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Polyimide-linkage covalent organic frameworks (PI-COFs), as a subclass of the COFs material family, fea-
turing the unique combination of excellent thermal stability of polyimide, tunable pore sizes, as well
as high crystallinity and surface area of COFs, are expected to be a novel type of promising crystalline
porous material with potential applications in adsorption and separation, catalysis, chemical sensing, and
energy storage. Therefore, it is increasingly important to summarize polyimide-linkage in COFs and re-
lated applications and provide in-depth insight to accelerate future development. In this review, we offer
a comprehensive overview of recent advancements in PI-COFs, emphasizing their synthesis methods, de-
sign principles and applications. Finally, our brief outlooks on the current challenges and future develop-
ments of PI-COFs are provided. Overall, this review aims to guide the recent and future development of

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Polyimide (PI) polymers refer to a class of high-temperature
polymers with imide rings (—CO—NR—CO-) in the main chain [1].
Although the synthesis of PI was first reported in 1908, it was not
until the early 1960s that a successful commercial route to high-
molecular-weight PI was first patented by DuPont. PI polymers are
formed through a polycondensation reaction between dianhydride
and aromatic amine monomers, consisting of electron-donating
(amine) and electron-accepting (anhydride) groups within a sin-
gle conjugated skeleton, which enables both intermolecular and in-
tramolecular charge transfer [2]. Thanks to the uniqueness of the PI
structure, compared with other polymer materials, the presence of
multiple imide bonds enables the PI polymers to withstand high-
temperature environments (exceeding 400 °C) and offer exceptional
mechanical strength (seven times stronger than steel) along with
chemical stability and reversible electron transfer property, mak-
ing them applicable in the aerospace, separating membranes, mi-
croelectronics, or semiconductor fields [3-7]. In the latest 2000s,
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amorphous but intrinsically microporous aromatic PIs were pre-
pared with spirobifluorene units as a structure-directing motif [8-
10]. Even though microporous PI polymers show good thermal sta-
bility, their applications are still limited, primarily due to their low
specific surface area, non-uniform pore size and unclear structures.
If the crystallinity and porosity could be combined into PI poly-
mers to extend the field of crystalline materials, more advanced
functions might be introduced. Therefore, crystalline and porous
PIs urgently need to be explored to bring new insights into this
field.

Polyimide-linkage covalent organic frameworks (PI-COFs), a
class of crystalline porous materials first reported by Yan et al. in
2014, integrate the structural tunability and crystallinity of COFs
with the robustness of PI linkages (Scheme 1 and Fig. 1) [11].
They inherit excellent thermal and chemical stability from PlIs
while maintaining the porosity and crystallinity of traditional COFs
[12-20]. By integrating the PI backbone into the COFs structures,
PI-COFs achieve broader functionality and enhanced adjustabil-
ity [21-30]. These features make PI-COFs promising for diverse
applications including adsorption/separation, photo-/electro-
electrocatalysis, energy storage, and sensing. In particular, PI-COFs
offer several unique advantages: (1) Electronegative heteroatoms
(e.g., N, O) enable strong metal coordination and electron-density
modulation [31]; (2) bipolar active centers (C=0 and C—N) support

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Schematic illustration of the synthesis strategies and applications of PI-COFs.
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Fig. 1. The development timeline of representative PI-COFs. Image for PI-COF-1: Re-
produced with permission [11]. Copyright 2014, Springer Nature. Image for PI-COF-
5: Reproduced with permission [12]. Copyright 2015, American Chemical Society.
Image for Tp-DANT-COF: Reproduced with permission [13]. Copyright 2016, Royal
Society of Chemistry. Image for TAAP-PTCA-COF: Reproduced with permission [14].
Copyright 2017, American Chemical Society. Image for PI-NT COF: Reproduced with
permission [15]. Copyright 2020, American Chemical Society. Image for MA-PMDA-
COF: Reproduced with permission [16]. Copyright 2021, American Chemical Society.
Image for HATA-AQ-COF and PIC-pH: Reproduced with permission [17,18]. Copy-
right 2022, Wiley-VCH. Image for NiPc-2HPor COF: Reproduced with permission
[19]. Copyright 2023, Oxford University Press. Image for HATN-PD-COF: Reproduced
with permission [20]. Copyright 2024, Springer Nature.

fast ion transport and storage [32]; (3) carbonyl-rich PI units could
introduce redox-active sites [33]; (4) the robust PI linkage ensures
stability under harsh conditions [34]; and (5) reactive aromatic
units allow versatile structural tuning and modification [35].

Together, these attributes define the distinct position of PI-COFs
among COF materials and underscore their potential for functional
applications.

Toward the future development of PI-COFs, this review presents
a comprehensive overview of recent advances in PI-COFs includ-
ing design principles, synthesis strategies and their applications
in adsorption/separation, catalysis, chemical sensing, and energy
storage, etc. (Scheme 1). Furthermore, we intend to establish the
associations between the functions of PI-COFs and their applica-
tions, and evaluate their performances from structural design to
mechanism exploration. Finally, our perspectives on current chal-
lenges and future prospects of PI-COFs are briefly discussed. We
aim this review to provide more readers with a comprehensive un-
derstanding of PI-COFs, encompassing fundamental concepts, syn-
thesis strategies, and functionalities as well as elucidating the
structure-to-property relationships to facilitate their development
and applications.

