kept almost 100%. A milestone in the 
development of imide COF cathodes was a 2D polyacrylimide 
COF grown on CNT (2D-PAI@CNT, Figure  6g) reported by 
Feng and coworkers.[69] It achieved extremely long stability 
without capacity fading after 8000 cycles (Figure  6e). The 
capacity of 2D-PAI@CNT was similar to the capacitor and had 
less relevance with the current (Figure 6i,j). The fast transpor-
tation of Li-ions and electrons within the 2D-PAI@CNT elec-
trodes ensured the charge-discharge curves to keep a similar 
shape without apparent polarization (Figure 6i).

In summary, COF cathode materials have evolved from those 
with unstable linkages (boronate, broxine) to those with more 
stable linkages (imide). Stabler linkages hinder the dissolution 
of COFs in electrolytes and enormously enhance their recy-
cling stability. However, imide-linked COFs are very difficult 
to synthesize due to the harsh reaction conditions, including 
high temperature (180–250 °C) and long reaction time.[69,75,76] 
To date, only a few imide COFs have been reported.[69,75–77] 
It is necessary to develop more straightforward synthesis 
approaches for imide COFs and enrich the imide COF library. 
Developing COFs with other stable linkages like polyarylether 
linkages,[78] amide linkages,[79] oxazole linkages,[80] and thiazole 
linkages[80,81] can also serve as possible solutions.

Table 2. Summary table of COF cathode.

Cathode materials COFs Electrolyte Initial capacity (CC/DC/R) Cycling stability  
(RC/R/CN)

Voltage vs  
Li/Li+/V

Ref.

DTP-ANDI-COF DTP-ANDI-COF LiPF6/EC+DMC (1:1, w/w) –/42/200 21/200/30 1.5–3.5 [66]

DTP-ANDI-COF/CNT DTP-ANDI-COF LiPF6/EC+DMC (1:1, w/w) 60/62/200 74/200/700 1.5–3.5 [66]

PPTODB/MWCNT PPTODB LiPF6/EC+DMC (1:1, v/v) –/–/– 198/20/150 1.5–3.5 [71]

Tp-DANT-COF Tp-DANT-COF 1 m LiPF6/EC+DMC/EMC (1:1:1, v/v/v) 78.9/93.4/200 72.8/200/600 1.5–4.0 [72]

Tb–DANT-COF Tb–DANT-COF 1 m LiPF6/EC+DMC/EMC (1:1:1, v/v/v) 135.4/144.4/50 80.1/500/300 1.5–4.0 [72]

PIBN-G PIBN 1.0 m LiTFSI/DOL)/DME) (1:1, v/v) –/242.3/1 C & –/206.7/5 C 208.1/1 C/300 &  
182.3/5 C/300

1.5–3.5 [67]

PI-COF-1 PI-COF-1 1.0 m LiPF6/DMC/EC/EMC (1:1:1 v/v/v) 84/85/14.2 –/–/– 1.5–3.5 [68]

PI-ECOF-1 PI-ECOF-1 1.0 m LiPF6/DMC/EC/EMC (1:1:1 v/v/v) 105/112/14.2(0.1 C) second cycle 43/1 C/300 1.5–3.5 [68]

PI-ECOF-1 PI-ECOF-1 1 m LiTFSI/DOL/DME (1:1, v/v) 102/103/14.2(0.1 C) second cycle 72/1 C/300 1.5–3.5 [68]

PI-ECOF-1/rGO10  
(10% rGO, w/w)

PI-ECOF-1 1 m LiTFSI/DOL/DME (1:1, v/v) 120/110/14.2(0.1 C) second cycle 83/1 C/300 1.5–3.5 [68]

PI-ECOF-1/rGO30  
(30% rGO, w/w)

PI-ECOF-1 1 m LiTFSI/DOL/DME (1:1, v/v) 140/127/14.2(0.1 C) second cycle 90/1 C/300 1.5–3.5 [68]

PI-ECOF-1/rGO50  
(50% rGO, w/w)

PI-ECOF-1 1 m LiTFSI/DOL/DME (1:1, v/v) 180/167/14.2(0.1 C) second cycle 102/1 C/300 1.5–3.5 [68]

PI-ECOF-2 PI-ECOF-2 1 m LiTFSI/DOL/DME (1:1, v/v) 118/103/14.2(0.1 C) second cycle 40/1 C/300 1.5–3.5 [68]

PI-ECOF-2/rGO PI-ECOF-2 1 m LiTFSI/DOL/DME (1:1, v/v) 130/124/14.2(0.1 C) second cycle 67/1 C/300 1.5–3.5 [68]

2D-PAI 2D-PAI 1 m LiTFSI/DOL/DME (1:1, v/v) NR 28.5/100/50 1.5–3.5 [69]

2D-PAI@CNT 2D-PAI 1 m LiTFSI/DOL/DME (1:1, v/v) NR 104.4/100/8000 1.5–3.5 [69]

Note: All of them are half cells by using lithium metal as anode; ethylene carbonate = EC; dimethyl carbonate = DMC; ethyl methylcarbonate = EMC; lithium bis (trifluo-
romethane) sulfonimide = LiTFSI; 1,3-dioxolane = DOL; dimethoxyethane = DME; CC = charge capacity, mAh g−1; DC = discharge capacity, mAh g−1; R = rate, mA g−1 or C; 
RC = reversible capacity, mAh g−1; CN = cycling numbers.
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2.3. Electrolyte

The electrolyte is another crucial component of an electrochem-
ical battery. The electrolyte conducts ions between anode and 
cathode, but it is insulative to electrons.[23,28–32,38] Currently, 
liquid electrolytes are mostly used in LIBs, such as LiPF6 com-
bined with ethylene carbonate (EC) and dimethyl carbonate 
(DMC).[28,29,31,32] However, many intrinsic drawbacks exist in 
liquid electrolytes. First, liquid electrolytes have caused many 
safety concerns due to their low voltage windows and flamma-
bility, especially under high power operations or in large-size 
batteries.[28,29,31,82] Second, dissolution of active materials and 
side reactions often occur in liquid electrolytes, which deacti-
vates the electrode materials and decreases the cycle stability 
and rate performance.[28–31] Third, liquid electrolytes usually 
have low lithium transport numbers around 0.5.[28–31]

Solid-state electrolytes (SSEs) can avoid the above issues and 
show a promising future in battery applications. Chalcogenides 
and solid-state polymers are commonly used as SSEs.[31] Chal-
cogenides are expected to have fast ion conductivities exceeding 
10−2 S cm−1 due to the large size and high polarizability of chal-
cogenide ions. However, chalcogenides suffer from low energy 
densities due to their high molecular weights.[31,83] Solid-state 
polymers composed of all-light elements, such as polyethylene 
oxide (PEO) or polyethylene glycol (PEG), exhibit high chem-
ical and thermal stability, so they are also commonly used as 
SSEs.[31,32] However, many solid-state polymers only have very  
low lithium transfer numbers (≈0.2–0.5) since most Li-ion 
transportations are facilitated by the swelling of polymer 
chains.[31,32,84]

COFs have been extensively investigated as solid electro-
lytes due to their ease of functionality and pore structure tun-
ability.[82] Various strategies have been employed to enhance the 
Li-ion conductivity, reduce the activation energy, and improve 
Li+ transfer numbers of COF SSEs.[17,18,84–91] This section will 
summarize the investigations on COF electrolytes to date, 
including ionic COFs, pore decorations, pore channel align-
ment, and COFs as artificial solid electrolyte interfaces (SEI). 
The key parameters to evaluate SSEs, including Li-ion conduc-
tivity, Li+ transfer numbers, and activation energy, are summa-
rized in Table 3.

2.3.1. Ionic COFs as SSEs

The introduction of ionic scaffolds in the structure of polymers  
can increase the dielectric constant of the materials and screen 
Coulombic interactions more effectively. Therefore, ionic func-
tionalities can produce more free mobile ions and improved Li+ 
conductivity. The incorporation of ionic functionalities in COFs 
has also been implemented as an effective approach to enhance 
Li+ transport. In 2015, Zhang and coworkers[85] synthesized an 
ionic spiroborate-linked COF (ICOF-1, Figure 7a) and employed 
the Li+ decorated ionic COF (ICOF-2, Figure 7a) as SSEs for the 
first time. ICOF-2 and PVDF composite films (2:1, w/w) were 
soaked in propylene carbonate (PC) and used as SSE. It exhib-
ited a conductivity of 3.05 × 10−5 S cm−1 at room temperature 
without any contribution from PVDF or PC. ICOF-2 SSE also 
possessed a favorable activation energy (0.24 eV atom−1) and Li+ 

transfer number (0.80 ± 0.02). Similarly, Wang and coworkers[86] 
designed and synthesized a 3D spiroborate-linked anionic COF 
constructed by γ-cyclodextrins (γ-CD) and trimethyl borate 
(B(OMe)3) (see CD-COFs in Figure  7b) through microwave-
assisted solvothermal reactions. High porosity, flexible building 
blocks, and anionic feature of the CD-COFs led to excellent 
Li+ conductivity. When they were employed as SSE after being 
immersed in a 1.0 m solution of LiPF6 in EC and DMC with 
a volume ratio of 1:1 for 12 h twice and pressed into pellets, it 
displayed activation energy of 0.26  eV and Li+ conductivity of 
2.7 × 10−3 S cm1 at 30 °C. Chen et al.[87] applied a cationic COF 
nanosheet (Figure 7c) as a SSE instead of using the bulk ionic 
COFs. Li-CON-TFSI (TFSI = bis (trifluoromethane) sulfon-
imide) SSE was synthesized through Schiff-base polycondensa-
tion (Step I, Figure  7c), replacement of Cl− by TFSI− through 
ion-exchange with lithium bis (trifluoromethane) sulfonimide 
(LiTFSI) to produce CON-TFSI (Step II, Figure 7c), and incor-
poration with LiTFSI salt to produce Li-CON-TFSI (Step III, 
Figure  7c). Dry Li-CON-TFSI powder sample was directly 
pressed into pellets without using any solvent or plasticizers 
and tested using electrochemical impedance spectroscopy (EIS) 
at different temperatures. Li-CON-TFSI displayed a conductivity 
of 5.74 × 10−5 S cm−1 at 30 °C and 2.09 × 10−4 S cm−1 at 70 °C. 
It also showed comparable activation energy of 0.34 eV atom−1  
as other reported COFs.[85,86] However, the Li+ transfer number 
(0.61 ± 0.02) was relatively low.

