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a b s t r a c t

In recent years, rechargeable zinc-ion batteries (ZIBs) are considered to be a promising alternative to

lithium-ion batteries owing to their high safety and theoretical capacity with low cost. Nevertheless, the

in-depth development of rechargeable zinc-ion batteries is restricted by a sequence of issues, such as the

dissolution and structure collapse of cathode materials, the formation of by-products, severe anode cor-

rosion, passivation, and the growth of zinc dendrites. The covalent organic frameworks (COFs) can solve

the above problems to a certain extent owing to their ideal characteristics, such as rigid structure, in-

solubility, high porosity, and abundant active sites. COFs, as advanced materials for ZIBs, have attracted

researchers’ attention. In this review, we systematically summarized the synthesis methods of COFs and

discussed the application of several advanced characterization technologies in COFs, which would provide

a reference for the in-depth research of COFs. In addition, we elucidated the use of COFs as cathode ma-

terials and anode protective layers in rechargeable ZIBs. Finally, we discussed the challenges and solutions

in the development of COF materials, which would provide constructive insights into the future direction

of COFs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Energy and environmental crises have considerably increased

due to rapid societal and industrial development. The consumption

of fossil energies, such as oil and coal, has led to the development

of renewable energy sources, including ocean energy, solar power,

geothermal energy, and wind power [1–3]. A secondary battery is

a promising energy storage equipment for storing and improving

the utilization rate of renewable energy sources and reducing the

power supply demand during peak hours. Additionally, it is char-

acterized by high energy density, pollution-free, lightweight, and

long service life [4–7]. At present, lithium-ion batteries (LIBs) are

extensively used in household appliances and electric vehicles ow-

ing to their advantages of long lifespan and energy density [8].

The rapid market growth of electric vehicles, mobile electronics,

power grid energy storage, and other devices has promoted the

vast development of commercial LIBs, and the market size of LIBs

is expected to be $99.98 billion in 2025 [9,10]. Nevertheless, prob-

lems of limited Li resources, high production costs, and safety hin-

der large-scale applications of LIBs [11–16]. Therefore, developing
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cheaper and safer alternatives to LIBs with comparable energy den-

sity is crucial.

Zinc-ion batteries (ZIBs) are considered one of the most ex-

cellent alternatives to LIBs owing to the favorable characteristics

of their anode materials (including low cost, high natural abun-

dance, and environment-friendly characteristics) and water-based

electrolytes (including flame retardant, nontoxic, and high ionic

conductivity) [17–25]. In addition, the frequent safety accidents in

practical applications of LIBs are also warning us that developing

a safe and efficient battery is imperative. In contrast, high secu-

rity is a major advantage of ZIBs. Especially in areas with high

safety requirements such as home energy storage, electronic wear-

able devices, and oil fields and mines, ZIBs must be a potential

candidate. And a large number of researchers have made efforts to

achieve this. For example, Li et al. developed a water-based zinc

battery with softness and safety as its selling points, providing an

important reference for its application in the field of wearable elec-

tronic products [26]. In addition, the high safety requirements of

two-wheel electric vehicles but slightly lower energy density re-

quirements compared with electric vehicles provide greater devel-

opment space for ZIBs. From this, it can be boldly speculated that

the practical application of ZIBs in the future may begin with two-

wheel electric vehicles. The structure of ZIBs is similar to that of

LIBs, and both batteries comprise a cathode, an electrolyte, a di-
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Fig. 1. Working schematic diagram of ZIBs.

aphragm, and an anode. A cathode material with high capacity and

rate capability and a Zn metal anode with high energy density and

low potential (−0.762V compared with a standard hydrogen elec-

trode) are used to assemble the battery [27–29]. ZIBs are also a

type of "rocking chair battery" [30,31]. In most ZIBs, the Zn de-

position/dissolution reaction occurs on the Zn anode surface, and

the Zn2+ embedding/removal reaction occurs in the cathode mate-

rial [32,33]. During the discharge procedure, the Zn metal is oxi-

dized into Zn2+ and dissolved into the electrolyte. Then, the Zn2+

ions flow into the cathode layer or tunnel structure, and the elec-

trons flow in the outer circuit to produce a current. During charg-

ing, Zn2+ is removed from the cathode and deposited on the sur-

face of anode (Fig. 1) [34–37]. In past few years, numerous stud-

ies have been conducted to improve the properties of ZIBs. How-

ever, the production of ZIBs is still limited to the laboratory scale,

which is far from commercialization, because (1) the dissolution

of the organic cathode during the battery cycle shortens the ser-

vice life of the battery, and the slow insertion/removal of Zn2+

in the cathode reduces the ion cycle rate, thus affecting the bat-

tery cycle performance [38–44]; (2) the spontaneous side reaction

(hydrogen evolution reaction, HER) and uneven sedimentation and

dissolution process lead to the formation of deadly Zn dendrites,

which significantly shortens the battery life and creates safety

problems (Fig. 2) [45–50]. Therefore, to solve these problems,

the exploration of novel cathode and anode materials for ZIBs is

vital.

At present, different porous materials, such as covalent organic

frameworks (COFs), porous organic polymers (POPs), and metal-

organic frameworks (MOFs) have received widespread attention

owing to their porous structures (which facilitate electrolyte pen-

etration and ion transport) and their adjustable chemical proper-

ties and structures [5,51-53]. COFs are crystalline organic porous

materials mainly comprising C, N, O, and B, which are linked

by strong covalent bonds [54–58]. Fig. 3 shows the combination

of constructional elements with different geometric shapes form-

ing COFs and common dynamic chemical reactions for preparing

COFs. Compared with MOFs, COFs are composed of light elements

with higher energy density. COFs exhibit high stability in multifar-

ious solvents; however, the constancy of MOFs remains challeng-

ing [5,59,60]. Compared with amorphous POPs, COFs have more

ordered pores, which are more conducive to ion transport [61,62].

In addition, using COFs in batteries can accelerate ion conduction,

promote uniform ion deposition, and inhibit the growth of den-

drites [4,63,64]. Moreover, COFs can supply a stable chemical and

physical reaction environment owing to the highly crystalline π-π
conjugated structure, thus facilitating the stable operation of the

battery under different cathode and anode polarization conditions

[65–67]. Thus, COFs play a pivotal role in LIBs, Na-ion batteries,

and potassium-ion batteries. To solve the current challenges fac-

ing ZIBs, many researchers have applied COFs to improve the per-

formance of ZIBs. The multiple active sites, large pore channels,

Fig. 2. (a) Limitations of traditional cathode and advantages of using COF as a cathode. (b) The comparison of bare Zn and COFs@Zn anodes for ZIBs after cycling.
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Fig. 3. (a) The combination of building blocks with different geometries to form

COFs. (b) Common dynamic chemical reactions for preparing COFs.

and rigid structure of COFs can eliminate the problems associated

with traditional cathodes, such as low capacity, slow Zn2+ diffu-

sion, and structural collapse. The uniform pore and plentiful active

sites in COFs ameliorate the uniform deposition of Zn2+ on the an-

ode surface, thereby inhibiting the formation of dendrites and al-

leviating the corrosion, passivation, and HER on the anode surface

(Fig. 2) [5]. For instance, Wang et al. synthesized a COF contain-

ing quinones through solvothermal condensation reaction, denoted

as HAQ-COF. Experimental and theoretical calculations showed that

HAQ-COF (the cathode of ZIBs) had high coulomb efficiency (CE)

and stable cycling performance under high current density [68].

Wu et al. designed a 3D-COOH–COF membrane with affluent func-

tional groups and regular nanoscale channels, which was synthe-

sized in situ as a protective film for stable Zn anodes. Results

showed that the 3D-COOH–COF film improved the cycle times of

Zn| |Zn symmetric batteries and the CE of the full batteries [69].

In last few years, numerous studies have adopted COFs to handle

the cathode and anode problems of ZIBs (Fig. 4). However, to our

knowledge, there are few systematic and comprehensive reviews

on COFs for ZIBs. Therefore, in this essay, we introduce and discuss

the synthesis methods and characterization techniques of COFs and

the current advances of COFs for ZIBs. Finally, the current chal-

lenges and future prospects are discussed.