2. Design and preparation methods
2.1. Design principles of PI-COFs

The strategy for preparing Pl-linkage COFs involves the imidiza-
tion of extended acetic anhydride/dicarboxylic acid and amine
derivatives building units [36]. As we know, the imide linkage reac-
tion usually has poor reversibility of polyimidization and requires
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Table 1
Possible reaction mechanism (taking phthalic anhydride as the model substrate) and reported representative PI-COFs.
o o o
R-NH, R-NH, - NHR
0o — = N—R _——————
AT NHR
] o o
Phthalic anhydride Phthalimide Phthalamide

AT“HZO
o

OH R-NH,
OH o
o
Phthalic acid 2-Carbamoylbenzoic acid
PI-COFs Ligand 1 Ligand 2 Pore Sgger Appl. @ and Ref. PI-COFs Ligand 1 Ligand 2 Pore Sger Appl. ? and Ref.
size (m?/g) © size (m?/g)°
(nm) (nm)
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N N o ) O
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[12] [51]
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PI-COF-3 53 2346 Adsorption ZnPc-DPA-COF PDA ZnPc 2.0 287 Infrared
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[43]
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O o [
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H N NH, I °
TAPB-PMDA-COF TAPB PMDA 29 1250 —[39] PI-COF 146 LSBs [16]
Ho—lo »-OH
NHN
o, 5w om
Paita®ial
HATN-PD-COF PD HATNCA 3.1 1200 SIBs [20] PIC-Dp 125 LIBs [18]
NH,
o [o]
H,N@NmNH, o o
TTTA-PMDA-COF TT PMDA 3.0 1083 RABs [33] PIC-Tp - 54 LIBs [18]
2 HO. IOHO 3-0H
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WO, T
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(continued on next page)
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PI-COFs Ligand 1 Ligand 2 Pore Sger Appl. * and Ref. PI-COFs Ligand 1 Ligand 2 Pore Sger Appl. # and Ref.
size (m?/g) © size (m?/g)°
(nm) (nm)
H,N. NH,
oW} o o
o o
NH, o o
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[45]
O o] o
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PIC (NTCDA-TAPB) TAPB PTCDA 3.10 990 SIBs [34] CoPc-2H;Por 212 27.7 Electrocatalysis
[45]
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Ot
HzN Dm’o
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Wﬂ’\” _ /v
Rere
o o NN o o
‘ P S$2
Wt :
P oY S
TAPE-PMDA-COF TAPE PMDA 2.6 689 — [41] 2DPI TAPP PTCDA 30 - — [47]
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O o o
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[34] [49]
H,N\O\N/ o™ . o .
o
Ny d o ()~
PI-NT-COF TAPA NTCDA 33 576 Resistive FePc-PI-COF-2 BD 23 - Electrocatalysis
memory [49]
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H,N. NH,
]
o o NH, o O o
PICOF-1 PMDA 1.03 510 — [41] PI-COF TAPA PTCDA 2.5-3.2 ZIBs [50]
(o] o]
q OO o
o] o
COF-JLUS6 NTCDA 35 491 LIBs [42]

2 “Appl.” refers to the abbreviation of “Application”.
b «_» represents not mentioned in the text.

¢ Sorted by BET surface area

a temperature of about 250°C [11]. However, depending on the re-
action conditions, the formation of imide bonds can be reversible
[37]. Taking the phthalic anhydride as the model substrate (Table
1), it reacts with an aniline molecule, and an H,O molecule is elim-
inated to yield an imide intermediate, phthalimide. The formed ph-

thalimide can react with an excess of amine to produce phthalim-
ide, which can be converted back under high-temperature condi-
tions. Even if 2-carbanoylbenzoic acid is further generated at high
temperatures, phthalimide can also be reformed through a hydra-
tion reaction. 2-Carbanoylbenzoic acid can be transformed into ph-
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thalic anhydride or phthalic acid by reaction with H,0 and H*, and
it can also be reacted reversibly with an amine. If phthalic anhy-
dride could be hydrolyzed to form phthalic acid, the reaction can
be back under high temperature (about 250°C). In summary, a dy-
namic equilibrium is established among phthalic anhydride, inter-
mediates and phthalimide at high temperatures in the presence of
base. Elevated temperature and the absence of H,O would favor
the formation of phthalimide over other reaction products. There-
fore, the reversibility of PI bonds is more conducive to the prepa-
ration of highly crystalline PI-COFs. Based on these, plentiful or-
ganic ligands have been selected for the building blocks of PI-COFs
and recently reported PI-COFs as well as the pore size, Brunauer-
Emmett-Teller surface area (Sggr), and their functions, have been
outlined in Table 1.

As we know, the directional construction of various COFs can
be guided by pre-designed topologies, which rely on the connec-
tivity and geometry of discrete organic building blocks [38,39]. In
essence, PI-COFs are usually synthesized with two monomers, bis,
tri or tetra-aromatic primary amine and aromatic conjugated an-
hydride, in which the amine and anhydride act as node and linker,
respectively. In general, the aromatic primary amines, usually have
many options, e.g., Cy,-symmetry, C3-symmetry and C,-symmetry
molecules. The available aromatic anhydrides are mainly two-fold
symmetric monomers, limited to the low-yield synthesis of three,
four-fold symmetrical molecules, only several types of molecules
have been reported. Given the building blocks have definite topo-
logical structures and rigid structures, topology such as hexagonal
(“C3+Cy"), square or quasi-square (“C4+Cy”", “C4+C4"), rectangular
and star-shape in 2D PI-COFs have been formed [38,40-50]. With
the rapid development of synthetic technology, quite recently, few
3D PI-COFs (“Tq+Cy", “Tq+C4”) and interpenetration structures
have also been constructed [12,51]. More recently, the sophisti-
cated molecular design of COFs has gradually shifted the focus
from structural diversity to the practical applicability of their func-
tions. Therefore, PI-COFs can be constructed into diverse structures
by tailoring the corresponding organic nodes and linker configura-
tions.

2.2. The preparation methods of PI-COFs

The formation of reversible covalent bonds allows for self-
healing and self-error correction during the crystallization pro-
cess, which helps to prevent the formation of disordered amor-
phous kinetic products, resulting in crystalline thermodynamic
products [52]. Moreover, relevant factors of monomers such as
solubility, and reaction conditions (e.g., temperature, pressure,
pH or time) and other influencing factors should be consid-
ered [53]. To date, PI-COFs have been synthesized using var-
ious methods [54]. In this part, the advantages and disad-
vantages of many typical PI-COFs preparation methods (e.g.,
solvothermal synthesis, ionothermal synthesis, hydrothermal syn-
thesis, interfacial synthesis and linkage exchange strategy) are
discussed and critically compared regarding their key param-
eters such as reaction conditions, crystallinity, and porosity
(Fig. 2).