Currently, only a low diversity of ionic COFs exists due to 
the limited quantities of ionic monomers. To design new ionic 
monomer structures that can interact with Li-ions may expand 
the application scope of ionic COFs. The relationship between 
Li-ion mobility and different ionic species is unclear and yet to 
be uncovered through systematic experimental and theoretical 
studies.

2.3.2. Pore Wall Decoration

Pore wall decoration is another effective approach to function-
alize COFs and improve their electrolyte performance. Func-
tional moieties can be either precisely predesigned in COF 
monomers or introduced into the COF skeleton through post-
synthetic reactions. PEO-based electrolytes are attractive for 
LIBs due to their high energy density and compatibility with Li-
ions.[17,31,32] Furthermore, PEO functionalities can provide high 
structural dynamics and high concentrated ion hopping sites for 
Li+ motion.[17,31,32,84] Therefore, researchers have implemented 
PEO in COF structures to improve their ion conductivity.[17,18,84] 
Jiang and coworkers[17] first compared the electrolyte perfor-
mance between a COF without PEO side chains and a COF 
with PEO side chains (TPB-BMTP-COF, see Figure 8a). The two 
COFs were further incorporated with Li+ through solution diffu-
sion of LiClO4 and produced lithium inserted COFs. The lithium 
inserted COFs without PEO showed high activation energy 
(0.96 eV atom−1) and low Li+ conductivity (1.36 × 10−7, 6.74 × 10−7, 
and 5.37 × 10−6 S cm−1 at 40, 60, and 80 °C, respectively). How-
ever, the lithium inserted COFs with PEO side chains displayed 
a decreased activation energy (0.87  eV atom−1) and improved 
Li+ conductivity (6.04 × 10−6, 2.85 × 10−5, and 1.66 × 10−4 S cm−1 
at 40, 60, and 80 °C, respectively). By comparison, composites 
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prepared by physically mixing COFs without PEO side chains, 
LiClO4, and PEO (average molecular weight Mn = 400) exhibited 
a much lower conductivity and thermal instability, indicating 
that covalent integration of oligo(ethylene oxide) chains on the 
pore walls was essential for reaching a stable polyelectrolyte 

interface and thus achieving stable performance. Jiang and 
coworkers further designed a series of COFs with varied densi-
ties of polyelectrolyte side chains on the hexagonal backbones.[18] 
They discovered that polyelectrolyte chains on the pore walls 
of COFs could significantly promote ion motion. Still, a higher 

Table 3. Summary of COFs as solid-state electrolytes.

Pub year COFs Additives tLi+ σ (S cm−1) Ea (eVatm−1) Ref.

2015 ICOF-2 (with Li+) PVDF/PC 0.80 ± 0.02 3.05 × 10−5@RT 0.24 [85]

2017 CD-COF (with Li+) LiPF6/EC/DMC NR 2.7 × 10−3 0.26 [86]

2018 Li-CON-TFSI LiTFSI 0.61 ± 0.02 5.74 × 10−5@30 °C; 2.09 × 10−4@70 °C 0.34 [87]

2018 Li+@TPB-DMTP-COF LiClO4 NR 1.36 × 10−7 @40 °C 0.96 [17]

2018 Li+@TPB-BMTP-COF LiClO4 NR 6.04 × 10−6@40 °C 0.87 [17]

2018 Li+&PEO@TPB-DMTP-COF LiClO4 NR 7.93 × 10−5 @40 °C 0.30 [17]

2019 Li+@TPB-TP-COF LiClO4 NR 3.25 × 10−9@40 °C; NR [18]

2019 Li+@TPB-DMTP-COF LiClO4 NR 1.36 × 10−7 @40 °C 0.96 [18]

2019 Li+@[TEO]0.33-TPB-DMTP-COF LiClO4 NR 7.77 × 10−6@40 °C 0.78 [18]

2019 Li+@[TEO]0.5-TPB-DMTP-COF LiClO4 NR 1.31 × 10−5@40 °C 0.68 [18]

2019 Li+@TPB-BMTP-COF LiClO4 NR 6.04 × 10−6@40 °C 0.87 [18]

2019 Li+@[TEO]0.33-TPB-BMTP-COF LiClO4 NR 8.43 × 10−6@40 °C 0.82 [18]

2019 Li+@[TEO]0.5-TPB-BMTP-COF LiClO4 NR 5.51 × 10−6@40 °C NR [18]

2019 Li+@[TEO]1-TPB-BPTA-COF LiClO4 NR 9.04 × 10−7@40 °C NR [18]

2019 COF-PEO-9-LiTFSI LiTFSI NR 0.12 × 10−3 @100 °C;
1.3 × 10−3 @200 °C;
7.8 × 10−3 @300 °C

NR [84]

2019 COF-PEO-3-Li LiTFSI NR 9.72 × 10−5@200 °C NR [84]

2019 COF-PEO-6-Li LiTFSI NR 3.71 × 10−4@200 °C NR [84]

2019 COF-PEO-9-Li LiTFSI NR 1.33 × 10−3@200 °C NR [84]

2019 PEG-Li+@EB-COF-ClO4 PEG; LiClO4 0.60 1.93 × 10−5@30 °C;
1.08 × 10−3@100 °C;
1.78 × 10−3@120 °C;

0.21 [88]

2019 PEG-Li+@CD-COF-Li PEG; LiClO4 0.20 2.60 × 10−5@30 °C;
1.30 × 10−4@120 °C;

0.17 [88]

2019 PEG-Li+@COF-300 PEG; LiClO4 0.44 1.40 × 10−6@30 °C;
9.11 × 10−5@120 °C;

0.20 [88]

2019 PEG/Li+/EB-COF-ClO4 PEG; LiClO4 NR 6.80 × 10−7@30 °C; NR [88]

2019 PEG-Li+@COF-5 PEG; LiClO4 0.40 3.60 × 10−8@30 °C;
3.49 × 10−5@120 °C;

0.35 [88]

2019 Li+@CD-COF-Li LiClO4 NR 7.81 × 10−7@120 °C; NR [88]

2019 H-ImCOF and LiClO4 LiClO4, ≈20 wt% PC 0.21 4.0 × 10−5@RT NR [89]

2019 H-Li-ImCOF n-BuLi, ≈20 wt% PC 0.88 5.3 × 10−3@RT 0.12 [89]

2019 CH3-Li-ImCOF n-BuLi, ≈20 wt% PC 0.93 8.0 × 10−5@RT 0.27 [89]

2019 CF3-Li-ImCOF n-BuLi, ≈20 wt% PC 0.81 7.2 × 10−3@RT 0.10 [89]

2019 TpPa-SO3Li LiOAc 0.90 2.7 × 10−5 @RT 0.18 [90]

2016 COF-5 LiClO4 NR 2.6 × 10−4 @RT 0.37 ± 0.04 [91]

2016 TpPa-1 COFs LiClO4 NR 1.5 × 10−4 @RT NR [91]

2019 PVDF/S-COF-1 20 wt% COF additives 0.46 1.9 × 10−4 @RT NR [96]

2019 PVDF/H-COF-1@5 20 wt% COF additives 0.61 2.2 × 10−4 @RT NR [96]

2019 PVDF/H-COF-1@10 20 wt% COF additives 0.71 2.5 × 10−4 @RT NR [96]

Note: propylene carbonate (PC); ethylene carbonate (EC) and dimethyl carbonate (DMC).
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concentration of polyelectrolyte chains above a threshold would 
lead to a significant decrease in pore volume and low loading of 
ion species. It is vital to control the concentration of polyelec-
trolyte chains and compromise between enhanced ion transport 
and decreased pore volume.

Horike and coworkers[84] also incorporated flexible, bulky, 
and glassy PEO moieties with different lengths (PEO-3, PEO-6, 
PEO-9) into hydrazone-linked COFs (COF-PEO-x, x  = 3,6,9, 
see Figure 8b). PEO chains were predesigned in the hydrazide 
monomers rather than introduced through post-synthetic 
reactions to ensure a high loading. They found that increased 
length of PEO chains would decrease the crystallinity and 
internal surface area of COFs. To test the Li+ conductivity, COF-
PEO-x were incorporated with lithium bis (trifluoromethane) 
sulfonimide (LiTFSI) to form COF-PEO-x-Li samples. The Li+ 
conductivity increased with the PEO length, and the conductivi-
ties of COF-PEO-3/6/9-Li at 200 °C were 9.72 × 10−5, 3.71 × 10−4, 
and 1.33 × 10−3 S cm−1, respectively. However, the all-solid-state 
battery assembled using COF-PEO-9 as electrolyte showed poor 
stability and relatively low capacity. The actual application of 
COF SSEs still needed improvement.

