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a b s t r a c t

Piezoelectric materials can efficiently convert widely available mechanical energy to usable electrical en-

ergy or chemical energy, which represent a type of promising sustainable materials and is worth being

extensively explored. Covalent organic frameworks (COFs), with their finely tunable structures and prop-

erties, have emerged as exciting materials for piezoelectric applications. This review aims to discuss the

strategy for enhanced piezoelectric properties of COFs and the applications of COFs in the piezoelectric

field, including piezocatalysis and piezoelectric nanogenerators. Then, the effect of pressure on the struc-

ture of COFs is introduced, which may provide new perspectives for the design of COFs in piezoelectricity.

The review concludes that COFs offer a versatile platform for developing advanced piezoelectric materi-

als, with potential in wide range of applications. The insights provided in this review are hoped to guide

the direction of future research in the field of COF-based piezoelectric materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Mechanical energy is a fundamental and widely available form

of energy and its capture, conversion and efficient use is of vital

importance in overcoming energy shortages and mitigating envi-

ronmental challenges. First discovered in 1880 [1], some materi-

als could conduct an electrical potential under mechanical stress.

This conversion of the mechanical energy into the electrical en-

ergy is referred to as the piezoelectric effect [2–4]. Microscopi-

cally, when a material undergoes deformation due to an applied

mechanical force, the positions of its constituent atoms in the

crystal lattice are altered, resulting in a redistribution of charge

(Fig. 1a). This displacement of charges results in the formation

of dipole moments and the generation of a piezoelectric potential

[5,6]. In theory, the piezoelectric effect can only be found in non-

centrosymmetric materials [4,5]. Of the 32 crystal classes, 21 crys-

tal classes are non-centrosymmetric, 10 of which (1, 2, m, mm2, 3,

3m, 4, 4mm, 6, 6mm) are polar and capable of spontaneous polar-

ization and other 10 of which (222, 4̄, 422, 4̄2m, 32, 6̄, 622, 6̄m2,

23, 4̄3m) can produce a dipole under an external force. The other

one (432) of these 21 crystal classes is non-centrosymmetric but

still show symmetry, thus does not exhibit the piezoelectric ef-

fect. Over the past few decades, a wide diversity of piezoelectric

materials has been identified, such as quartz [7], ZnO [8], MoS2
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[9], BaTiO3 [10], BiOIO3 [11], polyvinylidene fluoride (PVDF) (Fig.

1b) [12]. Recently, other emerging crystalline materials, such as

metal-organic frameworks (MOFs) [13,14] and graphitic carbon ni-

tride (g-C3N4) [15,16], have demonstrated significant piezoelectric

properties (Figs. 1c and d). Currently, piezoelectric materials are

widely used in many fields like sensing [17,18], energy harvesting

[19], medical devices [20,21], acoustic devices [22] and so on due

to their efficient conversion ability between mechanical stress and

electrical signals. With the ongoing advancement of technology,

piezoelectric materials are increasingly being explored for use in

emerging domains, such as smart materials [23], catalysis [24,25]

and electronic devices [26].

In 2005, Yaghi et al. presented a pioneering study on the porous

organic frameworks, which are linked by reversible covalent bonds

[27]. They were the first samples of what came to be known as

covalent organic frameworks (COFs) that combine π-conjugated

system with a permanent porous skeleton [28–30]. The COFs pro-

vide a number of available functional sites due to inherent poros-

ity and large surface area, which facilitate the adsorption or mass

transfer of guest molecules. And, the precisely tunable structures

give COFs specific size and shape of pores. Furthermore, the con-

jugated skeleton in COFs promotes efficient charge transfer. There-

fore, COFs have become attractive porous materials and have been

used in many fields, such as separations, gas adsorption, catal-

ysis, sensing and energy storage [31]. In 2017, Yin et al. used

first-principles calculations to reveal the piezoelectricity of mono-

layer COFs for first time [32]. The flexibility in building blocks of
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Fig. 1. (a) Mechanism of piezoelectric properties. Reproduced with permission [6]. Copyright 2022, IOP Publishing. (b) Some classic piezoelectric materials such as perovskite

crystals (represented by CaTiO3), wurtzite crystals (represented by ZnO) and PVDF. Reproduced with permission [5]. Copyright 2020, the John Wily and Sons. (c) Piezoelectric

MOFs materials (represented by UiO-66(Hf)). Reproduced with permission [13]. Copyright 2019, American Chemical Society. (d) Piezoelectric g-C3N4 materials. Reproduced

with permission [15]. Copyright 2014, Springer Nature. (e) COFs (represented by covalent triazine frameworks) as piezoelectric materials.

COFs offers extensive opportunities for structural optimization, po-

sitioning COFs as promising candidates for piezoelectric materials

(Fig. 1e). COFs could demonstrate unique advantages over conven-

tional piezoelectric materials originate from their highly designable

molecular structures and porous properties. The modular construc-

tion of COFs allows the precise tuning of piezoelectric proper-

ties by incorporation of polar-functionalized monomers, using non-

symmetric building blocks or employing topological structure de-

sign to realize non-centrosymmetric crystal structures [31]. And,

the programmable functionalization capability of COFs permits tar-

geted modification for diverse piezoelectric applications. Further-

more, under mechanical stress, the nanopores of COF are prone

to deformation resulting from an increase in local stress inten-

sity [33], but also provides confined spaces for loading functional

guests to enhance piezoelectric performance through interfacial

polarization effects. However, as emerging materials, research on

the piezoelectric properties of COFs is still in its infancy, and fur-

ther investigation is necessary to understand their full potential in

this area.

In recent years, COFs have been presented as a promising

platform, exhibiting excellent piezoelectric catalytic activity [34]

and effectively functioning as piezoelectric nanogenerators (PENGs)

[35]. These developments highlight the significant potential of

COFs as advanced materials for piezoelectric applications.

It is worth noting that although numerous comprehensive re-

views have extensively covered the synthesis, structural design,

and various applications of COFs [29,31,36], as well as various

other piezoelectric materials [24,37–40], there is still a lack of ded-

icated reviews devoted to the research of COFs in terms of piezo-

electric properties. Therefore, in this review, we focus on summa-

rizing the strategy for improving piezoelectric properties of COFs.