2.2.1. Solvothermal synthesis

Solvothermal synthesis is the most classic synthesis method for
PI-COFs. This method usually needs to be heated (about 250 °C) for
5-7 days in a sealed Pyrex tube [55]. Commonly, the Pyrex tube
is firstly charged with ligands and solvents, frozen with liquid ni-
trogen, then freeze-vacuum-thaw several times to remove oxygen
from the tube; afterward, the Pyrex tube is sealed and heated for a
certain time; finally, the obtained PI-COFs are treated with multi-
step purification steps to yield final products. The vast majority of
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Fig. 3. Strategy for preparing 2D or 3D porous crystalline PI-COFs under solvother-
mal conditions. (a) 2D PI-COF-1, 2D PI-COF-2 and 2D PI-COF-3. Reproduced with
permission [11]. Copyright 2014, Springer Nature. (b) 3D PI-COF-4 and 3D PI-COF-
5. Reproduced with permission [12]. Reproduced with permission. Copyright 2015,
American Chemical Society.

PI-COFs are synthesized based on this way, as it typically results in
favorable crystallinity.

Specifically, in 2014, Yan’s group synthesized the first case of
PI-COFs (PI-COF-1, PI-COF-2 and PI-COF-3) under solvothermal con-
ditions through the reaction of PMDA and TAPA, TAPB or TABPB
under the high-boiling mixed solvents, respectively, followed by
heating at 200 or 250°C for 5 days (Fig. 3a) [11]. These PI-COFs
all showed good crystallinity and possessed large pore sizes that
could be tuned by extending the length of building units. Particu-
larly, PI-COF-3 displayed a large pore size (5.3 nm). These PI-COFs
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[39].

showed higher surface area (2346 m2/g) and excellent thermal sta-
bility than amorphous Pls. Then, in 2015, using the same linear
anhydride building unit (PMDA), they further combined tetrahe-
dral amine monomer TAA and TAPM via imidization reaction to
design two 3D PI-COFs (PI-COF-4 and PI-COF-5) (Fig. 3b). By choos-
ing tetrahedral building units of different sizes, these PI-COFs fea-
turing non- or interpenetrated structures were obtained and pos-
sessed high thermal stability (>450°C) and high surface area (up
to 2403 m?/g) [12].

Although solvothermal method is widely employed and classic
for obtaining high-quality crystalline PI-COFs, it is still confronted
with some inevitable drawbacks, such as high-boiling mixed sol-
vents, relatively complicated vacuum and flame treatment proce-
dures. To address these issues, the optimization of solvent sys-
tems or reaction temperatures might improve the crystallinity and
BET surface areas, while employing additives or templating agents
could enhance porosity and pore uniformity. Nevertheless, it is still
challenging in preparing PI-COFs in single-crystal forms via this
method at present. To obtain satisfactory products, specific synthe-
sis conditions and advanced solvothermal techniques might be still
needed to facilitate the development of this method.

2.2.2. lonothermal synthesis

Ionothermal method is another synthesis approach for PI-COFs
that utilizes metal salts or eutectic salt mixtures as catalysts and
structural directing agents under elevated temperature conditions
[56]. Compared to conventional solvothermal methods, this strat-
egy eliminates the need for large quantities of harmful solvents
and catalysts, significantly reducing reaction time. It can be con-
ducted at ambient pressure and does not require soluble precur-
sors, while also demonstrating excellent stability.

In 2020, Lotsch’s group employed this method to synthesize
TAPB-PTCDA-COF and TAPB-PMDA-COF in anhydrous ZnCl, (Fig.
4a) [39]. The reaction mixture was then heated to 300°C in a
flame-sealed glass tube for 48h under vacuum, resulting in the
generation of crystalline solids. They further demonstrated that for
thermally unstable ligands such as TAPA and TT, high crystallinity
PI-COF could still be obtained by lowering the reaction tempera-
ture and substituting ZnCl, with an eutectic salt (Fig. 4b). Mech-
anistic studies indicated that the intermediate formed by the in-
teraction of the two monomers with metal salts may activate the
anhydride and imide rings, thereby reducing the overall activa-

tion energy and enhancing the reversibility of the PI-COFs forma-
tion process. This reversibility is not achievable through traditional
methods, yet it is indispensable for the future synthesis of PI-COFs.
Very recently, Zhang et al. reported an emerging synthesis method
for PI-COFs based on organic flux synthesis, which was prepared
by using benzoic acid as the flux at 200 or 250°C for 5 days [57].
Based on this method, a series of low-cost kilogram-scale synthe-
ses of PI-COFs has been achieved, and the world’s first ton-scale
production line of COFs materials has been built. Considering the
influence of heat uniformity, crystallinity and purity in synthesis,
there is still much room for further exploration.

2.2.3. Hydrothermal synthesis

Hydrothermal synthesis strategy is an emerging approach for
preparing PI-COFs using water as a green solvent, primarily rely-
ing on the high-temperature, high-pressure state of water to fa-
cilitate chemical reactions between precursors, promote molecu-
lar self-assembly and induce crystal growth [58]. Compared to
solvothermal methods, hydrothermal synthesis avoids the use of
high-boiling, toxic solvents and catalysts.

In 2022, Kim et al. developed firstly the geometric hydrother-
mal synthesis to prepare various highly crystalline PI-COFs with a
C3-symmetry hexacarboxylic acid molecule (TPHCA) as the nodes
without using catalysts or toxic solvents (Fig. 5a) [18]. They
pointed out that the solubility of oligomer intermediates affected
the generation of the PI-COFs prepared under hydrothermal con-
ditions. Further mechanisms indicated that the solubility of the
oligomeric structure influenced the reaction pathway of the 2D
PICs during the development of the 3D stacking structure (i.e., a
thermodynamic pathway for PIC-pH and a kinetic pathway for PIC-
Dp, Fig. 5b). Afterward, Lostch et al. modified this approach for the
direct synthesis of PI-COFs via alcohol-assisted hydrothermal poly-
imide (aaHTP) condensation [41]. Very recently, Jiang et al. also re-
ported two PI-COFs (i.e., HATN-PD-COF and HATN-TAB-COF) pos-
sessing high crystallinity with AA stacking configuration, which
were also constructed using the hydrothermal synthesis from the
redox-active precursors HATACN and aromatic amines [20].

