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Abstract
Recently,  porous organic  frameworks (POFs) have emerged as functional  materials  and
have been widely used in various applications. Crystalline POFs include covalent organic
frameworks  (COFs)  and  partial  crystalline  covalent  triazine  frameworks  (CTFs).
Amorphous porous organic materials are mainly divided into porous aromatic frameworks
(PAFs), conjugated microporous polymers (CMPs), and hypercrosslinked porous polymers
(HCPs). Although POFs have many unique structural features and excellent performance,
the harsh synthesis conditions and difficulty in large-scale production have always limited
their  widespread  use.  Therefore,  more  researchers  are  paying  attention  to  developing
green,  energy-saving,  and  environmentally  friendly  synthesis  processes  for  large-scale
preparation of POFs. Herein, we provide a timely overview on green synthesis of POFs and
critically  discuss  some  typical  research  work  in  detail.  Meanwhile,  the  green  synthesis
strategies of POFs are emphatically described to categorize relevant reports. Finally, the
challenges and opportunities of green synthetic POFs in the future are proposed according
to the above classification research.
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INTRODUCTION
Porous materials, as an important class of functional materials, are formed by two parts: the interconnected

solid-state skeleton and the permanent pore generated by gas or liquid phases
[1]

. According to the

International Union of Pure and Applied Chemistry (IUPAC), they are categorized into three types based on

pore size: microporous materials (< 2 nm), mesoporous materials (2-50 nm), and macroporous materials (>

50 nm). Except for the commonly classic inorganic porous materials, such as zeolites
[2,3]

, porous carbons
[4]

,

mesoporous silicon materials
[5]

, porous metal materials
[6]

, and metal-organic frameworks
[7,8]

, porous organic

frameworks (POFs) as a rising class of functional porous materials attract a huge amount of interest from

many researchers because of their rich porous structures from micro to mesopores, high specific surface

areas, atomic level controllability, and excellent stability
[9]

. Generally, POFs are mainly divided into two

categories, crystalline and amorphous materials on the basis of their orderliness. The important crystalline

materials are covalent organic frameworks (COFs) and partial crystalline covalent triazine frameworks

(CTFs) with highly ordered structures
[10,11]

. Other classic amorphous POFs principally include three types:

porous aromatic frameworks (PAFs)
[ 1 2 - 1 4 ]

, conjugated microporous polymers (CMPs)
[ 1 5 , 1 6 ]

, and

hypercrosslinked porous polymers (HCPs)
[17,18]

. These porous materials have a certain degree of short-range

ordering, but lack long-range ordered structures. Notably, there is no clear boundary for the classification of

these amorphous POFs.

The pore structure plays the most important role in different applications of POFs. To construct permanent

pore structures and avoid the nonporous phenomenon caused by the dense stacking of organic molecules,

the rigid and non-planar organic molecular blocks are always designed and used to form POFs
[19,20]

. The pore

environment of POFs can be precisely regulated by the molecular size, configuration, functional site, organic

coupling method, and synthetic condition
[21,22]

. The synthetic reactions are selected according to diverse

organic coupling functional groups. The commonly used approaches contain Suzuki coupling
[23]

, Yamamoto

coupling
[24]

, Schiff-base condensation
[25]

, Friedel-Crafts alkylation
[26]

, Sonogashira-Hagihara cross-coupling
[27]

,

Knoevenagel condensation reactions
[28]

, Ullmann coupling
[29]

, and aldol condensations
[30]

.

Although various types of POFs have been extensively prepared to form a large research system, the

synthesis of porous materials still faces severe problems. The solvothermal method is the most classical

synthesis approach for POFs, but this method has various disadvantages. (1) Harmful organic solvents, such

as tritylene, 1,4-dioxane, N, N-dimethylformamide, dimethyl sulfoxide and dichlorobenzene, are usually used

as reaction media in the reaction system; (2) The operation process is very complex and strict, including

cyclic freezing, degassing protection, flame sealing, high temperature, and long reaction time; (3) The

synthesis scale is relatively small, making it difficult to meet the needs of large-scale production. In general,

the traditional synthesis method includes harsh reaction conditions, high energy consumption, heavy

pollution, and small-scale preparation to greatly limit their widespread applications. Hence, it is necessary to

develop green and environmentally friendly synthetic strategies for the large-scale preparation of functional

POFs.

The concept of green chemistry is proposed in the fields of organic synthesis and industrial chemical

processes. In recent years, different green synthesis processes have emerged indirectly in the preparation of

POF materials. As an emerging field of importance, only a few reviews focus on green synthesis of COFs
[31,32]

.

However, there is a lack of novel and systematic summary on the design and preparation of POFs via green

synthesis technology. In this review, we summarize the recent advances in green synthesis of POFs and

discuss some typical examples in detail [Scheme 1]. Furthermore, the challenges and opportunities of this

field in the future are proposed.
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Scheme 1. Schematic illustration of the green synthetic strategies for different porous organic materials.