Then, the progress on COFs for piezocatalysis and piezoelectric

nanogenerators is first presented. We also introduce the results

on the structural evolution of COFs under high pressure, hoping

to provide a way to reveal the structure-property relationship in

piezoelectric processes and to provide guidance for the design of

target piezoelectric COFs.

2. Strategy for enhanced piezoelectric properties of COFs

2.1. Structural design

COFs have a remarkable structural designability, offering great

potential for piezoelectric performance enhancement. Recently, Liu

et al. have synthesized EA-COF and employed piezoresponse force

Fig. 2. (a) Synthesis of EA-COF. (b) EA-COF resonance peaks for different applied

voltages. (c) Linear relationship between operating voltage and EA-COF amplitude.

(d, e) The EA-COF displacement voltage and phase curves. Reproduced with permis-

sion [41]. Copyright 2024, American Chemical Society.

microscopy (PFM) to confirm the piezoelectric properties of the

EA-COF (Fig. 2) [41]. As illustrated in Fig. 2b, upon application of

a voltage, the EA-COF exhibited a distinct peak at 300kHz, with

the amplitude showing a linear correlation to the applied voltage

(Fig. 2c). The phase changes, observed in the piezoresponse phase

hysteresis loops, was approximately 170° over a sweep bias range

of −5∼5V (Fig. 2d). Furthermore, the butterfly amplitude loop fur-

ther validated its piezoelectric behavior (Fig. 2e). The piezoelec-

tric coefficient (d33) of the EA-COF was 319.20 pm/V. The density

functional theory (DFT) calculations further demonstrate that the

piezoelectricity of EA-COF is given by the in-plane polarization of

Tp subunits.
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Fig. 3. (a) Synthesis of COF-DH–H and COF-DH-Eth. The PFM images for (i) am-

plitude, (ii) phase and (iii) the phase curves and amplitude butterfly loop of (b)

COF-DH–H and (c) COF-DH-Eth. The relationship between piezoresponse and ap-

plied voltage for (d) COF-DH–H and (e) COF-DH-Eth. Reproduced with permission

[42]. Copyright 2024, the John Wily and Sons.

Han and colleagues synthesized two bicarbazole-based COFs

(Cz-COFs), namely COF-DH–H and COF-DH-Eth, featuring distinct

functional groups (Fig. 3) [42]. These two COFs were identified

as the C2 space group, a non-centrosymmetric crystal structure.

With an external voltage, both COF-DH–H and COF-DH-Eth exhib-

ited a characteristic butterfly-shaped amplitude loop and a 180°
phase changes, indicating their typical piezoelectric behavior (Figs.

3b and c). Furthermore, the piezoelectric coefficient (d33) of COF-

DH–H and COF-DH-Eth were evaluated to be approximately 41.5

and 65.1 pm/V (Figs. 3d and e), respectively, surpassing the d33

values of commercial PVDF (∼20–35 pm/V) [43]. These findings

highlight the pronounced piezoelectric responses of the two Cz-

COFs. Additionally, the bifluorenylidene-based COF (COF-BFTB-H)

was also found to possess good piezoelectric properties with a

piezoelectric coefficient of 25.3 pm/V. This indicates that twisted

monomers, such as bicarbazole and bifluorenylidene molecules,

can effectively break the symmetry of COFs, imparting piezoelec-

tric properties to these COFs.

Zhang et al. developed two distinct two-dimensional COFs, des-

ignated CityU-13 and CityU-14, attributed to the P1 space group

(Fig. 4) [35]. These COFs exhibit piezoelectric properties through

the incorporation of fluorinated alkyl chains (Figs. 4b and c). CityU-

13 and CityU-14 exhibit exceptional piezoelectric performance,

with piezoelectric coefficients of 20.9 pC/N and 18.9 pC/N, re-

spectively, measured by the quasi-static method. The high elec-

tronegativity of fluorine atoms induces strong polarization of the

C-F bonds, leading to a considerable dipole moment. In addition,

the ordered nanostructure of the COFs facilitates in situ orien-

tation of methylene (-CH2) and difluoromethylene (-CF2) groups

within the fluorinated alkyl chains, resulting in permanent polar-

ization. Therefore, the introduction of fluorinated alkyl chains im-

parts asymmetry structures and intrinsic polarizability to the COFs,

thus contributing to the significant piezoelectric response.

Maji et al. synthesized two imide-linked COFs, namely TAPA-

PDA and TAPB-PDA (Fig. 5a) [44]. The TAPA building block has

Fig. 4. (a) Chemical structures of CityU-13 and CityU-14. (b) Vertical PFM am-

plitudes and corresponding amplitude butterfly loops of CityU-13 and CityU-14.

(c) PFM phase images and corresponding piezoresponse phase hysteresis loops of

CityU-13 and CityU-14. Reproduced with permission [35]. Copyright 2024, the John

Wily and Sons.

Fig. 5. (a) Synthesis of TAPA-PDA and TAPB-PDA. (b) Schematic diagram of molecu-

lar distortion in TAPA-PDA. (c) Structural changes in TAPB-PDA. (d) Topography im-

age and phase image of TAPA-PDA and (e) the phase curves and amplitude butterfly

loop of TAPA-PDA. Reproduced with permission [44]. Copyright 2025, the John Wily

and Sons.

a propeller-like motif with breaking symmetry by twisting and

tilting (Fig. 5b), whereas the TAPB does not have this attribute

(Fig. 5c). As a result, TAPA-PDA exhibits the non-centrosymmetric

space group P622, while the TAPB-PDA adopts the symmetric space

group P3̄1m. As direct evidence, the PFM and Kelvin probe force

microscopy (KPFM) measurements reveal that TAPA-PDA exhibits a

good piezoelectric response (Figs. 5d and e).

2.2. Defect engineering

Defect engineering could be a powerful strategy to break the

symmetry of COFs. Qiu et al. successfully synthesized COF@ZnO

heterojunctions by in situ preparation of COFs on the surface of

ZnO [45]. This approach leverages the dynamically reversible na-
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Fig. 6. (a) Synthetic procedure for defect heterogeneous engineering D-COF@ZnO.