As a simple, green and low-cost synthesis strategy, hydrother-
mal synthesis requires further in-depth understanding for its ap-
plication in the synthesis of PI-COFs. It should be noted that the
solubility of the monomers and intermediates in water is crucial
for controlling the crystallinity of related PI-COFs. Even though, hy-
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drothermal synthesis is still one of the most promising methods to
obtain highly crystalline PI-COFs, which can provide accurate struc-
tural information, and more efforts are still needed to contribute to
this hot topic.

2.2.4. Interfacial synthesis strategy

Interfacial polymerization is a commonly used method for
preparing thin-film composite membranes, which can also be ap-
plied in the synthesis of PI-COFs. Recently, multilayer PI-COFs films
have been successfully synthesized through the reaction at the
liquid-liquid or liquid-air interfaces. For example, Feng et al. re-
ported the controllable preparation of few-layer 2D PI-COFs on
the surface of water through imide reaction, assisted by surfac-
tant monolayers (Fig. 6) [47]. The resulting PI-COFs exhibited high
crystallinity, with a thickness of ~2nm (~5 layers) and an aver-
age crystal domain size of ~3.5 ym2. Theoretical and model ex-
periments demonstrated that self-assembled monolayers can facil-
itate the preorganization of monomers, accelerating the polymer-
ization kinetics of the monomers at the water surface (gas-liquid
interface). This process enables the synthesis of PI-COFs under
ambient temperature conditions, which traditionally require high-
temperature polymerization.

Apart from this, interfacial synthesis strategy still needs to se-
lect a suitable solvent to generate the interfacial layer and dis-
solve the monomer, which requires high activity at the interfacial
layer. Additionally, solvent volatilization and solvent contamination
in the preparation process bring about complicated post-treatment
problems. Furthermore, local differences in interface control and
reaction conditions tend to result in poor homogeneity of materi-
als. As a result, the strong solvent dependence, interface instability,
and difficulties in achieving material homogeneity and scalability
make the widespread application challenging.
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2.2.5. Linkage exchange strategy

This strategy is based on ligand exchange [59], which involves
the in situ replacement of linkers in prepared COFs, transforming
them into other COFs with a different structure. Zhao, Horike and
Yaghi et al. have reported pioneering works in COFs-to-COFs trans-
formation strategy by building block exchange [60-62]. This ap-
proach has recently been extended to the conversion between dif-
ferent COFs, and even to the transformation between covalent or-
ganic polymers (COPs) and COFs with different bonding architec-
tures. In the process, the original framework can serve as a tem-
plate to guide the growth of new framework. This approach repre-
sents a new direction in COFs chemistry, where the establishment
of new linkages is no longer constrained by trial-and-error meth-
ods or the inherent uncertainties associated with bottom-up syn-
thesis.

Considering the PI bonds are less reversible than COPs based on
dynamic covalent bonds, Zeng et al. reported an easy preparation
approach of PI-COFs from amorphous COPs through the linkage re-
placement under different reactions (Fig. 7) [63]. They first synthe-
sized imine-linked COP-1 and amide-linked COP-2, and extended
the ligand exchange strategy by introducing an anhydride to con-
vert the imine-linkage COP-1 into amide-linked COF-1 and COF-2,
and an aromatic aldehyde to convert the amide-linked COP-2 into
imine-linked COF-3 and COF-4, respectively. The COFs with high
crystallinity and porosity were fabricated successfully. Then, Lostch
et al. synthesized Py-imide-COF from the precursor PyTTA with a
ligand exchange approach. Firstly, the precursor PyTTA was reacted
with PD to synthesize Py1P-COF, and then substituted with PMDA
to obtain a high crystallinity and porous Py-imide-COF [41]. The re-
sults showed that both the precursor Py1P-COFs and the resulting
Py-amide COFs exhibited high crystallinity and the same diffraction
patterns, as well as the remained framework after transformation.
In addition, the same method has also been utilized to synthesize
the redox-active pyrene-containing PI-COFs with high crystallinity
through imine-linked COFs as the template [64].

To date, several synthetic methods have been developed for
constructing PI-COFs. With increasing insight into the intricate
mechanism of the polyimide reaction and its crystallization pro-
cess [65], it is believed that the preparation of PI-COFs materials
with high crystallinity may become easier in the future.

3. Applications of PI-COFs

For PI-COFs, the rich carbonyl groups and N, O heteroatoms
in the imide units are both active sites, hopefully for the po-
tential utilization in many applications. Additionally, the periodic
porous structure provides ample exposure to active sites and con-
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venient channels for mass migration. Furthermore, the high des-
ignability in their molecular structures provides high flexibility in
the regulation of functionalities and redox abilities. These proper-
ties offer great potential for the applications of PI-COFs in adsorp-
tion/separation, catalysis, chemical sensing, energy storage and so
on. The following sections will introduce some important applica-
tions to underscore the vital role of PI linkage in PI-COFs.

3.1. Adsorption/separation

Periodic porous structures and pore size are critical indicators
of the adsorption and separation capabilities of PI-COFs. To date,
the reported adsorption/separation applications of PI-COFs can be
mainly classified as dye adsorption and gas adsorption/separation
[11,66]. Yan’s group was the first to report the use of 2D PI-COFs
for dye separation [11]. Using PMDA as the linker and triamines
of different lengths (TAPA, TAPB or TABPB) as a node, they pre-
pared PI-COFs-1, PI-COFs-2 and PI-COFs-3, respectively. As the size
of the triamine units increases, PI-COF-3 had the largest pore size
(42 x 53 A2). Considering rhodamine B (RB, 10 x 16 A2) had a com-
parable size to PI-COF-3, RB could be adsorbed by PI-COF-3 by
immersing PI-COF-3 in 1.0 x 103 mol/L RB for 24h, which was
proved by the decreased Sggr. Specifically, the RB-doped PI-COFs
showed a strong temperature-dependent fluorescence intensity.