2. Synthetic methodologies

COFs were first reported by Yaghi et al. in 2005, and COFs have

attracted considerable scholarly attention [70,71]. At present, COFs

are extensively used in photocatalysis, gas storage and separation,

energy storage, and energy conversion [72–76]. Studies have re-

ported various synthesis methods for COFs. The methods include

solvothermal, microwave-assisted, ionic thermal, mechanochemi-

cal, and interfacial synthesis methods (Fig. 5) [4,77-79]. This sec-

tion briefly describes the characteristics of different synthesis

methods.

2.1. Solvothermal method

Among all synthesis methods, the great majority of COFs are

synthesized through solvothermal methods. Solvothermal synthe-

sis of COFs demands heating in an inert gas ambiance. The reac-

tion time and temperature significantly affect the crystallization

and porosity of COFs. The reaction time of synthesizing COFs us-

ing this method is 1–9 d, and the reaction process is generally

performed at 80–200 °C [80,81]. In addition, the pressure in the

sealed container significantly affects the reaction. Yaghi et al. found

that the best pressure in a vacuum tube before the container was

sealed at a given capacity (about 10 cm3) was 150 mTorr [70].

Moreover, the choice of solvent plays a critical role in the forma-

tion of COFs, which strongly affects the solubility of the reactants.

COFs are usually prepared by mixing two or more solvents. The

proportion of solvents also affects the COFs crystallinity [79,82].

For instance, Jiang et al. prepared Porphyrin-based COF using a

solvothermal method. With the solvent ratio of 1:1 (v:v) between

mesitylene and dioxane, the amorphous solid product was formed,

as determined using powder X-ray diffraction. With the solvent ra-

tio of 9:1 (v:v) between mesitylene and dioxane, high crystallinity

COFs were formed [83]. The solvothermal method is usually used

to produce COFs as a powder, which may restrain its applica-

tion in some cases, for example, for the interfaced integration into

devices.

2.2. Microwave-assisted method

Because the solvothermal method usually takes a long time

to prepare COFs, the microwave-assisted method was explored to

prepare crystalline porous COFs [78]. Microwave heating synthesis

is simpler, faster, and more efficient than solvothermal synthesis

and can achieve uniform stirring at the molecular level [79,84]. In

2015, Wei et al. synthesized the Schiff base TpPa-COF through the

microwave-assisted method. The solvothermal method requires 2–

3 d to complete the reaction, while the microwave heating syn-

thesis method only requires 60min to complete the reaction, indi-

cating that the microwave heating method can effectively synthe-

size the TpPa-COF with high crystallization and stability in a short

time [85]. In addition, COF-5 synthesized through the microwave-

assisted method had a higher BET area (2019 m2/g) than that syn-

thesized through the solvothermal method in a sealed container

(1590 m2/g) [86]. However, the microwave heating method does

not apply to all COF materials compared with solvothermal syn-

thesis. Therefore, this method has great limitations and is rarely

used to study multipore COFs.

2.3. Ionic thermal method

COFs synthesized through ionic thermal method was first re-

ported in 2008 by Thomas et al. [87]. Under high-temperature

conditions, COF materials are synthesized using eutectic mixture

or ionic liquid as a medium [88]. To date, ionic thermal synthe-

sis of COFs has only been used to synthesize triazine COF ma-

terials [4]. In molten ZnCl2, covalent triazine-based frames (CTFs)

can be provided through the cyclic trimerization of nitrile con-

structional units (e.g., 1,4-dicyanobenzene) at 400 °C with excel-

lent crystallinity and ideal stability. Fused ZnCl2 salts play a vital

role in synthesizing CTF, serving as solvents and catalysts for re-

versible cyclic trimerization. Compared with solvothermal synthe-

sis and microwave synthesis, ionic thermal synthesis requires ex-

tremely harsh reaction conditions for the synthesis of high crys-

tallinity COFs. Additionally, ionic thermal synthesis requires an

extremely high temperature to melt the metal salt as the sol-

vent and requires the monomer of the synthesized COF material

3
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Fig. 4. Development of COFs applied in zinc-ion batteries.

Fig. 5. Different synthesis methods of COFs.

to have good thermal stability [77]. These requirements limit the

application of ionic thermal synthesis for synthesizing multipore

COFs.

2.4. Mechanochemical synthesis method

The mechanochemical synthesis method is a simple, econom-

ical, and environmentally friendly process at room temperature

[89]. In 2013, Bhaierjee et al. synthesized high-stability two-

dimensional COF materials, including TpBD (MC) and TpPa (MC),

through mechanical grinding at indoor temperature without sol-

vent [90]. Compared with solvothermal and microwave processes

performed under complex conditions, such as reactions in sealed

pyretic glass tubes, inert atmospheres, suitable solvents, and crys-

tallization temperatures, the mechanochemical synthesis method

is considered an environmentally friendly, and it is a more suit-

able synthesis method for mass production [4]. However, the

mechanochemical synthesis method is rarely used to synthesize

COFs due to the general crystallinity and specific surface area of

the synthetic materials [78,79].
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2.5. Interface synthesis method

The COFs obtained through the above methods are usually in-

soluble and laborious to produce microcrystalline powders, sig-

nificantly limiting the wide range of application of COF materi-

als. Compared with the methods above, the interfacial synthe-

sis method is extensively applied for preparing COF films [91–

93]. In this approach, COF are restrictedly grown at the interface

through the reaction among the monomers, finally forming COF

films [78,79,94]. Recently, various interface synthesis methods have

been reported by researchers, including liquid-liquid, gas-liquid,

solid-liquid, and gas-solid methods, for preparing COF materials,

which are mainly used to prepare COF film materials that are easy

to be processed and formed [95–97]. This method also provides

a reference method for the processing and molding of multi-hole

COF materials.

2.6. Synthesis of COFs in a novel reaction medium

Traditional COFs synthesis methods require a large amount of

organic solvents, high energy consumption, and strict requirements

for reaction time and temperature. In order to achieve the goal of

green, environmentally friendly, efficient, and large-scale synthe-

sis of COFs, researchers have actively explored various new syn-

thesis strategies, such as aqueous phase mediated synthesis, ionic

liquids (ILs) mediated synthesis, deep eutectic solvents (DESs) me-

diated synthesis [98]. These methods all use green solvents as the

medium for synthesizing COFs, but they also have many differ-

ences. For example, the aqueous phase mediated synthesis method

uses water and other solvents or gasses as the reaction medium

for COFs [99]. This method not only has the characteristics of

green, environmental protection, and low cost, but also can eas-

ily achieve the synthesis of high crystallinity COF. MartínIllán et al.

synthesized imino based TAPB-BTCA-COF with high crystallinity

and porosity in water using 1,3,5-benzenetrialdehyde (BTCA) and

1,3,5-tris-(4-aminophenyl) benzene (TAPB) [100]. However, the sol-

ubility of most monomers in water is poor, which is very unfa-

vorable for the preparation of COFs. Therefore, the universality of

aqueous phase mediated synthesis methods needs to be improved.

The ionic liquid mediated synthesis method was first reported in

1914 [101]. ILs are usually organic ionic liquids composed of anions

and cations, with characteristics such as non-volatility, good sta-

bility, high viscosity, strong solubility, and designability. Therefore,

they are considered a safe and environmentally friendly chemical

reaction medium [102]. In addition, ILs can not only serve as a

reaction medium but also as a catalyst in the reaction, playing a

dual role. As a result, the synthesis of COFs using ILs has received

widespread attention. However, high viscosity ILs may hinder the

reaction and lead to the formation of amorphous structures, which

is currently a major obstacle to the synthesis of COFs in ILs. DESs

are a new type of liquid water or analogues, considered as another

new type of environmental-friendly liquid material with the ex-

ception of traditional liquid water. Compared with other methods,

the COFs obtained using this method have outstanding advantages.