(b) The topographic images, the surface KPFM potential images and surface piezo-

electric potentials of COF@ZnO and D-COF@ZnO. (c) The phase hysteresis curves and

amplitude butterfly-shaped loop of COF@ZnO and D-COF@ZnO. (d) Transient piezo-

electric current curves. Reproduced with permission [45]. Copyright 2024, the John

Wily and Sons.

ture of imine bonding to introduce aniline molecules to create de-

fects (Fig. 6). The introduction of structural defects affects the local

atomic coordination within the COF, leading to lattice strain and

symmetry reduction. Consequently, this symmetry-breaking effect

enhances the polarization of the material, resulting in a piezo-

electric effect. The PFM and KPFM measurements reveal that the

defect-engineered COF@ZnO (denoted as D-COF@ZnO) exhibits a

significantly higher piezoelectric response and larger surface piezo-

electric potential compared to the unmodified COF@ZnO (Figs. 6b

and c). Under ultrasonic treatment, D-COF@ZnO demonstrates no-

tably stronger current responses than COF@ZnO (Fig. 6d).

2.3. Morphology control

It was also found that morphology plays a critical role in en-

hancing the piezoelectric response. Covalent triazine frameworks

(CTFs), a subclass of COFs, are characterized by the robust link-

age of the triazine rings, which gives them superior structural sta-

bility compared to many other COFs. The highly conjugated and

nitrogen-rich frameworks of CTFs contribute to their enhanced po-

larity.

To improve the piezoelectricity of CTFs, Jin et al. developed

the bottom-up synthesis of covalent triazine nanotube (CTN-1),

which exhibits a one-dimensional tubular morphology (Fig. 7a) and

demonstrates better mechanical stimuli response than CTF-TPB-CN

with unrolling nanosheets morphology according to PFM results

(Fig. 7b) [34]. Based on DFT theoretical calculations, the authors

propose the origin of the piezoelectric properties of CTFs, reveal-

ing that pressure leads to deformation of the bond angles of the

triazine ring, which creates an asymmetry and generates a pro-

nounced dipole (Fig. 7c).

Fig. 7. (a) Chemical structure, SEM and TEM images of CTN-1, CTF-TPB-CN was used

as a comparison sample. (b) The phase hysteresis curves and amplitude butterfly-

shaped loop of CTFs. (c) The bond angles of the triazine rings without or with pres-

sure. Reproduced with permission [34]. Copyright 2024, the John Wily and Sons.

2.4. Anchoring metals atoms

Anchoring metals in the framework of COFs is also a promis-

ing strategy to improve asymmetry. Zhu and Xia et al. success-

fully anchored the antimony (Sb) atom to the bipyridine subunits

of TpBpy-COF in the situation of Sb-N coordination via 5p-2p or-

bitals hybridization, denoted as SASb-TpBpy-COF (SA: single-atom)

(Fig. 8a) [46]. This strategy can greatly improve the asymmetry

within the framework by changing the local electronic polarization,

significantly improving the piezoelectric properties. The piezoelec-

tric response potentials generated by SASb-TpBpy-COF and TpBpy-

COF were determined to be 21.14 and 3.33mV, respectively, indi-

cating a marked increase in the piezoelectric activity (Figs. 8b and

c). The butterfly shapes of both SASb-TpBpy-COF and TpBpy-COF

indicated good piezoelectric response (Figs. 8d and e). The piezo-

electric coefficients of SASb-TpBpy-COF (Sb: 0.72 wt%) and TpBpy-

COF are ∼287.6 and 126.3 pm/V, respectively, showing significantly

enhanced piezoelectric properties after anchoring the metal. The

authors investigated the dipole moments of these two COFs by

theoretical calculations. The results show that the dipole moment

of SASb-TpBpy-COF is 0.016 D, while TpBpy-COF has almost no

dipole, confirming that the polarization is improved by anchoring

the Sb.

3. Piezoelectric applications of COFs

3.1. COFs for piezocatalysis

In 2010, Hou et al. reported the overall water splitting for the

production of H2 and O2 under ultrasonic irradiation, employing

fibrous ZnO and dendritic BaTiO3 as catalysts [47]. This pioneer-
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Fig. 8. (a) Chemical structures of COFs. Piezoelectric properties mapping images of

(b) TpBpy-COF and (c) SASb-TpBpy-COF. The phase curves and amplitude butterfly

loop of (d) TpBpy-COF and (e) SASb-TpBpy-COF. Reproduced with permission [46].

Copyright 2025, the John Wily and Sons.

ing work is recognized as the beginning of research in the field

of piezocatalysis. Over the past decade, piezocatalysis has become

a significant approach in various areas, such as pollutant degrada-

tion [24], water splitting [48–50], H2O2 production [51–53], CO2

reduction [54,55], N2 fixation [56,57] and synthesis of high-value

chemicals [58–60].

COFs are emerging as promising semiconductor materials,

showing significant potential in photocatalysis and electrocataly-

sis [61–63]. However, their piezocatalytic performance has only

recently begun to be investigated. Compared to conventional in-

organic piezoelectric materials, the inherent porosity of COFs in-

creases the number of active sites that are available for catalytic

reactions [52]. Furthermore, COFs exhibit superior stability com-

pared to MOFs, making them more tolerant to operating conditions

[64]. In addition, COFs generally have a higher degree of conju-

gation and greater structural tunability compared to g-C3N4 [65].

These advantages would make COFs as highly promising candidates

for advancing piezocatalysis.

3.1.1. The mechanism of piezocatalysis

Despite the rapid advancements in the field, the mechanism of

piezocatalysis has not been fully elucidated. The proposed theories

were used to explain piezocatalysis, including energy band theory

and the screening charge effect [3].

Inspired by photocatalysis, the energy band theory posits that

external stimuli promote electrons in piezocatalysts to migrate,

thereby initiating redox reactions [66]. The proposed mechanism

suggests that during piezocatalysis, external forces - such as the

high pressures generated by the cavitation effect of ultrasound -

act as a driving force to facilitate electronic excitation [67]. When

the piezocatalyst undergoing mechanical deformation, a dipole mo-

ment is generated within the material, resulting in the creation of

an internal piezoelectric potential field. The piezo-potential field

is critical for catalytic activity, as it can modulate the electronic

properties of the material and influence the chemical reactions oc-

curring at its surface [25]. More specifically, the piezo-potential

Fig. 9. (a) Schematic description of the energy band theory in the piezocatalysis

process. Reproduced with permission [25]. (b) Schematic description of the screen-

ing charge effect in the piezocatalysis process. Reproduced with permission [25].