Another effective molecular engineering strategy to improve 
Li+ conductivity of solid-state COF electrolyte is integration of 
PEG functionalities (see Figure  8c). High-molecular-weight 
(weight average molecular weight, Mw) PEO decreases the 
crystalline regions and consequently limits ionic conductivity 
(≈10−7 S cm−1 at room temperature).[88] However, lower-molec-
ular-weight PEG has high chain dynamics and can assist ion 
conduction.[88] In a work reported by Wang and coworkers,[88] 

they incorporated PEG units into anionic, neutral, or cationic 
COFs to accelerate Li+ conduction (see Figure  8c). Instead of 
complicated chemical integration of PEG chains on the back-
bones, PEG-Li+@COFs (Figure  8c) were simply prepared by 
immersing COFs in an acetonitrile solution of PEG and LiClO4 
followed by complete evaporation of the solvent. PEG could 
be confined in the pore channels of COFs rather than just 
adsorbed on the surface. Li+ conductivity test revealed that the 
anionic COF (PEG-Li+@CD-COF, Figure  8c) had a very low 
Li+ transfer number (0.2) and low Li+ conductivity. In contrast, 
neutral COFs (PEG-Li+@COF-5 or COF-300, Figure  8c) and a 
cationic COF (PEG-Li+@EB-COF-ClO4, Figure  8c) exhibited 
higher Li+ conductivity due to the enrichment of ion hopping 
pathways. Particularly, PEG-Li+@EB-COF-ClO4 (Figure  8c) 
offered a Li+ transfer number of 0.6, which was higher than 
other COFs studied. It also displayed low activation energy of 
0.21 eV and high Li+ conductivity of 1.78 × 10−3 S cm−1 at 120 °C. 
This conductivity was ultrahigh among all polymeric crystalline 
porous materials based on all-solid-state conductors without 
any residue solvents. The critical parameters of other COF-
derived electrolytes are summarized in Table 3.

Other functionalities such as imidazolate and sulfonate are 
also effective for enhancing the Li+ conduction. For example, 
Zhang and coworkers[89] designed a series of ionic COFs with 
imidazolate decorated pore channels (H-ImCOF, CH3-ImCOF, 
CF3-ImCOF, see Figure  8d). Li+ encapsulated COFs (H-Li-
ImCOF, CH3-Li-ImCOF, CF3-Li-ImCOF, Figure  8d) were pre-
pared by stirring Im-COFs in n-BuLi/hexane solution (1.6 m, 
0.1  mL). These Li-ImCOFs exhibited excellent Li+ conductivity 

Figure 7. a) Structures of ICOF-1 and ICOF-2. Reproduced with permission.[85] Copyright 2016, Wiley-VCH. b) Diagrams for synthesis of CD-COFs. 
Reproduced with permission.[86] Copyright 2017, Wiley-VCH. c) Diagrams for three-step synthesis of Li-CON-TFSI. Reproduced with permission.[87] 
Copyright 2018, American Chemical Society.
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(up to 7.2 × 10−3 S cm−1), low activation energy (low to 0.10 eV 
atom−1), and high Li+ transfer number (0.81). CF3-Li-ImCOF 
demonstrated the highest Li+ conductivity due to the strong 
electron-withdrawing effect of CF3 groups, which helped delo-
calize the negative charge of imidazolate anions and weakened 
the interactions between Li+ and COF skeletons, thus pro-
moting the ion motion and improved the Li-ion conductivity. 
Lee et  al.[90] designed lithium sulfonated COF (TpPa-SO3Li, 
Figure  8e) as a solvent-free, single Li+ conductor. TpPa-SO3Li 
possessed well-defined 1D pore channels, sulfonate tethered 
Li+ on the edge of pores, and a high density of Li+ inside the 
small pore channels, so it displayed a very high ion conductivity 
(2.7 × 10−5 S cm−1), excellent Li+ transfer number (0.9), and 
desired activation energy (0.18  eV atom−1). A Li/Li symmetric 
cell was further fabricated by using TpPa-SO3Li as the SSE 
and was repeatedly tested at 10 µA cm−2 for 4 h per cycle. The 

as-fabricated cell exhibited high Li plating/stripping stability 
and reliability. It did not show any significant decrease or irre-
versible fluctuation of overpotential after running more than 
320 h (Figure 8f). Interfacial resistance (RInt) of the cell did not 
increase appreciably with time, indicating a stable cyclability 
resulting from good interfacial stability between TpPa-SO3Li 
electrolyte and Li metal electrodes (Figure 8g).

In summary, functionalization of the pore walls is an effec-
tive approach for enhancing the electrolyte performance of 
COFs. Functionalities including PEO, PEG, imidazolate, and 
sulfonate can improve the performance of COF SSEs. In the 
future, more effective functionalities should be designed to 
reduce the activation energy and enhance the Li-ion mobility. 
Furthermore, though the role of side functionalities has been 
elucidated, it is still necessary to understand the role of COF 
skeletons, including pore size, pore topology, and linkages.

Figure 8. a) TBP-DMTP COF with PEO side chains. b) COF-PEO-3, COF-PEO-6, and COF-PEO-9. Reproduced with permission.[84] Copyright 2019, 
American Chemical Society. c) Schematics of PEG decorated COFs. Reproduced with permission.[88] Copyright 2019, American Chemical Society.  
d) Imidazolate decorated COFs. Reproduced with permission.[89] Copyright 2019, American Chemical Society. e) Chemical structure of TpPa-SO3Li COF. 
f) Galvanostatic Li plating/stripping tests of the Li/Li symmetric cell composed of TpPa-SO3Li. g) Electrochemical impedance spectroscopy (EIS) curves 
at cycling times of 0, 80, and 320 h. e–f) Reproduced with permission.[90] Copyright 2019, American Chemical Society.
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2.3.3. Alignment of COF Pores

Alignment of COF pore channels can eliminate the ion trans-
port pathway barriers and enhance ion mobility.[17,91] 2D COFs 
themselves have regular pore size and well-aligned vertical pore 
structures, but random stacking of COF particles may partially 
block COF cavities and hinder the rapid Li-ion mobility.[17,91] 
Uribe-Romo and coworkers[91] managed to shape the COF 
powders into pellets with good crystallographic alignment 
and fast ion conductivity through mechanical press (Figure 9).  
Mechanical press transformed the random orientation of COF 
powders into a preferred orientation where only 00l planes ful-
filled the diffraction condition in parallel mode and only hk0 
planes under perpendicular mode. This kind of preferred ori-
entation applied to a variety of different COFs regardless of the 
linkages (boronate, boroxine, β-ketoenamine, triazine) or sym-
metries (hexagonal, tetragonal). Preferred orientation enabled 
the alignment of COF samples and thus alignment of cylin-
drical pores, which promoted the ion mobility and showed high 
application potential in LIBs. COF-5 incorporated with LiClO4 
was pressed into a pellet under 4 MPa uniaxial pressures and 
tested for EIS. The pellet showed an ionic conductivity of  
2.6 × 10−4 S cm−1 at room temperature and activation energy of 
0.37 ± 0.04 eV.

To align the COF pore channels, more reliable approaches 
should be developed. In situ growth of COFs on silicon or mica 
substrates may produce COF films with preferred orientation. 
In addition, interfacial polymerization of COF films between 
liquid/liquid or liquid/air interface may also produce COF 
films with a specific orientation, which provides reliable ways 
to synthesize COF films with aligned pore channels. Macro-
scale COF films with a certain thickness can be directly used as 
SSEs without any binders.

2.3.4. COF as Artificial SEI

Artificial SEI is extremely important for preventing Li-den-
drite growth, which might impale SEI and battery separator, 
cause incident internal short circuit, and further trigger fires 
or explosions.[92–95] Stable, porous COFs are ideal materials 
for artificial SEI due to their high stability in the electrolyte, 

good mechanical property, and excellent ion transport selec-
tivity. Meng and coworkers[92] in situ prepared a 10  nm thin 
layer of TAPB-PDA COF film on the Li metal electrode and 
successfully inhibited the Li-dendrite growth and stabilized Li 
plating/stripping (Figure  10a,b). Micropores of COFs allowed 
the effective penetration of electrolytes, selective transport 
of smaller ions (Li+), and efficient block of larger ions like 
bis(trifluoromethane)sulfonimide (TFSI−). Furthermore, COF 
thin films showed excellent mechanical strength (6.8 GPa) and 
successfully suppressed the irregular growth of Li-dendrite and 
inhibited the fracture of SEI.

Guo and coworkers[93] also prepared a β-ketoenamine-linked 
COF film as uniform artificial SEI on Li metal to accommodate 
anion-derived LiF grains in the microporous channels during 
charge-discharge cycling. The highly lithophilic COF incor-
porated with LiF served as a monolithic SEI and successfully 
restrained the volume expansion and dendrite growth of the Li 
metal anode. The coated Li anode demonstrated a lower activa-
tion energy (Ea = 0.10 eV), a higher Li+ transfer number (0.79) 
and a larger ion conductivity (0.53 mS cm−3) compared with 
bare Li metal anode (Ea = 0.14 V; Li+ transfer number = 0.41; ion 
conductivity = 0.17 mS cm−3).

Incorporation of COFs with commercial membranes can also 
act as effective artificial SEI. For example, CTF-LiF (CTF; cova-
lent triazine framework) coated airlaid-paper (AP) was reported 
by Coskun and coworkers to have suppressed the Li-dendrite 
growth (see Figure 10c–f).[94] They first prepared a composite of 
CTF-1 and LiF through condensation of CTF-1 monomer and 
LiTFSI in one pot under ionothermal conditions[94] (Figure 10c). 
LiTFSI not only acted as a catalyst but a source of in situ-formed 
LiF particles. LiF particles effectively boosted the mechanical 
property and ion conductivity of CTF-1. As a result, CTF-LiF 
coated AP could successfully serve as an active Li hosting mate-
rial for Li metal anode, and the synergistic effect of AP-CTF-LiF 
effectively suppressed the Li-dendrite growth.