For example, Wang et al. used this method to synthesize multiple

2D/3D COFs, which shortened the synthesis time from 72h using

traditional methods to 2h [103]. Their porosity and stability were

also much better than those synthesized using traditional meth-

ods. In addition, without obvious damage of activity, DESs can be

recycled and used as a structural instruct to synthesize novel COFs

with layered pore structures, which cannot be realized by conven-

tional solvothermal methods [104]. However, numerous advantages

still cannot conceal their disadvantages, as their viscosity greatly

reduces the probability of successful synthesis of COFs in such me-

dia. Moreover, this synthesis method is presently only used for cer-

tain COFs, and its universal applicability is comparatively limited.

In addition to the aforementioned methods, solvent free synthesis

is also one of the new synthesis methods. This method reduces the

dependence on organic solvents to a certain extent and is one of

the best choices as an environmentally friendly alternative to gen-

eral solution synthesis methods. However, the synthesis of COFs

using this method is still in its early stages and there are relatively

few reports currently.

3. COF material characterization technology

With the gradual development of in-depth research on energy

storage devices, researchers urgently need to develop excellent en-

ergy storage materials to meet the needs of human beings, mean-

ing it is crucial to conduct more in-depth and detailed investi-

gation on the action mechanism, structural changes, and factors

affecting the performance of materials [105–108]. However, some

traditional characterization methods have been unable to meet all

current needs; as a result, the utilization of advanced characteri-

zation techniques is necessary, such as in situ/operando character-

ization tools, to explore the electrochemical reaction mechanism

and local structure of functional materials [109]. Taking LIBs as

an example, although LIBs have been successfully commercialized,

the electrochemical reactions and safety issues caused by lithium

dendrites limit their further development [110]. Researchers often

use a variety of characterization means and instruments to exam-

ine the formation and dissolution mechanism of lithium dendrites.

However, traditional ex-situ characterization means can only test

the state before and after the electrode reaction without achieving

dynamic testing during the process. In situ characterization allows

the direct observation of dynamic structural and chemical changes

in batteries, revealing complex reactions and degradation mech-

anisms in lithium metal anode [111]. Compared with traditional

characterization techniques, in situ, characterization technique has

dynamic, real-time, and intuitive characteristics. In situ character-

ization methods can be used to examine real-time chemical re-

action processes, substance structure, and morphology and obtain

information on reaction intermediates, which help researchers to

analyze reaction mechanisms, thus promoting further development

of materials [112,113]. Typical in situ characterization methods in-

clude in situ infrared, Raman, and synchrotron radiation tech-

niques (for instance, in situ synchrotron radiation X-ray diffraction

(SXRD) [114,115] and X-ray absorption fine structure (XAFS)). In ad-

dition, as a high-precision electron microscopy technology, scan-

ning transmission electron microscopy STEM technology supplies

an "eye of observation" for humans to comprehensively study the

structure of matter on the atomic scale. Since COFs are influential

energy storage materials, the combined use of advanced character-

ization and analysis technologies has significantly improved COF-

based battery materials. This section briefly introduces some ex-

amples of in situ infrared, in situ Raman, and STEM technologies

applied to COF-based material characterization.

In situ Fourier infrared spectroscopy (In situ FT-IR) is an effec-

tive method of studying and characterizing molecular structures

using infrared electromagnetic radiation. Moreover, the method has

superiority in high accuracy, fast acquisition speed, and high sensi-

tivity and is one of the most important scientific analytical meth-

ods for researchers [116]. Many researchers use it to characterize

battery electrode materials to obtain the functional group infor-

mation of electrode materials and further understanding of the

electrochemical reaction process. For example, Shi et al. [117] de-

signed a N-rich COF with triquinoxalinylene and benzoquinone

units (TQBQ-COF) with carbonyl groups for a high-performance

sodium-ion battery cathode by eliminating inactive linking groups

and doping heteroatoms. FT-IR was used to characterize CHHO,

TABQ, TQBQ-COF-200 °C, and prepared TQBQ-COF, and the results

revealed that the starting reagent was polymerized. To further an-
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Fig. 6. (a) The discharge and charging curve of the TQBQ-COF electrode at a voltage of 0.02 A/g in the first two cycles within the voltage range of 0.8–3.7V. (b) The in situ

Fourier Transform Infrared spectroscopy spectrum collected in different states corresponding to (a). Copied with permission [117]. Copyright 2020, Nature Publishing Group.

(c) The in situ FTIR spectrum of the DCB-COF-450 electrode discharged to 0.01V (relative to Li/Li+) and then charged to 3.0V (relative to Li/Li+) electrodes. Copied with

permission [118]. Copyright 2022, Elsevier. TEM and STEM-HAADF images of (d) TPB-DMTP-COF and (e) TPB-DMTP-COF@ILe. Reproducing with permission [128]. Copyright

2021, American Chemical Society.

alyze the structural changes of the TABQ-COF electrode during cy-

cling, the sodiation/desodiation mechanism of the TQBQ-COF cath-

ode in the electrochemical process was examined using in situ FT-

IR. Fig. 6a shows the discharge and charge curves (at 0.02 A/g) of

the first and second cycles of the TQBQ-COF cathode at the work-

ing potential of 0.8–3.7V. As exhibited in Fig. 6b, the peaks at 1545

and 1627 cm−1 corresponded to pyrazine and carbonyl gradually

weakened during discharging, consistent with the sequence com-

bination of sodium ions and active sites of TQBQ-COF. Due to the

existence of residual C=N and C=C in NanTQBQ-COF (n=1–12), the

peak at 1627 cm−1 almost disappeared at 0.8V, yet the featured

peak at 1545 cm−1 remained weak. During charging, peaks of C=N

and C=O reappeared, became strong, and returned to their origi-

nal state. The situation in the second cycle was the same, indicat-

ing that sodiation/desodiation occurred reversibly in this electrode.

Cai et al. [118] reported a triazine-based DCB-COF as an anode ma-

terial for LIBs. To further explore the lithium storage mechanism,

the electrode material was tested using in situ FT-IR during charge

and discharge process. As visualized in Fig. 6c, an obvious tensile

vibration peak assigned to the triazine in DCB-COF was observed

at 1620 cm−1 in the in situ FT-IR spectrum. When the battery dis-

charged, Li+ ions migrated into the cathode and combined with

the C–N group to form a strong -C-N-Li ionic bond; consequently,

the C–N bond was stronger. However, during the charging process,

with the continuous removal of lithium, the bond gradually recov-

ered to the C–N group, thus gradually weakening the C–N bond.

This result suggests that inserted Li+ ions in DCB-COF can be ex-

tracted during cycling.

In situ Raman spectroscopy is a powerful optical technology

that can measure structural changes during battery operation. It

can be used to characterize materials or electrolytes and study the

morphological changes of chemical species in electrochemical re-

duction reactions, reveal the active center and electronic transfer

mechanism of reactants, and provide more reaction information

[119,120]. For example, Yu et al. [121] reported a two-dimensional

polyarylimide COF (PI-COF) anode with excellent Zn2+ storage ca-

pacity. The chemical structural changes in PI-COF during Zn2+ stor-

age were studied using in situ Raman spectroscopy and electro-

chemical method, and it was confirmed that the storage of Zn2+ by

PI-COF electrode was divided into two steps. Zheng et al. [122] de-

signed a new COF (BT-PTO–COF) cathode using orthoquinone,

which was used to assemble an aqueous zinc organic battery with

satisfactory performance. The COF in the 3mol/L ZnSO4/D2O elec-

trolyte was analyzed using in situ Raman spectroscopy. The regular

changes in the peaks in the in situ Raman spectrogram indicated

the direct insertion of H+ during the electrochemical reaction pro-

cess. The formation/dissolution of zinc sulfate hydroxide hydrate

was also monitored. The result confirmed that C=O was the active

center, indicating the insertion and extraction of Zn2+. Chen et al.