Copyright 2023, Elsevier.

field would induce bending of the energy band of the piezoelec-

tric materials, making catalytic reactions thermodynamically favor-

able (Fig. 9a). In addition, the presence of the piezo-potential field

could increase the efficiency of charge separation where it can par-

ticipate more effectively in the reaction.

The screening charge effect mainly involves the piezo-potential

and the charge screening behavior of the catalyst surface [3]. Ow-

ing to the polarization effect of piezoelectric materials, the charges

are stored on the surface of the piezocatalyst, which allows the

adsorption of an external charge from the solvent. Upon the ap-

plication of external stimuli, the charge equilibrium at the catalyst

surface is disrupted, which leads to a reduction in polarization ca-

pacity and the partial release of adsorbed external charges, thereby

triggering redox reactions (Fig. 9b). Once the external force is re-

moved, the polarization would be restored, and the charges from

the solvent are re-adsorbed onto the catalyst surface. Typically, in

an aqueous environment, OH-, H2O and H+ may be the primary

screening species [3]. However, the electrons involved in reduc-

tion reactions may originate from the dissociation of water or hy-

droxide ions. The theory highlights the crucial role of the piezo-

potential as the driving force for redox reactions, which would de-

termine the catalytic activity. The screening charge effect is a key

difference from the energy band theory, in which the charge for a

redox reaction is assumed to be charges from an external system,

instead of from intrinsic charge carriers within the material.

Both mechanisms have been proposed to explain the experi-

mental observations. However, they remain a subject of ongoing

debate. Recently, comparing the catalytic degradation have sug-

gested that these two mechanisms are likely to coexist during

piezocatalysis [68]. Zhu et al. investigated the intermediate prod-

ucts involved in the piezocatalytic H2O2 production by a BOB-OV

piezocatalyst using in situ electron paramagnetic resonance (EPR).

The results were compared with those from photocatalysis and

electrocatalysis, revealing that the piezocatalytic process shows a

greater similarity to photocatalysis [69].
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Fig. 10. (a) Scheme of the synthesis procedure of the BiFeO3@TpPa-1-COF hetero-

junction and H2 and O2 evolution rate of piezocatalysis. Reproduced with permis-

sion [70]. Copyright 2021, the John Wily and Sons. (b) Stress tunable dipolar order-

ing, redistribution of electrons and holes, and H2 and O2 evolution rate of piezo-

catalysis. Reproduced with permission [44]. Copyright 2025, the John Wily and

Sons.

3.1.2. Piezocatalytic water splitting

The generation of H2 and O2 (or H2O2) through overall wa-

ter splitting represents a highly promising technological advance-

ment, yet it continues to pose significant challenges. In 2022, Lan

and colleagues showed that TpPa-1-COF could act as a catalyst for

overall water splitting with relatively low performance, achieving

production rates of approximately 24 μmolh−1 g−1 for H2 and 12

μmolh−1 g−1 for O2 under ultrasonic irradiation (40 kHz, 100W)

in vacuum conditions (Fig. 10a) [70]. This is the first report on the

piezocatalytic performance of COFs, although piezoelectric proper-

ties have not been studied.

EA-COF was also confirmed to exhibit piezo-catalytic activity,

facilitating the overall water splitting, with 53.5 μmol h-1 g-1 for

H2 production and 183.0 μmol h-1 g-1 for H2O2 generation under

ultrasound (40kHz, 60W), respectively [41]. The composite struc-

tures were found to significantly enhance piezocatalytic perfor-

mance [71]. The metal–organic cage (MOC-Q3) was incorporated

into EA-COF through supramolecular interactions, resulting in the

formation of a Z-type single-atom MOC-Q3/COF composite. As ex-

Fig. 11. (a) Piezocatalytic H2O2 evolution by COF-DH–H and COF-DH-Eth in 1h

(5mg catalyst in 25mL H2O). (b) The Piezo-photocatalytic H2O2 performance of

COF-DH–H and COF-DH-Eth. Reproduced with permission [42]. Copyright 2024, the

John Wily and Sons. (c) Piezocatalytic H2O2 evolution by CTFs. (d) Performance

comparison for H2O2 production. (e) Degradation of various pollutants using CTN-1

as piezocatalyst; Reproduced with permission [34]. Copyright 2024, the John Wily

and Sons.

pected, the Z-type MOC-Q3/EA-COF catalyst exhibited enhanced

piezocatalytic performance. Further, the better overall water split-

ting efficiency could be obtained by the piezo-photocatalysis, with

426.4 μmol h-1 g-1 for H2 production and 535.1 μmol h-1 g-1 for

H2O2.

TAPA-PDA has good piezoelectricity and the charge transfer be-

tween TAPA and PDA subunits leads to the generation of dipoles

[44]. Under external force, numerous electron-hole pairs are gen-

erated on the surface of the COF pores, which overcomes the prob-

lem of low density of electron-hole pairs available on the sur-

face of most piezoelectric catalysts (Fig. 10b). And the pores in

the COF enable water molecules to easily diffuse to the surface to

touch the available charge. Further, TAPA-PDA was exfoliated into

nanosheets. Thus, TAPA-PDA nanosheets (Ns) has an impressive

piezocatalytic water splitting performance, with 6.6mmol h-1 g-1 of

H2 and 2.1mmol h-1 g-1 of O2 under ultrasonic conditions (40 kHz,

200W) [44].