POROUS ORGANIC MATERIALS
Porous organic materials are intrinsic porous materials formed by covalent bonding specific structural units

with geometric shapes using a molecular design method
[33]

. POFs have the basic characteristics of light

weight, abundant pore, good stability, high specific surface area, functional modifiability, etc., so they can be

considered as a new class of functional porous materials with outstanding performance in various fields, such

as gas separation
[34,35]

, luminescence sensor
[36,37]

, heterogeneous catalysis
[38,39]

, and optoelectronics
[40,41]

. To

rationally construct POFs with unique structures and excellent functions, it is very important to investigate

topological structures and reasonably select appropriate organic monomers, polymerization reactions, and

synthesis conditions. Different active sites can be introduced into the organic units to affect POFs and

enhance their performance in multiple applications
[42,43]

. POFs can be mainly divided into crystalline

materials (COFs and CTFs) and amorphous frameworks (PAFs, CMPs, and HCPs) based on the skeleton

order degree.

Crystalline porous organic materials

Crystalline porous organic materials with long-range ordered structures and well-defined pores, such as

COFs and crystalline CTFs, are widely used as functional materials. These materials attract lots of research

interest in various application fields. In fact, crystalline CTFs with special covalent triazine functional groups

also belong to COFs
[44,45]

. With a deeper understanding of the structures of porous crystalline materials, the

suitable covalent bonds between rigid organic monomers play the most important role in forming the crystal

skeletons of porous organic materials. Up to now, a growing number of COFs have been widely designed

and prepared since the first reported COF in 2005
[46]

. Appropriate dynamic covalent bonds are key to

preparing crystalline materials. The current main COF materials include four categories: B–O, N–C, C=C,

and N=C covalent bonds [Figure 1]. (1) The B–O containing COFs are generated through the self-

condensation of boronic acids or the condensation reaction of boronic acids with diol or ketal forming

boroxine or boronate ester
[47 ,48 ]

; (2) The N–C-linked COFs are commonly divided into imide and

ketoenamine-based COFs
[49,50]

; (3) The C=C linked COFs belong to a class of porous crystalline frameworks

by the sp
2
 carbon

[51,52]
; (4) COFs with the N=C bond mainly contain triazine-, imine-, hydrazine-, and azine-

based functional fragments
[53-55]

; (5) The ring-based linked COFs predominantly include phenazine-, dioxin-,

imidazole-, benzoxazole- and benzothiazole-based functional fragments
[56-60]

. It is worth noting that the

aromatic nitrile can undergo the trimerization reaction to form triazine rings, but the synthetic reaction

generally occurs at high temperatures under a strong acid system to break the long-range order of skeletal

structures. Recently, some highly crystalline CTFs have been synthesized under mild conditions, such as low

temperature (< 100 °C) and ambient pressure
[61-63]

.
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Figure 1. Some commonly used covalent bonds in COFs. COFs: Covalent organic frameworks.

Although crystalline materials have good orderliness, there are still relatively few materials with complete

single crystals to determine their fine structures
[64-69]

. In general, crystal structures of crystalline POFs are

determined through simulation and comparison with powder X-ray diffraction (PXRD) characteristic peaks.

This is also a thorny problem that most researchers are trying to solve in the research field of crystalline

porous organic materials.

Amorphous porous organic materials

Currently, most of the reported porous COFs have a practical drawback, that is, relatively poor

physicochemical stability as compared with amorphous POFs, to limit their use under extreme conditions,

which is mainly attributed to the reversible covalent chemistry in crystalline COFs. An increasing number of

amorphous porous organic materials, including PAFs, CMPs, and HCPs, have been designed and prepared

because of their highly stable and irreversible covalent bonds through Friedel-Crafts alkylation, Suzuki

coupling, Yamamoto coupling, Sonogashira-Hagihara cross-coupling, and so on
[70-72]

. The specific surface

area of porous materials can be analyzed in detail by different adsorption models, including Langmuir theory

based on the monomolecular adsorption layer and Brunauer-Emmett-Teller (BET) theory according to the

multi-layer adsorption. For example, PAF-1, as a porous polyphenylene framework, was successfully

prepared by nickel(0)-catalyzed Yamamoto-type Ullmann cross-coupling [Figure 2A]. PAF-1 not only

exhibits excellent stability under extremely harsh conditions, but also has an unprecedented high surface

area, including a BET surface area of 5,640 m
2
·g

-1
 and Langmuir surface area of 7,100 m

2
·g

-1[73]
.

Moreover, amorphous porous organic materials can be easily functionalized by the monomer design or post-

modification, resulting in the superior targeting function of as-synthesized materials
[74,75]

. Recently, PAF-1, as

a research mode, has been separately modified by different functional groups, resulting in its excellent
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Figure 2. (A) The structure of PAF-1; (B-D) Synthesis schemes for PAF-1 with different functional groups. (A) Adapted with permission[73].
Copyright 2019, John Wiley and Sons. (B) Adapted with permission[76]. Copyright 2019, American Chemical Society. (C) Adapted with
permission[77]. Copyright 2020, American Chemical Society. (D) Adapted with permission[78]. Copyright 2017, American Chemical Society.
PAF: Porous aromatic framework.

performance in various applications [Figure 2B-D]
[76-78]

. According to their excellent physicochemical

stability, rich skeletal structures, and good controllability, amorphous POFs have been widely prepared as a

potentially universal platform for numerous application fields.

GREEN SYNTHESIS
Multiple synthesis strategies have been developed to construct porous organic materials, but the commonly

used solvent thermal method still needs high temperature and pressure which directly affect the cost, output,

and industrial usability of POFs. In order to achieve energy-saving, environmentally friendly, and high-yield

preparation, various green synthesis strategies for POFs have been successively explored and developed in

recent years.