[123] designed a two-dimensional COF (TFPB-COF) with ordered

mesopores (∼2.1 nm) as a high-performance lithium storage ma-

terial. The prepared two-dimensional imine-based TFPB-COF was

stripped to obtain TFPB-COF (E-TFPB-COF) and E-TFPB-COF/MnO2

composites using a chemical method. The stripped TFPB-COF ex-

hibited a new active lithium storage site related to the conjugated

aromatic π electrons, greatly improving the performance. To better

understand the storage mechanism of lithium, E-TFPB-COF/MnO2

anode was characterized using in situ Raman spectroscopy. The in

situ Raman spectroscopy of the anode during complete discharg-

ing and charging were observed, during the discharge process, the

6
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characteristic peaks of the four main functional groups were grad-

ually weakened, evidencing that lithium storage reaction with the

C=N, C=C (conjugated π electron), and Mn-O groups of the C6 ring

occurred when lithium-ion migrated into E-TFPB-COF/MnO2 com-

posite. The opposite phenomenon can be observed during charg-

ing. The ex-situ FTIR characterization result was similar to the in

situ Raman results. Singh et al. [124] combined the thiazole part

into the organic scaffold to prepare π conjugated COF electrodes

with high crystallinity (the AZO COF connected with thiazole was

represented as AZO-1). The obtained COF electrode achieved the

coordinated double electron migration of the azo functional group

in one step, improving the performance lithium organic battery. In

order to further study the main azo oxidation–reduction reaction

and the secondary thiazole and electrolyte reactions, the opera-

tional Raman spectroscopy was performed on the electrode ma-

terial. Raman spectroscopy showed the discharge process (3–1V),

and the azo group decreased step by step until it disappeared at

1.2V. Then, during the charging process, the bond reappeared at

1.5V and became strong at 2.1V. The thiazole ring vibration dis-

appeared before the quenching of the azo bond, and it began to

recovery at 2.1V. This feature corresponded to the small thiazole

redox wave in the CV and the short potential platform in the con-

stant current spectrum. However, their contribution to the capacity

was insignificant. At a more negative voltage, the signal of benzene

attenuated at less than 1.5V and reappeared at 1.8V, relating to the

lithiation of the COF layer through the π-ring-Li+ interaction. Nev-

ertheless, the optical image of the first cycle revealed that the COF

electrode had edge volume expansion and contraction, indicating

moderate Li+ nesting and de-nesting, respectively. Compared with

traditional analysis methods, in situ technology supplies a compre-

hensive understanding of the charge storage mechanism to guide

the exploration of better battery design.

The atomic structure of energy storage materials usually deter-

mines their performance. The traditional electron microscope can

supply detailed information about materials; however, it cannot di-

rectly detect all elements at the atomic scale in the energy stor-

age materials. Scanning transmission electron microscopy (STEM)

techniques that allow imaging of light elements, such as high an-

gle annular dark field (HAADF) imaging, energy dispersive X-ray

spectroscopy, and electron energy loss spectroscopy, have recently

gained popularity owing to their ability to disclose high-resolution

structure, composition, and bonding information. Thus, STEM has

been proven helpful to develop high-performance battery materi-

als [125–127]. Some researchers have applied this method to char-

acterize COFs. For example, Wang et al. [128] used triphenylben-

zene (TPB) and dimethoxy-p-benzaldehyde (DMTP) as raw materi-

als to synthesize porous TPB-DMTP-COF. The material was incor-

porated into polymer ionic liquid/ionic liquid (PIL/IL)-based ionic

gel electrolyte (IGE) as a filler with high IL load to improve the

ion conductivity of polymer IGE, thus improving the performance

of lithium metal battery. The TPB-DMTP-COF was characterized us-

ing SEM, TEM, and STEM-HAADF. The SEM image revealed the

shape of TPB-DMTP-COF nanospheres with uniform particle size

and diameter of about 800nm. Due to the interaction between

layers, the TEM image showed the layer-by-layer stacking struc-

ture of nanospheres. STEM-HAADF image (Fig. 6d) revealed regular

spherical boundary and elements except the hydrogen. The STEM-

HAADF image (Fig. 6e) of TPB-DMTP-COF@IL electrolyte showed

uniformly distributed S and F elements, further confirming the in-

teraction between TPB-DMTP-COF and IL. In Chen et al.’s report

[123], SEM, TEM, and HAADF-STEM were also used to characterize

TFPB-COF, E-TFPB-COF, and exfoliated E-TFPB-COF/MnO2. SEM/TEM

images showed the multi-layer stacking structure of TFPB-COF.

The laminous structure with fewer layers was observed on the

peeled E-TFPB-COF and E-TFPB-COF/MnO2. The HAADF-STEM ele-

ment mapping image revealed uniform distribution of Mn, N, C,

and O in the composite material. Therefore, in situ/operando tech-

nology and other more advanced technologies will be widely used

in the mechanism research of COF-based batteries in the near fu-

ture.

4. Application of COFs in ZIBs cathode

Generally, Prussian blue analogues (PBAs, such as MFe(CN)6,

M = Fe, Co, Ni, Cu, Mn, …), manganese based oxides (such as

Mn3O4, α-/β-/γ -/δ-/λ-MnO2, MnO, and manganese based compos-

ites), as well as vanadium based compounds (such as VxOy, metal

vanadates, vanadium phosphate, and their composites) are the

most traditional cathode materials for rechargeable ZIBs in water

systems. PBAs have the advantages of being nontoxic, low-cost, and

3D fast diffusion channels, and are easy to prepare. However, there

is the problem of electrode material dissolution during battery

charging and discharging, and their performance is low in alka-

line environments. Manganese based oxides not only have the ad-

vantages of low cost, environmental friendliness, and low toxicity,

but also have the characteristics of multivalent states (Mnx, x = 0,

2+, 3+, 4+, and 7+). However, during the cycling process, the un-

stable phase transition of the manganese-based structure leads to

low cycling stability. Vanadium based compounds have abundant

resources and diverse valence states, but vanadium is relatively ex-

pensive, which limits its application in large-scale energy storage.

It is necessary to address the above difficulties of cathode ma-

terials in order to improve the performance of ZIBs. Fortunately,

these limitations can be overcome using COFs owing to the own

advantages of COFs [129–139]. Since Jiang et al. [139] first man-

ufactured a COF-based compound (DTP-ANDI-COF@CNTs) as LIB’s

cathode material in 2015, many COFs, such as Tp-DANT-COF, Tb-

DANT-COF [140], PIBN-G [141], PI-ECOF-1/rGO 50 [142], and BQ1-

COF [143] have attracted the attention of researchers. These COFs

have significantly improved the electrochemical properties of bat-

tery cathodes. This section mainly describes the latest progress of

COFs as cathodes for ZIBs.

In 2019, Banerjee et al. [144] synthesized a 2-dimensional co-

valent organic frame material HqTp-COF through the solid me-

chanical mixing of 1,3,5-triformylphloroglucinol (Tp) and 2,5-

diaminohydroquinone dihydrochloride (Hq). SEM analysis revealed

that the synthesized HqTp organic cathode had a layered zonal

morphology, and the morphology maintained good stability after

the battery was assembled for a charging-discharge cycle. TEM also

revealed the presence of CNF nanoparticles, where CNF only im-

proved the conductivity and did not interact with zinc ions. The

N–H and C=O groups in HqTp were storage sites of zinc ions. The

C=O functional group connected by quinone and the C=O func-

tional group in TP had a stronger affinity for Zn2+ ions than the

N–H functional group. The C=O functional group was the main

Zn2+ ion storage site. One HqTp cell corresponded with the inter-

action of 7.5 Zn2+ ions. In addition, HqTp and its crystalline hon-

eycomb structure provided a suitable aperture of 1.5 nm, which ef-

fectively promoted the rapid kinetics of Zn2+ ions. HqTp showed

a satisfactory discharge capacity of 276 mAh/g at 125mA/g ow-

ing to its abundant active sites and large aperture channels. At

an ultrahigh current density of 3750mA/g, a discharge capacity

of 85 mAh/g remained for more than 1000 cycles. The initial ca-

pacity and CE remained at 95% and 98%, respectively. According

to reports, nitrogen doping or nitrogen substitution can promote

the chemical adsorption of Zn2+ ions, improve the specific ca-

pacity and cycling stability of electrodes in ZIBs. In 2020, Wang

et al. used a phenanthroline COF (PA-COF) as a cathode for a high-

performance aquatic zinc-ion supercapattery [145]. The supercap-

attery is an electrochemical energy storage device that uses ca-

pacitive and non-capacitive Faraday charge storage mechanisms

[146]. PA-COF was synthesized through solvothermal condensation
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Fig. 7. (a) Charge/discharge distribution and (b) constant-current cycle performance

at a current density of 0.1 A/g. (c) Long-term cyclic stability at a current density of

