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a b s t r a c t
Recently, covalent organic frameworks (COFs) have attracted widespread attention for the research in rechargeable batteries due to their inerratic porous structure, adjustable porosity and designable framework. The porous
structure with adjustable pore size is stacked into a one-dimensional ordered channel through the 𝜋-𝜋 interaction,
which provides favorable pathways for rapid charge transport. Terriﬁc structural designability exhibits unique
advantages in electrochemical energy storage systems (EESS), such as active site diversity, structural stability,
lithium and sulfur aﬃnity, which furnishes a novel perspective for settling various problems of rechargeable batteries. This review introduces the structural features and reaction mechanisms of COF materials, then summarizes
the design concepts and latest applications of redox-active (cathode and anode materials) and non-redox active
(separators, hosts and solid-state electrolytes) COFs in rechargeable batteries. Finally, challenges and perspectives
in these ﬁelds are discussed.

1. Introduction
Covalent organic frameworks (COFs), assembled by C, H, O, N, and
other elements, are connected by covalent bonds to form geometric and
periodic two-dimensional (2D) or three-dimensional (3D) topological
structure polymers, which belong to a subclass of porous crystalline
polymers [1-6]. The interconnected and extended framework exhibits
extraordinary stability due to the inherent strength of covalent bonds
between atoms [7-9]. The geometric composition, shape, and pore size
of the target COF could be speciﬁcally designed for meeting diﬀerent
demands, which is attributed to the diversity of covalent bonds and the
precise control of the atomic order. COFs have been providing a new
platform for many ﬁelds, such as catalysis [10-12], gas adsorption [1315], semiconductors [16-19], electrolyte membranes [20], and pseudocapacitors [21-24], due to their designability, high porosity, structural
diversity, and stability. More importantly, the nano-scale ordered channels and space formed by the 𝜋-𝜋 stacking provide an ideal environment for the storage, release, separation, and transformation of charge
carriers. The functionalized organic units and regular porous structures
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make COFs a new candidate for the development of the next-generation
rechargeable batteries.
When COFs are used as the electrode materials of rechargeable batteries, they possess the advantages of organic electrode materials, such
as abundant resources [25-28], high speciﬁc capacity [29-33], being environment friendly [34-37], and light-weight [38-45], and at the same
time can eﬀectively avoid the solubility problem of traditional organic
electrodes attributing to the gigantic skeleton [46-48]. Compared with
linear polymers [49-54], porous-structured 2D COFs could make the distribution of active units in the electrode more uniform and form a neat
one-dimensional transformation channel through the stack of strong 𝜋-𝜋
interaction between layers, which is more conducive to the accessibility
of alkali metal ions. Compared with inorganic materials, since lithium
ions are bonded to COFs by simple and eﬀective covalent bonding in
charging and discharging process, the framework structure of COFs will
not be signiﬁcantly changed, thus COF-based batteries have the potential to achieve longer cycling stability [55,56]. Designable molecular
engineering techniques can also be used to adjust the physical and electrochemical properties of COFs, such as electronic conductivity, kinetics
and redox potentials.
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Moreover, when COFs are used in Lithium-sulfur (Li-S) batteries,
the shuttle eﬀect of polysulﬁdes (PSs) could be eﬀectively suppressed
through the uniformly distributed microporous structure and rich polar
groups, and the conductivity of the sulfur cathode will slightly increase
[57-60]. Besides, COFs can also be employed to prepare the solid electrolytes for rechargeable batteries [61-63]. The continuous 1D channel
with high structural and thermal stability can accommodate abundant
lithium salts and provide a great convenience for ion storage and diffusion. Thus, COFs has been considered as an ideal candidate for solidstate electrolytes in batteries [63-65]. In recent years, COFs have been
rapidly developed in rechargeable batteries, and some reviews have reported on it. However, these reviews lack a systematic review to summarize the energy storage mechanisms, application scenarios and optimization strategies of COFs as redox active or inactive components in
batteries.
To ﬁll this gap, this work systematically discusses the structural features of COFs and the energy storage mechanism. Then, from the perspective of molecular structure design and nanostructure design, we
reviewed the latest research progress of redox-active COFs in cathode/anode materials, focused on the association between COF structure and electrochemical performance, emphasized the importance and
necessity of structure design in battery optimization strategies. Subsequently, the applications and optimization methods of COFs without
redox active in lithium-sulfur batteries and solid electrolytes were summarized. In the last part of this article, a summary is given, and the
challenges and future prospects is also discussed. We are committed to
summarizing the innovative work of our predecessors and providing inspiration for the further development and research of COFs.

dimensional channel that can serve as charge transport or as a host
material. The regularity, connectivity and 𝜋-𝜋 conjugation of COFs are
extremely beneﬁcial for the transport of charge carriers [77,78]. The ABstacked COFs can form a denser network, which is an eﬀective strategy
for protecting electrodes or obstructing the shuttle of macromolecules.
In general, the functions of COFs are much more than that, and many
application scenarios need to be further explored.
3. COFs as redox electrode materials
Since the speciﬁc capacity and working voltage of the electrodes
are the key parameters of energy density, the development of electrode materials is one of the most important and popular research directions in batteries [79-84]. COFs participate in energy storage mainly
through the redox reaction of functional groups. In this section, the energy storage mechanisms of COF materials, optimization strategies as
cathodes/anodes will be presented separately.
3.1. Energy storage fundamentals of COFs
The charge storage procedure of COFs is associated with the reversible redox reaction of the active organic functional groups. The diversity of the active groups of COFs has beneﬁted from the research and
development on the structural design, charge storage mechanism, and
micro-morphology of organic electrode materials in the past few decades
[29,85-87]. According to the type of functional groups participating in
the reaction, organic electrode materials are divided into n-type, p-type,
and bipolar materials [55,88]. For n-type organic electrodes, which are
also the majority of COFs electrode materials, they ﬁrst proceed with the
reduction reaction (discharge). The initial state of COFs combines with
electrons to form a negative charge state and then combines with alkali
metal ions to form a discharged state. The oxidation process (charge) is
opposite to the reduction (discharge) process. Under external voltage,
COFs lose electrons and metal ions from the metal-containing discharge
state and are oxidized to the initial state of the electrode. In general,
p-type materials ﬁrst lose electrons and combine with anions in the electrolyte with working voltage and reactivity usually higher than that of
n-type materials due to the better redox potential and kinetics. However,
the development of p-type materials is limited due to the introduction of
a large number of inactive groups which reduces the speciﬁc capacity.
The bipolar material containing both n-type and p-type active functional
groups can be either charged or discharged in the initial state.
The voltage window of the COF-based electrodes depends on the
actual redox potential, which determines whether they could be used as
the cathodes or anodes [70,89-91]. The redox potential is determined
by the functional groups of COFs. As shown in Fig. 2, the structures
of common active functional groups in COFs include carbonyl (-C=O),
imine (-C=N-), and azo (-N=N-) [52-54,92-101].
Ketones, quinones and imides are common carbonyl-containing functional groups in COFs. The carbonyl group with high potential (2-3 V Vs
Li/Li+ ) generally appears as a functional group in the cathodes of the
batteries. When the COF electrode discharges, the carbonyl O receives
electrons, becoming unstable enol oxygen anions, and then combines
with the adjacent alkali metal ions to form a stable covalent bond. The
charging process is performed in the opposite way. For example, Xu
et al. [95] introduced naphthalene diimide (NDI) unit as the active site
in the DTP -ANDI -COF cathode for lithium-ion batteries (Fig. 3a). For the
discharge/charge process, the NDINA unit undergoes a reversible twoelectron redox reaction through the enolization reaction and induces
the lithiation/delithiation process. Yao et al. [94] prepared a 2D COF
material called PPTODB with pyrene-4, 5, 9, 10-tetraone (PTO) as the
active block (Fig. 3b, c). When the working voltage window is 1.5-3V,
the average voltage of batteries using PPTODB as the electrode can reach
values of over 2.5 V. It is proposed that PTO could theoretically perform
reversible insertion/extraction of four lithium ions. The cyclic voltammetry (CV) results showed that there were two obvious pairs of redox

2. Structural features of COFs
COFs are usually composed of structural blocks via reversible condensation reactions (such as Schiﬀ base reaction), which, to a certain
extent, allows the incorrectly connected network to dissociate, reorganize and arrange [66-70]. The structural blocks can be divided into linear blocks and non-linear corner blocks, as shown in Fig. 1a. The geometry of the COF skeleton is determined by the size, symmetry, and
connectivity of the structural blocks. For example, the quadrangular
COFs are composed of cross-shaped corner blocks and linear blocks,
while the hexagonal COFs are constituted by triangular corner blocks
and linear blocks. In 2005, two 2D COFs named COF-1 and COF-5 was
ﬁrst designed and successfully implemented by Yaghi and co-workers
[71]. COF-1 uses diboronic acid to react with itself to form boroxine
through dehydration and condensation, and COF-5 uses diboronic acid
to react with hexahydroxy triphenylene to form boronate ester. Jiang
and co-workers created a star-shaped COF with micropores composed
of triangles and hexagons by condensing 1,2,4,5-tetrahydroxybenzene
(THB) unit, the linear block, with tetraphenylethene-cored boronic acid
(TPEBA) unit, the non-linear corner block [72]. In the design of new
COFs, boric acid has become one of the most common functional groups.
Subsequently, a variety of reversible reactions have been reported for
the synthesis of COFs [73-76]. It is worth mentioning that the Schiﬀ
base reaction is widely used in the development of electrode materials
because the reaction can generate -C=N active bonds for energy storage.
The development of a large number of reversible reaction methods and
functional groups provides a strong guarantee for the diversity of COFs.
The highly diversiﬁed COFs exhibit great potential to meet the various
requirements for energy storage.
Compared with polymers, the blocks of COFs are precisely controlled
in 2D structure. The special structure of COFs makes them widely applied in rechargeable batteries (Fig. 1b). Designing active groups on
COFs can be used as electrode materials. More importantly, the regularly ordered porous structure provides a large speciﬁc surface area for
COFs, which can eﬀectively relieve the volume expansion of the battery caused by alkali-metal ions insertion/extraction during the charging/discharging processes. The COFs stacked by AA can form a one355
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Fig. 1. a) Diﬀerent types of reversible organic reactions (left) and linear blocks, corner blocks and generated structures (right) in 2D COFs. b) Applications of
multifunctional COFs in rechargeable batteries.