Room temperature synthesis

Synthesis at room temperature is convenient and economical because it does not require the use of special

high or low temperature equipment. This method reduces energy consumption and avoids some

temperature-induced side reactions. In addition, the mild synthetic approach can protect the high-

temperature sensitive functional groups to construct POFs. Therefore, it offers both energy consumption and

operational convenience, leading to its potential application in synthesizing functional POFs
[79-84]

.

The solvent thermal condition for the preparation of POFs requires the employment of hazardous organic

solvents, high reaction temperatures, and intricate systems. For instance, Guo et al. described a two-step

dissolution precipitation (DP) technique for the synthesis of ketoimines- and imine-linked COFs in an

aqueous phase [Figure 3A]
[85]

. Using this DP approach, five ketoimine- and two imine-linked COFs were

remarkably manufactured in one reaction at room temperature with a reaction time of 5 min. These COFs

showed prospective uses in the adsorption of uranyl and iodine, displaying very high crystallinity and

porosity. In 2024, Kong et al. reported a straightforward and eco-friendly process for room-temperature

aqueous solution synthesis of imine bonded-COFs [Figure 3B]
[86]

. It is very important to control the reaction

rate for the synthesis of crystalline COFs. The reaction reactivity of aldehyde monomers in an aqueous

solution was greatly increased by preactivating them with acetic acid (AcOH). The management of reaction

equilibrium and product crystallization was made possible by the slightly lower imine production rate and
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Figure 3. (A) Synthesis of model compounds and dpCOF-1; (B) Schematic depiction of imine-linked COFs and the possible formation
mechanism; (C) Schematic diagram of a bio-friendly one-pot synthesis of different HRP-COFs. (A) Adapted with permission[85]. Copyright
2023, American Chemical Society. (B) Adapted with permission[86]. Copyright 2024, American Chemical Society. (C) Adapted with
permission[87]. Copyright 2023, John Wiley and Sons. COF: Covalent organic framework; HRP: horseradish peroxidase.

higher imine cleavage rate in an aqueous solution compared to the traditional solvothermal synthesis.

Consequently, the crystalline COFs with a large surface area and high yield can be generated in a very short

space of time.

In addition, the highly stable and non-metallic properties of COFs make them ideal carriers for enzyme

immobilization. Liang et al. constructed three types of COFs [benzene-1,3,5-tricarboxaldehyde and p-

phenylenediamine co-condensation framework (COF-LZU1), benzene-1,3,5-tricarboxaldehyde and 1,3,5-

tris(4-aminophenyl)benzene co-condensation imine-linked framework (RT-COF-1), and benzene-1,3,5-

tricarboxaldehyde and hydrazine hydrate co-condensation azine-linked framework (ACOF-1)] using a bio-

friendly one-pot synthesis strategy in an aqueous solution at room temperature. COF-LZU1 bound to

horseradish peroxidase (HRP) was found to maintain the highest activity [Figure 3C]
[87]

. The mild room

temperature reaction condition not only reduces the energy consumption and cost, but also can provide an

effective synthesis strategy for in situ encapsulation of temperature-sensitive substances, such as

biomolecules, enzymes, etc., into COFs.

The synthesis of POFs at the liquid-liquid interface at room temperature is a highly anticipated green

synthesis method, which can easily and efficiently prepare POF films with adjustable thickness to bring new

possibilities to the field of material science
[88,89]

. For example, He et al. proposed a liquid-liquid IP method to

address the challenges in the field of molecular separation[Figure 4A]
[90]

. This method restricts the

polymerization reaction through the liquid-liquid interface and precisely controls the growth process of COF

films, achieving adjustable COF film thickness and providing good flexibility for different applications. This

work provides a feasible approach for preparing high-performance COF membranes. Meanwhile, Wu et al.

adopted a green synthesis strategy of liquid-liquid interfacial polymerization (IP) and successfully

synthesized the ethylene-bridged COF membranes with complete sp
2
 carbon skeletons at room temperature

[Figure 4B]
[91]

. The COF nanospheres formed in the initial stage gradually could evolve into self-supporting
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Figure 4. (A) The fabricating process of COF membranes with the AA stacking mode; (B) The vinylene-bridged COF thin films via an
interfacial synthesis; (C) SAIP and IP strategies for the synthesis of COF membranes; (D) Interface synthesis diagram and chemical
structures of CMP membranes. (A) Adapted with permission[90]. Copyright 2023, Elsevier. (B) Adapted with permission[91]. Copyright
2023, American Chemical Society. (C) Adapted with permission[92]. Copyright 2024, Elsevier. (D) Adapted with permission[93]. Copyright
2021, American Chemical Society. COF: Covalent organic framework; SAIP: surfactant-assisted interfacial polymerization; IP: interfacial
polymerization; CMP: conjugated microporous polymer.

COF thin films with long-range ordered arrangements after covalent self-assembly at the liquid-liquid

interface. In addition, Chen et al. proposed a room-temperature liquid-liquid interface polymerization

method, namely surfactant-assisted IP (SAIP) [Figure 4C]
[92]

. By adding surfactants and toluene solvents, the

self-assembled chains of zwitterionic surfactants at the interface facilitated the monomer aggregation and

pre-assembly to improve their transport at the interface and promote the complete topological growth of

COF membranes. This method not only saves polymerization time during the catalytic process, but also

enables the preparation of highly crystalline and uniformly porous COF membranes. The interface synthesis

strategy at room temperature is applicable to other porous polymers. For instance, Li et al. studied a novel

method for synthesizing CMPs at room temperature interfaces [Figure 4D]
[93]

. Using a strategy based on the

Schiff-base reaction, the in-situ formation of CMP nanofilms was achieved on porous polymer substrates.