1.0 A/g. Copied with permission [145]. Copyright 2020, American Chemical Society.

(d) Performance comparison of COF cathodes.

of hexone cyclohexane with 2,3,7,8-phenazine tetramine. The syn-

thesized PA-COF used the nitrogen-enriched phenanthroline func-

tional group as the active site of the Zn2+ ion, involving the in-

sertion of two cations, Zn2+ and H+. The capacity contributions of

Zn2+ in the first three cycles were 54.5%, 61.3%, and 60.0%, with the

remaining capacity contributions attributed to H+ ions. The syn-

thesized PA-COF had a medium pore size of 2–5nm, which can

effectively reduce the hindrance during ion insertion. Its rigid con-

jugated structure made it thermally stable up to 600 °C, while the

weight loss of the COF precursor was severe at 600 °C. Those ad-

vantages enable PA-COF to demonstrate outstanding performance.

Electrochemical tests revealed the excellent capacity of 247 mAh/g

at 0.1 A/g. At the current density of 1.0 A/g, the average capacity

attenuation of each cycle during 10,000 cycles was 0.38% (Figs. 7a-

c). In 2021, Ball et al. conducted a theoretical study of PA-COF using

density functional theory (DFT) [147] and calculated some impor-

tant electrochemical properties of PA-COF, such as diffusion barrier,

theoretical storage capacity, and open-circuit voltage (OCVs). The

theoretical results were in good agreement with the experimental

results of Wang et al. [145]. The designability of the COF structure

optimizes the active site and pore size. Ball et al. predicted a new

organic covalent framework material QPA-COF based on quinone

structure and phenanthroline structure by simply adjusting the or-

ganic framework of phenanthroline and proposed a possible syn-

thesis strategy. A theoretical study was conducted on QPA-COF,

and the results showed that QPA-COF had semiconductor proper-

ties. After the insertion of Zn2+ ions, QPA-COF changed from semi-

conductor to metal and exhibited good conductivity. The predicted

theoretical capacity of QPA-COF was almost twice higher as that of

PA-COF, owing to the increased quinone structural active sites of

QPA-COF. In addition, the calculation showed that the open-circuit

voltage (OCV) of QPA-COF was significantly greater than that of the

PA-COF, indicating that QPA-COF had a higher battery voltage than

PA-COF. The calculation of the diffusion barrier of zinc atoms on

QPA-COF and PA-COF showed that the mobility of zinc ions of the

two materials was extremely high and similar.

In 2022, Zheng et al. discovered a new orthoquinone COF

(BT-PTO–COF) using pyrene-4,5,9,10-tetraketone (PTO) monomer

with abundant C=O functional group and benzenetricarboxalde-

hyde (BT) node [122]. The material was synthesized through the

Schiff-based solvent thermal condensation reaction of PTO and BT

at 120 °C for three days. The cathode of rechargeable water-based

zinc-ion battery exhibited the charge storage mechanism of co-

intercalation of Zn2+ and H+. When the current density reached

200 A/g, the co-insertion route of H+ and Zn2+ evolved into more

H+ion insertion. The COF exhibited a high ion diffusion efficiency

(∼10−8–10−7 cm2/s) owing to its large aperture size (∼2.23nm)

and ordered tunnel structure. Electrochemical tests exhibited that

the COF exhibited a high capacity of 221 mAh/g at 1 A/g, an ex-

tremely high power density of 184kW/kg, and an energy density

of 92.4Wh/kg. Meanwhile, the capacity of COF was maintained at

98% after 10,000 cycles. Zhao et al. [148] prepared a TP-PTO–COF

through a simple solvent condensation reaction, and the morphol-

ogy of the synthesized COF was a 2D layered stack shape, adjacent

β-keto carbonyl and carbonyl double active sites were very con-

ducive to the storage of Zn2+ ions. In addition, the porous struc-

ture and the large specific surface area of 601 m2/g provided an

ion diffusion channel, further accelerating the storage of Zn2+ ions.

The diffusion coefficient of Zn2+ ions in Tp-PTO–COF cathode was

about 10−11 cm2/s, which proved that the COF structure was satis-

factory for improving performance. It is well known that the sta-

bility of electrode structure is the key to the long-term cycle per-

formance of batteries. The author determined whether the struc-

ture of the Tp-PTO–COF cathode was stable by monitoring its mor-

phological evolution during the charging and discharging process.

The results showed that there were no significant morphological

changes or by-products on the electrode after discharge. Therefore,

TP-PTO–COF as a ZIBs cathode exhibited excellent capacity perfor-

mance of 301.4 mAh/g and ultra long cycle stability, resulting in

a capacity of 218.5 mAh/g for 1000 cycles and a CE of approxi-

mately 100%. Lin et al. synthesized an all-trans aromatic microp-

orous COF (TAQ-BQ-COF) through a condensation reaction of ben-

zoquinone BQ and TABQ in acetic acid and ethanol [149]. TAQ-BQ-

COF had a micropore structure of about 0.58nm, which improved

the volume capacity and volume energy density of the cell and the

cation diffusion. TAQ-BQ-COF exhibited satisfactory capacity and

cycle stability in 1mol/L ZnSO4 electrolyte owing to the rich re-

dox active sites of TAQ-BQ-COF. The cycling results showed that the

COF exhibited a capacity of 208 mAh/g at 0.1 A/g and maintained

a capacity of 136 mAh/g at 2 A/g. In addition, the existence of

the anti-aromatic conjugation system endowed TAQ-BQ-COF with a

higher redox potential than other reported COF cathodes. Venkate-

sha et al. [150] explored the use of COF in aqueous ZIBs with

mixed ion electrolytes with Zn2+ and Li+ cations. They synthesized

DAAQ-TFP-COF using 2,6-diaminoanthraquinone (DAAQ) and 1,3,5-

triformylphloroglucinol (TFP) as precursors. The DAAQ-TFP contain-

ing original COF was denoted as DAAQ-TFP-COF, while DAAQ-TFP

containing graphite oxide (GO) was labeled as COF-GOPHs. The

electrochemical properties were tested with 1mol/L ZnSO4, 1mol/L

Li2SO4, and different proportions of ZnSO4 + Li2SO4 electrolytes.

Both the original COF and COF-GOPHs exhibited excellent cy-

cling stability and capacity retention in 0.5mol/L ZnSO4 +0.5mol/L

Li2SO4 electrolyte, which was attributed to the optimal Li+ and

Zn2+ ion ratio in the electrolyte, thus increasing the overall

electrolyte conductivity and promoting the diffusion of Zn2+into
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porous COFs. The results obtained through experiments and the-

oretical calculations showed that in mixed ion electrolytes, only

Zn2+ ions could reversibly embed into COF and coordinate with

carbonyl oxygen and enamine nitrogen, while Li+ ions did not par-

ticipate in redox reactions. Compared with the original COF, COF-

GOPHs exhibited superior performance. The discharge capacity of

COF-GOPHs was 220.7 mAh/g, which was about twice that of the

original COF, resulting from the enhanced conductivity caused by

GO. In most reported organic cathode materials for zinc ion bat-

teries, carbonyl is basically used as the active site for storing zinc

ions. However, in water-based electrolytes, carbonyl has high hy-

drophilicity, which has become a key disadvantage. Peng et al.