peaks between 2-3V (vs. Li /Li+ ), so each pair of peaks should have two
electrons to undergo a reversible redox reaction.
Imine (including Schiﬀ and pteridine derivatives) exhibit exceptional
design ability, in which planarity and conjugated structure exert a considerable inﬂuence in stabilizing their electrochemical activity [35,103105]. The nitrogen-rich hexaazatrinaphthalene (HATN) monomer owns
a higher speciﬁc capacity because it could reversibly receive six electrons. Xu et al. [102] introduced HATN into starburst-shaped 2D CCPHATN and 2D C=N HATN through the Knoevenagel condensation reaction (Fig. 3d, e). The 2D CCP-HATN COFs exhibited two pairs of prominent redox peaks at 1.60/1.58 V and 2.45/2.4 V, respectively, which
indicates HATN involves various redox potentials. 2D C=N HATN also
showed similar peaks, But the peak area of 2D C=N HATN is smaller
than that of CCP-HATN, indicating that the 2D CCP-HATN COFs have
higher reactivity.
Azo compounds have been recently discovered as active centers for
reversible chemical reactions. By breaking the N=N double bond, it
could receive/release two electrons and alkali metal ions reversibly. As
displayed in Fig. 3f, Weeraratne et al. [98] synthesized ALP-8 with high

azo-linkage density as a new type of COF electrode material for sodiumion batteries (SIBs). The reversible redox potential of azo bond measured
by CV is between 1.2 and 1.5 V versus Na/Na+ .
In addition to the above-mentioned acknowledged redox mechanism, there are also some controversial reactions, such as the overlithiation mechanism of the benzene ring [106]. The mechanism will
be discussed in detail in the anode part. Due to the large speciﬁc surface area of COFs, a larger contact surface and space is provided for the
adsorption of alkali metal ions, which implies that COFs may simultaneously have two energy storage methods (redox active sites and surface
adsorption). This behavior may bring additional advantages to the speciﬁc capacity of the anode.
The theoretical capacity (CT ) is calculated by the equation:
𝐶𝑇 =

𝑛𝐹
(
)
3600 𝑀𝑤 ∕1000

where n and Mw are the number of charge carrier and the molecular
weight of the repetitive unit in COF, respectively. F is the Faraday constant (96485 C mol−1 ). Signiﬁcantly, the key to the accurateness of the356
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Fig. 2. Common active units and electron transfer numbers in COFs.

current density of 0.05 C (1C=773 mA g−1 ), batteries based on BQ1-COF
electrode can achieve an extra high speciﬁc capacity of 502.2 mAh g−1
in the second cycle (Fig. 4a). In the voltage of 1.2 V-3.5 V, the BQ1-COFbased electrode exhibited an average discharge voltage of 2.06 V. Compared with the traditional commercial cathode materials of LiCoO2 and
LiMn2 O4 (energy density is about 180 Wh kg−1 ), its high energy density (1033 Wh kg−1 ) has attracted intensive attention. More importantly,
even at an ultra-high rate of 7.73 A g−1 (10 C), a reversible capacity of
170.7 mAh g−1 was obtained (Fig. 4b), and the energy and power densities still remained about 350 Wh kg−1 and 12.6 kW kg−1 , respectively.
The density functional theory (DFT) calculation results showed that the
position between the C=O group and the C=N group was adjacent in
the extended 𝜋 conjugated system thus the N and O atoms could generate a synergistic eﬀect and constituted a stable ﬁve-membered chelate
ring (C–N–Li–O–C) with lithium ions during lithiation process (Fig. 4c).
However, after receiving 12 lithium ions, the combination of BQ1-COF
and lithium ions became more diﬃcult due to the steric eﬀect and stability, resulting in a signiﬁcant enhancement in the binding energy of
BQ1-COF with Li+ . Signiﬁcantly, the higher average potential of BQ1COF was attributed to the lower lowest unoccupied molecular orbital
(LUMO) level (−4.20 eV).

oretical capacity lies in the correct division of repeating units. For example, COF PPTODB could be divided into three diﬀerent repeating units,
but only 2 and 3 can be used for calculating the theoretical capacity
(Fig. 3b). Additionally, due to the uncertainty of the functional groups,
it is diﬃcult to calculate the theoretical capacity of some COFs, which
are mainly used as anodes.
3.2. Optimization strategies in the cathodes
3.2.1. Increasing redox-active sites
The mass-speciﬁc capacity of the electrode materials is critical to
the overall performance of the battery, which represents the capacity
limit per unit mass of a battery. Improving the speciﬁc capacity of COFs
materials has always been the main purpose and focus of researchers.
Designability of the framework gives COFs the potential for high capacity. Introducing active groups in the framework while reducing the
load of inactive groups is considered as an eﬀective way to increase the
speciﬁc capacity of COF materials. For example, the repeating unit of
BQ1-COF contained 6 C=O and 12 C=N redox-active sites, which theoretically could receive/release 18 Li+ reversibly [107]. Therefore, an
ultra-high theoretical capacity of 773 mAh g−1 could be provided. At a
357
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Fig. 3. (a) Construction of the DTP -ANDI -COF. Reproduced with permission [95]. Copyright 2015, Nature Publishing Group. (b) Construction of PPTODB. (c)
Charge/discharge proﬁles of PPTODB. Reproduced with permission [94]. Copyright 2019, Wiley-VCH. (d) Constructions of 2D CCP-HATN and 2D C=N HATN.
(e) CV curves at a scan rate of 1 mV s−1 . Reproduced with permission [102]. Copyright 2019, Wiley-VCH. (f) The structure of APL-8. Reproduced with permission
[98]. Copyright 2019, American Chemical Society.

Fig. 4. (a) The structure of BQ1-COF or TQBQ-COF materials. (b) Rate performance of BQ1-COF. (c) 18 Li+ insertion/extraction reactions with a BQ1-COF repeating
unit. Reproduced with permission [107]. Copyright 2020, Elsevier Inc. (d) Long-term cycle performance of TQBQ-COF electrode. (e) In-situ FTIR spectra (right)
collected corresponding to left. Reproduced with permission [108]. Copyright 2020, Nature Publishing Group.

At the same time, Shi et al. [108] also synthesized TQBQ-COF with
the same structure as BQ1-COF and applied it to SIBs. In 1-3.6 V and
at 0.02 A g−1 , the TQBQ-COF electrode exhibited an initial discharge
capacity of 452.0 mAh g−1 . After 1000 cycles at 0.5 and 1.0 A g−1 ,
the reversible capacities of the TQBQ-COF based batteries still maintained 91.3% and 96.4% (Fig. 4d), which delivered 236.5 and 213.6
mAh g−1 , respectively. The compacted density of TQBQ-COF was calculated to be above 1.63 g cm−3 by powder compaction, indicating that the
volume energy density of the TQBQCOF electrode reached about 1252
Wh L−1 . In-situ Fourier transform infrared (FTIR) spectra were carried
out to explain the sodium storage mechanism of TQBQ-COF (Fig. 4e).
The characteristic peaks at about 1627 and 1545 cm−1 , respectively,
were assigned to the carbonyl and pyrazine of the TQBQ-COF electrode.

During the sodiation process, these two characteristic peaks gradually
decreased. Until discharging to 0.8V, the characteristic peak of the carbonyl group almost disappeared, while the characteristic peak of C=N
was slightly reserved. During the desodiation process, the characteristic
peaks of 1627 and 1545 cm−1 reappeared and gradually increased, and
ﬁnally returned to the initial state. The reversible insertion/extraction
process of Na ions was proven by the same phenomenon in the ﬁrst two
cycles.
3.2.2. Increasing the exposure of the active sites
Although the functional groups of COFs are accurately distributed
through the long-range ordered frame and regular pores. However, the
active sites of COFs are excessively stacked and buried deep in the
358
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Fig. 5. (a) Schematic illustration for the exfoliation of 2D stacked COFs into exfoliated COFs. (b) Rate cyclability of DAAQ-ECOF and DAAQ-TFP-COF. (c) Long-term
cyclability and Coulombic eﬃciencies. Reproduced with permission [110]. Copyright 2017, American Chemical Society.

center of 1D pore due to the excessive 𝜋-𝜋 interaction force between
molecules. The functional groups in the center are diﬃcult to contact
and react with alkali metal ions, resulting in insuﬃcient utilization of active sites, thereby reducing the actual speciﬁc capacity and rate performance. Molecular structural design is diﬃcult to solve the above problems, while nanostructure designs could make up for this deﬁciency. Increasing the accessible exposure of active sites by nanostructure designs
such as mechanical ball-milling is one of the available means to improve its performance [109]. Wang et al. [110] prepared DAAQ-ECOF
with a thickness of about 5 nm by mechanical ball-milling (Fig. 5a).
The excessive accumulation of DAAQ-COF was eﬀectively decreased.
The Li+ diﬀusion coeﬃcients of the original COF and exfoliated DAAQECOF were 2.48 × 10−11 and 6.94 × 10−11 cm2 s−1 , respectively, indicating that the ionic conductivity of DAAQ-ECOF has been slightly
improved. There was a large amount of Li+ on the surface/near-surface
of the exfoliated COF, which was beneﬁcial to the full utilization of active sites and the rapid transfer of ions. At a current density of 20 mA
g−1 , DAAQ-ECOF exhibited a 96% theoretical capacity (Fig. 5b) and no
signiﬁcant attenuation after 1800 cycles, and still provided a capacity
of 104 mAh g−1 at a rate of 0.5 A g−1 (Fig. 5c). Under the same conditions, the performance of the DAAQ-ECOF electrode was almost twice of
that of the pristine sample. Besides, the PI-COF-1 material composed of
PMDA and tris(4-aminophenyl) amine (TAPA) was also stripped into
several layers by ball-milling, and the battery performance was improved due to the shortened electron/ion migration length. At 0.1 C (1
C = 14.2 mA g−1 ), the initial 85 mAh g−1 increased to 112 mAh g−1 after
stripping.