During this process, the AcOH migrated from the aqueous phase to the interface, accelerating the aldehyde

amine condensation reaction in the oil phase, resulting in the formation of CMP films of terephthalaldehyde

(PDA)-m-phenylenediamine (MPD) and 2,5-dihydroxyterephthalaldehyde (DHA)-MPD after 15 min. This

strategy provides an enormous potential for the manufacturing of thin film-based electronic and

optoelectronic devices.

The lotion polymerization at room temperature, as an important environmental protection synthesis

method, has attracted much attention in recent years. This synthetic process was used to construct porous

organic materials. For example, Zhang et al. proposed a green phase transfer catalyzed lotion polymerization

method, which could efficiently and quickly synthesize β-ketoenamine COFs with the controllable

morphology [Figure 5A]
[94]

. This green method could achieve the fast synthesis of COFs under mild

conditions, while avoiding the use of acid catalysts and a large number of organic solvents. The pyridine

cationic surfactant not only acts as an emulsifier, but also could be considered an efficient catalyst and shape

modifier. This synthetic strategy is fast, simple and green for fabricating COFs. In addition, under mild

conditions, Shi et al. also conducted a similar work to synthesize porous conjugated polymers with the

precise mesoporous size and tunable nanostructure. The synthetic strategy mainly contains the emulsion

system of toluene oil/water mixture, the surfactant of triblock copolymer F127, and the precursor of 1,3,
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Figure 5. (A) The synthesis description of TpPa-COF; (B) Schematic illustration of π-conjugated porous nanospheres via an emulsion-
induced interface assembly strategy. (A) Adapted with permission[94]. Copyright 2023, American Chemical Society. (B) Adapted with
permission[95]. Copyright 2022, John Wiley and Sons. COF: Covalent organic framework; Tp: 1,3,5-triformylphloroglucinol; TAPB: 1,3,5-
tris(4-aminophenyl) benzene; APS: ammonium persulfate.

5-tris(4-aminophenyl) benzene (TAPB) [Figure 5B]
[95]

. The TAPB monomers in an aqueous solution were

prone to self-aggregation phenomena at room temperature by the oxidative polymerization of aromatic

multi-amines catalyzed by the ammonium persulfate (APS) oxidant. Notably, the mild condition could offer

good compatibility with the soft-template self-assembly strategy, which was easily removed while ensuring

no damage to the targeted materials. Hence, a series of uniform π-CMPs with different pore diameters were

obtained through this one-pot operation.

According to the above reports, room temperature synthesis is considered as a green approach to construct

porous organic materials. The mild reaction condition provides an available approach to control the

morphology and size of porous materials. However, room temperature conditions may lead to poor

solubility of organic monomers to limit their application in the preparation of POFs. In addition, most

reports still focus on porous organic materials formed by reversible covalent bonds, and the applicability of

non-reversible covalent bond-based porous materials needs further exploration and certification.

Green solvent synthesis

Except for some specific synthesis methods, most porous organic materials require solvents during the

synthesis process. Organic solvents can dissolve various organic monomers to provide a molecular-level

reaction environment. Meanwhile, the high boiling point of organic solvents can allow the synthetic

reactions to occur at high temperatures. However, organic solvents are expensive and toxic, which also need

to be solved from the perspective of green environmental protection. In the realm of green chemistry,

numerous researchers have put forth a variety of creative techniques and strategies to prepare POFs via green

solvents. For instance, Zhao et al. successfully created high crystallinity COF materials with rich pore

structures in a short reaction time by utilizing the ultrasonic chemical synthesis method and green solvents

[Figure 6A]
[96]

. These COF materials included two novel structural COFs and seven previously described

COFs. This synthetic approach may be utilized to create three-dimensional and two-dimensional COFs with

suspension functionalization. Ultrasound chemistry, in conjunction with green solvents, provides a practical

way to quickly synthesize crystalline POFs.

On the other hand, the aqueous reaction system is thought of as an available green synthesis method to

construct POFs, especially two-dimensional thin films. Recently, Wang et al. made a breakthrough in the

construction of membranes in non-organic solvent systems [Figure 6B]
[97]

. The aqueous two-phase system

(ATPS) approach was used to prepare COF membranes from a green chemistry perspective. In order to

create a dual aqueous system, the organic monomers of COFs were dissolved in the lower aqueous phase of
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Figure 6. (A) The sonochemical synthesis for crystalline COFs; (B) The ATPS approach for COF membranes; (C) The “in-water” strategy is
inspired by the “prodrug mimic” design methodology. (A) Adapted with permission[96]. Copyright 2022, Springer Nature. (B) Adapted with
permission[97]. Copyright 2022, Springer Nature. (C) Adapted with permission[98]. Copyright 2023, American Chemical Society. COF:
Covalent organic framework; ATPS: aqueous two-phase system; Dex: dextran; PEG: polyethylene glycol.

dextran (Dex) and the upper aqueous phase of polyethylene glycol (PEG), respectively. IP was a good

platform to create COF membranes with varying levels of crystallinity. The significant result showed that the

continuous COF membranes throughout the film-forming process depended critically on the proper water-

water interface tension. This study could be applied to produce premium membrane materials, serving as an

environmentally friendly membrane manufacturing technique. Additionally, Hu et al. were able to create

COF colloidal dispersions by adding polar groups, which increased the water solubility of aldehydes. They

demonstrated the overall procedure for synthesizing processable COFs in water via the sol-gel technique

[Figure 6C]
[98]

. In addition to offering significant insights for the sustainable preparation in the realm of

green chemistry, this proposed sol-gel strategy could be applied for shaping and synthesizing β-ketoenamine-

linked two-dimensional COFs.