3.1.3. Piezocatalytic H2O2 production

H2O2 is a crucial oxidizing agent and chemical intermediate,

and the direct synthesis of H2O2 from water and air represents

a green and sustainable approach to its production. Han and

colleagues evaluated catalytic performance for H2O2 production

in pure water and air [42]. Under ultrasonic conditions (40 kHz,

50W), COF-DH–H and COF-DH-Eth exhibited minimal H2O2 pro-

duction rates of approximately 75 and 175 μmol g-1 h-1, re-

spectively (Fig. 11a). Additionally, the piezocatalytic H2O2 genera-

tion rate for bifluorenylidene-based COFs (COF-BFTB-H) was found

to be ∼800 μmol g-1 h-1. Upon visible light irradiation, COF-

6
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DH–H demonstrated a H2O2 production rate of 1668 μmol g-1 h-1,

whereas COF-DH-Eth exhibited a significantly higher rate of 3840

μmol g-1 h-1. The piezo-photocatalytic H2O2 generation rates of

COF-DH–H and COF-DH-Eth further increased to 3656 and 9212

μmol g-1 h-1, respectively (Fig. 11b). For comparison, COF-TAPB-

PD was also synthesized for H2O2 production, demonstrating sim-

ilar yields for both photocatalytic and piezo-photocatalytic pro-

cesses. These results suggest that the enhanced performance ob-

served during piezo-photocatalysis is related to the piezoelectric

polarization field in the Cz-COFs.

Zhu et al. evaluated the piezocatalytic H2O2 production per-

formance of SASb-TpBpy-COF under ultrasonic conditions (40 kHz,

110W) in pure water and air [46]. SASb-TpBpy-COF, with 1.5 wt%

Sb loading, exhibited a high H2O2 yield of 1500.6 μmol g-1 h-1,

which was much higher than that of TpBpy-COF (209.8 μmol

g-1 h-1). Moreover, the rate of H2O2 production decreased with de-

creasing Sb loading, suggesting that the 5p-2p orbital hybridized

Sb single-atom is a key factor in the yield of H2O2 piezoelectric

synthesis. The DFT calculations showed that the Sb single atoms in

SASb-TpBpy-COF are intrinsically highly selective for O2 adsorption,

which leads to the rapid oxygen reduction to produce H2O2 by a

non-radical pathway.

The high specific surface area, nitrogen-enriched structure, and

fully conjugated framework of CTFs facilitate its potential for im-

proved catalytic performance for H2O2 production. Under ultra-

sonic conditions (40 kHz, 100W), Jin et al. reported the piezocat-

alytic H2O2 evolution rate by CTN-1 could be up to 4115 μmol

g-1 h-1 under air and pure water [34], surpassing other piezocat-

alysts reported to date (Figs. 11c and d). In contrast, the CTF-TPB-

CN only showed the piezocatalytic H2O2 generation rate with 1560

μmol g-1 h-1. These results indicate that improving the piezoelec-

tric response by controlling the morphology during piezocatalysis

can enhance the piezocatalytic performance of the materials.

3.1.4. Piezocatalytic degradation of pollutants

Pollutant degradation has always been an important topic for

human health and environmental remediation. Encouraged by the

good piezocatalytic H2O2 production performance, Zhu et al. fur-

ther evaluated the pollutant degradation of SASb-TpBpy-COF-based

piezoelectric-Fenton system for emerging pollutants [46], including

caffeine (CAF), carbamazepine (CBZ), sulfamethoxazole (SMX), ac-

etaminophen (PCM) and naproxen (NPX). The results showed that

the in-situ degradation efficiency of the system for pollutants ex-

ceeded 80% in 60min. Among them, the degradation efficiency of

PCM reached 100% within 30min.

Jin et al. demonstrated the excellent piezocatalytic H2O2 gener-

ation rate of CTN-1, and further, they constructed a piezo-catalytic

Fenton (PSF) system by adding FeSO4 to degrade a variety of pol-

lutants using CTN-1 [34]. As expected, this system showed good

degradation results for a wide range of pollutants (Fig. 11e). The

degradation rates of diclofenac (DCF) and sulfamethoxazole (SMX)

were close to 100% within a few minutes, and the degradation

rates of metronidazole (MTZ) and ibuprofen (IBU) were about 95%.

Meanwhile, carbamazepine (CBZ) and ciprofloxacin (CIP) showed

high degradation rates (about 90%).

3.1.5. Piezocatalytic reduction of uranium

Given the rapid advancements in nuclear energy, the accumu-

lation of radioactive uranium in natural water have been signifi-

cantly intensified, posing a substantial threat to human health and

the environment. Consequently, the development of highly efficient

technologies for uranium removal have become a matter of criti-

cal importance. Uranium predominantly exists in aqueous environ-

ments in two oxidation states, soluble uranium(VI) and stable ura-

nium(IV). Qiu et al. conducted a comprehensive evaluation of the

piezocatalytic performance of the D-COF@ZnO heterojunction in

Fig. 12. (a) U(VI) removal at different pH conditions. (b) Kinetics curves of U(VI) re-

moval under ultrasonic. (c) U(VI) removal without ultrasound and (d) U(VI) removal

under ultrasound. Reproduced with permission [45]. Copyright 2024, the John Wily

and Sons.

the reduction of U(VI) to stable U(IV) [45]. Their experimental find-

ings revealed that the D-COF@ZnO heterojunction exhibited opti-

mal uranium removal efficiency at a pH value of 5, with its per-

formance markedly surpassing that of other comparable materials

(Fig. 12a). The heterojunction demonstrated the capacity to achieve

adsorption equilibrium within a relatively brief timeframe, indica-

tive of its rapid piezoelectric removal kinetics (Fig. 12b). Without

sonication, all materials had only low uranium adsorption capacity

(Fig. 12c). Ultimately, D-COF@ZnO achieved an exceptionally high

uranium removal capacity up to 2010.65mg/g under ultrasound

(40kHz, 120W) (Fig. 12d). Furthermore, when tested in actual

waste water, D-COF@ZnO maintained specific recognition of U(VI)

ions and continued to exhibit high removal efficiency, thereby sub-

stantiating its potential applicability in practical water treatment

scenarios.

3.2. COFs for piezoelectric nanogenerators (PENGs)

Piezoelectric nanogenerators (PENGs) are devices that use

piezoelectric materials to efficiently utilize mechanical energy to

generate electrical energy [72–75]. As shown in Fig. 1a, the inter-

nal charge distribution in the piezoelectric material is altered, lead-

ing to the generation of surface charges and the establishment of

a potential difference, which results in the generation of an elec-

trical current. PENGs offer several advantages, including high en-

ergy conversion efficiency, a wide range of potential applications

and environmental sustainability. As a result, they have attracted

considerable attention for self-powered sensor networks, wearable

devices, smart homes, the Internet of Things (IoT), biomedicine and

other fields [76–79].