2.4. COFs as Separator

Separators prevent the direct physical contact of anode and 
cathode to avoid the electrical short circuit.[33–36,97] They also 
serve as electrolyte reservoirs to enable ion mobility.[33,35,36,97] 

Figure 9. Schematics of mechanically shaped COFs for solid-state electrolyte. Reproduced with permission.[91] Copyright 2016, American Chemical Society.
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Effective separators play a vital role in improving battery per-
formance, including rate performance, cycle stability, safety, 
etc.[33–36,97] COFs are excellent potential separator materials due 
to their high stability, regular porosity, good mechanical prop-
erty, and structural tunability.[98–102] The high stability of COFs 
help prevent their decomposition or reaction with electrolyte 
during the charge and discharge process.[6,8–10,98–102] High and 
uniform porosity enables the transport of ions, adequate retain 
of electrolyte, and uniform current density.[6,8–10,98–102] Excellent 
mechanical property prevents breakage during battery assembly 
and operations, while structural tunability ensures the wet-
tability of electrolytes and efficient transport of Li+.[6,8–10,98–102] 
Several publications have shed light on improving battery per-
formance using COFs or COF composites as separators.[98–102] 
Applications of COFs or COF composites as separators in 
Li-S battery or Li-Se battery have successfully alleviated the 
shuttle effect and enhanced the cycling stability of batteries, 
which will be discussed in the Li-S battery section and other 
advanced battery section.[99–102] In LIBs, COFs were coated on 

a commercial polymer separator and successfully suppressed 
the penetration of transition metal ions and enhanced the Li+ 
transportation simultaneously, thus improving the Li+ transfer 
numbers.[98] Pure commercial polymer separator showed a lim-
ited Li+ transfer number of 0.38, while COF coated commercial 
polymer separator displayed a high Li+ transfer number of 0.76 
in [Li0.2Mn0.55Ni0.15Co0.1]O2/Li cell.

3. Li-S Batteries

Li-S batteries are also ideal candidates for next-generation 
energy storage devices due to the extremely high theoret-
ical specific capacity of 1675 mAh g−1 and energy density of 
2600 W h kg−1.[103,104] They are composed of a lithium metal 
anode and sulfur cathode, and the natural abundance and 
low cost of sulfur make this type of battery highly attrac-
tive.[34,105–107] However, the use of Li-S batteries is constrained 
due to stability issues related to the “shuttle effect.”[105–107] The 

Figure 10. a) In situ preparation of TAPB-PDA COF on the surface of Li metal as an artificial SEI layer. b) Schematics showing the prevention of Li 
dendrite by COF SEI layer. a,b) Reproduced with permission.[92] Copyright 2020, Wiley-VCH. c) Diagrams for one-pot synthesis of CFT-1 with the pres-
ence of LiTFSI. Schematics showing Li dendrite growth situations on d) bare Cu, e) airlaid-paper (AP), and f) AP-CTF-LiF electrodes upon Li plating. 
c–f) Reproduced with permission.[94] Copyright 2019, Wiley-VCH.
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“shuttle effect” refers to the formation of soluble polysulfides 
during the charge-discharge process that can pass through 
the membrane separator, react with the lithium anode, and 
generate insoluble Li2S and Li2S2.[105–108] “Shuttle effect” 
causes the loss of cathode sulfur and decreases the cycle 
stability.[105–108]

To overcome the shuttle effect of Li-S batteries, a variety 
of porous host materials have been used to physically entrap 
sulfur and thus reduce the unexpected transport of polysulfides 
during cycling.[108,109] In these studies, the host material often 
acts as cathode, and sulfur is impregnated into the host mate-
rial through melt diffusion.[110] Host materials with high surface 
areas, such as CNTs,[111] graphene oxide,[112] MOFs,[113] porous 
carbons,[114] and conducting polymers,[115,116] have been exten-
sively investigated. While physical confinement of polysulfides 
using these materials has proved to enormously enhance 
the recycling stability, shuttling still occurs due to the weak 
chemical confinement of polysulfides in the pores. Alterna-
tively, other researchers employed chemical entrapment tech-
niques to bind sulfur onto polymers through a copolymeriza-
tion technique. For example, Pyun and coworkers introduced 
an “inverse vulcanization” approach where sulfur radically 

copolymerized with arylethenyl monomers.[117] Chemical 
entrapment improves the sulfur loading and enhances the 
sulfur-polymer interaction. However, problems such as detach-
ment of sulfur during cycling loading and high insulation of 
copolymers still exist and prevent the excellent performance of 
Li-S batteries. Other chemical confinement techniques include 
N- or B-dopings.[118] N-doping can trap polysulfides through 
N-Li+ interaction,[119] while B-doping enhances the interaction 
between the host materials with positively polarized boron and 
polysulfide anions. However, low doping ratios and low surface 
areas of the host materials limit the confinement efficiency.

COFs are promising host materials for Li-S batteries because 
researchers can optimize the physical and chemical confinement 
of polysulfides simultaneously through tuning the pore size and 
geometry and incorporating chemical functionalities.[9,120,121] 
Here, we review COFs as host materials of the cathode in Li-S 
batteries and further discuss methods of impregnating the mate-
rial with sulfur, including physical tuning for improved sulfur 
loading and cyclability and chemical tuning for improved per-
formance. Finally, we briefly discuss COFs as separators in Li-S 
batteries. The electrochemical performance of COF-related Li-S 
batteries is summarized in Table 4.

Table 4. Summary of Li-S batteries.

COF Name Initial capacity Cycling capacity Current rate Pore size [nm] Sulfur loading Method Year Ref.

Triazine–CTF-1 1197 762 @ 50 cycles @ 150 C 0.1 C 1.23 34% Melt-diffusion 2014 [19]

Azo-COF 1536 741 @ 100 cyccles 0.1 C 2.6 0.6–0.8 mg cm−2 Melt-diffusion 2015 [128]

COF-CNT-net 1.5/2.7 N/A N/A (separator) 2016 [134]

Triazine–CTF-1 482 413 @ 300 Cycles 1 C 1.23 62% In situ 2016 [136]

Boronate ester 1628 929 @ 100 cycles 0.2 C 40% Melt-diffusion 2016 [126]

Porphyrin 1166 633 @ 200 cycles 0.5 C 1.55 55% Melt-diffusion 2016 [127]

Fluorinated triazine ≈1100 833 @ 150 cycles 0.5 C 51% In situ 2017 [21]

Fluorinated triazine 1138 928 @ 300 cycles 0.05 C 86% In situ 2017 [123]

DMTA-COF 1415 1000 # 100 cycles 0.5 C 0.56 N/A N/A (separator) 2018 [100]

Triazine + boroxine 808 663 @ 800 cycles 1 C 1.2 40–58% Melt-diffusion 2018 [137]

Pyrene 1064 963 @ 100 cycles 1 C 70% Melt-diffusion 2018 [122]

TP-PA-CNT 951 525 @ 450 cycles 0.5 C 1.3 N/A CNT-templated 2018 [129]

Porphyrin 955 773 @ 200 cycles 0.5 C 1–10 1.1 mg cm−2 Templated  
hollow-sphere

2018 [125]

Nitrogen doped  
graphitic carbon

869 670 @ 200 cycles 1 C ≈1.3 67.50% Melt-diffusion 2018 [130]

Fluorinated 1120 645 @ 100 cycles 0.1 C 2.8 60% Melt-diffusion 2018 [124]

Boron/oxygen doped  
COFs on CNTs

1210 794 @ 500 cycles 1 C 3.2 68.50% Melt-diffusion 2018 [138]

Imine TAPB-PDA 1357 710 @ 200 cycles 0.2 A g−1 3 60% Melt-diffusion 2019 [139]

Redox-active  
keto/pyridine units

1184 977 @ 100 cycles 0.2 C 2.2 N/A N/A (separator) 2019 [101]

Fluorinated 1287 904 @ 1000 cycles 0.5 C 1.18 70% Melt-diffusion 2019 [20]

Lithiated COF nanosheets 982 ≈620 @600 cycles 1 C 1.4 N/A N/A (separator) 2020 [135]

COF-CNT nanocomposite 1047 568 @ 700 cycles 2 A g−1 2–8 N/A N/A (separator) 2020 [140]

Triazine/polypyrrole channels 699 682 @ 500 cycles 1 C 83% In situ 2020 [141]

COF-CNT nanosheets 1030 798 @ 50 cycles 0.2 C 1.25/2.7 nm 78% CNT templated/ 
melt-diffusion

2020 [142]
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3.1. COFs for Sulfur Cathode Hosts

Sulfur loading, or content, within the host material in Li-S bat-
teries is the most significant factor that impacts their capacity, 
cyclability, and rate performance. High sulfur loading is more 
ideal for better electrochemical performance. Currently, two 
impregnation methods to load sulfur are mainly studied. One is 
melt diffusion, where COF and sulfur are heated, and molten 
sulfur penetrates the COF matrix. The other is in situ impreg-
nation, where sulfur is anchored onto COFs through covalent 
bonds during the polymerization process. Melt diffusion does 
not depend on the COF chemistry and structure and shows 
a broader application scope, but the sulfur loading amount is 
relatively low. Sulfur loading has now improved from 34%[19] 
to 70%[122] (see Figure 11a, sulfur loading in Py-COF) through 
tuning the chemical structures of COFs. In situ impregnation 
produces higher sulfur loading up to 86%, as reported by 
Coskun and coworkers[123] (Figure  11b), and offers a simple, 
one-pot synthesis method. However, it only applies to a limited 

scope of COF chemistries that can interact with sulfur through 
chemical reactions.