Besides the common COFs formed by the dynamic aldehyde-amine condensation, ethylene-linked COFs

have attracted lots of attention due to their outstanding stability. In recent years, some researchers have

focused on the study of the crystallinity and ionic properties of olefin- or vinylene-linked COFs via green

synthetic approaches. A typical example was reported by Zhang et al. in 2023. In this work, the authors

utilized the DMAP catalyst and hydrothermal conditions to successfully synthesize highly crystalline and

robust zwitterionic vinylene-linked COFs (ZVCOFs) from the pre-designed zwitterionic building blocks

[Figure 7A]
[99]

. For the hydrothermal strategy, water molecules reduced the activation energy barrier to

improve the reaction reversibility. Meanwhile, the introduced water facilitated the hydration of zwitterionic

sites, promoted ordered layered arrangement, and provided an effective pathway for the crystallization of

ZVCOFs. These findings not only provide new ideas and methods for the synthesis of ZVCOFs, but also

have certain research value for a deeper understanding of the water role in the synthesis process. Another

important work was reported by Yang et al. [Figure 7B]
[100]

. Vinylene-linked cationic two-dimensional

polymers thin films (namely V-C2DP-1 and V-C2DP-2) were prepared on the water surface by employing

the Knoevenagel polycondensation reaction in conjunction with a sodium oleyl sulfate (SOS) surfactant. The

air/water interface not only effectively inhibited the out-of-plane movement of the organic molecules, but

also enhanced the nucleophilic ability of the reaction intermediates. These films were appropriate for usage

as anionic selective electrode coatings due to their vast area, tunable thickness, and great chemical stability.

This work develops a green approach to construct highly stable and oriented V-C2DP thin films, and has an

important potential application in the next generation of energy devices.

Furthermore, some reports have been focused on the synthesis of porous organic materials in water

systems
[101-104]

. Many researches show that green solvent synthesis is considered as a feasible approach to
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Figure 7. (A) Schematic illustration for constructing ZVCOFs; (B) The synthetic process of V-C2DPs through the SMAIS method. (A)
Adapted with permission[99]. Copyright 2023, American Chemical Society. (B) Adapted with permission[100]. Copyright 2024, John Wiley
and Sons. COF: Covalent organic framework; DMAP: 4-dimethylaminopyridine; ZVCOF: zwitterionic vinylene-linked COF; V-C2DPs:
vinylene-linked two-dimensional polymer; SMAIS: surfactant-monolayer assisted interfacial synthesis.

construct porous materials. Obviously, water is the most commonly used and ideal green solvent. However,

most organic molecules have low solubility in water, which causes significant challenges for the fabrication of

POFs in aqueous systems. Meanwhile, the correlational research on porous materials linked by different

covalent bonds still needs to be further investigated and explored.

Solvent-free synthesis

Solvent-free synthesis can avoid the use and removal of organic solvents during the preparation of porous

organic materials. From the perspectives of energy conservation, environmental protection, ease of

operation, and cost-effectiveness, the solvent-free strategy is highly appealing and offers potential application

value for large-scale POF production.

Recently, the use of molten salts as the reaction solvent, structure-directing agent, and catalyst has been

proven to be an efficient and green method to synthesize POFs. Especially, CTFs, as a class of porous organic

materials, are commonly prepared by the cyclotrimerization of aromatic nitriles in the molten ZnCl
2
 salt at

high temperatures
[105-110]

. Metal salts are considered as Lewis acid sites to catalyze the trimerization reaction,

and the molten reaction system can accelerate the mass transfer process. For example, Rangaraj et al.

prepared phosphonitrilic core-based CTFs (namely Pz-CTFs) by the molten ZnCl
2
 in the temperature range

from 400 to 600 °C [Figure 8A]
[111]

. Different contents of HCPz and ZnCl
2
 were separately mixed into a

quartz ampoule and heated at a variety of temperatures to obtain six Pz-CTFs samples. The rigid

phosphonitrilic unit offered rigidity and enhanced the electron-rich centers in the framework. Moreover, the

hexacyano group in the precursors increased the interconnected crosslinking density and the thermal

stability of Pz-CTFs. Although Pz-CTFs were amorphous porous materials, Pz-CTF-6 (monomer/ZnCl
2

molar ratio of 1:10) showed a high surface area and excellent CO
2
 adsorption with good selectivity and

regeneration. Notably, when the cyclotrimerization took place at above 300 °C, the undesired carbonization

decreased the CTF crystallinity and caused different structural defects. In order to overcome these problems,

Lan et al. reported an ionothermal synthesis method for CTF-based photocatalysts using a ternary NaCl-