3.2.3. Optimizing electrode conductivity
Organic electrodes usually have the problem of low conductivity, so
how to solve this problem is an urgent matter in the organic electrode
materials [111-113]. The mainstream methods mainly include two directions: (1) Improve the overall electronic conductivity of the electrode
by adding highly conductive additives into the electrode. (2) Reduce the
bandgap of COF materials through molecular design and synthesize continuous conjugated large 𝜋 bonds to improve the inherent conductivity
of the material.
Due to the low electrochemical accessibility of active functional
groups, the thickness of COF-based device ﬁlms grown on conductive
substrates is limited to less than 250 nm. Fortunately, electrode materials based on COF microcrystalline powders do not need to form
a thin ﬁlm, which will contribute to obtain higher conductivity and
simplify manufacturing processes. Therefore, the composites of highly
conductive additives with COFs through nanostructure design can improve the electrochemical performances of the cathodes. Wang et al.
[114] coated 2D-PAI on carbon nanotubes (2D-PAI@CNT) using the 𝜋-𝜋
stacking interaction as a driving force by condensation reaction for LIBs
cathode (Fig. 6a). Compared with the original 2D-PAI electrode (28.5
mAh g−1 at 0.1 A g−1 ), the 2D-PAI@CNT cathode provided a largely
enhanced capacity of 104.4 mAh g−1 (Fig. 6b). Interestingly, even the
2D-PAI/CNT cathode with a mass ratio of 1:1 of 2D-PAI and CNTs still
showed a capacity of 65.6 mAh g−1 under the same conditions, which
adequately indicates the great advantage of in-situ CNTs recombination.
At 0.5 A g−1 , no signiﬁcant capacity degradation was observed in the 2DPAI@CNT cathode after 8000 cycles, and the capacity was maintained at
359
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Fig. 6. (a) Synthesis of 2D-PAI@CNT and depiction of redox activity. (b) Charge-discharge curves of 2D PAI and 2D PAI@CNT at 0.1 A g-1 . (c) Charge-discharge
curves of 2D PAI@CNT at various current rates. (d) Long-term cyclability of 2D-PAI@CNT. Reproduced with permission [114]. Copyright 2019, Wiley-VCH. (e)
Synthesis of PIBN and PIBN-G. (f) XPS spectra of N1s and C1s. (g) Rate performances of PIBN-G and PIBN. Reproduced with permission [93]. Copyright 2018,
Wiley-VCH.

100 mAh g−1 (Fig. 6d). Besides, the reversible capacity only slightly decreased along with the increased rate from 0.2 to 2 A g−1 , and no increased polarization was observed at diﬀerent rates (Fig. 6c), indicating
that 2D-PAI@CNT possesses a prominent ion/electron migration ability. The introduction of CNTs in COF composites facilitates the electron
conductivity. However, the excessive use of CNTs will reduce the overall
energy density of the electrode and increase the cost of cell in large-scale
applications.
2D graphene is widely used as conductive additives due to its remarkable conductivity. The atoms or molecules could be adsorbed/desorbed
on the surface due to the abundant oxygen-containing groups, which facilitates the growth of speciﬁc COFs. 20 wt% graphene was introduced
during the synthesis of PIBN COF to synthesize PIBN-G by Luo et al
(Fig. 6e) [93]. The DFT calculated results of diﬀerential charge density
showed that the charge was transferred from graphene to PIBN through
the intermolecular 𝜋 electron interaction, which not only enhanced the
stability of PIBN but also improved the electron transport of PIBN-G. In
the N1s spectrum of Fig. 6f, the binding energy of PIBN-G was significantly lower than that of PIBN, which indicates that there is electron
transfer and 𝜋-𝜋 stacking between the phenyl group of the COF and the
carbon ring of sp2 hybrid graphene. In rate tests (Fig. 6g), PIBN-G exhibited twice the capacity of PIBN at 5 C, which is attributed to the external
inﬂuence of graphene on the conductivity of the COF cathode material.
In addition to inorganic conductive materials, conductive polymers can also be used as additives to improve the conductivity of
electrodes. Vitaku et al. [115,116] synthesized DAAQ-TFP COF and
employed it for energy storage (Fig. 7a), but it was found that its
rate performance was not desirable. After adding conductive poly(3,4ethylenedioxythiophene) (PEDOT), its conductivity has been increased
from the original 4.8 × 10−5 to 7.2 × 10−5 S cm−1 . The rate performance of DAAQ-TFP COF is signiﬁcantly improved, especially at high

rates (Fig. 7b). Then 2,7-diaminophenazine (DAHP) instead of DAAQ
was utilized to prepare DAHP-TFP COF. In contrast, although the conductivity of the DAHP-TFP COF electrode had been further enhanced by
introducing PEDOT, the eﬀect on the rate performances were not prominent. The change of Li+ diﬀusion coeﬃcients indicated that PEDOT had
little eﬀect on the DAHP-TFP COF electrode diﬀusion coeﬃcient. It is
not the electron transport but the ion transport playing a limiting role
in this electrode material, which means that increasing the ion diﬀusion
rate may be another way to improve battery performance. Although
conductive additives (such as PEDOT, CNTs, RGO, etc.) can eﬀectively
improve the conductivity of the electrode, the introduction of a large
number of additives may hinder the commercialization of high energy
density batteries. From a long-term perspective, the problems related
to poor conductivity could be eradicated by both improving intrinsic
conductivity and introducing conductive additives.
In COF materials, there are no free electrons or ions, which makes
their charge transfer rate sluggish in general. It limited the development of COFs as battery cathode materials. Fortunately, the chemical
and physical properties of the framework could be ﬁnely tuned through
the excellent designability. The LUMO energy level could be eﬀectively
ﬁne-tuned by introducing the acceptor unit to form an electronic pushpull eﬀect, thereby improving the operating voltage and conductivity.
Shi et al. calculated the density of state (DOS) and found that the energy bandgap between highest occupied molecular orbital (HOMO) and
LUMO energy levels could be reduced by introducing N atoms, and the
bandgap of TQBQ-COF can reach below 1.0 eV, implying that the TQBQCOF possesses a characteristic of semiconductors [108]. The experimentally measured electronic and ionic conductivity (for discharge products) were about 10−9 S cm−1 and 10−4 S cm−1 , respectively, which
shows that the conductivity has been eﬀectively improved. In addition, the synthesis method and crystallinity of COFs also have a signif-
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Fig. 7. (a) Synthesis of DAAQ-TFP and DAPH-TFP COFs
and energy storage process. (b) Rate capabilities. Reproduced with permission [116]. Copyright 2019, American Chemical Society.
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Table 1
COFs as the cathodes
Batteries

Materials

Active unit

LIBs

BQ1-COF

-C=N-, -C=O

LIBs

PI-ECOF-1

-C=O

PI-ECOF-1/rGO50

-C=O

PI-COF-2

-C=O

PI-COF-2/rGO30

-C=O

PIBN

-C=O

PIBN-G

-C=O

LIBs

2D-PAI@CNT

-C=O

LIBs

2D-PAI
DAAQ-ECOF

-C=O
-C=O

DAAQ-TFP-COF

-C=O

LIBs

DTP -ANDI -COF

-C=O

LIBs

Tp–DANT-COF

-C=O

Tb–DANT-COF

-C=O, -C=N

LIBs

PGF-1

-C=N

LIBs

AZO-1

-N=N

LIBs

Azo-CTF

-N=N-

LIBs

HATNPF1

-C=N

HATNPF2

-C=N

LIBs

2D CCP-HATN@CNT

-C=N

LIBs

PPTODB

-C=O

LIBs

DAAQ-TFP

-C=O

PEDOT@DAAQ-TFP

-C=O

DAPH-TFP

-C=O, -C=N

PEDOT@DAPH-TFP

-C=O, -C=N

SIBs

TQBQ-COF

-C=O, -C=N

RMBs

COF

-C=N

LIBs

Voltage range (V)

Speciﬁc surface
(m2 g−1 )

Ref.

1540/1000/198.4

1.2-3.5

94.73

[107]

142/300/72

1.5-3.5

576

[109]

142/300/∼106

1.5-3.5

223

128/300/∼59

1.5-3.5

720

128/300/∼88

1.5-3.5

173

-/-/-

1.5-3.5

-

1400/300/208.1

1.5-3.5

-

500/8000/100

1.5-3.5

768

[118]

-/-/500/1800/104

1.5-3.5
1.5-4.0

1248
316

[110]

500/1000/∼59

1.5-4.0

-

200/700/74

1.5-3.5

1933

[95]

1000/600/71.7

1.5-4.0

511

[54]

-/-/-

1.5-4.0

376

500/1400/∼374

1.0-3.6

101

[117]

2900/1000/∼75

1.25-2.5

649

[119]

4000/5000/∼126

1.2-3.0

317.4

[120]

500/1200/165

1.5-4.0

384

[121]

500/1200/102

1.5-4.0

288

500/1000/∼91

1.2-3.9

-

[102]

20/150/135.2

1.5-3.5

-

[94]

314/500/∼14

1.4-3.6

1140

[115]

314/500/∼28

1.4-3.6

347

342/500/∼35

1.4-3.6

1155

342/500/∼35

1.4-3.6

230

1000/1000/213.6

1-3.6

-

[108]

770/3000/37

0.8-2.5

428

[122]

Rate performance

Cycling performance

CD

SC

CD/CN/Retained SC

386.5
1546
3865
7730
14.2
1420
14.2
142
1420
12.8
640
12.8
640
28
1400
28
1400
100
2000
100
20
100
1000
3000
20
3000
200
1000
50
200
1986.7
50
2014.7
100
500
72.5
580
2900
100
1000
4000
100
2000
100
2000
100
1000
20
1500
157
3140
157
3140
171
3420
171
3420
20
1000
5000
10000
77
770