[151] reported a COF-TMT-BT cathode with a different solid struc-

ture from the past. The solid structure of the COF is derived from

the irreversible C=C bond, which makes it insoluble in water-based

electrolytes. The results of thermogravimetric analysis and differ-

ential scanning calorimetry also showed that the COF-TMT-BT had

high thermal stability at up to 450 °C. In addition, COF-TMT-BT had

a high surface area of 342.5 m2/g and a pore structure of approx-

imately 3.76nm, which greatly reduced the hindrance of zinc ions

during their movement in the cathode. The most exciting thing

was that the electrochemical active group of this novel COF was

no longer a carbonyl group but a multifunctional benzothiadia-

zole group, which contained S and N atoms and can reversibly

coordinate with Zn by controlling ion complexation and release.

When using this material for ZIBs cathodes, the capacity, energy

density, and power density obtained at a current density of 0.1

A/g were satisfactory, with a capacity of up to 283.5 mAh/g, a

maximum energy density of 219.6Wh/kg, and a power density of

23.2 kW/kg. Compared with some organic cathode materials previ-

ously reported, this material had better performance. Fig. 7d shows

the performance comparison of some COF cathodes in the ZIBs

mentioned above. These pioneering studies provide insight into the

design of more advanced COF for building promising COF-based

ZIBs cathodes.

5. Application of COFs in ZIBs anode

In ZIBs, the Zn anode releases Zn2+ into the electrolyte during

discharge and receives them during charging. ZIBs are considered

to be a promising alternatives to LIBs owing to the desirable char-

acteristics of Zn anodes, such as good chemical/physical stability,

high volume density (5855 mAh/cm3), environmental friendliness,

abundant resources, and low cost. However, Zn anodes have some

shortcomings to be addressed. For example, large dendrites form

on the Zn anode during battery operation can severely shorten

battery life, posing safety problems [38,39]. Researchers have at-

tempted to solve this problem using various methods. Among

them, the construction of an artificial interface layer on the Zn an-

ode surface has attracted considerable researchers’ attention. How-

ever, the migration path of Zn2+ in an ordinary artificial inter-

face layer mainly depends on unordered and random fractures or

pores formed through accumulation. The ion transfer kinetics of

Zn2+ is still limited because of the lack of inherent ion accelera-

tion channels. Therefore, it is important to design interfacial lay-

ers with rich nanopores as ion channels to accelerate the desolubi-

lization of by-products and enhance the Zn2+ ion transfer kinetics

[63,64]. COFs have received much attention because of their low

molecular weight, high energy density, ordered ion channels, and

well-stability [5,62,152]. The application of COFs on the Zn anode

as an artificial interface layer to avoid direct touch between the

electrolyte and the electrode inhibits the water-based parasitic re-

action and homogenizes the Zn2+ flux, thus inducing uniform zinc

nucleation deposition and boosting the cycle stability of the Zn an-

ode to some extent. Therefore, the introduction of COFs on Zn an-

odes to enhance the performance of ZIBs is an effective strategy.

This section summarizes the latest research progress of COFs as an

protective layer for ZIBs anode.

The poor reversibility of metal anode is a key factor affecting

the long-term cycle of batteries. The formation of non-planar den-

dritic morphology during battery charging is the main obstacle to

realizing the high reversibility of the zinc anode [153]. In this re-

gard, Wang et al. proposed a synergistic strategy to achieve no

Zn dendrite deposition and self-corrosion inhibition by promoting

Zn2+ migration kinetics and regulating surface energy. They devel-

oped a multifunctional sulfonic acid-rich COF (SCOFs) film covering

the Zn anode (denoted as SCOFs@Zn) to extend the cycle life of the

zinc anode (Fig. 8a) [154]. Abundant sulfonate-rich nanochannels

in SCOFs and the vital interaction between -SO3H and Zn2+ accel-

erated the transport of Zn2+. At 1mA/cm2 and 1 mAh/cm2 (Fig.

8b), SCOFs@Zn anode achieved an outstanding reversible stable cy-

cle for 3300h, while Zn anode without sulfonic COFs (NSCOFs@Zn)

showed an internal short circuit resulting from dendrite after 700h

of the cycle and suddenly failed at about 150h due to local short

circuit. The bare Zn had the highest voltage polarization of the

three anodes (Fig. 8c) due to the slow plating/peeling behavior of

Zn2+ and rampant side effects. The SCOF@Zn significantly reduced

the surface energy of the Zn (002) crystal surface and preferen-

tially induced the electroplating growth of crystal (002) orienta-

tion (Fig. 8d). The morphology of Zn deposited on the composite

anode was uniform and flat hexagonal Zn sheet, which confirmed

the improved reversibility of Zn deposition. Thus, the lifespan of

the SCOFs@Zn anode was 3000 and 4000h at 5mA/cm2 and 2

mAh/cm2 and 5mA/cm2 and 1 mAh/cm2. At the same time, the

full battery maintained significant reversibility over 1000 cycles.

SCOFs, as porous material rich in sulfonic acid groups, can improve

the reversibility of ZIBs by regulating surface energy and enhancing

Zn2+ transfer kinetics. In addition, Zhao et al. prepared an ultra-

thin and porous fluorinated COF (FCOF) film with ideal mechanical

strength as a protective layer on zinc surface using the solvother-

mal method [155]. A large number of F atoms were introduced

into FCOF films from the viewpoint of surface energy regulation

of Zn crystals. By strongly inducing Zn growth along (002) crys-

tal surface through the deposition of FCOF thin film, Zn deposits

were shaped similar to small Zn plates, which significantly inhib-

ited the outgrowth of Zn dendrites, thus improving the corrosion

resistance and invertibility of Zn anode. For FCOF@Zn, less irre-

versible by-products of Zn4SO4(OH)6·5H2O accumulated on the an-

ode surface compared with pure Zn anode. The results showed that

the use of FCOF film for surface protection significantly boosted

the corrosion resistance of the zinc anode. In addition, under the

current density of 80mA/cm2 and the capacity of 1 mAh/cm2,

the FCOF@Ti/Zn half-cells exhibited a excellent CE after 320 cy-

cles, which was close to 97.2% on average. In contrast, after 95

cycles, the CE of Ti/Zn half-cells rapidly decreased. Therefore, the

FCOF membrane was stable, resistant to parasitic chemical pro-

cesses during cycling, and exhibited high reversibility. At full bat-

tery operation, FCOF@Zn/MnO2 maintained 92% capacity and a sta-

ble discharge-charge curve after 1000 cycles at 3 °C, which was

nearly four times that of Zn/MnO2 (capacity retention: 20%). At

an ultra-high current density of 0.04 A/cm2, the FCOF@Zn anode

maintained over 320 cycles with good reversibility of ∼97.2%, and

the symmetrical battery exhibited a cycle life of approximately

750h. This performance is largely attributed to the strong inter-

action between a large number of electronegativity F atoms in the

FCOF layer and Zn atoms, lowering surface energy on the Zn (002)

surface compared with that on the traditional Zn (101) surface. The

porous nano channels containing F endowed the film with a good

hydrophobic effect, which was conducive to solvent removal and

rapid transport of hydrated Zn2+.
The corrosion of the ZIBs anode causes a HER, resulting in a un-

satisfactory utilization rate of Zn and inferior cycling stability. The
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Fig. 8. (a) Schematic illustration of the synthesis and structure of SCOFs and the mechanism of stabilizing the Zn anode. (b) Long-term galvanostatic cycling of symmetric

cells using SCOFs@Zn, NSCOFs@Zn, and bare Zn anode at 1.0mA/cm2 and 1.0 mAh/cm2. (c) Long-term galvanostatic cycling of symmetric cells using SCOFs@Zn, NSCOFs@Zn,

and bare Zn anode at a current density of 5.0mA/cm2. (d) The mechanism of stabilizing the Zn anode. Copied with permission [154]. Copyright 2022, Wiley-VCH.