Han et al. synthesized piezoelectric COFs by utilizing twisted

molecular structures (Fig. 3a), and subsequently developed PENGs

by filling these piezoelectric materials between two silver elec-

trodes. The resulting PENGs based on COF-DH–H and COF-DH-Eth

exhibited open-circuit voltages of 2 and 6V, respectively, when a

force of 20N was applied (Figs. 13a-c) [42]. Those performances

are superior to many organic piezoelectric materials [43,80,81].

Zhang et al. developed PENGs based on CityU-13 and CityU-14

[35]. In brief, COFs (15 wt%) were blended into polydimethylsilox-

ane (PDMS), then removing bubbles, and molded as active layers

in the middle of Al metal electrodes. The corresponding PENGs

have high open circuit voltage outputs of 60 and 50V (Fig. 13d).

These performances are among the highest reported for PENGs
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Fig. 13. (a) Schematic diagram of the piezoelectric nanogenerator; Output open-circuit voltage of PENG based on (b) COF-DH–H and (c) COF-DH-Eth tested by PENG. Re-

produced with permission [42]. Copyright 2024, the John Wily and Sons. (d) Output open-circuit voltage of PENG based on CityU-13 and CityU-14. (e) Schematics of dipole

alignment and net spontaneous polarization in COFs without stress and piezoelectricity with electric pulse due to positive/negative charge separation upon stress. Reproduced

with permission [35]. Copyright 2024, the John Wily and Sons.

Table 1

Summary for the piezoelectric applications of COFs.

Samples Piezoelectric coefficient Applications Results Ref.

TpPa-1-COF – Piezocatalytic water splitting H2 (∼24 μmol h−1 g−1), O2 (∼12 μmol h−1 g−1)b [70]

EA-COF 319.20 pm/V Piezocatalytic water splitting H2 (53.5 μmol h−1 g−1), H2O2 (183.0 μmol h−1 g−1) [41]

TAPA-PDA Ns – Piezocatalytic water splitting H2 (6600 μmol h−1 g−1), O2 (2100 μmol h−1 g−1) [44]

COF-DH-H 41.5 pm/V Piezocatalytic H2O2 production H2O2 (∼75 μmol h−1 g−1)b [42]

COF-DH-Eth 65.1 pm/V Piezocatalytic H2O2 production H2O2 (∼175 μmol h−1 g−1)b [42]

COF-BFTB-H 25.3 pm/V Piezocatalytic H2O2 production H2O2 (∼800 μmol h−1 g−1)b [42]

TpBpy-COF 126.3 pm/V Piezocatalytic H2O2 production H2O2 (209.8 μmol h−1 g−1) [46]

SASb-TpBpy-COF 287.6 pm/V Piezocatalytic H2O2 production H2O2 (1500.6 μmol h−1 g−1) [46]

CTF-TPB-CN – Piezocatalytic H2O2 production H2O2 (1560 μmol h−1 g−1) [34]

CTN-1 – Piezocatalytic H2O2 production H2O2 (4115 μmol h−1 g−1) [34]

SASb-TpBpy-COF 287.6 pm/V Piezocatalytic degradation of pollutants Degradation efficiency>80 % [46]

CTN-1 – Piezocatalytic degradation of pollutants Degradation efficiency>90 % [34]

D-COF@ZnO 56.1 pm/V Piezocatalytic reduction of uranium Uranium removal capacity: 2010.65mg/g [45]

COF-DH-H 41.5 pm/V Piezoelectric nanogenerators Open-circuit voltages: 4V [42]

COF-DH-Eth 65.1 pm/V Piezoelectric nanogenerators Open-circuit voltages: 6V [42]

CityU-13 20.9 pC/Na Piezoelectric nanogenerators Open-circuit voltages: 60 V [35]

CityU-14 18.9 pC/Na Piezoelectric nanogenerators Open-circuit voltages: 50 V [35]

a Measured by the quasi-static method.
b Estimated value.

based on organic materials [81–83]. Under mechanical stress, the

dipoles within the COFs experience spatial segregation, generat-

ing piezoelectric potentials that induce a current within the circuit

(Fig. 13e). These COF-based PENGs demonstrates substantial poten-

tial as a novel piezoelectric material for self-powered systems.

In overview, COFs as a rising new type of piezoelectric mate-

rials, demonstrate excellent performance metrics in diverse appli-

cations such as piezocatalysis and energy harvesting via nanogen-

erators. Their unique structural advantages, including atomic-level

designability, intrinsic porosity, and tunable polarization, make the

piezoelectric properties of COFs endlessly imaginable. However, re-

search into the piezoelectric properties of COFs is still in its early

stages. Here, Table 1 is presented as a comprehensive collection of

state-of-the-art piezoelectric COFs, summarizing their piezoelectric

coefficients, applications and superior performance.

4. Structural evolution of COFs under pressure

The application of external forces during the operation of piezo-

electric materials causes a change in the position of the atoms in

the material (Fig. 1a), which has an impact on their physical and

chemical properties. Therefore, an in-depth understanding of the

structural evolution of materials under pressure is essential to op-

timize their performance, expand their application areas and en-

sure the success of their future practical applications.

Theoretical calculations provide a convenient way to explore

how materials change under pressure. In 2018, Zhang’s group re-

ported that COFs could undergo phase transformation when sub-

jected to compressive strain through molecular dynamics simula-

tions and DFT calculations [84]. After the phase transformation,

a significant reduction in Young’s modulus and thermal conduc-
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Fig. 14. (a) Changes of NPN-1 on pressure. (b) The evolution of lattice parameters in NPN-1 under compression. Reproduced with permission [85]. Copyright 2023, Elsevier.