∼300
∼250
∼210
170.7
103
60
167
132
90
103
10
124
37
244.8
∼120
271
206.7
104.4
95
28.5
145
129.1
98.6
76
110
∼24
69
58
104.3
92.3
66.3
118.1
66.6
842
480
∼140
∼100
∼75
205
173
141
309
174
205
112
116
94
198
98
53.5
∼22
59.8
∼36
81.7
∼55
93.2
∼55
452
234
180.6
134.3
102
72

icant inﬂuence on electronic conductivity. Liu et al. synthesized PGF-1
with better crystallinity under alkaline conditions as cathode for LIBs,
which electronic conductivity can reach 0.3 S cm−1 [117]. These examples indicate that the conductivity of COFs can be adjusted as desired. However, few reports are focusing on improving the intrinsic elec-

[93]

tronic conductivity of molecule units, although it may be a promising
way to meet the requirements of electrodes. Apart from that, Table 1
summarizes the electrochemical properties of redox-active COFs as the
cathodes.
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Fig. 8. (a) The structure of COF and COF@CNTs with few COF layers covered on the exterior surface of CNTs. (b) Cycle performance of COF (based on the mass
of COF) in COF@CNTs. (c) The structure evolution of COF@CNTs during the lithiation process. (d) Facilitated Li+ transport and storage into expanded COF layers
during the repeated charge and discharge process. Reproduced with permission [124]. Copyright 2018, Nature Publishing Group. (e) The structures of CIN-1 and
SNW-1. (f) HOMO/LUMO energy diagrams of the CIN-1 and SNW-1 monomers. (g) Capacity contribution of CIN-1 in E-CIN-1/CNT and SNW-1 in E-SNW-1/CNT.
Reproduced with permission [125]. Copyright 2018, Wiley-VCH.

3.3. Optimization strategies in the anode

E-SNW-1/CNT COF composite materials by the ball-milling method, and
the reversible capacity could reach 1005 and 920 mAh g−1 (based on
the mass of COF), respectively, after 250 cycles at a current density of
0.1 A g−1 (Fig. 8e-g). They guessed that the superior properties of these
two composite materials might be related to the benzene ring, piperazine ring and triazine ring in addition to the C=N and -NH- groups
participating in the redox reaction.
1,3,5-triformylphloroglucinol and amino groups frequently form low
redox potential active sites and appear in COF materials as triangular
corner blocks. Zhao et al. [123] designed a Tp-Azo-COF material with
dual carbonyl and azo active sites for LIBs (Fig. 9a). The Tp-Azo-COF
anode delivered a current density of 305.97 mAh g−1 after 3000 cycles
at 1 A g−1 (Fig. 9b) and demonstrated exceptional stability. During the
discharging process, the lithium storage ﬁrst appeared at the C=O-based
active site (the three C=O units of 𝛽-ketoenamine could receive 3 Li+ ),
because the electronegativity of O atoms was stronger than that of N
atoms (Fig. 9c). Then the N=N bond was reacted with two Li+ . During charging, the active sites of Tp-Azo-COF were reduced to C=O bond
and N=N bond, and Li+ was released, completing the reversible reaction. Also, Gu et al. synthesized DAAQ-COF containing 𝛽-ketoenamine
for SIBs. They proposed that each 𝛽-ketoenamine could reversibly receive/release 6 Na+ ions, that is, in addition to the carbonyl group, 𝛼-C
radical intermediates could also receive 3 Na+ .

3.3.1. Low potential active sites increasing the speciﬁc capacity
The redox potential of the active site in COFs determines whether
the material acts as a cathode or anode. Even the same active site
(such as -C=N-) has diﬀerent redox potentials in diﬀerent COF structures
[107,123]. The redox activity of the material depends on the intrinsic
reaction kinetics and the battery system. To design the COF anodes, the
active functional groups with lower redox potential should be selected.
Also, functional groups with large 𝜋-𝜋 conjugates (such as benzene and
naphthalene) usually exhibit exceptional lithium storage capacity (overlithiation) at low potentials. Han et al. suggested that each C6 ring could
theoretically accept/release 6 Li+ reversibly to form a 1:1 Li/C complex.
Lei et al. [124] synthesized COF@CNTs composite material with a few
layers of COF (about 5 nm) wrapped around CNTs (Fig. 8a). The capacity
contribution from the COF in the electrode increased from 186 mAh g−1
to 1536 mAh g−1 after 320 charge and discharge activations (Fig. 8b).
This is attributed to the gradual lithiation of the C=N group and the
benzene ring through a ﬁve-step lithiation/delithiation process, which
makes COF@CNTs have a 14-lithium super storage capacity (Fig. 8c).
During the activation process, the interlayer distance gradually expands
as more Li+ enters into the COF layer, thereby increasing the opportunity of the lithiation/delithiation of the benzene ring (Fig. 8d). The
reversible changes of the C=N bond and C=C bond of the benzene ring
were clearly detected by the FTIR and Raman technologies. Also, DFT
was performed to theoretically calculate the two possible lithiation sites
in each repeating unit. First, electron-rich N atoms were preferentially
reacted with lithium ions, and then sp2 hybridized carbon atoms on
the two benzene rings could provide up to 12 lithiation sites through
the formation of Li6 /C6 . It is worth noting that the reversible capacity of the COF is even higher than the theoretical capacity of inorganic
anode materials such as Fe2 O3 , Co3 O4 and CuO (700-1000 mAh g−1 ).
Subsequently, Lei et al. [125] prepared two stripped E-CIN-1/CNT and

3.3.2. Introducing heteroatoms to improve conductivity
The introduction of heteroatoms plays a vital role in the regulations
of COFs HOMO/LUMO energy levels as the energy levels and bandgap
are signiﬁcantly inﬂuenced by heteroatoms. Reducing the bandgap is
beneﬁcial to improve the intrinsic electronic conductivity of COFs. Heteroatoms or functional groups with strong electron-withdrawing properties (such as -F, -Cl, and -CN) can eﬀectively reduce the energy bandgap
of the material. Recently, a ﬂuorine-containing COF material (E-FCTF)
was reported by Zhang et al. [126] DFT calculation results showed
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Fig. 9. (a) PXRD and structure patterns of Tp-Azo-COF. (b) Long-term cyclability of Tp-Azo-COF. (c) Structural evolution during the lithiation/delithiation procedure.
Reproduced with permission [123]. Copyright 2020, American Chemical Society. (d) HOMO and LUMO diagrams of CTF and FCTF. (e) Rate capabilities of E-FCTF
and FCTF. (f) Long-term cyclability of E-FCTF. Reproduced with permission [126]. Copyright 2019, American Chemical Society.

that the HOMO/LUMO energy level and bandgap of FCTF were signiﬁcantly lower than those of ﬂuorine-free CTF (−6.58/−5.13 eV Vs −6.08
eV/−3.73 eV), resulting in the improvement of the conductivity and
electrochemical performance of the FCTF electrode (Fig. 9d). The Galvanostatic intermittent titration techniques (GITT) results showed that
the Li+ diﬀusion coeﬃcient (DLi+ ) of the E-FCTF electrode stripped by
ball-milling was higher than that of the ﬂuorine-free E-CTF electrode, attributed to the shortened transport path and the introduction of F atoms.
The E-FCTF-based electrode obtained reversible capacities of 886, 845,
771, 709, and 593 mAh g−1 at 0.1, 0.2, 0.5, 1, and 2 A g−1 (Fig. 9e), respectively. More importantly, excellent long-cycle performance (Fig. 9f)
was achieved at 2 A g−1 current density (581 mAh g−1 retained after
1000 cycles).

was stripped into E-TFPB-COF by Chen et al. [127] through the strong
oxidant intercalation method (Fig. 10a), then E-TFPB-COF/MnO2 retaining MnO2 nanoparticles was prepared to prevent COFs from agglomerating again. After 300 cycles at 0.1 A g−1 (Fig. 10b), the electrodes based
on E-TFPB-COF/MnO2 and E-TFPB-COF showed ultra-high reversible
capacities of 1359 and 968 mAh g−1 , respectively. As to the lithium
storage mechanism, they presumed that the reversible lithiation process
between E-TFPB-COF and lithium ions located on the frame wall (or the
interlayers) was assigned to the redox reaction of the imine bonds and
the benzene rings of the C=C bonds, which ultimately constituted N-Li
and C-Li bonds (Fig. 10c). The excellent capacity and rate performances
of the E-TFPB-COF/MnO2 electrode were attributed to the stripping twodimensional layered structure, which shortens the ion diﬀusion distance,
improves the reaction kinetics of Li+ , and the synergies eﬀect between
the COF and the MnO2 nanoparticles.
The organic radical reaction is applied as an active site for charge
storage in rechargeable batteries because of its higher reactivity and fast
kinetics. However, the instability of most radical reactions and the irreversible dimer reactions between nearby free radicals result in the loss
of electrode redox activity. Therefore, preventing side reactions is essential to maintain the reversible capacity and cycle life of the battery. Gu
et al. [130] prepared four kinds of 2D DAAQ-COF materials with a thickness of 4-250 nm with NIB anode by ball milling and methanesulfonic
acid stripping methods to explore the relationship between the stability

3.3.3. Increasing the exposure of the active sites
Besides the designs and optimizations of anodes by molecular engineering, nanostructure designs have attracted intensive attention in
recent years to improve battery storage performance. By changing the
contact environment between the active sites and the electrolytes, the
electrochemical performances of COFs can be improved. Apart from the
common ball-milling method, a variety of methods have been developed to improve the electrochemical performance of COF-based anode
by increasing the exposure of the active sites, including chemical exfoliated [127], acid-base driven method [128], self-exfoliated [129] and
methanesulfonic acid stripping [130]. For instance, the TFPB-COF bulk
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Fig. 10. (a) Schematic illustration of the chemical exfoliation of the TFPB-COF. (b) Cycle performances at 0.1 A g−1 . (c) In-situ Raman (left) and ex-situ FTIR spectra
(right) of the E-TFPB-COF/MnO2 anode. Reproduced with permission [127]. Copyright 2019, Wiley-VCH. (d) The structure of DAAQ-COF. (e) Illustration of the
2D-COF with diﬀerent stacked thickness. (f) Redox and deactivation mechanism of the radical intermediates. (g) Rate performances of the samples with diﬀerent
stacked thickness. (h) Long-term cyclability of the 4-12 nm thick sample. (i) EPR spectra upon discharging. Reproduced with permission [130]. Copyright 2019,
American Chemical Society.