In addition to dye adsorption, PI-COFs can also be applied in gas
separation, such as acetylene/ethylene mixture, N,/O, mixture. For
instance, at 1bar and 298K, the acetylene adsorption of PAF-110
reached 2.23 mmol/g [31], which was almost twice that of ethy-
lene (1.29mmol/g). It can be seen that PAF has a higher affin-
ity to acetylene (Qs;, —38.4Kk]J/mol for acetylene and —22.6k]/mol
for ethylene). Computational simulations indicated there was an
enhanced electrostatic interaction between acetylene and the car-
bonyl oxygen atoms of PAF-110. Except for this, Xue’s group studied
mixed matrix membranes comprising PI-COFs for N,/O, separation
[66]. Unexpectedly, the permeability of N, was greater than that of
0,, although the diameter of O, (3.46 A) was smaller than that of
N, (3.64A), which might be due to structural similarities between
the N, molecule and the melamine unit.

3.2. Catalysis

Since PI-COFs exhibit ultra-strong stability (e.g., acid, alkali, hu-
midity and heat resistance), they can serve as ideal catalytic plat-
forms for catalysis. Moreover, the microenvironment in the cavity
of the heteroatom-rich PI-COFs can also generate complicated in-
fluences on the active sites and catalytic performances. In addition,
the highly in-plane conjugated structures in COFs can facilitate
charge transfer. These properties make PI-COFs exhibit great po-
tential for broadening applications in photocatalysis, electrocataly-
sis or chemical catalysis, etc.

3.2.1. Photocatalysis

PI-COFs could exhibit a wide-spectrum absorption, particularly
in the visible light range, which makes them ideal candidates for
photocatalysis. Recently, some pioneering works on the application
of PI-COFs for heterogeneous photocatalysis in organic synthesis
have been reported. Zou’s group reported a synergy of PI-COFs (i.e.,
PI-COF-TT) with Ni single sites for selective photocatalysis CO, to
CO [67]. The excellent selectivity of triazine PI-COFs was mainly
due to the functional synergy of PI-COFs that could not only act as
photosensitizers to generate photo-generated carriers, but also as
carriers to coordinate molecular Ni catalytic site, which was the ac-
tive site for CO, activation and transformation. This work showed
that the photoelectrons in PI-COFs were effectively separated from
the ring to the diimide bond and then transmitted to the isolated
Ni active site, thus driving CO, reduction. Not only that, Jiang et al.
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also reported 2D phthalocyanine-based PI-COFs for infrared photo-
mediated phenylsulfide oxidation [43], which unveils the good po-
tential of PI-COFs as photocatalysts. Besides, Kim et al. developed a
bipyridine-containing PI-COF (PIC-BPY) as a dual redox-active pho-
tocatalyst for efficient H,O, generation and pollutant degradation
under visible light [68]. Additionally, Zhu et al. demonstrated that
tuning the electron density of carbonyl groups in PI-COFs could
significantly enhance their H,0, photosynthesis performance by
modulating the OOH binding energy and internal electric field [69].
Moreover, Xiang et al. introduced a strategy for converting imine-
linked COFs into benzoxazole-linked COFs via post-synthetic oxi-
dation and cyclization, showing improved photocatalytic activity in
organic transformations [70]. At present, research on photocataly-
sis is still rare, and the design of more ligands containing ample
photosensitizers and catalytic sites for the application of PI-COF in
photocatalysis still needs further exploration.

3.2.2. Electrocatalysis

Electrocatalysis provides an effective method for energy stor-
age and conversion, and is an important way to achieve green
and clean energy utilization in the future [71,72]. Jiang et al. first
assembled 2D phthalocyanine-based PI-COFs (i.e., CoPc-PI-COF-1
and 2) by assembling CoTAPc with PD and BD monomers, respec-
tively (Fig. 8a) [73]. In electrocatalytic CO,RR, due to both hav-
ing the same Co(Il)-N4 active sites in PI-COFs, these two CoPc-
PI-COFs based cathodes displayed a high and similar faradaic ef-
ficiency (FEco) of 87%—97% (potentials at —0.60 ~ —0.90V vs.
RHE) in 0.5 mol/L KHCO3 solution, similar to the isolate CoPc (Fig.
8d). For the CoPc-PI-COF-1 with shorter linker, its electrode ex-
hibited a higher current density (jog) than that of CoPc-PI-COF-2
based electrode, which was associated with higher electronic con-
ductivity (Fig. 8e), probably due to longer linker diminishing the
conductivity. Interestingly, CoPc-PI-COF-1 also had long-term dura-
bility; the TON at —0.70V (vs. RHE) was accumulated to 277,000
for 40 h. Chen et al. systematically demonstrated that MPc-PI-COFs
have the capability for oxygen reduction (ORR) and oxygen evolu-
tion (OER), because the M-N, sites with different metals could ad-
just the binding energy of O-containing intermediates to influence
the catalytic activity [49].