formation of zinc dendrites increases the anode surface area and

provides more active sites for H2 production. Meanwhile, the by-

product of the HER can result in anode surface passivation and cor-

rosion, thus affecting the even deposition of Zn2+ [156]. Therefore,

the relationship between surface corrosion and Zn crystal growth

must be comprehensively investigated to improve the performance

of aqueous cell systems. Zhao et al. deposited COF (TpPa-SO3H)

layer containing cationic conductive sulfonic acid on the anode of

ZIBs to inhibit dendrites formation and passivation on Zn surface

[157]. Through the synergistic action of sulfonic acid groups and

Zn2+, the even deposition of Zn2+ was regulated, and the growth

of dendrites was inhibited. In addition, the TpPa-SO3H membrane

released a large amount of H+; thus, the H+ achieved dynamic bal-

ance with OH−, thereby reducing the dissolution energy and hin-

dering the formation of by-products. The nucleation overpotential

of the TpPa-SO3H electrode (16mV) was significantly smaller than

that of TpPa@Zn (≈ 81mV) and naked Zn (≈ 146mV). Therefore,

the TpPa-SO3H film can greatly reduce the Zn nucleation overpo-

tential and local current density of TpPaSO3H@Zn-foil, further in-

hibiting the Zn dendrite formation [158]. The formation of den-

drites leads to the irreversible depletion of the electrolyte and the

loss of Zn2+ in the formation of SEI film, resulting in inferior cy-

cling stability [159]. The CE of composite electrode was about 99%

after 1000 cycles. The results showed that TpPa-SO3H inhibited the

side reaction of the electrolyte, promoted the Zn plating/extraction

process, and reached a higher CE. In addition, the TpPa-SO3H@Zn-

foil| |MnO2 battery exhibited satisfactory cycle stability and a ca-

pacity retention rate of 94.7% after 1000 cycles, while the discharge

capacity of the Zn foil| |MnO2 battery rapidly declined after 100

cycles. After 1000 cycles, the CE of TpPa-SO3H@Zn-foil| |MnO2 bat-

tery (99.8%) was much higher than that of Zn foil| |MnO2 (80.5%).

The TpPa-SO3H@Zn-foil| |MnO2 battery exhibited better cycle sta-

bility, indicating that TpPa-SO3H significantly improved the perfor-

mance of ZIBs. Moreover, Hu et al. reported a highly crystalline

alkynyl-based COF (COF−H), which was fabricated using aniline as

an optimal modulator. Additionally, aniline was coated on zinc an-

odes to inhibit the corrosion reaction and dendrite formation in

ZIBs [159]. The compound had a large specific surface area, and

good stability in strong alkali and acid media. The even distribu-

tion of Zn2+ in channels and the strong affinity of alkyl, enamine,

and ketone in COF-H for Zn2+effectively suppressed the growth

of Zn dendrites, thus endowing the Zn anode with a long cy-

cle life of larger than 900h at 3mA/cm2, thereby booosting the

cyclic stability of the COF@Zn| |MnO2 full battery. Similarly, Park

et al. covered Zn electrodes with ultra-thin COF layers using di-

rect and scalable dipping techniques. The ultra-thin COF layers in-

hibited surface corrosion and large Zn dendrites formation by al-

lowing efficient mass and charge transfer [6,160]. The COF films

had a strong affinity for Zn2+, in which imine functional groups

and electron-rich ketones facilitated interactions with Zn2+ [161]

and accelerated the transport of the ions via the site–site jump-

ing mechanisms. In Zn||Zn double electrode structure, the voltage

distribution of bare Zn was much larger than that of COF@Zn, re-

vealing significant differences in the nucleation overpotential. This

result showed that COF@Zn was a suitable material for the ini-

tial zinc deposition because the lower the nucleation overpoten-

tial, the lower the energy barrier of zinc deposition. For unmodi-

fied zinc, sharp nucleation overpotential profiles indicated the fast

formation of heterogeneous zinc nuclei and their transformation

into dendrites. For COF@Zn, the smaller the nucleus, the more uni-

form and evenly distributed the growth of Zn dendrites. These re-

sults show that COF layers can "homogenize" the Zn2+ flux and

restrain the formation of Zn dendrites during electrochemical cy-

cling. In COF@Zn||the δ-MnO2 full battery, the location of the re-

dox peak slightly moved because of the reversibility and kinetic

improvement (the gap between the redox peak decreased), indi-
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cating that the COF package membrane can effectively inhibit sur-

face corrosion and passivation, thus improving the utilization rate

of Zn. The battery exhibited good capacity retention and relatively

stable polarization voltage, and cycling at 1mA/cm2 for over 420h.

Moreover, due to deficiently contact with electrolyte and the lim-

ited surface area, the planar Zn anode produced uneven current

density and ion concentration, forming Zn dendrites, which limited

the further development of high-performance Zn anode. Compared

with planar anodes, three-dimensional anodes have a highly sta-

ble skeleton structure, protecting the anode shape from changing

or preventing structural collapse during plating and stripping cy-

cles. Furthermore, three-dimensional anodes provided wider chan-

nels, facilitating charge and ion transport and providing a large re-

action surface area and abundant nucleation sites, thus inducing a

uniform distribution of Zn2+ on the Zn anodes. Side reactions can

be minimized by selectively accelerating cationic transport and in-

hibiting anion migration, and dendrite growth can be inhibited by

ensuring uniform plating/stripping of Zn2+. Wu et al. designed and

in situ synthesized an ultra-thin homogeneous three-dimensional -

COOH-functionalized COF film (3D-COOH–COF) with excellent me-

chanical strength to preserve anodes [69]. Owing to its unique

structure as well as rich COOH functional groups, the COF film en-

able the fast transport of Zn2+ and hinder the transport of SO4
2−.

The transport behavior of Zn2+ and SO4
2−anions in ZnSO4 solu-

tion in 3D-COOH–COF layer was studied using molecular dynam-

ics simulation. As visualized in Fig. 9a, Zn2+ passed through 3D-

COOH–COF films, while SO4
2− were blocked due to 3D-COOH–COF-

abundant electronegative backbone and microporous channels. Dif-

fusion channels in 3D-COOH–COF membranes were simulated to

make further efforts to explore the migration behavior of Zn2+ in

3D-COOH–COF membranes (Figs. 9b and c). The results showed

that the Zn2+ diffusion energy potential along the optimized path

was 0.1337 eV, which was smaller that of Zn or Zn-ionized water

cells previously reported, further confirming that 3D-COOH–COF

protective membrane facilitated the migration of Zn2+ and uni-

form distribution of Zn2+ [162,163]. In addition, the membrane

ionic conductivity, initial current (I0) and stationary current (Iss),

and Zn2+ migration number (t
Zn2+ ) of the 3D-COOH–COF were rel-

atively higher (Figs. 9d-f). The growth of zinc dendrites was more

inhibited with increased cation migration [164]. The zeta potential

Fig. 9. (a) Molecular dynamics simulations of Zn2+ and SO4
2− ions to pass through the 3D-COOH–COF film. (b) The optimized Zn-ion diffusion pathway in the 3D-COOH–COF

layer. (c) The corresponding migration energy barrier. (d) Ionic conductivity of OH–COF precursor@Zn and 3D COOH–COF@Zn. (e) Current variations in bare Zn, OH–COF

precursor@Zn, and 3D-COOH–COF@Zn in symmetric cell with a potentiostatic polarization. (f) The Zn2+ transference number in the cells using bare Zn, OH–COF precursor@Zn,

and 3D-COOH–COF@Zn electrodes. (g) Galvanostatic charge/discharge curves of bare Zn||MnO2 and 3D-COOH–COF@Zn||MnO2 cells. Copied with permission [69]. Copyright

2022, Elsevier.
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Table 1

Summary of COF cathodes and anodes in ZIBs in recent years.

Application COFs Current density Capacity (mAh/g) Cycle (times) CE (%) Capacity retention (%) Year/Ref.