KCl-ZnCl
2
 eutectic salt (ES) mixture with a melting point of approximately 200 °C. This temperature was

lower than the melting point of pure ZnCl
2
, thus providing milder salt-melt conditions. The mild reaction
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Figure 8. (A) Schematic diagram of the preparation process of Pz-CTFs; (B) Ionothermal synthetic CTF-based photocatalysts via a ternary
NaCl-KCl-ZnCl2 system; (C) The polymerization reaction for CTFs by the KCl-catalytic approach; (D) SEM and (E) EDS element mappings
of KCl nanoparticles coated by CTF-DCB NSs; (F) SEM, (G) AFM, and (H) PXRD of CTF-DCB NSs; (I) Large-scale preparation of CTF-DCB
NSs. (A) Adapted with permission[111]. Copyright 2022, Elsevier. (B) Adapted with permission[112]. Copyright 2022, John Wiley and Sons.
(C-I) Adapted with permission[113]. Copyright 2023, American Chemical Society. Pz-CTF: Phosphonitrilic core covalent triazine framework;
HCPz: hexakis(oxy)hexabenzonitrile phosphazene; SEM: scanning electron microscopy; EDS: energy-dispersive spectrometry; CTF-DCB
NS: covalent triazine framework-dicyanobenzene nanosheet; AFM: atomic force microscopy; PXRD: powder X-ray diffraction.

condition facilitated the polycondensation process to avoid the carbonization of the polymeric backbone, so

the as-synthesized CTF-ES200 obtained at 200 °C exhibited few structural defects and high crystallinity with

remarkable photocatalytic performance for hydrogen evolution [Figure 8B]
[112]

. Moreover, there is an urgent

need for the scalable and eco-friendly green synthesis of crystalline two-dimensional CTF nanosheets (NSs),

which remains a huge and challenging fundamental research. Excitingly, Wang et al. developed a feasible and

solvent-free KCl-catalyzed strategy for the large-scale production of crystalline CTF NSs through two-

dimensional polymerization and salt removal processes [Figure 8C]
[113]

. Scanning electron microscopy (SEM)

and energy-dispersive spectrometry (EDS) mapping images of the CTF-1,4-dicyanobenzene (DCB) NS-

coated KCl illustrated that CTF-DCB NSs were successfully prepared on the surface of KCl nanoparticles

[Figure 8D and E]. The as-synthesized CTF-DCB NSs after the water washing treatment showed a smooth

surface with an ~80 nm film thickness by SEM and atomic force microscopy (AFM) images [Figure 8F and

G]. The strong PXRD reflection peaks in Figure 8H confirmed the ordered skeleton of CTF-DCB NSs. As

seen in Figure 8I, the large-scale synthesis of crystalline CTF-DCB NSs was easy to achieve via this synthetic

process. In addition, KCl is necessary for the cyclotrimerization reaction in the construction of crystalline

CTF-DCB NSs via a series of comparative experiments.

To further overcome the shortcomings of molten metal salts, different catalysts have been used to prepare

CTFs in recent years. One reported catalyst is P
2
O

5
, which can catalyze the trimerization reaction of aromatic

primary amide groups to s-triazine rings. As seen in Figure 9A and B, a two-dimensional stacked covalent

triazine-based framework (pCTF-1) with a large surface area was synthesized via the P
2
O

5
-catalyzed

dehydration condensation of terephthalamide (TA) molecules
[114]

. This porous material exhibited high CO
2

and H
2
 sorption abilities. Another research team prepared pCTF by P

2
O

5
 to detect NH

3
 gas at room

temperature
[115]

. Both reports demonstrated that aromatic amide and nitrile compounds could be catalyzed

by P
2
O

5
 at high temperatures to produce porous CTFs. Meanwhile, H

6
P

4
O

1 3
 as a commonly used

polyphosphoric acid was applied to catalyze the nitrile trimerization reaction, leading to the formation of

four two-dimensional crystalline CTFs as confirmed by PXRD patterns [Figure 9C-G]
[116]

. Especially, the

high crystallinity of as-synthesized CTFs endowed them with large surface areas in the range of 794-
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Figure 9. (A) The P2O5-catalyzed dehydration condensation for the synthesis of pCTF-1; (B) The crystal structure of pCTF-1; (C) The
synthetic strategy of crystalline CTFs by H6P4O13; (D-G) PXRD patterns of different as-synthesized CTFs; (H) N2 sorption isotherms at 77 K
and (I) pore size distributions of four CTFs; (J) The large-scale preparation of CTF-DCB. (A and B) Adapted with permission[114]. Copyright
2018, John Wiley and Sons. (C-J) Adapted with permission[116]. Copyright 2022, John Wiley and Sons. TA: Terephthalamide; DCB: 1,4-
dicyanobenzene; CTF: covalent triazine framework; TCB: 1,3,5-tris(N-carbazolyl)benzene; PXRD: powder X-ray diffraction.

1,335 m
2
·g

−1
 and the pore size distribution from 0.7 to 2.0 nm [Figure 9H and I]. Thanks to the convenience

and environmental friendliness of this synthesis approach, the low-cost DCB monomer, as a reaction mode,

was used to prepare the highly crystalline CTF-DCB at the kilogram level [Figure 9J]. Hence, the

metal/solvent-free H
6
P

4
O

13
 system is a feasible and green synthetic approach for the large-scale fabrication of

highly crystalline porous CTFs.