(c) Crystal structure model of COF-1-M. (d) XRD patterns of COF-1 under isotropic compression. (e) Raman spectra of COF-1under pressure. Reproduced with permission

[88]. Copyright 2023, the John Wily and Sons. (f) The two 3D COFs and piezochromic behavior. (g) Fluorescence spectra of JUC-635 and JUC-636 under different pressure. (h)

IR spectroscopy of JUC-635 and fitting of the IR peaks of different vibration modes. Reproduced with permission [90]. Copyright 2023, the John Wily and Sons.

tivity of the COF was observed, accompanied by a pronounced

anisotropy in these properties. Notably, it was found that the phase

transition had a considerable impact on the bandgap of the COF,

leading to notable modifications in their semiconducting behav-

ior. Erkartal also investigated the irreversible phase transition of

the three-dimensional COF (NPN-1) under pressure using various

first-principles molecular simulation (Fig. 14a) [85]. The results in-

dicated a 27% reduction in volume, a 15% decrease in the cell pa-

rameters a and b-axis, and a 2% expansion along the c-axis under

a pressure of 0.2GPa (Fig. 14b). NPN-1 adopts a strut-hinge model,

which leads to an increase in the strut angle beyond the defor-

mation of the struts under compression, thereby inducing a neg-

ative linear compressibility (NLC) phenomenon. In particular, the

hinge angle rapidly grows at a rate of 13% while the strut length

falls at a rate of 7%, providing strong evidence for the strut and

hinge mechanism as the driving force behind the first-order phase

transition associated to NLC. Above 0.2GPa, the structure exhibits

a decrease in compressibility, indicative of a transition to a less

compressible regime (Fig. 14a). These findings elucidate the phase

transition mechanisms in NPN-1 under pressure.

Advances in technology, in particular the development of the

diamond anvil cell (DAC), have provided a powerful means of in-

vestigating the structural transformations of materials under high

pressure conditions [86]. Common in situ characterization tech-

niques include high pressure X-ray diffraction (XRD), Raman spec-

troscopy, infrared (IR) spectroscopy, fluorescence spectroscopy and

UV–visible absorption spectroscopy [86]. These techniques can be

used to monitor changes in the crystalline, chemical and elec-

tronic structures of piezoelectric materials under pressure. For ex-

ample, Xiong et al. used pressure-dependent Raman spectroscopy

to confirm structural phase transition of piezoelectric molecular

crystal (HFPD) [82]. Zhu et al. used in situ UV-visible absorption

9
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spectroscopy and fluorescence spectroscopy to explore charge mi-

gration behavior [87]. These techniques could provide a powerful

window into the structural evolution of COFs during piezoelectric

processes, providing critical information that could inform the de-

sign of COF-based materials for piezoelectric applications, although

they may not fully replicate the specific conditions encountered in

piezoelectric applications.

In 2019, Talyzin et al. explored the high-pressure behavior of

COF-1 (Figs. 14c-e) [88]. XRD results at high pressures showed

that COF-1 displays significant compressibility along the c-axis and

lower compressibility along the a-axis with increasing pressure, in-

dicating the rigid structure within the COF layers and the rela-

tively weak π-π stacking between the layers. At pressures up to

12–15GPa, COF-1 exhibits excellent stability and reversibly recov-

ered after decompression (Fig. 14d). In addition, beyond the pres-

sure range of 12–15GPa, COF-1 undergoes an irreversible phase

transition and the Raman spectrum changes drastically (Fig. 14e),

with most of the peaks disappearing, which may be attributed to

structural collapse. The high-pressure structural behavior of CTF-2

was studied by Popov et al. [89]. Their study revealed significant

changes in the characteristic peaks as a function of pressure in Ra-

man spectroscopy, implying modification of the hybridization state

of the carbon atoms within the material, as well as a distortion of

the triazine ring structure.

Fang and colleagues synthesized two distinct 3D COFs, named

JUC-635 and JUC-636, incorporating different chromophores, and

investigated their piezochromic behavior under high pressure us-

ing fluorescence spectroscopy (Fig. 14f) [90]. Upon applying pres-

sure up to 3GPa, JUC-635 exhibited an almost constant fluores-

cence intensity, accompanied by a redshift of the emission peak

from 500nm to 562nm (Fig. 14g). Further, this framework also dis-

played a significant emission difference up to pressures of 12GPa,

demonstrating a better pressure sensitivity (15.58nm/GPa) com-

pared to many other materials. This study represents the first re-

port of piezofluorochromism in COFs. In contrast, JUC-636 showed

a rapid 51% decrease in fluorescence intensity when subjected to

a pressure of 3GPa (Fig. 14g). The authors employed high-pressure

infrared (IR) spectroscopy to explore the pressure-induced struc-

tural changes (Fig. 14h). For JUC-635, the peaks shifted to higher

wavenumbers under pressure, suggesting an increase in vibrational

frequencies. Among the most prominent changes were observed

for the C=N stretch, indicating framework deformation. Notably,

the C–N bond in TPA exhibited significant shifts from 0 to 3GPa

(3.86 cm−1/GPa), with a slower progression observed between 3

and 12GPa (1.71 cm−1/GPa). Similar trends were observed for the

C–H bonds, which further supported that the framework deforma-

tion of JUC-635 enhances interactions between the triphenylamine

(TPA) group within the pores, restricting their rotational mobil-

ity and thereby maintaining fluorescence under pressure. When

the pressure exceeded 3GPa, the reduction in layer spacing in-

creased the hydrogen bond formation, while the enhanced vibra-

tional activity of other bonds contributed to a non-radiative pro-

cess, which ultimately became the dominant factor leading to the

observed fluorescence quenching. As evidence, the N–H peak of

imidazole was red-shifted after 3GPa, which was due to the re-

duction of the layer spacing, which enhanced the N–H����N hy-

drogen bonding between the imidazole rings. Fang et al. further

synthesized a series of bicarbazole-based COFs to investigate the

impact of topologies, dimensions, and linkages [91]. The structures

and piezofluorochromism of these COFs were then investigated un-

der high pressure. The 3D COFs, JUC-620 with dia topology and

JUC-621 with qtz topology, exhibited remarkable piezo-induced en-

hanced emission (PIEE) phenomena, where the fluorescence in-

tensity of JUC-620 with a dia-net increased by 16-fold, surpass-

ing the known PIEE properties of covalent organic porous mate-

rials (CPMs) and most organic small molecules. Below 5GPa, the

Fig. 15. (a) In situ IR spectroscopies of CTN-1and CTF-TPB-CN under high pressure.