of radical intermediates and the thickness of COFs (Fig. 10d, e). At a
current density of 50-1000 mA g−1 , the COF treated with methanesulfonic acid and methanol (with a thickness of 4-12 nm) exhibited better
rate performance than that under other conditions (Fig. 10g). More importantly, the capacity of the thinnest sample remained at 198 mAh g−1
after 10,000 cycles at a rate as high as 5 A g−1 (Fig. 10h). In the electron
paramagnetic resonance (EPR) spectrum (Fig. 10i), strong ﬂuctuations
were detected at the 1.2 V and 0.3 V discharge sites, corresponding to
the formation of two CO• radical intermediates, respectively. At the 0.6
and 0.05 V, the above two ﬂuctuations were weakened, indicating the
reduction of carbonyl radicals. The same ﬂuctuations were found during
the charging process, demonstrating the superior stability and reversibility of the C-O• radical intermediate (Fig. 10f). The experimental results
showed that the self-discharge behavior could be eﬀectively suppressed
by reducing the thickness of the COF layers and adjusting the reactivity
and stability of the free radical intermediate. A larger speciﬁc surface
area is more conducive to the contact between the active site and the
electrolyte. The factors that aﬀect the surface area mainly include particle size, particle shape, and pore content. One of the main purposes
of the exfoliated method is to increase the speciﬁc surface area of the
material. However, COFs with a large speciﬁc surface area exhibits a
large number of pores, therefore the tap density of the prepared electrode sheet is low, which may aﬀect its commercial application in the
future.

uneven distribution of the doped atoms seriously impedes the doping effect. The ultra-customizable COFs and uniformly distributed pore sizes
oﬀer a satisfactory solution to this issue by providing atomically ordered heteroatoms and fast-transmitting ion channels after carbonization, which highly improves the utilization of heteroatoms and alleviates volume expansion. Zhang et al. [133] prepared three batches of
N-doped NPCs by carbonizing TPPA-COFs at high temperatures of 500,
600 and 700°C, respectively, and utilized the as-prepared materials as
the anode materials in LIBs and SIBs (Fig. 11a). At a current density of
100 mA g−1 , NPC-2 provided a reversible capacity of 488 mAh g−1 and
237.7 mAh g−1 in LIBs and SIBs (Fig. 11b), respectively. In addition, Ni
et al. [134] also reported their work about COF carbonization (Fig. 11c).
Due to the high reactivity and conductivity provided by the N, B doped
atoms, LIBs based on NBC-900 electrodes still maintained a high reversible capacity of 205.5 mAh g−1 at 5.0 A g−1 (Fig. 11d). It should be
noted that although the conductivity of the COF material is increased by
carbonization, the functional groups on the COF are also destroyed due
to high temperature [135], which means that the advantages of COFs
are lost, including redox activity and the inherent high speciﬁc capacity.
As shown in Table 2, we summarized the electrochemical performances
of the recently published redox active COFs as anodes.
4. Applications of non-redox active COFs
In Li-S batteries, COFs can eﬀectively suppress the shuttle eﬀect of
lithium polysulﬁde due to the regular and ordered porous structure,
and enhance the conductivity of sulfur cathodes [139-141]. Besides,
the diﬀusion of PSs may also be prevented from interacting with PSs
through the heteroatoms inherent in COFs (such as N, O, F). For solid-

3.3.4. Carbonization
Carbon materials, especially the carbon materials doped with heteroatoms, are widely utilized as anode materials ascribing to their abundant reserves, high conductivity, and low cost [131-133]. However, the
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Fig. 11. (a) The structure of TPPA-COFs. (b) Cycling performances of NPCs. Reproduced with permission [133]. Copyright 2017, Elsevier Inc. (c) The structure of
TAB-FPBA-COF. (d) Long-life cycling performances of NBC-900. Reproduced with permission [134]. Copyright 2019, Elsevier Inc.

state electrolytes, high thermal stability and ionic conductivity are the
main advantages for assembling batteries. By using nanopores to provide a migration channel for lithium salts, COF-based solid-state electrolytes could introduce anion/cation or solvent molecules into COFs
itself through exceptional design ability to promote ionic conductivity
[63]. In this section, the application of COFs in Li-S batteries and solid
electrolytes will be introduced respectively.

4.1. Li-S batteries

in mechanical damage to the lithium battery, which is also a serious
obstacle to the commercialization of Li-S batteries.
Fortunately, the COFs composed of a robust covalent bond skeleton
possess a large speciﬁc surface area, long-term stability and precise controllability. Through highly ﬂexible molecular design, multifarious pore
shapes, sizes and volumes can be realized to meet the customization requirements of Li-S batteries, such as the capture of lithium polysulﬁdes,
fast ions diﬀusion, and the provision of a host for sulfur. In this section,
the applications of COFs are elaborated in both the host materials and
the modiﬁed membranes.

Lithium-sulfur (Li-S) batteries have been one of the research hotspots
contributed by their abundant resources, low cost, high theoretical energy density (2600 Wh kg−1 ) and desirable theoretical speciﬁc capacity
(1675 mAh g−1 ) [142-148]. However, challenges still exist. First, the
shuttle eﬀect seriously impedes the further development of Li-S batteries [82,149-151]. During the charge-discharge process, insoluble Li2 S
and Li2 S2 , and soluble polysulﬁde (PSs) intermediates (Li2 Sn , n = 4, 6,
8) can be formed. Those intermediates will diﬀuse from the cathode to
the anode through the organic electrolyte and then deposit on the anode surface, resulting in the reduction of battery capacity, inadequacy
of coulombic eﬃciency, and the rapid decline of cycle life. Second, it
is diﬃcult to achieve the theoretical capacity of the Li-S batteries without any improvements due to that the poor conductivity of sulfur and
PSs lead to low utilization [152-154]. Finally, the volume expansion of
the sulfur cathode after discharge can reach 80% [155-159], resulting

4.1.1. COFs as host materials for the sulfur cathodes
We summarized the design ideas of the host materials in the sulfur cathodes by reviewing previous research work on Li-S batteries
[30,81,132,143,150,153,160,161]. The following characteristics are required for an ideal host material. (1) High conductivity for improving
sulfur insulation and rate performances. (2) An excellent mesoporous
structure for meeting the rapid transformation of ions. (3) The microporous structure for anchoring polysulﬁde. Apart from the traditional
physical obstruction method, the mainstream interception methods are
divided into two types. One is the introduction of lithium-philic heteroatoms or functional groups to interact with Li+ , leading to the capture of lithium polysulﬁde. The other is the introduction of sulfur-philic
atoms or functional groups to interact directly with S. (4) Appropriate
holes to accommodate the volume change of the sulfur cathode during
charging and discharging process. (5) The regular and ordered porous
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Table 2
The electrochemical performances of COF-based anodes.
Batteries

Materials

LIBs

COF@CNTs1

LIBs

E-CIN-1/CNT1

E-SNW-1/CNT1

LIBs

Tp-Azo-COF

LIBs

E-FCTF

LIBs

IISERP-CON1

LIBs

E-TFPB-COF/MnO2

LIBs

f-CTF-1

LIBs

N2-COF
N3-COF

LIBs

PA-COF
TB-COF

LIBs
LIBs

TThP
NPC-2 (Carbonization)

SIBs

NPC-2 (Carbonization)

SIBs

DAAQ-COF (4-12 nm)

SIBs
SIBs

TFPB-TAPT
Aza-COF

SIBs

IISERP-CON16
IISERP-CON17
IISERP-CON18

SIBs

ALP-8

SIBs

PID

Voltage range (V)

BET surface
area (m2 g−1 )

Ref.

100/500/1021

0.005-3.0

52.7

[124]

100/250/744

0.001-3.0

525.1

[125]

100/250/687

0.001-3.0

380.1

1000/3000/306

0.01-3.0

632

[123]

2000/1000/581

0.005-3.0

583

[126]

500/1000/∼595

0.01-3.0

507

[129]

100/300/1359

∼0-3.0

345

[127]

1000/500/560

0.05-3.0

-

[128]

1000/500/∼610

0.05-3.0

1496

[51]

1000/500/∼600

0.05-3.0

1142

1000/2000/240.9

0.01-3.5

43.0

1000/2000/226.2

0.01-3.5

21.7

1000/200/381
5000/5000/143

0.005-3.0
∼0-3.0

482.06

[52]
[133]

2500/5000/88.8

0.005-3.0

5000/10000/198

0.05-3.0

-

[130]

3000/500/241

0.05-1.6
0.01-3.0

120
240

[99]
[136]

1000/1400/312.8

0.05-3.0
0.05-3.0
0.05-3.0

920
1452
1745

[137]

83.4/150/∼168

0.01-3.0

550

[98]

15/120/81

1.5-3.5

1430

[138]

Rate performance

Cycling performance

CD

SC

CD/CN/Retained SC

100
1000
5000
100
1000
5000
100
1000
5000
240
1600
2400
100
500
2000
50
1000
100
1000
100
1000
10000
200
5000
200
5000
200
5000
200
5000
666
100
5000
50
2500
50
1000
200
60
6000
100
100
100
1000
278
2780
15

1020
470
217
538
210
97
542
367
212
494.5
145.8
90.8
871
762
586
835
∼515
∼1000
∼750
816
573
186
∼806
497
∼860
∼555
535.3
141.8
442.2
144.0
200
505.7
102.7
239.5
127
500
300
145
523
161
90
195
400
∼320
108
70
100

structure is uniformly distributed on the host material to ensure suﬃcient contact between the active sites and the electrolyte.