Tuning the physical structure, such as pore size, crystal-
linity, and the preparation of hollow structures, has also proved 
effective for sulfur loading. Researchers have found that larger 
pore sizes (>2 nm) enable higher sulfur loading, faster lithium 
transport, and improved cyclability compared to smaller pore 
sizes (≈1.2  nm).[19,122] In a study of fluoro-substituted COFs 
(Figure  12a), Wang and coworkers illustrated that improved 
crystallinity of the COF leads to higher sulfur loading, higher 
electrochemical activity, faster kinetics due to efficient ion-
diffusion, and enhanced electrical conductivity caused by 
the improved stacking of 2D sheets.[124] However, crystalline 
COFs showed poorer cyclability than their amorphous coun-
terparts, which possibly resulted from the easier polysulfide 
migration along the 1D channel in crystalline COFs. Recently, 
Zhang and coworkers demonstrated that hollow COF spheres 
(Figure 12b) improved the cycling life of Li-S battery.[125] Hollow 
structures were prepared through in situ COF polymerization 

Figure 11. a) Py-COF and Py-COF/S composites. Reproduced with permission.[122] Copyright 2018, Royal Society of Chemistry. b) CTF-1/S@155 °C 
composite. Reproduced with permission.[123] Copyright 2017, Wiley-VCH.
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with polystyrene (PS) microsphere as templates and sequential 
removal of PS templates (see Figure  12b). The hollow sphere 
design is desirable and has been studied for many different 
applications due to its low density, large surface area, and 
improved structural integrity. For Li-S batteries, hollow spheres 
are advantageous because sulfur can be trapped inside the 
spheres, and the hollow structure can tolerate the volumetric 
changes during cyclings. The reported COF hollow sphere host 
material demonstrated good performance and cyclability with 
Coulombic efficiency near 100% after 200 cycles.

Chemical tunings of COF structures and chemistries also 
exhibit a broad application scope and lead to much higher 
sulfur loading than physical tunings. A triazine COF (CTF-1, 
see structure in Figure  11b) was first reported by Wang and 
coworkers[19] in 2014 to have been used in Li-S batteries. 
CTF-1 showed high privilege in applications of Li-S batteries 
due to its high thermal stability and narrow pore size distri-
butions. However, only a low loading of sulfur (34 wt%) was 
produced through melt diffusion. Furthermore, no chemical 
interactions of sulfur with COFs make the sulfur easy to 
lose. Consequently, the battery only showed good cyclability 
at elevated temperatures because sulfur diffused out of the 
COF matrix very easily at room temperatures. To address 
these issues, Coskun and coworkers developed an in situ 
sulfur impregnation method to load sulfur in CTF-1 through a 
stepwise approach.[123] Elemental sulfur first underwent ring-
opening polymerization and turned into linear polysulfane at 
160 °C. Then, the singlet state of sulfur in linear polysulfane 

further underwent CH insertion reactions and impregnated 
with CTF-1 through covalent bonds simultaneously. The 
sulfur loading was increased to 62% by using this method 
and showed good cyclability (84.3% capacity retention after 
50 cycles at 0.2 C) at room temperature.

Fluorination of COFs is also widely investigated as an effec-
tive approach for chemical tuning of sulfur (Figures  11b, 12a). 
Coskun and coworkers[123] designed a fluorinated CTF-1 and 
formed a SF-CTF-1 composite through a nucleophilic aromatic 
substitution reaction between the fluorinated units and the 
elemental sulfur (see Figure  11b). This increased the number 
of sulfur chains (from one to four) that were attached to each 
linkage group within the COF compared to the original CTF-1 
reported by Zhang and coworkers.[19] As a result, the sulfur 
loading increased to 86%, and the cycling performance of the 
battery improved compared to its non-fluorinated counterpart.

Boronate ester functionality also proves as an effective moiety 
for chemical confinement of sulfur in COFs and improvement of 
cycling stability of Li-S batteries. Tang and coworkers[126] reported 
that COFs with boronate ester linkages exhibited improved chem-
isorption of polysulfide compared to triazine COFs. Positively 
polarized B within the pores enhanced the absorption of Sx

2− and 
the negatively polarized O units adsorbed Li+ more effectively 
and trapped lithium polysulfides more efficiently than triazine 
COFs. Thus, boronate ester COF showed better cycling stability 
than the triazine COF (boronate ester COF: discharge capacity of 
929 mAhg−1; triazine COF: 489 mAhg−1 after 100 cycles at 0.2 C). 
Density functional theory (DFT) simulations further confirmed 
that COFs with boronate ester linkages had a lower Sx

2− adsorp-
tion energy and better anchoring of Li2Sx to the pores compared 
to triazine COFs (see Figure 13).

Other COF chemistries, including porphyrin,[127] azo,[128] 
and pyrene COFs[122] were also extensively investigated as host 
materials for Li-S cathodes since they shared large pore sizes 
and enabled high sulfur loadings. Additionally, the incorpo-
ration of COF and multi-wall CNTs were also studied by Wei 
and coworkers to enhance the electrical conductivity of host 
materials.[129] The resulting cathode offered an initial discharge 
capacity of 1242 mAh g−1 at 0.05 C and an ultra-low capacity 
fade rate of 0.099% per cycle. Nitrogen-doped graphitic carbon 
through the carbonization of a COF was also reported to have 
increased the electrical conductivity and sorption properties 
of the host material before sulfur was melt-diffused into the 
pores.[130] This resulted in a battery with an initial discharge 
capacity of 1598 mAh g−1 at 0.03 C and nearly 100% Coulombic 
efficiency during the cycling test.

3.2. COFs-Based Separators

COF-based host materials cannot completely suppress the dis-
solution of lithium polysulfides from the sulfur cathode, so  
the specific capacity of Li-S batteries still decreases during 
charge-discharge cycles.[104,116] Functional separators with sur-
face coatings can further reduce the diffusion of lithium poly-
sulfides. Coating materials on separators can chemically adsorb 
the escaped lithium polysulfides,[131] catalyze sulfur reduc-
tion,[132] and enhance the heat transfer inside Li-S batteries.[133] 
Furthermore, the coating materials can prevent the blocking of 

Figure 12. Schematic for the synthesis of a) COF-S composite and 
b)  hollow COF spheres. a) Reproduced with permission.[124] Copyright 
2018, American Chemical Society. b) Reproduced with permission.[125] 
Copyright 2017, Wiley-VCH.
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open pores by solid electrolytes and the impaling of separators 
by the lithium dendrite; thus, they enhanced the safety for Li-S 
batteries[131] during cycling at high current densities.

In 2016, Lee and coworkers reported a hierarchical porous 
separator with chemical trap functions comprised of a COF-
net on a CNT-net.[134] The mesoporous structures of the CNT-
net enabled fast ion transport through the separator, and the 
microporous structures of the COF-net effectively alleviate 
the “shuttle effect.” Coating of lithiated COF nanosheets/gra-
phene on commercial Celgard separators also proved effective  
for improved Li+ transport and efficient blocking of polysulfides 
simultaneously compared to pure graphene coating.[135] Tria-
zole groups in the COF nanosheets could coordinate with 
polysulfides through the N-Li bond and effectively blocked the 
diffusion of polysulfides. Therefore, the as-prepared Li-S bat-
teries exhibited a high initial capacity (982 mAh g−1 at 1 C) and 
a low capacity decay (0.057% per cycle after 600 cycles). Cai and 
coworkers[100] coated a ceramic separator using a COF with 
rhombic topology. The Li-S battery assembled with this sepa-
rator realized an initial capacity of 1415 mAh g−1, and it decayed 
slowly to 1000 mAh g−1 after 100 cycles at 0.5 C, which far out-
performed the bare ceramic separator. Li and coworkers[101] 

also reported a redox-active pyridine-based COF separator. 
The pyridine units as the redox-active group were able to cat-
alyze the conversion of polysulfides and reduce the “shuttle 
effect.” Therefore, the battery exhibited a specific capacity 
of 977 mAh g−1 at 0.2 C after 100 cycles, which was 5.2 times 
higher than that of the Li-S battery without a COF separator.

To summarize, COFs are very promising materials to help 
achieve the theoretical capacities and energy densities of Li-S 
batteries by catalyzing the conversion of polysulfides and 
reducing the shuttle effect of polysulfides. Researchers have 
shown that physical tuning, including control of pore size, crys-
tallinity, and hollow structures, could impact sulfur loading, 
and chemical tuning like fluorination of pores and introduc-
tion of boronate ester moieties can increase the sulfur loading 
and improve cyclability of Li-S battery. Additionally, COFs are 
promising as separators in Li-S batteries and can significantly 
improve cycling performance. However, the electrical conduc-
tivity of COF-based hosts needs further improvement; thus, the 
sulfur content and loading could be enlarged, and the energy 
density of Li-S batteries could be increased. The effect of func-
tional COF separators on inhibiting lithium dendrites in Li-S 
batteries also remains to be thoroughly studied in the future.