Furthermore, it is still a formidable challenge for the large-scale and low-cost synthesis of POFs to meet the

industrial demand. Recently, Zhang et al. have focused on the development of novel green strategies to

prepare COFs in large quantities. One example was reported to produce COFs with highly ordered

structures
[117]

. In this work, the authors attempted to efficiently prepare collidine-based COFs with olefin

linkages via a green melt polymerization strategy of PDA and 2,4,6-collidine [Figure 10A]. Referring to the

research from Wang et al. , benzoic anhydride was considered as a potential molecule to balance

crystallization and polymerization, leading to the generation of COFs with outstanding crystallinity. As a

comparison, no product was generated using the traditional solvothermal method, and an amorphous

polymer was found through the direct reaction without benzoic anhydride and its derivatives. It is worth

noting that over one kilogram of COFs could be acquired at low costs, indicating the enormous potential

application value in the industrial field. On the other hand, this research group further proposed an organic

flux-mediated synthesis to construct highly crystalline irreversible-linked COFs, which showed more

outstanding application potentials than the reversible-linked COFs due to the higher stability and structural

robustness of the irreversible-linked COFs
[118]

. Nevertheless, feasible and green synthetic methods are lacking

for the irreversible-linked COFs. As seen in Figure 10B, the acidic molecules were used as modulators and

reactive fluxes to prepare imide-linked COFs. The possible catalytic mechanism mainly contains two steps.

The amide precursors were obtained by the reaction between benzoic acid and triamine, leading to good

solubility in the benzoic acid flux. Another organic monomer could slowly replace the previously formed

precursors through the covalent bond conversion from amide to imide, resulting in the generation of the

targeted imide-linked COFs. The same COFs were prepared by the traditional solvothermal approach, which
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Figure 10. (A) Synthetic strategies, optics pictures, and simulated structures of as-synthesized samples using different strategies; (B)
Schematic diagram of reaction routes and possible mechanisms. (A) Adapted with permission[117]. Copyright 2022, John Wiley and Sons.
(B) Adapted with permission[118]. Copyright 2023, Elsevier. COF: Covalent organic framework; TAPB: 1,3,5-tris(4-aminophenyl) benzene.

were used as comparative materials. What is even more exciting is that the flu-synthesized COFs exhibited

larger surface areas and higher crystallinity. The flux synthesis provides a convenient gram-scale synthetic

strategy to obtain crystalline irreversible-linkage COFs.

Solvent-free synthesis is an environmentally friendly method, which can utilize different catalytic systems,

such as metal salts, P
2
O

5
, H

6
P

4
O

13
, and benzoic anhydride, to realize the control preparation of porous

organic materials. Especially, the synthetic approach can enhance the stability and crystallinity of POFs, even

for irreversible covalent bonds-based porous organic skeletons. However, this method is usually processed

under high temperatures to trigger thermal decomposition or carbonization of the monomer. Developing

more catalytic systems for the preparation of POFs under mild conditions remains a great challenge.

Mechanochemical synthesis

Mechanochemical synthesis is a simple, economical and environmentally friendly method. During this

process, the reaction monomers are put into a mortar or machine at room or low temperature with a little or

no solvent via different rotational speeds and reaction times
[119-121]

. The mechanical force can be utilized as the

main energy source for producing POFs.

Recently, some research groups have focused on the design and synthesis of POFs via the mechanochemical

approach
[122-124]

. The main type of COFs is almost prepared by the aldehyde-amine Schiff-base condensation.

For example, Shinde et al. prepared bipyridine functionalized COFs with permanent porosity, crystallinity

and strong acid-base stability by a liquid-assisted mechanochemical route [Figure 11A]
[ 1 2 2 ]

. The

mechanochemically prepared COFs possessed less porous and more compact pellets, which could be used as

a solid-state electrolyte with higher conductivity and more stable open circuit voltage. Another luminescent

COF was reported by Liu et al . , who successfully prepared COF-TpMA (MC) via the low-cost

mechanochemical synthesis of triformylphloroglucinol (Tp) and melamine (MA) monomers

[Figure 11B]
[123]

. Noticeably, the mechanochromic luminescence properties of COF-TpMA (MC) showed

that the original intermolecular interaction and electron transport channel could be destroyed by the

mechanical stimulation. As a result, COF-TpMA (MC) was a good luminescence sensing material to detect

˙OH in living systems with high sensitivity and selectivity. In addition to the direct synthesis of COFs, the

external surface post-modification of pre-synthesized materials could be carried out via the convenient ball

milling process. In 2024, Zhang et al. successfully synthesized a thiadiazole-functionalized COF-F

(Thdz@COF-F) by the combination of solvothermal and ball milling approaches [Figure 11C]
[124]

. The

solvothermally generated COF-F was aldehyde terminated by controlling the suitable proportion of 4,4’,4”-(1,
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Figure 11. (A) Schematic representation of the TpBpy COF as a solid-state electrolyte; (B) Chemical structures of monomers and COF-
TpMA (MC); (C) The preparation process of Thdz@COF-F. (A) Adapted with permission[122]. Copyright 2016, Royal Society of Chemistry.
(B) Adapted with permission[123]. Copyright 2019, Royal Society of Chemistry. (C) Adapted with permission[124]. Copyright 2024, American
Chemical Society. COF: Covalent organic framework; Tp: 1,3,5-triformylphloroglucinol; MA: melamine; TTA: 4,4’,4”-(1,3,5-triazine-2,4,6-
triyl)trianiline; TFTA: 2,3,5,6-tetrafluoroterephthalaldehyde.