[101]

eﬀectively. The COF-MF@S-60%-based cathode showed discharge capacities of 1083, 1004, 895 and 743 mAh g−1 at the rates of 0.2, 0.5,
1 and 2 C (1.0 C = 1675 mA g−1 , Fig. 12b), respectively. More importantly, the sample retained 53% of the initial value (862 mAh g−1 ) after
1000 cycles (Fig. 12c). A large number of anchor points were exposed
by the nitrogen-containing groups in COF-MF, which is beneﬁcial to
inhibit the shuttle of LiPSs. At present, COFs with regular micro morphology are rarely reported in Li-S batteries, except for the COF-MF.
In addition, strong interactions can be generated with lithium atoms of
lithium polysulﬁde through nitrogen-containing groups such as imines,
secondary amines, imides, and hydrazones to improve the cycle performance of Li-S batteries.
Utilizing the interaction between the electron acceptor groups on
COFs and the sulfur atoms (electron donor group) of lithium PSs is another way to suppress the shuttle eﬀect. The COF-1 as the framework of
the sulfur was synthesized with six-membered boroxine (B3 O3 ) as the
corner block by Ghazi et al (Fig. 12d) [167]. At a current density of 0.2
C, based on the mass of sulfur, the initial speciﬁc capacity of the electrode was as high as 1628 mAh g−1 , and the actual capacity of 929 mAh
g−1 was obtained after 100 cycles (Fig. 12e). In addition, they also pre-

4.1.1.1. Heteroatom adsorption. To enhance the adsorption ability of
COF materials for lithium PSs (LiPSs), the introduction of functional
groups on the COFs is considered to be a valid strategy [162-167]. The
soluble LiPSs could be anchored through the interaction of the secondary
bond between electron-rich polar groups on COFs and Li+ . For example,
an unpaired electron is possessed by the P orbital of every nitrogen atom
in triazine, which could be used as an electron donor, and a strong interaction could be formed with polysulﬁde terminal Li.
Besides, due to the large 𝜋 conjugated area and the presence of
four nitrogen atoms, the porphyrin unit has a stronger nucleophilic
ability. Hu et al. [166] synthesized a 3D layered porous COF microﬂower (COF-MF) structure through a dissolution-reconstruction mechanism (Fig. 12a). The active sites were fully exposed by the unique chemical composition and morphology. The combination of the theoretical
and experimental analysis showed that the porphyrin unit in COF-MF
acts as a unique anchoring site for the ﬁrst time and possesses a strong
polysulﬁdes adsorption capacity, thereby the shuttle eﬀect is inhibited
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Fig. 12. (a) Synthesis schematic illustration of COF-MF. Rate capabilities (b) and Cycling performance (c) of COF-MF@S, COF-CS@S and CB@S cathodes. Reproduced
with permission [166]. Copyright 2018, Elsevier B.V. (d) Schematic illustration of synthesis and structure of N and B doped COFs. (e) Charge and discharge curves
of COF-1/S. (f) Cycling performances of CTF-1/S (black) at 0.2 C. Reproduced with permission [167]. Copyright 2016, Wiley-VCH.

Fig. 13. (a) Schematic diagram for TB-COF synthesis. Discharge capacities (b) and Cycling performances (c) of TB-COF. (d) Schematic illustration for the lithiumphilic and sulfur-philic interactions between TB-COF and lithium PSs. Reproduced with permission [165]. Copyright 2018, Elsevier B.V.

pared CTF-1 containing triazine-rings and compared the performance
with COF-1 (Fig. 12f). The results showed that although both have similar pore sizes, COF-1 exhibits signiﬁcantly higher cycling performance
than that of CTF-1, as the eﬃciency of CTF-1-captured PSs through indirect interaction is not as high as that of COF-1-captured PSs through
indirect interaction. Although the diﬀusion of PSs was inhibited by single adsorption interaction, it could not be entirely prevented.
The TB-COF containing lithium- and sulfur-philic bifunctional
groups was designed and synthesized by Xiao et al (Fig. 13a) [165]. After
two cycles at 0.1C, the cathode based on TB-COF/S can provide a discharge capacity of 1417 mAh g−1 (Fig. 13b). The reversible capacity of
663 mAh g−1 was retained after 800 cycles at 1 C (Fig. 13c). The higher
density and periodic distribution of triazine and oxyboronyl in TB-COF
provide suﬃcient electrochemical active centers for the interaction of
the COF with Li+ and polysulﬁde anions, thus eﬃcaciously reducing the
shuttle eﬀect of LiPSs (Fig. 13d). In addition, boron-containing groups
such as borazine and borate ester could also have strong interaction
with sulfur atoms of LiPSs, which provides more choices for the design
of COFs.

The electrochemically inert skeleton was converted into energy storage
COF by the immobilized polysulﬁde chain and provided a brand-new
interface for the redox reaction. A high capacity of 1069 mAh g−1 was
produced at 0.1 C, but as the current density increased from 0.2 to 0.5,
0.8, and 1 C, the reversible capacity rapidly decayed from 698 to 524,
414, and 347 mAh g−1 (Fig. 14b), respectively. Compared with the physical isolation in the COF channel, the covalent bonding method may be
easier to inhibit the shuttle of polysulﬁdes. But this may also change its
electrochemical activity and charge conduction, making the rate performance unsatisfactory. Related works on combining polysulﬁde chains
with COFs through covalent bonds were also reported by Sang et al
(Fig. 14c, d) [57,169-172]. Remarkably, there is a lack of relevant evidence to prove that this C-S covalent bond still be restored after repeated
charging/discharging cycles.
4.1.1.3. Carbonization. It is a good way to obtain the doped carbon
material with uniform molecular size distribution by introducing the
active sites into the frameworks in the form of covalent bonds and
then carbonizing at high temperatures [173-175]. Chen et al. coated
COF-10 on the surface of CNTs by condensation reaction to form COF10@CNT. Then COF-10@CNT was carbonized at high temperature to
prepare BOC@CNT with boron/oxygen co-doping and used as a host material for the sulfur cathode (Fig. 15a) [174]. Boron/oxygen co-doping
could increase the electronic conductivity and anchor the PSs, which

4.1.1.2. Bonding sulfur with COFs through the covalent bond. To anchor
the PSs chain on the wall of the COF channel, Jiang et al. [168] synthesized a TFPPy–ETTA–COF material through the imine bond (C=N)
and sulfur to form a C-S covalent bond at high temperature (Fig. 14a).
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Fig. 14. (a) Schematic diagram of physical isolation and covalent bonding of sulfur. (b) Rate performances of polysulﬁde@TFPPy-ETTA-COF (red) and S@TFPPyETTA-COF (blue). Reproduced with permission [168]. Copyright 2019, Royal Society of Chemistry. (c) Schematic illustration of S-COF-V vulcanization. Reproduced
with permission. Copyright 2018, Royal Society of Chemistry. (d) Schematic diagram of SF-CTF-1 synthesis. Reproduced with permission [169]. Copyright 2017,
Wiley-VCH.

bedding hybrid anatase/rutile TiO2 nanodots (10 nm) into the porous
COF interlayers (Fig. 15c). At a rate of 0.5 C, the initial discharge
capacity of the HCPT@COF/S electrode obtained 1036 mAh g−1 and
still retained 875 mAh g−1 after 800 cycles. In contrast, the COF/S
cathode showed rapid capacity decay after 500 cycles, and the ﬁnal
discharge capacity was only 487.6 mAh g−1 . The discharge capacities
based on HCPT@COF/S electrodes were 1061, 1031, 928, and 740 mAh
g−1 at current densities of 0.2, 0.5, 1.0, and 2.0 C (Fig. 15d), respectively. DFT calculations showed that the interaction between Ti and
S atoms was stronger than that between N and Li atoms in the COF
(Fig. 15e). The mixed phases of rutile and anatase produced synergistic adsorption of lithium polysulﬁde at diﬀerent discharge stages,
which could eﬀectively prevent the shuttle eﬀect. Table 3 summarizes the electrochemical properties of inactive COFs in lithium-sulfur
batteries.

is conducive to improving the electrochemical properties of Li-S batteries. At rates of 0.1, 0.2, 0.5, 1, 2 and 5 C (1 C=1672 mAh g−1 ),
the BOC@CNT/S cathode exhibited the superior speciﬁc capacities of
1359, 1251, 1057, 959, 768 and 636 mAh g−1 , respectively. Compared
with the BOC@CNT/S cathode, the BOC/CNT/S (made by COF-10 and
CNTs through physical mixing and then carbonization) delivered a poor
cycle performance, and the discharge capacity dropped quickly from
1362 to 1100 mAh g−1 after 10 cycles at 0.1 C. The overpotentials
of BOC@CNT/S and BOC/CNT/S were 170 mV and 330 mV, respectively, which conﬁrmed that the uniform coating of the COF on the surface of carbon nanotubes improved the redox reaction kinetics during
charge/discharge processes (Fig. 15b).
In addition to introducing doping atoms into the backbone of COFs,
one-dimensional holes of COFs could also be utilized. Recently, Yang
et al. [175] prepared HCPT/COF composite materials by uniformly em369
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Fig. 15. (a) Synthesis schematic illustration of the BOC@CNT/S. (b) Galvanostatic charge/discharge proﬁles of BOC@CNT/S (left) and BOC/CNT/S (right) cathodes.
Reproduced with permission [174]. Copyright 2019, Wiley-VCH. (c) Synthesis schematic illustration of the HCPT@COF/S composites. (d) Rate performances of the
HCPT@COF/S and COF/S electrodes. (e) The binding energy of rutile and anatase TiO2 with Li-PSs at diﬀerent reaction stages. Reproduced with permission [175].
Copyright 2019, American Chemical Society.