Figure 13. Quantum mechanics/molecular mechanics-calculated adsorption energy for S8
2−  anions in pores of COF.[126] Reproduced with permis-

sion.[126] Copyright 2016, Wiley-VCH.
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4. Applications of COFs in SIBs/PIBs

The rapid development of LIBs and the large excess of lithium 
utilization have brought concerns about insufficient supplies 
of lithium resources.[42,143,144] So, it is necessary to develop 
new energy storage technology to resolve the lithium shortage 
problems and satisfy future market needs. SIBs and PIBs have 
gained considerable attention due to their abundant resources 
and lower cost.[5,42,143,145–149] In addition, Na and K are located 
below Li in the periodic table and share similar intercalation 
chemistry as Li, and the intercalation mechanism has been well 
established.[5,42,143,145–149] SIBs currently face the challenges of 
low energy density and poor cycling stability, which limits their 
commercialization.[5,42,145,146] Exploration of novel electrode 
materials is essential to improve energy density and enhance 
cycling stability. The poor electrochemical performance of 
SIBs originates from the lower ionization potential of Na+ (the 
standard electrode potential versus SHE of Na+/Na is −2.714 V, 
and the practical reduction potential of Na+/Na in organic 
solvents is ≈2.56  V), which is much lower than Li+/Li (the 
standard electrode potential versus SHE of Li+/Li is −3.040  V, 
and the practical reduction potential of Na+/Na in organic sol-
vents is ≈2.79 V).[5,42,145,146] As a result, SIBs have a lower oper-
ating voltage window and low energy density. Additionally, 
Na-intercalation did not function as well as Li-intercalation due 
to the larger size of Na+ radius and severe volume expansion of 
electrode, leading to the loss of electric contact and fast capacity 
fading.[5,42,145,146] Researchers have explored to use COFs as 
electrode materials to overcome those drawbacks and improve 
their electrochemical properties. Organic COFs with 2D layered 
structures are more flexible in mechanical property compared 
to inorganic materials, and thus they experience a relatively 
lower volume expansion during the Na-intercalation.[150] As for 
PIBs, the reduction potential of potassium (≈2.936  V versus 
SHE and the practical reduction potential of Na+/Na in organic 
solvents is ≈2.88 V) is between Na and Li, so it has a relatively 
higher energy density.[143] Furthermore, much weaker Lewis 
acidity of K causes smaller solvated ions, which resulted in 
improved conductivity and increased ion transfer amounts 
compared to Na and Li.[148,151] Lower desolvation energy of K+ 
could also promote the faster diffusion of K+ through the elec-
trolyte/electrode interface.[148] However, the large size of K+ 
radius makes it challenging to select electrode materials. Sev-
eral recent studies have investigated COFs in PIBs and realized 
excellent electrochemical performance,[51,65,152] paving ways for 
COFs as promising electrode materials in this area.

4.1. COFs in SIBs

Researchers have explored the applications of COFs as electrode 
materials in SIBs and focused on elucidating their structure-per-
formance relationship and understanding the Na-intercalation 
mechanism. For example, Pradhan and coworkers[150] found that 
conjugated structures and triazine functionalities were advanta-
geous for intramolecular electron transfer, making the conju-
gated COFs containing triazine moieties very promising in SIBs. 
A SIB half cell with triazine COFs as anode exhibited an average 
capacity of 245, 200, 170, and 145 mAh g−1 at current densities 

of 30, 50, 100, and 200  mA g−1. However, an irreversible SEI 
layer formed in the first cycles, consumed enormous Na+ and 
led to a very low Coulombic efficiency. Park and coworkers 
uncovered the relationship between surface areas of COFs 
and electrochemical properties.[153] They found that COFs with 
higher surface areas demonstrated a higher Na+ storage ability 
compared to the COFs with identical backbones and lower sur-
face areas. They also discovered that enforcement of backbone 
structures could improve the charge-carrier conductivity and 
further enhance the Na+ storage capability. Vaidhyanathan and 
coworkers unraveled the relationship between molecular-level 
electronic structure and SIB performance.[154] The band gaps 
of COFs were tuned through the introduction of heteroatom 
N in the COF structures. They found that COFs with lower 
lowest unoccupied molecular orbital (LUMO) levels enabled 
easier electron accumulations and outperformed other COFs 
with higher LUMO levels. Furthermore, Chen and coworkers 
found that a nitrogen-rich COF (TQB-COF, see Figure  14a) 
achieved a very high reversible capacity of 452.0 mAh g−1 and 
retained 352.3 mAh g−1 after 100  cycles at 0.02 A g−1.[155] This 
COF had an extremely high content of nitrogen (23.8 wt%), 
and the introduction of N atoms decreased the bandgap and 
thus led to improved electronic conductivity (≈10−9 S cm−1) and 
enhanced ionic conductivity (≈10−4 S cm−1). TQBQ-COF also 
exhibited prominent rate capability (134.3 mAh g−1 at 10.0 A g−1) 
and superb cycling stability with a capacity retention of 96% 
even after 1000 cycles at 1.0 A g−1.

Exploration of the Na storage mechanism is also necessary to 
understand the working discipline of SIBs. Unlike LIBs, which 
have a well-understood Li storage mechanism, the Na storage 
mechanism is relatively ambiguous and remains to be eluci-
dated. For example, Chen and coworkers proposed a “12 Na+ 
insertions and extractions” mechanism of TQBQ-COF[155] (see 
Figure  14a). To study the mechanism, they employed in situ/
ex situ Fourier-transform infrared spectroscopy (FTIR) and ex 
situ X-ray photoelectron spectroscopy to observe the changes of 
CO and CN functionalities during the charge-discharge pro-
cess. DFT calculations were also used to understand the pos-
sible structure changes during the electrochemical process (see 
Figure 14b). TQBQ-COF had a hexagonal topology with a pore 
size of 1.14  nm. The molecular electrostatic potential (MESP) 
method predicted that six equivalent minima of electrostatic 
potential corresponding to six Na+ could be accommodated in 
the middle of two adjacent nitrogen atoms within the mole-
cular plane. Furthermore, the MESP method confirmed that no 
Na+ could be accommodated in the ring units, and another six 
Na+ could be accommodated between two adjacent oxygen and 
nitrogen atoms outside of TQBQ-COF plane (Figure  14b). In 
another report by Lu and coworkers, they studied the sodium  
storage mechanism through ex situ electron paramagnetic 
resonance analysis.[156] They found that radical intermediates  
C−O· and α-C existed and interacted with Na+ in a total of four 
different steps (see Figure 14c). For the discharge process, one 
carbonyl moiety in the anthraquinone unit would react with 
sodium ions, and the other would transform into C−O· rad-
ical (Structure B). Carbonyl groups of the anthraquinone unit 
in structure B further reacted with another sodium ion and 
formed structure C containing sodium alcoholate units. After-
ward, the carbonyl groups of β-keto units coordinated with Na+ 
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and formed structure D containing α-C radicals. α-C radicals 
were electrophilic and could accept more electrons to form α-C 
anion, which further coordinated with Na+ to form structure E. 
The charging process took a reverse procedure compared to the 
discharging process.

4.2. COFs in PIBs

Current studies on applications of COFs in PIBs mainly 
focused on designing optimal COF structures to realize 
better battery performance. For example, a few-layer boronic 

ester-based COF (COF-10) and CNT composite (Figure  15a,b) 
were used as anode in PIBs for the first time reported by Wang 
and coworkers.[65] They discovered that π-conjugated structures 
could generate strong π-K+ interactions and serve as a prom-
ising electrode for PIBs. Exfoliated COF nanosheets exposed 
more active sites, and the incorporation of CNTs enhanced 
electron transport, so few-layer COF-10@CNT anode demon-
strated very large capacities (288 mAh g−1) even after 500 cycles 
at the current density of 0.1 A g−1. More impressive, it showed  
a capacity of 161 mAh g−1 after 4000 cycles at a high current 
density of 1A g−1 (Figure  15c). Fluorination of pore channels 
and few-layer structures of COFs are also effective approaches 

Figure 14. a) TQBQ-COF structure and schematics of 12 e− storage mechanism b) Schematic diagram of the two-step sodiation and desodiation 
process of the TQBQ-COF calculated through the MESP method. a,b) Reproduced with permission.[155] Copyright 2020, Nature Publishing Group. c) 
Sodium-ion storage mechanism of DAAQ-COF. Reproduced with permission.[156] Copyright 2019, American Chemical Society.

Adv. Funct. Mater. 2021, 31, 2100505



www.afm-journal.dewww.advancedsciencenews.com

2100505 (23 of 32) © 2021 Wiley-VCH GmbH

to improve the electrochemical performance in PIBs. Wang 
and coworkers further designed a few-layer fluorinated tria-
zine CONs (E-FCTF, Figure  15d) by trimerization in molten 
ZnCl2 followed by micromechanical exfoliation and employed 
the CONs in PIBs[51] (Figure  15e). The presence of fluorine 
atoms narrowed the bandgap of CTF and increased the electron 
transfer capability. Few-layer structures reduced the alkaline 
transport distance and resolved the sluggish diffusion prob-
lems. The exfoliated E-FCTF anode exhibited excellent cycling 
performance and retained a high capacity of 228 mAh g−1 after 
200 cycles. Pore size is also one crucial factor that impacts the 
electrochemical performance of PIBs. Zhu and coworkers[152] 
recently studied the pore size effects on the CTF anode by com-
paring the electrochemical behavior and molecular mechanistic 
simulations of CTF-0 (with pore size ≈0.5 nm) and CTF-1 (with 
pore size ≈1.5  nm) in PIBs (Figure  15f,g). They found CTF-0 

with a smaller pore size demonstrated better electrochemical 
performance than CTF-1 with larger pore size. Tested at the 
current density of 100 mA g−1, CTF-0 displayed a high capacity 
ranging from 154 to 113 mAh g−1 after 200 cycles, while CTF-1 
had a 1ow capacity around 60 mAh g−1 (Figure 15f). Addition-
ally, CTF-0 showed a better rate capacity and a better Coulombic 
efficiency than CTF-1 in the several initial cycles. Molecular 
mechanistic simulations revealed that deintercalation of K+ 
from CTF-0 is exothermic, while the deintercalation of K+ from 
CTF-1 is endothermic. The exothermic process is preferred, and 
thus CTF-0 showed a higher reversible capacity than CTF-1.