The number of electrocatalytic active centers is an essential fac-
tor in improving the efficiency of electrocatalysis, and more active
electrocatalytic sites will bring higher electrocatalytic performance.
Following the first report of COFs with pts topology by Wang et al.
[74], Jiang et al. further constructed the 3D PI-COF (CoPc-PI-COF-
3) with interpenetrated pts networks (Fig. 8b) [51]. Because the
3D pore structure accounted for 32.7% of the total CoTAPc sub-
unit active site, a higher current density (jco) of —31.7 mA/cm?
at —0.90V and the faradaic efficiency (FEcg) of 88%—96% for the
CO,-to-CO conversion were obtained (Fig. 8f), which were higher
than the described above excellent 2D COF analog (Fig. 8g). Besides
regulating the pore size, enhancing conjugation degrees is another
way to improve the electrocatalytic performance [75]. Introducing
electron-donating conjugation units into COFs is beneficial for the
electrocatalytic process. Peng et al. fabricated two phthalocyanine-
porphyrin-based PI-COFs (i.e., CoPc-2H,PP and CoPc-H,PP) using
CoPc as nodes to couple with DAPP or TAPP as the linker, respec-
tively (Fig. 8c) [45]. The introduction of electron-rich porphyrin
building blocks was beneficial for modulating charge transfer abil-
ity and regulating the conjugation structure. Despite possessing a
less active catalytic site, CoPc-2H,PP still exhibited higher current
density, FEcg, and CO selectivity with a lower overpotential than
CoPc-H,PP. The entire mechanistic pathway involved the activa-
tion of active Co(Il) site, the adsorption and activation of CO,, the
formation and conversion of *COOH intermediate, as well as the
formation and desorption of *CO resulting in CO (Figs. 8h and i).
Among these steps, the formation of *COOH intermediate was the
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crucial rate-determining step. The Gibbs free energy of *COOH at
CoPc-2H,PP was the lowest compared to CoPc-H,PP and the iso-
lated CoPc. Recently, Lan et al. also employed this strategy for ef-
ficient electrocatalytic CO, reduction coupled with methanol oxi-
dation [19]. Larger pore structure and higher conjugation not only
facilitated the enrichment, adsorption, and electron transfer of CO,,
but also reduced the activation energy barrier of the reaction,
thereby enhancing the electrocatalytic performance.

The conductivity is also an important influential factor in elec-
trocatalytic reactions. Enhancing electrical conductivity can effec-
tively regulate the electronic transport capacity of materials. Re-
cently, 2D phthalocyanine PI-COFs (NiPc-OH-COF) have been de-
signed between NiPc and 2,5-diamino-1,4-benzenediol (DBO) [44].
NiPc-OH-COF exhibited conductivity that could be as high as
1.5 x 10-3 S/m, which was due to the introduction of —OH and the
formation of strong hydrogen bonds in the O-H of DBO in adjacent
layers. It exhibited an almost 100% CO,-to-CO faradaic efficiency
and a high TOF value.

Electrocatalysis is a complicated reaction process, where typi-
cally no single factor plays a decisive role. Combining various fac-
tors such as chemical composition, topology structure, specific sur-
face area and crystallinity, they together determine the final elec-
trocatalytic performance. These works listed above provide a good
start for PI-COFs as the key electrocatalysts, and more PI-COFs elec-
trocatalysts with high efficiency and selectivity are being devel-
oped.

3.2.3. Chemical catalysis

In addition to photo-/elecro-electrocatalysis, PI-COFs can also
be employed in traditional chemical catalysis. To date, only a few
studies have been reported, primarily focusing on anchoring met-

als onto PI-COFs for catalytic reactions. Typically, metal sites can be
effectively loaded onto the imide functional groups in the PI-COFs
frameworks through covalent bonding, ensuring the uniform dis-
tribution of metal sites. Alternatively, the reducing atmosphere can
be used to reduce metal ions into metal nanoparticles, which are
then incorporated into the PI-COFs frameworks, resulting in highly
active metal nanoparticle sites. These metal sites not only provide
additional catalytic activity but also enhance electron transfer effi-
ciency through the synergistic interaction between metal nanopar-
ticles and PI-COFs, thereby improving the selectivity and activity.
For example, Pd@PI-COFs were used in the Suzuki-Miyaura cou-
pling reaction [76]. Moreover, other examples like Cu(II)/PI-COFs
also served as the catalysts for the synthesis of 2,4,5-trisubstituted
imidazole using the solvent-free microwave irradiation [77], and
the Chan-Lam coupling reaction [78].

3.3. Chemical sensing

Xian’s group successfully synthesized fluorescent PI-COFs us-
ing TAPP and PTCA for the detection of 2,4,6-trinitrophenol (TNP)
[14]. This may be ascribed to the integration of electron trans-
fer between PI-CONs and TNP and the inner filter effect based on
spectral overlap data and DFT calculations. Yang et al. synthesized
two new PI-COFs (i.e.,, PI-COF-201 and PI-COF-202), in which PI-
COF-201 exhibited high fluorescence selectivity toward Fe3*+ [46].
The high performance was ascribed to the efficient energy transfer
from the emission state of PI-COF-201 to the unoccupied d-orbital
of Fe3+, leading to the quenching of PI-COF-201 fluorescence. Be-
sides, Hu et al. developed a smart photo-assisted fluorescent PI-
COF-based sensor capable of visually detecting Pb2* with high sen-
sitivity and a detection limit as low as 100 pmol/L under UV light,
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demonstrating great potential for on-site heavy metal monitoring
[79]. Not only that, PI-COFs also showed excellent sensing perfor-
mance in detecting antibiotics [80], especially for the measurement
of the known concentration of tetracycline and ofloxacin, the de-
tection efficiency reached up to 98 %—110%.

3.4. Energy storage

With the rapid development of renewable energy, energy stor-
age has become increasingly crucial in modern energy systems
[81]. PI-COFs have emerged as one of the promising materials
for energy storage applications due to their O- and N-rich na-
ture, which facilitates effective cationic charge stabilization. As the
metal ion battery electrode material, PI-COFs have the following
advantages: (1) Abundant redox active sites for charge storage; (2)
The unique -7 conjugated structure can reduce the energy level
of intermolecular charge transfer, which is more conducive to ion
transport and electron conduction; (3) PI-COFs have good struc-
tural designability and can be adjusted and optimized by select-
ing different organic groups and coordination metal ions. So far,
PI-COFs have been applied in lithium-ion batteries, Zn-ion batter-
ies, sodium-ion batteries, and so on.