ZIBs cathode BT-PTO–COF 0.1 A/g 225 10,000 ∼100 98 2022/[122]

ZIBs cathode HqTp-COF 125mA/g 276 1000 98 95 2019/[144]

ZIBs cathode PA-COF 0.1 A/g 247 10,000 ∼100 ∼75.2 2020/[145]

ZIBs cathode Tp-PTO–COF 0.2 A/g 301.4 1000 100 95 2022/[148]

ZIBs cathode TAQ-BQ-COF 0.1 A/g 208 1000 100 87 2022/[149]

ZIBs cathode COF-GOPHs 0.015 A/g 51 500 ∼97 82 2022/[150]

ZIBs cathode COF-TMT-BT 0.1 A/g 283 2000 99.6 ∼65.9 2023/[151]

ZIBs anode DIP D COF 2 A/g ∼212 300 > 99.9 88.5 2021/[6]

ZIBs anode 3D-COOH–COF 1 A/g 163.61 500 > 99.5 78.7 2022/[69]

ZIBs anode SCOFs 1 A/g ∼70 1000 ∼100 ∼28 2022/[154]

ZIBs anode FCOF 3 C 120 1000 > 90 92 2021/[155]

ZIBs anode TpPa-SO3H 5mA/cm2 ∼180 1000 99.8 94.7 2022/[157]

ZIBs anode COF-H 0.5 A/g 146.7 300 ∼100 73.7 2022/[160]

ZIBs anode PVC-Zn-AAn-COF 2 A/g 90.9 1000 100 76.2 2022/[165]

ZIBs anode HqTpCOF 250mA/g ∼100 1000 ∼99 ∼41.7 2023/[166]

ZIBs anode COF 2 A/g ∼190 1000 ∼99 ∼83 2023/[167]

curve revealed that the high Zn2+ migration rates resulted from a

strongly electronegative functional group. The group not only ef-

fectively adsorb Zn2+ but also have a excellent sealing effect on

anions. Therefore, the protective coating can significantly boost the

rapid migration of Zn2+, restrain the migration of anions, and re-

strain the growth of Zn dendrites. Fig. 9g exhibits the cyclic per-

formance of the full cell at 1 A/g. For 3D-COOH–COF-protected

zinc anode, the capacity was 163.61 mAh/g after 500 cycles, and

the retention rate of capacity was 78.7% compared with the sec-

ond cycle. On the contrary, the electrochemical performance of the

naked zinc anode was poor, and its capacity retention rate was be-

low 32 mAh/g after 250 cycles. Therefore, the protective layer of

3D-COOH–COF can greatly restrain the side reaction between the

zinc anode and electrolyte and inhibit the zinc dendrites forma-

tion in the whole cell by selectively accelerating ion transport and

uniformly regulating ion deposition. Replacing planar electrodes

with 3D anodes is an efficient and direct method to increase the

electrolyte–anode interface area.

6. Conclusions and outlook

ZIBs are extremely prospective large-scale energy storage equip-

ments. Thus, it is necessary to summarize the current challenges

facing ZIBs and the corresponding solutions. In this paper, the

basic issues hindering the commercialization of ZIBs are first re-

viewed, especially the anode and cathode. Generally, the Zn anode

is mainly characterized by dendritic growth, severe corrosion, and

complex side reactions, while the conventional cathode is charac-

terized by low capacity, slow diffusion of Zn2+, and structural col-

lapse. Subsequently, the synthesis and characterization techniques

of COFs were briefly introduced. Finally, the progress of COFs in

developing the cathode and anode of ZIBs was elucidated, and

the performance of COF electrodes in ZIBs was also summarized

(Table 1). COFs can accelerate ion conduction, induce uniform ion

deposition, and inhibit the growth of dendrites [165–167]. The

highly crystalline π-π conjugated structure of COFs is conducive

to the stable operation of the battery under the condition of vari-

able cathode and anode polarization, indicating that COFs can ef-

fectively handle the problems faced by the cathode and anode of

ZIBs. However, the exploration of COFs in batteries is still in its ini-

tial stage, with many challenges remaining to be solved (Fig. 10).

First, due to the dynamic bonding and weak interlayer interac-

tions of COFs, their conductivity and stability are not ideal. Weak

conductivity can slow the transport of ions during battery opera-

tion, thereby affecting the rate performance of the battery; poor

stability greatly limits the selection of electrolyte and is insuffi-

cient to cope with changes in the physical and chemical environ-

ment inside the battery during operation. At present, there is a

way to improve the conductivity and stability of COFs by hybridiza-

tion. However, this method will reduce the concentration of ac-

tive substances, thereby reducing energy density and weight spe-

cific capacity. Therefore, improving the conductivity and stability

of COFs without sacrificing the concentration of active substances

is still a major issue that needs to be addressed. Second, most of

the COFs currently reported for use in ZIBs as anodes are two-

Fig. 10. Outlook for the future development of COFs in batteries.
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dimensional COFs constructed by coating or using polymer binders.

This method can easily affect the pore size and pore distribution of

COFs, which not only makes it difficult to control the pore size of

COFs, but also poses difficulties for the uniform transport of Zn2+.
In comparison, three-dimensional COFs synthesized through in-situ

growth have more advantages. The 3D-COFs synthesized by in-situ

growth have uniform pore size and distribution, which not only

accelerates the transport speed of Zn2+, but also suppresses the

insertion/detachment of unrelated ions by designing the pore size

of COFs reasonably. In addition, more active site exposed by 3D-

COFs can improve the storage of Zn2+, thus improving the battery

capacity. Therefore, promoting the use of 3D-COFs in ZIBs should

be a better way to solve the current problems faced by ZIBs. Third,

the stacked COFs increase the diffusion path of Zn2+, resulting in

slow diffusion of Zn2+ and reduced ion transport kinetics. In ad-

dition, it may cause difficulties in obtaining and utilizing redox

active site, leading to the reduction of battery capacity. In order

to solve these problems, layering large blocks of COFs into several

layers of COFs has been proved to be an effective way to improve

Zn transfer kinetics and expose more redox active site. However,

large-scale stripping of multi-layer COFs into monolayer COFs still

poses challenges. Fourth, the relationship between the structure,

composition, morphology, and corresponding electrochemical per-

formance of COF requires in-depth research using advanced in-situ

characterization methods and high-level theoretical calculations. A

deeper understanding of COFs is necessary to make better use of

them. For example, machine learning can be conducted for battery

diagnosis and predicting battery life and high-throughput calcula-

tion can be used to calculate the energy density, voltage, and vol-

ume change of ZIBs. Moreover, safety has always been an impor-

tant index for evaluating ion batteries. In selecting electrode mate-

rials and electrolytes, the first principles can be used to calculate

the formation energy and migration energy of material defects to

predict the phase stability, thus reducing the possibility of acci-

dents. Fifth, COFs can be used to alleviate the problems faced by

the anode and cathode of ZIBs. However, the current evaluation of

ZIBs modified with COFs is usually limited to coin-type batteries.

Moreover, most evaluations are based on proof of concept without

in-depth research. We believe that in future research, commercial

bag batteries and cylindrical batteries will be used to comprehen-

sively assess the performance of COF-modified batteries. The per-

formance evaluation of a full battery should include bending, drop,

puncture, high and low temperature, cycling, and safety tests. Fi-

nally, to boost the performance of ZIBs, the relationship between

the cathode and anode, electrolyte, and diaphragm of the battery

must be considered. The synchronous improvement and coordina-

tion of each component are prerequisites for achieving high perfor-

mance and high efficiency of the battery.

In summary, COFs offer new opportunities for building organic

cells and are characterized by customizable composition, crystal

structure, ordered cavity, and high surface area compared with

other organic materials. The high specific surface area of the COFs

not only promotes interfacial contact between the electrode and

the electrolyte, but also exposes more active sites, therefore the

zinc ion is easily coordinated with the redox active site to improve

the storage of Zn2+ per unit area. And due to its crystal struc-

ture, COFs can provide uniformly distributed Zn2+ hopping path-

ways, and their porosity allows them to form rich Zn2+hopping
sites, thereby minimizing the formation of dendrites. Moreover,

COFs be applied to the electrolyte and diaphragm of ZIBs and other

metal ion batteries (such as Na-ion and K-ion batteries) to im-

prove battery performance. However, the application of COFs in

batteries is still in the initial stage and is faced with many chal-

lenges, which can be addressed through experimental and theo-

retical studies, enabling the large-scale production of COF-based

batteries.
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