Currently, the application of COFs in SIBs/PIBs is limited 
to just a handful of COF structures. Rational design of optimal 
structures (e.g., carbonyl and radical functionalities) that can 
effectively interact with sodium and potassium ions is nec-
essary. To understand the sodium/potassium intercalation 

Figure 15. a) Chemical structures of boronic ester-based COF (COF-10). b) Side view and top view of COF on the surface of CNT. c) Cycling perfor-
mance of COF-10@CNT. a–c) Reproduced with permission.[65] Copyright 2019, American Chemical Society. d) Synthesis of bulk FCTF via the trimeri-
zation of tetrafluoroterephthalonitrile catalyzed by ZnCl2. e) Cycling performance of exfoliated FCTF COF (or E-FCTF) and FCTF at 0.1 A g−1 for PIBs. 
d,e) Reproduced with permission.[51] Copyright 2019, American Chemical Society. f) Schematics for the synthesis of CTFs and the corresponding potas-
siation/depotassiation process in CTFs with different pore sizes (CTF-0 and CTF-1). g) cycling performance of CTF-0 and CTF-1. f,g) Reproduced with 
permission.[152] Copyright 2019, Royal Society of Chemistry.
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mechanism, in situ techniques should be adopted. For example, 
in situ FTIR is helpful in elucidating the structural changes 
during the charge-discharge procedures. Theoretical mecha-
nistic analysis is also beneficial for the understanding of the 
structure-property relationship and further provides feedback 
on the structure design.

5. Applications of COFs in Li-CO2 Batteries

Li-CO2 battery is a new type of energy storage device that can 
directly utilize CO2 gas and transform it into energy.[157–160] 
Appropriate CO2 cathodes are vital components and dem-
onstrate good CO2 capture ability, low overpotential, high 
reversibility, and excellent rate performance.[159,160] COFs have 
abundant pores and demonstrate high CO2 adsorption ability, 

especially for those COFs with an appropriate pore size that can 
effectively entrap CO2 molecules. The most widely investigated 
imine COFs show better CO2 adsorption ability since the basic 
nature of imine bonds can effectively interact with acidic CO2 
molecules. Additionally, COFs can be designed with CO2-affilia-
tive functionalities like amine groups in the pore channels, and 
they can also be incorporated with inorganic nanoparticles such 
as Ru nanoparticles to serve as a catalyst during the charge/
discharge process.

By using COF/graphene composites (graphene@COF) 
as cathode, Meng and coworkers successfully reduced the 
shuttle effects of CO2 (see schematics in Figure  16a) and 
improved the electrochemical performance of the Li-CO2 
battery (Figure  16b).[159] Pure graphene or pure COF only 
displayed a low CO2 uptake ability, while graphene@COF 
demonstrated superb CO2 uptake ability. A possible reason for 

Figure 16. a) Schematics show that graphene@COF cathode helps reduce CO2 shuttle effect compared to pure graphene cathode. b) Long-term cycling 
performance of the graphene battery and graphene@COF battery at the current of 0.5 A g−1. c) Schematic for formation of small-size Li2CO3 reacted by 
depositing Li+ on the cathode and the nanoenriched and nanoconfined CO2. d) Schematic for formation of large-size Li2CO3 reacted by deposited Li+ 
on the cathode and the loose CO2. a–d) Reproduced with permission.[159] Copyright 2019, Wiley-VCH. e) Schematics for Tf–DHzOPr COF incorporated 
with Ru@CNT. f) Full discharge curves of different cathodes at a current density of 200 mA g−1. g) Life cycles of Ru@CNT cathode and COF-Ru@CNT 
cathode at 1000 mA g−1. e–g) Reproduced with permission.[160] Copyright 2019, Wiley-VCH.
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the improved CO2 adsorption was related to the higher den-
sity of exposed micropores of COFs induced by the graphene 
templated growth process. Without graphene, only nonporous 
amorphous structures could be produced at that reaction con-
ditions (25 °C, 5 h). The composite effectively enriched and 
confined CO2 without decreasing the electron conductivity of 
graphene. The overpotential of graphene@COF battery only 
increased gradually from 1.08 to 1.70  V after 56 cycles under 
a high rate of 0.5 A g−1, and the charge voltage reached just 
3.54  V. However, graphene battery only showed reversible 
capacities before the 26th cycle and achieved a very high over-
potential (3.23  V) and charge voltage (5.06  V) at 39th cycle 
(Figure 16b). The stability of the Li-CO2 battery is highly corre-
lated to the consumption of Li+. On graphene@COF, small-size 
Li2CO3 particles formed within the micropores during the dis-
charge process and decomposed into Li+ and CO2 in the charge 
process (Figure  16c), indicating a reversible Li consumption 
and regeneration. However, large-size Li2CO3 particles formed 
on pure graphene cathode randomly in the discharge process 
and did not fully decompose in the charge process (Figure 16d), 
so increasing amounts of Li were consumed after cycles.

Loh and coworkers[160] also reported a COF-based Li-CO2 bat-
tery by incorporating hydrazone COFs with Ru nanoparticle-
decorated CNTs (Ru@CNT) as illustrated in Figure  16e–g. 
Hydrazone COFs served as effective CO2 collectors during 
the charge/discharge process to improve the energy capacity, 
and they also acted as the diffusion layers for both Li+ and 
CO2 molecules to improve the rate performance. Ru nanopar-
ticles worked as catalysts and facilitated the kinetics during 
the charge/discharge process, and CNT promoted electron 
mobility. This COF-based cathode exhibited a low overpo-
tential of 1.24  V, and the Li-CO2 batteries displayed a capacity 
of 27  348 mAh g−1 at 200  mA g−1 (Figure  16f), which was 
much higher compared to the widely used Ru@CNT cathode 
(9836 mAh g−1 at 200  mA g−1). In addition, the Li-CO2 bat-
tery only possessed a low discharging voltage loss even at 
4000  mA g−1 and demonstrated superior cycling stability 
(200  cycles at 1000  mA g−1, Figure  16g). The excellent electro-
chemical performance was attributed to the synergistic effects 
of COF, Ru nanoparticles, and CNT. First, the hydrazone COF 
had a superb CO2 uptake capacity (65.8 cm3 g−1 (1 atm, 248 K), 
51.2 cm3 g−1 (1  atm, 273 K), and 25.6 cm3 g−1 (1 atm, 298 K)) 
and had ordered 1D channels that enabled the fast Li+ mobility. 
Second, Ru nanoparticles served as an effective catalyst for CO2 
reduction and LiCO3/C decomposition. Third, the incorpora-
tion of CNT promoted the electron transfer of the COF-based 
electrode and reduced the internal resistance.

6. Application of COFs in Zinc-Ion/Air Batteries

6.1. ZIBs

ZIBs are also promising alternatives for LIBs due to the 
desired properties of zinc anode, such as high capacity density 
(5855 mAh cm−3), low cost, abundant resources, good chemical/
physical stability, and environmental friendliness.[161–163] Similar 
to LIBs, ZIBs are also composed of anode, cathode, electrolyte, 
and separator. Stable zinc metals are typically employed as an 

anode, which is safe and easy to fabricate.[161–163] The cathode 
is usually composed of layered materials serving as insertion 
hosts for Zn2+.[161–163] Almost neutral or slightly acidic electro-
lyte (e.g., ZnSO4 solution) is usually implemented and shows 
high stability.[161–163] A separator is also necessary to divide the 
anode and cathode in case of a short circuit.[161–163] Zinc ions 
move between the cathode and anode during the charging and 
discharging processes. Among these various components, the 
cathode materials are most widely investigated due to their 
crucial role. COFs can be rationally designed with abundant 
functionalities to serve as nucleophilic centers that interact with 
Zn2+. For example, NO and NH functionalities are excel-
lent nucleophilic centers that can coordinate with Zn2+. Both 
NO···Zn and Zn···N-H interactions are reversible and 
show promising applications in ZIBs. Porous structures also 
make it easier for Zn2+ to reach the nucleophilic centers.[164,165]

Banerjee and coworkers[164] reported a hydroquinone-linked 
β-ketoenamine COF (HqTp-COF, see Figure  17a) acting as a 
zinc-ion anchor in an aqueous rechargeable ZIB. Abundant 
CO and NH functionalities in the structures coordinated 
with Zn2+ reversibly during the electrochemical redox process, 
and thus HqTp-COF (Figure  17a) exhibited excellent electro-
chemical performance in ZIBs. It delivered a discharge capacity 
of 276.0 mAh g−1 at 125  mA g−1. Additionally, HqTp cathode 
(Figure 17a) displayed a specific capacity of 85.0 mAh g−1 under 
the current rate of 3750.0 mA g−1 and retained 95% of its ini-
tial capacity even after 1000 cycles. It also kept an excellent Col-
oumbic efficiency of 98% throughout the 1000 cycles without 
any decline (Figure 17b). Four 1.75 V HqTp-zinc ion cells were 
further assembled in a series connection and could directly 
charge a smartphone device (Figure 17c).

Very recently, Alshareef and coworkers[165] designed a 
phenanthroline COF (PA-COF, Figure  17d) and success-
fully employed it as an electrode in zinc-ion supercapatteries 
(ZISs) for the first time. Supercapatteries represent a type of 
electrochemical energy storage device that takes advantage of 
both capacitive and non-capacitive Faradaic charge storage 
mechanisms. Phenanthroline functional groups with abun-
dant nitrogen in the COF structure served as the active zinc 
ion storage sites and enabled the prominent electrochemical 
performance of the ZISs. The aqueous ZIS was composed of 
PA-COF cathode, Zn anode, and 1.0 m ZnSO4 electrolyte. The 
PA-COF electrode exhibited an extremely high capacity of 
247 mAh g−1 at a current density of 0.1 A g−1. It showed just 
0.38% capacity decay per cycle during 10 000 cycle discharging 
and charging processes (Figure 17e), which was claimed as the 
best cycling performance ever reported for COF materials in 
ZIB or capacitors.