4.1.2. COFs as membrane modiﬁcation layers
In addition to the polar matrix and porous material technologies, the
use of COFs for simple and economically feasible separator projects is
also of inﬁnite value in overcoming the shuttle eﬀect [177-181]. Teng
et al. prepared a CNT@DMTA-COF nanocomposite material and applied
it as a separator material for Li-S batteries (Fig. 16a) [178]. The Li-S batteries based on COF-CNT separator at the current density of 1 A g−1 , the
battery capacity displayed a high capacity of 1068 mAh g−1 (Fig. 16b).
Even at 2 A g−1 , it could still obtain an excellent capacity of 600 mAh
g−1 after 700 cycles. When the temperature dropped below −10°C, the
capacity was 1200 mAh g−1 at 0.5 A g−1 , and maintained at about 300
mAh g−1 after 200 cycles at a higher rate of 2 A g−1 . When tested in
a high-temperature environment at 50°C, a capacity of 400 mAh g−1
could also be delivered after 300 cycles at 2 A g−1 (Fig. 16c). The excellent performance of Li-S batteries in a wide temperature range beneﬁts from superior conductivity and ion diﬀusion. The COF-CNT layer
in the battery served as a secondary collector and adsorption of soluble
polysulﬁde. The COF-CNT-based composite membrane has a signiﬁcant
eﬀect on blocking the shuttle of polysulﬁdes, which is attributed to the
synergy between CNTs and COFs.
Depositing a modiﬁed layer on the separator is widely regarded as
one of the eﬀective strategies for inhibiting PSs shuttle in Li-S batteries. However, the diﬀusion path of lithium ions may be sacriﬁced
by the dense coating on the separator, resulting in reduced conductivity of lithium ions. To prepare a separator modiﬁcation layer with

a rapid conversion channel for lithium ions, Sun et al. [179] treated
the COF nanosheets with lithium acetate at 60°C for 24 hours to synthesize lithiated Li-CON (Fig. 16d, e). Li-CON as a separator modiﬁcation layer can not only capture lithium polysulﬁde through pyridine N on Li-CON but also acts as a lithium-ion migration medium to
adjust the diﬀusion behavior of lithium ions through lithiation sites.
Compared with the CON@GN/Celgard and the Celgard separators, the
Li-CON@GN/Celgard separator has the highest diﬀusion coeﬃcient
among the three batteries, indicating their excellent lithium-ion conductivity. The Li-CON@GN/Celgard separator-based batteries exhibit
a higher lithium-ion conductivity (0.609 mS cm−1 ) than that of the
CON@GN/Celgard separator-based batteries, which may be attributed
to the lithium conductive nano-channels in the Li-CON. The batteries
with Li-CON@GN/Celgard separator have an initial capacity of up to
982 mAh g−1 at 1 C and still retains 645 mAh g−1 after 600 cycles
(Fig. 16g). In addition, the relatively low activation energy of the lithiation site in Li-CON greatly promoted the dissociation of Li2 S (Fig. 16h).
4.2. COFs for solid-state electrolytes
To achieve large-scale applications, solid-state electrolytes must possess an ionic conductivity close to liquid electrolytes and superior thermal stability [182,183]. Generally, ionic conductivity is closely related
to ion concentration and mobility. COFs connected by covalent bonds
and arranged periodically have attracted tremendous attention in solid370
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Table 3
COFs in Li-S batteries.
Application

Materials

COF/S Mass ratio

HM

CTF-1

66:34

HM
HM

S/Azo-COF
Por-COF/S

61:39
45:55

HM

COF-MF@S

40:60

HM

TB-COF/S

60:40

HM

COF-1/S

60:40

HM

SF-CTF-1 (1:3)

14:86

HM

S-COF-V

33:67

HM
HM
HM

COF-F-S
POP-F-S
polysulﬁde @TFPPy–ETTA–COF
cPpy-S-CTF 2.5%

39:61
38:62
62:38
19:81

HM

N-GC-TpPa/S (Carbonization)

25:75

HM

BOC@CNT/S (Carbonization)

31.5:68.5

HM

HCPT@COF/S (Carbonization)

30.7:69.3

HM

Py-COF/S

30:70

MM

TP-BPY-COF@LSBs

-

MM
MM

COF-CNT-separator
Li-CON@GN/Celgard

-

Rate performance

Cycling performance
−1

Voltage range (V)

Ref.

−1

CD

SC (mA h g )

CD/CN/Retained SC (mA h g )

168
1680
3344
168
1680
335
1675
3350
∼335
∼1675
∼5025
167.2
1672
100
1000
335
1675
10050
1675
1675
∼1675
167.5
1675
50
1675
167.2
1672
836
334
1670
3340
840
3360
8400
167.5
1675
8375
1071
∼1675

920
541
770
1000
670
1083
895
743
1314
670
434
1411
620
878.7
603.2
1324
967
431
480
∼315
347
900
660
1387
869
1359
959
636
1061
928
740
1145
944
659
1315
877
572
1000
885

168/50/762

1.1-3.0

[162]

1672/100/602
840/200/633

1.5-2.8
1.8-2.7

[163]
[164]

1672/1000/456

1.7-2.8

[166]

∼1680/800/663

1.5-3.0

[165]

836/200/770

1.5-3.0

[167]

1000/300/520.1
5000/300/330.3
1675/1000/416

1.8-2.7

[169]

1.7-2.8

[57]

1675/1000/257
1675/1000/156
167.5/130/585
837.5/500/610

1.7-2.8

[170]

1.7-2.8
1.8-2.7

[168]
[172]

1675/200/670

1.5-3.0

[173]

1672/500/794

1.7-2.8

[174]

835/800/875

1.7-2.8

[175]

8400/550/481.2

1.8-2.7

[176]

1675/250/826

1.7-2.8

[177]

2000/700/568
∼1675/600/645

1.8-2.7
1.7-2.8

[178]
[179]

state electrolytes because of their high structural stability, beneﬁcial 1D
ion transport channels, and splendid adjustability. Zhang et al. [184] regarded the electrolyte composed of stacked and ordered COF-5, LiClO4
and THF as a solid, and calculated the microscopic dynamics and structural evolution of the lithium-ion diﬀusion process in the 1D channel of
COF with ﬁrst-principles (Fig. 17a, b). The results show that although
the migration of ClO4 − and THF in the electrolyte is limited over a
long distance, due to the rotation and short-range translation of solvent
molecules and coordination anions, the diﬀusion trajectory of Li+ ions
exhibits liquid-like behavior, and the calculated diﬀusion coeﬃcient is
about 10−5 cm2 s−1 . Unfortunately, they did not conduct further experiment to prove this phenomenon. More interestingly, their calculation
results show that the ionic conductivity can be improved by increasing
the pore size of COFs and reducing the volume of anionic groups.
It is well known that solid-state electrolytes need low electronic conductivity, which can avoid the formation of lithium dendrites and internal short [185-187]. Therefore, reducing electronic conductivity is
one of the keys to the success of all-solid-state batteries. In the COFs,
the electronic conductivity can be reduced by increasing the bandgap
of the HOMO/LUMO energy levels, which is contrary to the design concept of the COFs electrode. To designing the wide bandgap molecules,
the well-accepted methods [188-193] are summarized as follows: (1)
Reducing the length of continuous conjugation of 𝜋 bond; (2) Introducing alkane chains in the molecule. The length of the alkane chain
is positively correlated with electronic conductivity; (3) Expanding the
interlayer spacing between molecules; (4) Increasing the twist angle of

adjacent conjugated groups. The requirements of electronic conductivity
at the solid electrolyte are easily met by the above methods. Except for
ion and electronic conductivities, adverse side reactions may be caused
at the interface between the metal anode and COFs, when unmodiﬁed
COFs are used as solid electrolytes. It would result in the decreased cycle stability. Therefore, eﬀective strategies are needed to solve the above
issues.
4.2.1. Introducing the cations into COFs
In a solid conductor, Li+ and the corresponding anion are closely
combined in the form of ion pairs or ion aggregates due to the strong
Coulomb interaction. These ion pairs or aggregates cannot release ions,
resulting in lower ion concentration and slow ion diﬀusion kinetics.
Therefore, promoting the dissociation of ion pairs in solid conductors
has become an important way to improve the ionic conductivity of
COFs. Introducing dissociable cations into COFs is a great way to improve the ionic conductivity, ascribing to the weak interaction between
the cations and the anions, resulting in more release of free Li+ . Chen
et al. [194] prepared Li-CON-TFSI containing cations without any solvent, and the conductivity measured at 70°C reached 2.09 × 10−4 S
cm−1 . Since the cationic polarizability on the COF was higher than
that of neutral COF materials, the Coulomb interaction could be eﬃcaciously shielded (Fig. 17c, d). Under the action of electrostatic force,
the cations on the skeleton interacted with TFSI− , which was conducive
to increasing the concentration of free lithium ions and thus accelerating ionic conduction. Apart from the above examples, the carbonyl
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Fig. 16. (a) Synthesis schematic illustration of the CNT@DMTA-COF and COF-CNT-separator. (b) Cycling performances of the COF-CNT-separator (orange), CNTseparator (light green) and COF-separator (pink) at 1 A g−1 . (c) Cycling performance of the COF-CNT-separator at 50°C. Reproduced with permission [178]. Copyright
2020, Elsevier B.V. (d) Schematic of Li-CON@GN/Celgard separator and functions. (e) Synthetic scheme of the Li-CON. Rate performances (f) and long-term cycling
performances (g) of the Li-CON@GN and CON@GN cells. (h) The activation energy of reaction process on the surface of the Li-CON and GN, respectively. Reproduced
with permission [179]. Copyright 2020, Elsevier B.V.