(b) Schematic representation of electron conduction and changes of CTFs under

pressure. (c) Pressure-dependent UV-visible absorption spectroscopy. (d) Pressure-

dependent fluorescence spectroscopy. Reproduced with permission [34]. Copyright

2024, the John Wily and Sons.

fluorescence intensity of JUC-621 rose by a factor of 6.7. In con-

trast, 2D COFs with flexible structures exhibited rare blue-shifted

luminescence, whereas 2D COF typically displayed red-shifts and a

reduction in fluorescence intensity. To clarify the mechanism un-

derlying the PIEE of in 3D COFs, the authors used IR spectroscopy

to record the structural evolution of COFs under pressure. The vi-

bration of C–H bonds at around 810 cm-1 showed smaller shifts in

the pressure range where fluorescence enhancement occurred. This

suggested that the deformation vibrations of the C–H bonds were

constrained by complex intramolecular interactions in this pres-

sure range, leading to a marked increase in fluorescence. At 1GPa

pressure, the peak of C=N shows a blue shift of 6 cm-1 in JUC-620,

whereas the peak of JUC-621 is unchanged, demonstrating that the

dia topology is more likely to be activated by pressure than the qtz

topology in this system.

Jin et al. recently investigated the structural transformations

and carrier separation processes of CTFs with different mor-

phologies under applied pressure using various high-pressure in-

situ spectroscopic techniques [34]. In-situ high-pressure IR spec-

troscopy revealed that the two peaks attributed to the triazine

rings gradually shifted with increasing pressure, while the peaks

corresponding to the benzene ring remained unaffected (Fig. 15a).

This observation suggests that pressure primarily induces struc-

tural changes in the triazine ring. DFT calculations further con-

firmed these findings, indicating that under high pressure, the

bond angles within the triazine ring undergo significant changes,

leading to its structural deformation (Fig. 7c). The peaks of CTN-1

showed a more pronounced blue shift compared to the bulk sam-

ple under the same pressure conditions, highlighting the increased

pressure sensitivity (Figs. 15a and b). To further investigate car-

rier migration during catalysis, in-situ UV-visible absorption spec-

troscopy under high pressure conditions was used to monitor the

redox band positions of CTFs. With increasing pressure, the band

gap of CTN-1 narrowed from 2.63 eV to 1.98 eV (Fig. 15c). The re-

duced band gap generally facilitates charge migration. And in situ

high-pressure fluorescence spectroscopy revealed a decrease in in-
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tensity with increasing pressure from 0.0GPa to 10GPa, accompa-

nied by significant red shifts in the two CTFs (Fig. 15d). These re-

sults indicate that the efficiency of charge recombination inhibi-

tion in the CTFs improves with external pressure, highlighting the

enhanced charge separation efficiency in the CTF during piezoelec-

tric catalysis. DFT calculations further revealed a significant reduc-

tion in the interlayer spacing between the layers of the CTF and a

shortening of the bond length with pressure, both of which pro-

mote efficient charge separation.

5. Conclusions and outlook

COFs have garnered much attention in recent years benefiting

from their intrinsic advantages, such as well-defined and ordered

frameworks, conjugated structures, easy functionalization and high

surface area. Despite these promising attributes, the piezoelectric

properties of COFs were initially investigated. Currently, strategies

such as building block design, defect engineering, and morphol-

ogy control have been adopted to upgrade the piezoelectric per-

formance of COFs, leading to notable advancements in applications

such as catalysis and piezoelectric nanogenerators. There are still

many issues to be developed in terms of material design, mecha-

nism, and applications.

Although COFs exhibit high crystallinity, the presence of

unidentified defects remains a challenge, and the influence of their

crystal structure or intrinsic defects on piezoelectric properties re-

quires further investigation. Recent advancements in the synthe-

sis of single-crystal COFs have made significant progress [92–95],

and research on the structure and piezoelectric properties of high-

quality single-crystal COFs would be crucial in addressing this is-

sue. Furthermore, the piezoelectric mechanisms of COF materi-

als can be explored more comprehensively through the efficient

molecular dynamic simulations and DFT calculations.

Despite the promising potential of COFs as piezoelectric ma-

terials, their piezoelectric coefficients remain relatively low com-

pared with conventional inorganic piezoelectric materials. Enhanc-

ing the piezoelectric response of COF materials remains a signifi-

cant challenge in current research. The development of COF syn-

thesis method with milder and more universal conditions will of-

fer greater opportunities for structural diversity and morphologi-

cal modulation, thereby facilitating the identification of COFs with

enhanced piezoelectric performance. Additionally, high-throughput

chemistry and machine learning great opportunities for the predic-

tion and design of novel COF materials with superior piezoelectric

properties.

Although piezoelectric COFs exhibit good piezoelectric perfor-

mance under laboratory conditions, their performance may be af-

fected by environmental factors (e.g., humidity, temperature) in

practical applications. Therefore, further research is needed to im-

prove the performance stability of piezoelectric COFs to ensure

their reliability in long-term use. Moreover, COFs are typically used

in powder form and processability remains a challenge, although

some progress has been made. Therefore, composite of piezoelec-

tric COFs with other materials for specific functions and applica-

tions are good means. However, the interaction between different

materials may have an impact on the performance of piezoelec-

tric COFs. Therefore, in-depth studies are needed to investigate the

compatibility of piezoelectric COFs with other materials and how

to optimize interfacial interactions to improve performance.

In terms of applications, COFs, with their high specific sur-

face area and regular pore channels, can also be used as efficient

piezoelectric sensors by introducing functional groups to improve

adsorption of target analytes (e.g., toxic gas molecules), causing

lattice changes or shielding charges induced by external forces.

Compared to other piezoelectric materials, piezoelectric COFs are

lightweight and have great potential for enhanced biocompatibil-

ity, allowing them to be integrated into wearable devices as piezo-

electric sensors or PENG-based self-powered sensors for real-time

monitoring of human physiological signals and analyzing move-

ment conditions. Furthermore, based on current research, COFs

demonstrate promising prospects in the field of piezocatalysis, and

more high value-added products are worth further exploration.
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