6.2. Zn-Air Battery

In addition to ZIBs, Zn-air batteries are another type of zinc-
based batteries under vigorous investigations.[167–169] A typical 
Zn-air battery consists of a zinc anode, an oxygen-permeable 
cathode, and an alkaline electrolyte. Zn-air batteries typically 
have a low cost due to the use of readily accessible and recy-
clable zinc and atmospheric oxygen. They have a high theo-
retical specific energy of 1218 Wh·kg−1, and a high volumetric 
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energy density of 6136 Wh·L−1.[170] They are considered 
safe as they rely on a non-flammable aqueous electrolyte. 
Although most Zn-air batteries are primary batteries, they 
can be recharged by replacing the zinc anode and the electro-
lyte mechanically; otherwise, they can also be regenerated by 
catalyzing the oxygen reduction reaction during the discharge 
process and the oxygen evolution reaction during the recharge 
process at the cathode.[168,170,171]

Zhang and coworkers[166] first used a composite composed 
of porphyrin COF and CNT (POF@CNT, Figure  17f) as the 
cathode in both liquid and flexible all-solid-state Zn-air batteries, 
which demonstrated superior performance. The liquid Zn-air 

battery exhibited a small voltage gap (0.71 V) and excellent sta-
bility (200 cycles, see Figure 17g), and the all-solid-state battery 
possessed a high energy efficiency (61.6% at 1.0 mA cm−2). The 
prominent performance of the Zn-air battery was attributed to 
the synergistic effects of porphyrin COF (POF) and CNT. POF 
offered well-defined cobalt coordinated porphyrin active sites 
and hydrophilic surface, while interweaved CNT provided mul-
tiple electron pathways and promoted electron transport.

In 2019, Xiang and coworkers[172] proposed a novel strategy 
by in situ charge exfoliation in alkaline solutions to produce 
a highly stable COF solution. They realized high performance 
in Zn-air flow batteries by directly employing the solution as a 

Figure 17. a) Structure of HqTp-COF (Hq: 2,5-diaminohydroquinone, Tp: 1,3,5-triformylphloroglucinol b) Long-life cyclic stability and Coulombic effi-
ciency plot at 3750 mA g−1. c) Digital photograph of charging a smartphone by Zn/HqTP cell. a–c) Reproduced with permission.[164] Copyright 2018, 
Royal Society of Chemistry. d) Structure of PA-COF, e) cycle performance of PA-COF. d,e) Reproduced with permission.[165] Copyright 2020, American 
Chemical Society. f) Chemical structure of POF. g) Long time cycling test of CNT@POF at 2.0 mA cm−2 (arrows represent replacement of the old 
electrolyte). f,g) Reproduced with permission.[166] Copyright 2018, Royal Society of Chemistry.
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non-noble Pt catalyst. The COF had well-defined N-coordinate 
Fe single atom centers and conjugated backbones and proved 
as promising oxygen reduction catalysts. The COF solution 
even exhibited superior stability compared to commercial Pt/C-
coated air electrodes. During the flowing process, no catalyst 
stripping or flooding occurred, and even no attenuation of dis-
charge voltage in the same period was observed when the flow 
rate changed.

7. Other Advanced Batteries

The tunable structures of COFs also raise numerous atten-
tion in other advanced battery areas. For example, Ai et  al.[95] 
coated COF on the surface of silicon nanoparticles as an artifi-
cial SSE layer in Li-Si battery and successfully reduced the sil-
icon volume expansion. Li-Si batteries have been considered as 
one of the most promising electrochemical storage techniques 
due to their high theoretical capacity (4200 mAh g−1, lithiated 
to Li4.4Si) and abundant resources (second richest element).[144] 
However, serious volume expansion (≈360% for Li4.4Si) caused 
accelerated electrode collapse and capacity fading, limiting their 
practical utilization and commercialization.[144] Additionally, a 
naturally formed SEI layer on silicon anode consumed lithium 
ions irreversibly and decreased the cycling performance of Li-Si 
batteries.[95,144] They found that silicon electrodes with COF 
coatings showed a reduced volume expansion (≈80%), while 
pure silicon electrodes suffered a serious volume expansion 
(≈160%). Thus, Si@COF exhibited an enhanced cycling per-
formance with less capacity degradation compared to pristine 
silicon. Recently, Li-SeS2 batteries also receive much attention 
as they combine the high specific capacity of sulfur and excel-
lent conductivity of selenium. These batteries have a theoretical  
capacity as high as 1125 mAh g−1.[102,173] However, Li-SeS2 
batteries suffer the same problems as Li-S batteries, where 
shuttle effects lead to loss of selenium/sulfur and thus cause 
poor cycling stability and low rate performance.[102,173] Wang 
et al.[102] employed a COF-coated separator and achieved supe-
rior rate performance and cycling stability in lithium-selenium 
sulfide batteries. The narrower cavity size of COF coatings 
effectively blocked the transport of polysulfide/polyselenide 
species in the electrolyte, and the methoxyl groups in the COF 
structure enhanced the Li+ migration ability compared to the 
bare Celgard separator.

8. Conclusions and Perspectives

In this review, we summarized the recent applications of COFs 
in batteries, including LIBs, Li-S batteries, SIBs, PIBs, Li-CO2 
batteries, ZIBs, Zn-air batteries, and other advanced batteries. 
COFs are emerging crystalline porous materials with tailorable 
chemistry, tunable structure, and well-defined pores that show 
a promising future in batteries. However, the development of 
COF batteries is still at an infant stage, and many challenges 
remain to be tackled.

Most COFs are synthesized via solvothermal methods in a 
closed environment, so the large-scale synthesis of COFs for 
industrial applications is challenging due to the harsh reaction 

conditions. Though several room temperature synthesis strate-
gies have been proposed,[174–178] the generality of these methods 
still needs further investigation in a large base. Therefore, the 
development of large-scale synthesis approaches without sac-
rificing the crystallinity and porosity of COFs is of paramount 
significance for their real applications.

Additionally, COFs are polycrystalline powders with many 
structural defects. It is challenging to control the degree of 
periodicity, crystal domain size, and porosity of many COFs. 
To date, COF single crystals were only reported by Ma et al.[179] 
through aniline modulation and Evans et al.[180] through seeded 
growth. Single crystal COFs could maximize the porosity of 
COFs and reduce the structure defects, which might enhance 
the electrochemical performance.

Low electron conductivity is one of the bottleneck problems 
for COFs in battery applications, which limits their good rate 
capability. Current strategies to improve their conductivity are 
constrained to in situ growth on the surface of CNT or graphene. 
The poor conductivity of COFs is primarily attributed to the weak 
interlayer interactions. Rational design of highly conjugated 
structures within the intralayer and strong interactions between 
the interlayers may serve as effective solutions. For example, 
hydrogen bonding between interlayers can increase interlayer 
interactions, and therefore the introduction of functional moie-
ties (e.g., OH groups) that can form strong hydrogen bonding 
between different COF layers may serve as an effective solution. 
Designing electron-conductive organic linkers like thiophene 
and tetrathiafulvalene may enhance the intralayer electron con-
ductivity of COFs. In addition, COFs have porous structures and 
can host electron conductive fillers inside the pores, and intro-
ducing conductive polymers (e.g., polypyrrole, poly(3,4-ethylen-
edioxythiophene) polystyrene sulfonate (PEDOT: PSS)) through 
in situ polymerization may significantly increase the conductivity 
of COFs. Furthermore, doping strategies including p-doping 
and n-doping have been widely used in polymers to improve the 
electron conductivity to metallic level. Doping of COFs using 
dopants like iodine may also serve as effective approaches to sig-
nificantly improve their electron conductivity.

Bulk COFs with multiple stacking layers may bury a large 
number of active sites and lead to poor access and utilization 
of redox-active sites. Additionally, stacking layers increase the 
lithium diffusion pathways, cause sluggish Li-ion diffusion, 
and decrease the lithium transfer kinetics. To resolve these  
problems, delamination of bulk COFs into few-layer CONs 
proves to be an effective route to expose more redox-active 
sites and improve lithium transfer kinetics. However, large-
scale exfoliation of bulk COFs into CONs is still challenging. 
It is also challenging to control the quality of CONs, including 
crystallinity, thickness, and planar size. Top-down strategies 
like chemical exfoliation or mechanical exfoliation are hard to 
maintain the thickness accurately and may bring more crystal 
defects and damage the large-size planar sheets. Bottom-up 
synthesis strategies are challenging to scale up and heavily 
depend on monomer chemistry though they are easier to pro-
duce highly crystalline and large-sized CONs.

The energy density of many organic electrodes, including 
COFs, is still lower than many inorganic electrodes. Rational 
design of COF structures and optimization of the density of 
redox-active sites on both backbones and substituents can be 
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effective solutions to improving the energy density of batteries. 
Exfoliation of bulk COFs into ultrathin nanosheets and align-
ment of pore channels can also help expose active sites to a 
maximum extent.

Though COFs demonstrate much higher stability than small 
organic molecules, the stability of COFs in organic electrolytes 
is still not enough and limits their long-term discharging-
charging capability. Many COFs lose crystallinity after run-
ning for cycles and even degrade due to the dynamic linkage 
of COFs. Balancing the dynamic nature of COF linkages and 
electrochemical stability is essential. The development of highly 
crystalline and porous COFs with more stable linkages such 
as imide or amide might increase the stability of COFs in the 
electrolyte.

COFs for battery applications are still in the initial phase, 
and the metal ion storage mechanism is still controversial and 
ambiguous. Additionally, the ion and electron transport mecha-
nisms are also unclear. Further insight into the ion storage 
mechanism and the electron/ion transport pathway through 
experimental investigations and theoretical simulations should 
be helpful.

To summarize, COFs provide new opportunities for building 
organic batteries and show many advantages over other organic 
materials such as tailorable compositions, crystalline struc-
tures, ordered cavities, and high surface areas. However, appli-
cations of COFs in battery fields are still in the early stage and 
face many challenges. Both experimental and theoretical efforts 
are expected to solve these challenges and improve the electro-
chemical performance of COFs.
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