Fig. 17. (a) Schematic diagram of 1D Li+ diﬀusion in tunnels of 2D-COF ﬁlled with Li salt and solvent. (b) Schematic graphs of liquid organic, 2D-COF and solid
inorganic electrolyte for LIBs. Reproduced with permission [184]. Copyright 2019, Royal Society of Chemistry. (c) Schematic illustrations of ion association in neutral
and cationic COFs, respectively. (d) Synthetic scheme of the Li-CON-TFSI. (e) FTIR spectra of CONs and Li-CON-TFSI. Reproduced with permission [194]. Copyright
2018, American Chemical Society.
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Fig. 18. (a) Structure diagram of Li+ @TPB-DMTP-COF with bare pore walls and Li+ @TPB-BMTP-COF with oligo(ethylene oxide) chains on pore walls. (b) Temperature dependencies of ionic conductivities of Li+ @TPB-DMTP-COF (black) and Li+ @TPBBMTP-COF (red). Reproduced with permission [196]. Copyright 2018,
American Chemical Society. (c) Synthesis of COF-PEO-x (x = 3, 6, 9). (d) TGA proﬁles measured at 10°C min−1 . (e) Temperature dependencies of ion conductivities
of COF-PEO-x-Li (x = 3, 6, 9). (f) Time course Li+ conductivity of COF-PEO-9-Li at 200°C. Reproduced with permission [197]. Copyright 2018, American Chemical
Society.

group of Li-CON-TFSI may also form the Li+ -OC=O coordination bond
with Li+ , which is beneﬁcial to enhance the conductivity of Li+ . FTIR
spectra show that there is a clear interaction (Li+ -OC=O ) between the carbonyl group and Li+ (Fig. 17e). Li et al. [195] introduced defect anchor
points on the COF and then performed post-functionalization to introduce cation. Compared with defect-free COFs, the electrolytes based on
dCOF-ImTFSI-60 show higher conductivity. However, the introduction
of defects on the COF not only cannot guarantee the uniform distribution
of defect sites but may also lead to structural instability.

trolytes exhibited excellent long-term stable anode ionic conductivity at
200°C (Fig. 18d-f).
4.2.3. Introducing anions into COFs
It is well known that the free motion of anions and solvent molecules
on the surface/near-surface of the metal electrode is a potential risk because of harmful interface side reactions between them. In order to solve
this problem, the lithium salt anion could be ﬁxed on the COFs, or the
skeleton of the COFs could be used as the anion to realize the single
lithium-ion conduction of the solid electrolyte [198]. A solvent-free single lithium ion-conducted COFs (TpPa-SO3 Li, Fig. 19a) were synthesized
by Jeong et al. [64]. Without adding any lithium salt and solvent, the
ionic conductivity and lithium-ion transfer number of lithium sulfonated
TpPa-SO3 Li were 2.7 × 10−5 S cm−1 and 0.9, respectively, which is attributed to the carefully designed channels and the higher ionic concentration. The DFT calculation results show that the lithium ions migration
tends to migrate in the axial direction rather than in the plane (Fig. 19b)
due to the shorter transition distance in the axial direction of each step
and the promotion of oxygen atoms on adjacent carbonyl groups (migration barrier Em , 7.6 kcal mol−1 and 31.6 kcal mol−1 ). In addition, the
assembled Li/Li symmetric batteries showed good cycle stability under
a current density of 10 𝜇A cm−2 , which indicates that COF has friendly
contact stability with Li metal.
Furthermore, Hu et al. [65] developed a series of anionic COFs containing imidazole salts in order to study the inﬂuence of the orthoposition substituents of lithium salts on ionic conductivity (Fig. 19c).
The ionic conductivities of CF3 -Li-ImCOF, H-Li-ImCOF and CH3 -LiImCOF measured at room temperature were 7.2 × 10−3 , 5.3 × 10−3 and
8.0 × 10−5 S cm−1 , respectively. The -CF3 group with strong electronegativity delocalizes the negative charge on the N atom, which weakens
the interaction of the N-Li bond and increases the bond length, resulting in improved Li+ mobility and conductivity. In contrast, the methyl
group with electron-donating properties had a weak eﬀect on the distribution of negative charges, resulting in stronger N-Li bond strength and
inferior ion mobility. Moreover, faintish crystallinity and porosity may
also be another reason for the poor conductivity of CH3 -LiImCOF ions.
Interestingly, to prove the importance of the ordered channels of COF for

4.2.2. Introducing solvent molecules into COFs
To overcome the shortcomings of the low ionic conductivity of solidstate electrolytes, the introduction of solvent molecules to promote
the dissociation of lithium salt ionic bonds has become an attractive
option. The strong crystallinity of poly(ethylene oxide) (PEO) at low
temperatures seriously hinders the transformation of salt ions. Fortunately, the long-range ordered porous COF materials could accommodate oligomeric PEO to form a solid electrolyte with higher thermal stability, which provides a suitable surrounding for ion diﬀusion. Xu et al.
[196] combined oligo(ethylene oxide) chains with COFs and prepared
two types of Li+ @TPB-DMTP-COF (short-chain) and Li+ @TPB-BMTPCOF (long-chain) materials (Fig. 18a, b). The ionic conductivities of
the long-chain COFs measured at 40, 60 and 80°C were 6.04 × 10−6 ,
2.85 × 10−5 and 1.66 × 10−4 S cm−1 , respectively, higher than that of
short-chain COFs. Compared with the above two COFs, the conductivity of Li+ @TPB-TP-COF with bare pore was the smallest. These results
indicated that the methoxy chain of COFs contributed to the dissociation of the ionic bond of LiClO4 and formed a polyelectrolyte interface
after complexation with Li+ , which provides a favorable way to promote Li+ migration. The dependence relationship between the length
of methoxy chains and conductivity was further explored by Zhang
et al. [197]. Three PEO chains with diﬀerent length were integrated
with COFs through a simple condensation reaction (Fig. 18c). The ionic
conductivities of COF-PEO-X-Li (X= 3, 6, 9) at 200°C increased with
the number of PEO units. Signiﬁcantly, due to the inherently higher
thermal stability of the structure, COF-PEO-9-Li-based solid-state elec373
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Fig. 19. (a) Chemical structure of TpPa-SO3 Li. (b) Theoretical elucidation of Li+ diﬀusion behaviors inside the pore (top) with the corresponding energy graph
(bottom). The initial, intermediate, transition, and ﬁnal states are abbreviated as IS, IM, TS, and FS, respectively. Reproduced with permission [64]. Copyright 2019,
American Chemical Society. (c) Structure of Li-ImCOFs. (d) Synthesis of model compound. Reproduced with permission [65]. Copyright 2019, American Chemical
Society.

the free transport of ions, a small molecule similar to H-Li-ImCOF was
prepared (Fig. 19d). Under the same conditions, the ionic conductivity
was only 7.2 × 10−6 S cm−1 , which further emphasizes the advantages
of COF-type structures in solid-state electrolytes.
The performance of solid electrolytes is still not comparable to that
of commercial liquid electrolytes, due to slow reaction kinetics, lower
ion mobility, and poor contact interface. However, the solid electrolyte
is still worthy of further research due to its high safety and reliable
electrochemical performance. The emergence of COFs has opened up
a new solution for the next generation of solid electrolytes, and these
results are of great signiﬁcance to the solid electrolyte ﬁeld.

progress are summarized in energy storage ﬁelds, including LIBs/SIBs
cathodes, anodes, Li-S batteries, and solid-state electrolytes.
As the cathode/anode materials, COFs with strong designability
could furnish a high speciﬁc capacity, excellent long-cycle life and various electrode materials worthy of vigorous development. In terms of
structural design, electrode materials with higher speciﬁc capacity can
be made by increasing the proportion of reversible redox functional
groups in COFs. Furthermore, continuous conjugated carbon skeleton
and introduced heteroatoms have a certain helpful eﬀect on improving
the conductivity of materials. In terms of nanostructure design, a series
of peeling methods can be used to increase the exposure of active sites to
improve the electrochemical performances of batteries. However, poor
electronic conductivity is still one of the challenges hindering the development of this material. Therefore, improving the intrinsic conductivity
and increasing the relative content of COFs in the electrode is extremely

5. Conclusions and perspectives
In this review, the structural features of COFs are described in detail.
Then the storage principles, optimization methods, and latest research
374

Y. An, S. Tan, Y. Liu et al.

Energy Storage Materials 41 (2021) 354–379

selected. (2) Compared with graphene, CNTs and other conductive carbon materials, the conductivity of COF materials with large 𝜋 bonds is
still insuﬃcient. It is a relatively feasible solution to design conductive
COFs or carbon/COF composites as the host materials. (3) The interaction between COFs with soluble lithium PSs is still weak. Designing
more eﬀective functional groups, such as strong electrophilic groups,
-NO2 , -CF3 and so forth, need to be further developed.
The ﬂourishing application of COFs in the solid-state electrolytes
is attributed to its high structural stability, favorable 1D ion transport
channel and high designability. The main direction of COFs in the ﬁeld
of the solid-state electrolytes has been laid down through three main
strategies, including the introduction of anions, cations and solvent
molecules into COFs. There is still a gap between the ionic conductivity of COF-based solid electrolytes (10−3 -10−6 S cm−1 ) and traditional
organic liquid electrolytes (about 10−2 S cm−1 ) at room temperature.
Although higher ionic conductivity is obtained at high temperatures, it
still needs to be improved at room temperature through various methods. Ionic conductivity is one of the core parameters of solid-state electrolytes, but functional groups that could promote ion transport on the
COF have yet to be developed.
In short, there is still a long way to promote the application of COFs
in the ﬁeld of energy storage. Through the review and prospect of this
work, we hope to provide a few constructive views for the future development of COFs in the EESS. There is reason to believe that the development of COFs will create a new platform for the EESS.
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Fig. 20. Energy densities of COFs electrode materials in LIBs (a) and SIBs (b).

urgent for the future development of COF electrode materials. Due to
the lower tap density, its volumetric energy density will be signiﬁcantly
aﬀected. The energy density based on the COF electrode materials are
summarized in Fig. 20, indicating that the high speciﬁc capacity characteristics of the cathodes have not been fully exploited. Besides, the
working voltage of the cathode is still lower than that of most inorganic materials, which requires further improvement of the interaction
between functional groups or the development of novel active groups
with high voltage. In the anodes, there are still many reaction mechanisms that have not been uniformly recognized and explained, which
requires a lot of follow-up scientiﬁc research to explore the relationship
between the structure and performance.
The unique advantages of COFs have played a signiﬁcant role in LiS batteries, whether it is utilized as the host material for sulfur cathode or as the separator modiﬁcation layer. The uniformly distributed
heteroatoms (such as N, O) or functional groups on the COF can form
secondary bonds with PSs and play a key role in inhibiting the shuttle
eﬀect. Therefore, the choice of functional groups is very important. In
addition, the method of combining sulfur with COFs through a covalent bond also has an important hindrance to the shuttle of polysulﬁdes.
However, gigantic challenges still exist to ﬁt the commercialization standards of Li-S batteries based on COF materials. Prospects worthy of attention are as follows. (1) The content of COF materials exceeds 40%
of the entire electrode in general, which darkens the advantages of the
high energy density of Li-S Batteries. To improve the overall capacity of
the cathodes, the COF materials with energy storage function could be
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