3.4.1. Lithium-ion batteries (LIBs)

LIBs have been widely used in daily electronic devices, and
more and more organic electrode materials are needed because
of their advantages such as large capacity, designable molecu-
lar structure and environmental friendliness [82]. Considering that
many organic electrode materials might generate radical interme-
diates during multiple redox processes, charge-discharge capacity
and rate as well as cycle stability are important factors in the de-
sign of electrode materials [83,84]. Not only that, several other fac-
tors are also critical, such as the high-density active sites, low sol-
ubility and fast kinetic response. PI-COFs combine the advantages
of both PI and COFs, providing an excellent solution to the above
problems.

Sun et al. developed an atomic-layer PI-COFs (ie., E-TP-COF)
with a dual-active center of C=0 and C=N group that can be ap-
plied as cathode materials in LIBs [32]. Using the atomic-layer-
thick structure and triazine core to improve the capture and dif-
fusion of Li*. The Li™ batteries assembled with E-TP-COF deliver a
high original capacity of 110 mAh/g with 87.3% capacity retention
after 500 cycles. Both active sites of C=N and C=0 groups could
generate more capacity [85,86]. To further increase the theoretical
capacity of battery, the most efficient approach is to increase the
density of active sites [87]. Therefore, Jiang et al. fabricated meso-
porous PI-COFs (HATN-AQ-COF) as the cathodes for LIBs [17]. The
introduction of more N atoms in the core HATN can not only en-
hance the affinity of Li*, but also improve the number of active
sites (Fig. 9a). Moreover, the monomer DAAQ is also considered as
the active site of Li* storage. With more active sites (C=N, C=0),
HATN-AQ-COF achieved a high reversible capacity of 319 mAh/g at
0.5 C (theoretical capacity, 358 mAh/g). The theoretical number of
Lit stored per asymmetric unit of HATN-AQ-COF was 12, in which
6 Li* located in the HATN moieties (site A), 3 Li* located in the
quinone groups (site B), and 3 Li* located in the imide moieties
(site C), which was divided into four successive 3e~ steps (Fig. 9b).
Coincidentally, Chen et al. selected CoTAPc-based PI-COFs by re-
acting the anhydride CoTAPc with three linker lengths of phene-
diamine monomer (PDA, BDA and TDA) [88]. The C=0 in anhy-
dride and C=C/C=N in phthalocyanine macrocyclic all could com-
bine with Li*, which followed a two-step lithium-embedding pro-
cess, and one CoTAPc-based PI-COFs could embed up to 52 Lit.

To further increase the density of active sites, apart from the
N atom, the introduction of more carbonyl groups has also been
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shown to be effective. Liu and Fang et al. introduced two 2D PI-
COFs (i.e., COF-JLU85 and COF-JLU86), synthesized by combining
TRO with PMDA and NTCDA, respectively [42]. These PI-COFs pos-
sessed a unique 18-carbonyl redox-active site per pore and were
evenly distributed along the pore walls. With high-density car-
bonyl redox-active sites, the optimal COF-JLU86 delivered excel-
lent anode performance with an extremely high specific capacity of
1161.1 mAh/g at 0.1 A/g, and impressive cycling stability retaining
401.1 mAh/g at 15 A/g after 10,000 cycles, higher than that pre-
viously reported organic polymer materials. Regulating high crys-
tallinity is another way to improve battery performance. Wang
et al. developed a PI-COFpppa-pmpa constitude of TPDA and PMDA
ligands [40]. By virtue of high crystallinity and dual-active cen-
ter, PI-COFppa_pMpa @S a cathode material, delivered a high ini-
tial charge capacity of 233 mAh/g (0.5 A/g) and cycling stability. In
addition, PI-COFs can also be employed in lithium-sulfur batteries
(LSBs) [16,89-91], which can physically or chemically confine solu-
ble LiPSs into well-defined porous structures of PI-COFs to conquer
the possible challenges of LSBs to some extent.

3.4.2. Zn-ion batteries (ZIBs)

Rechargeable ZIBs, a kind of safe and economical energy storage
technique, have shown great potential as next-generation battery
systems [92]. Combined the possible zincophilic sites (e.g., C=0
and C-N) with the ordered pore structure, PI-COFs show great ad-
vantages in Zn2+ batteries. For instance, Feng et al. fabricated an
organic Zn2*-storage anode constructed by 2D NTCDA-based PI-
COFs [50]. The well-defined pore channels of PI-COFs make the in-
ternal carbonyl active site have higher accessibility to Zn?* and a
lower energy barrier for ion diffusion at a low potential window.
Therefore, this PI-COF-based anode showed a high specific capacity
(332 C/g at 0.7 A/g) and long-cycle ability. Yan et al. also designed
aqueous ZIBs based on NTCDA-based PI-COFs [93], which delivered
an ultrahigh C=0 or C=N along with the pore channels. To further
understand the mechanism of Zn%*+ storage, Lan et al. proposed
a unique zigzag hopping mechanism by constructing anhydride-
based PI-COFs [94]. They pointed out that ABC stacked anhydride
PI-COFs with specific sites can simultaneously promote Zn2* mi-
gration, shorten diffusion path, reduce diffusion energy barrier, and
accelerate Zn2* diffusion kinetics, thus exhibiting uniform ion flux,
low nucleation overpotential and good hydrogen evolution inhibi-
tion to obtain excellent electrochemical properties.

3.4.3. Sodium-ion batteries (SIBs)
SIBs and LIBs have the same working principle, so it is expected
to replace commercial LIBs to reduce the risk of lithium source
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shortages and price fluctuations [95]. However, since the radius
of Na* (0.102nm) is larger than that of Li* (0.076 nm), the mo-
lar mass of sodium is much greater than that of lithium, and the
capacity of SIBs is often inferior to that of LIBs [96,97]. At present,
the lack of suitable sodium storage materials has greatly limited
the development of SIBs, and the development of high-capacity
and long-life electrode materials is crucial to achieving the large-
scale application of SIBs.

PI-COFs possess porous channels that facilitate the rapid shut-
tle of ions in the charge and discharge process, weaken the vol-
ume expansion of electrode materials, and improve the rate perfor-
mance of batteries [98,99]. At the same time, the highly adjustable
structures allow the skeletons can be embedded in a rich discharge
site, and the theoretical specific capacity of the battery can be im-
proved [100]. For example, a p/n-type TPDA-NDI-COF, as the cath-
ode material, was constructed for SIBs by TPDA and NDA with the
solvothermal method [101]. The prepared TPDA-NDI-COF showed a
wide potential window (1.0-3.6V vs. Na*/Na) with a double redox
active center and provided a specific capacity of 67 mAh/g at 0.05
A/g. TPDA-NDI-50% CNTs exhibited strong cycling stability, main-
taining a battery capacity of 92 mAh/g even after 10,000 cycles at
1.0 A/g. This indicates that the C—N bond is responsible for the re-
action of the electrolyte anion in the high potential region II, and
the C=0 bond tends in the low potential region I to react with
Na* (Figs. 10a-d). In addition, Jiang et al. also synthesized HATN-
PD-COF and HATN-TAB-COF with redox-active monomer (i.e., HAT-
NCA) as the cathode materials of SIBs [20]. Due to the existence
of abundant active C=N/C=0 groups, and high stability, the pre-
pared PI-COFs cathodes presented high reversible capacities with
a record-high rate, and long-term stability (the capacity retention
was nearly 91% at 10,000 mA/g after 7000 cycles). The calculated
results and adsorption energies diagram demonstrated that HATN-
PD-COF followed a two-step 3e~ sodiated procedure during the so-
diation/desodiation process, i.e., HATN-PD-COF+3Na (site 1+ 3Na)
and HATN-PD-COF + 6Na (site I1+3Na). The efficient Na* diffusion

1

with a low diffusion energy barrier along the mesoporous tunnel
showed ultrafast and stable Na* storage (Figs. 10e and f). In ad-
dition, structural regulation after synthetic vulcanization has also
been used for enhancing the performance of cathodes in PI-COFs
[46]. Lu et al. prepared the 2D PI-COFs (TAPA-COFs) with NTCDA
and TAPA or TT monomers, respectively. Due to the higher activ-
ity of C=S to Na*, the Lawesson reagent was selected to realize
the conversion of C=0 bond in TAPA-COFs to C=S bond, resulting
in the enhanced surface activity of TAPA-COFs. The above works
show the potential of PI-COFs in improving the performance of
SIBs, which might advance the development of new porous ma-
terials for energy storage.

In addition, PI-COFs have also shown great interest in
aluminum-ion batteries [33], potassium-ion batteries [102], Mn-ion
batteries [103], proton batteries [104], etc. Although PI-COFs have
many advantages in energy storage, there are still some problems
that cannot be ignored: (1) The LUMO of the m-m conjugated sys-
tem in most PI-COFs has a high energy level, which makes the
redox potential low; (2) There are insufficient redox active sites
available in PI-COFs nanochannels, which is not conducive to ef-
ficient metal ions transport; (3) Highly active lithium metal is easy
to react with the liquid electrolyte, forming an unstable solid elec-
trolyte phase, causing uneven lithium deposition to result in low
coulomb efficiency (CE) and rapid capacity decay [105]. To improve
the applicability of PI-COFs in energy storage, it is necessary to ex-
pand the perspective from molecular design to structural design
and in-depth understanding of the mechanism in the subsequent
research.

4. Perspective

Since the first report in 2014, PI-COFs have developed rapidly
in various fields. Compared to PI polymers and other COFs, PI-
COFs offer several notable advantages, (1) the imide ring struc-
ture, as well as the conjugated interactions and hydrogen bond-
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ing between the densely packed conjugated aromatic framework
of PI-COFs confer excellent thermal stability and high chemical in-
ertness; (2) with highly controllable porous structure and func-
tional groups containing heteroatoms, PI-COFs can provide abun-
dant active sites for reversible deintercalation of metal ions in
cathode materials, which is conducive to increasing energy density
and accelerating electrochemical reaction rate and (3) by design-
ing monomers or utilizing synthetic methods, PI-COFs with varied
functional groups and tunable porosity can be tailored for diverse
applications.

Looking forward to the future, the research of PI-COFs is still
in its infancy. (1) There is great demand for designing and synthe-
sizing more monomers and building blocks of functional PI-COFs.
Given the low reversibility of the imidization reaction, the synthe-
sis method still needs strict reaction conditions and environments,
and high crystallinity and large-scale syntheses of PI-COFs are still
challenging. Structural engineering, function tuning, and mechanis-
tic study of synthesis process may offer some promising strategies
to overcome these synthetic challenges. (2) Although PI-COFs have
abundant redox active sites, the tight - stacking between the
interlayers makes most of the active groups unable to be effectively
exposed, resulting in low mass transport efficiency. Strategies like
designing mesopores, creating defects, adding multi-functions or
controlling morphology would be of great significance for improv-
ing the comprehensive properties of PI-COFs. (3) Whether it is
catalysis, battery, or sensing applications, they all involve energy
transfer and storage, including adsorption/desorption, exciton sep-
aration and energy transfer processes, etc., which need overall de-
sign to synergistically tune their functions. Some advanced tech-
niques like machine learning or artificial intelligence can be com-
bined to guide the specific design of PI-COFs for target proper-
ties. Meanwhile, potential interdisciplinary applications, especially
in biomedicine or environmental engineering, in addition to cur-
rently developed application fields, may open new opportunities
and expand the scope of PI-COFs.

5. Summary

In this review, we have comprehensively summarized the re-
cent progress toward PI-COFs, including the design characteris-
tics, synthesis, related applications and mechanism as well as
the structure-to-property relationship. We also navigate and dis-
cuss their challenge and opportunities in the future from the per-
spectives of material or chemical science. We hope that this re-
view could provide readers with a comprehensive understanding
of the fundamental characteristics, modulation strategies, key ap-
plications, current challenges, and future developments of PI-COFs,
thereby stimulating broader research interest in this field.
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