3,5-triazine-2,4,6-triyl)trianiline (TTA) and 2,3,5,6-tetrafluoroterephthalaldehyde (TFTA). The active

aldehyde group of COF-F could react with the amino thiadiazole through a convenient mechanochemical

reaction. Ball milling played a crucial role in accelerating the Schiff base reaction mainly owe to the impact

and shear force, achieving the Schiff base reaction of an aldehyde group on the COF skeleton and the amino

group of thiadiazole. The as-synthesized Thdz@COF-F exhibited outstanding lubrication performance for

reducing friction and wear.

Moreover, two porous organic materials [TMCPD (MC) and TMCBD (MC), with TMCPD (MC)

synthesized from p-phenylenediamine and 1,3,5-benzenetricarbonyl chloride and TMCBD (MC) derived

from benzidine and 1,3,5-benzenetricarbonyl chloride using mechanochemical methods] based on the

secondary amide linkage were obtained by a solvent-free, fast, and room temperature mechanochemical

synthesis [Figure 12A]
[125]

. The organic coupling reaction of amine and acid chloride easily occurred in the

presence of triethylamine as an acid binding agent. The flexible amide linkage made the dynamic skeleton of

POFs with multiple hydrogen bond donor and acceptor sites. Another similar work was reported by Li et al.

Two COFs, COF-TP and COF-TE, were separately constructed by the polymerization reaction of 1,3,5-

trimesoyl chloride and diamine (p-phenylenediamine or ethylenediamine) through an environmentally

friendly and efficient ball-milling approach [Figure 12B]
[126]

. The porous COFs showed lamellar structures

with the amide functional groups to capture Pb(II) cations. In addition, another meaningful work was

reported by Jie et al. A novel porous organic material with hydrophenazine linkage (namely MHP-P5Q) was

mechanochemically synthesized by the reaction between triptycenehexamine and pillar[5]quinone (P5Q)

without any solvents and catalysts [Figure 12C]
[127]

. The microporous structure and the rigid pillar[5]arene

cavity could provide multiple interactions for the efficient and rapid capture of CH
3
I. This work expands the

application of mechanochemical synthesis in the field of porous organic materials based on supramolecular

macrocycles.
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Figure 12. Mechanochemical synthesis of (A) amide-based TMCPD and TMCBD, (B) COF-TP and COF-TE, and (C) MHP-P5Q. (A)
Adapted with permission[125]. Copyright 2014, American Chemical Society. (B) Adapted with permission[126]. Copyright 2019, Elsevier. (C)
Adapted with permission[127]. Copyright 2020, Springer Nature. COF: Covalent organic framework; P5Q: pillar[5]quinone.

Mechanochemical Friedel-Crafts alkylation is also a commonly used polymerization coupling reaction for

the fabrication of POFs. Troschke et al. synthesized a series of porous CTFs through the mechanochemical

synthesis based on a Friedel-Crafts alkylation reaction mechanism
[128]

. The easily available MA chloride as a

triazine node reacted with different electron-rich aromatic compounds [Figure 13A]. Carbazole and cyanuric

chloride were mixed with each other in the presence of AlCl
3
 as an activating reagent and ZnCl

2
 as a bulking

agent, leading to the synthesis of the porous carbazole-CTF with a large specific surface area after ball milling

for 1 h. This study offers a solvent-free, time-efficient, and scalable production of CTFs via the

mechanochemical synthesis. Another type of polymerization is monomer self-polymerization or cross-

coupling in solvents. For example, Chen et al. synthesized multiple PAFs via the FeCl
3
-promoted mechanical

coupling reaction using p-terphenyl and o-terphenyl as reaction monomers [Figure 13B]
[129]

. The introduced

formaldehyde dimethyl acetal (FDA) could form the C–O bond-linked PAFs. These as-synthesized porous

PAFs could adsorb and separate C
2
 hydrocarbons. Another similar work was reported by Krusenbaum et

al.
[130]

. As a commonly used organic aromatic monomer, 1,3,5-triphenylbenzene (TPB) could respectively

react with two organochloride crosslinking agents, CH
2
Cl

2
 and CHCl

3
, via the mechanochemical
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Figure 13. (A) Mechanochemical synthesis of CTFs by melamine chloride and various aromatic monomers; (B) The mechanically synthetic
processes of PAF-104 and PAF-105 via the FeCl3-promoted reaction; (C) The mechanochemical Friedel-Crafts alkylation of TPB and two
organochloride crosslinking agents. (A) Adapted with permission[128]. Copyright 2017, John Wiley and Sons. (B) Adapted with
permission[129]. Copyright 2022, Royal Society of Chemistry. (C) Adapted with permission[130]. Copyright 2022, John Wiley and Sons. CTFs:
Covalent triazine frameworks; PAF: porous aromatic framework; TPB: 1,3,5-triphenylbenzene.

Friedel-Crafts alkylation [Figure 13C]. The CH
2
Cl

2
-linked polymer was a flexible porous structure with low-

degree polymerization, but the CHCl
3
-linked porous organic polymer showed a highly crosslinked rigid

skeleton with a larger surface area. Other similar works were reported by other groups
[131-133]

. Hence, the

mechanochemical Friedel-Crafts alkylation provides a versatile tool to generate porous organic materials.

Furthermore, ionic porous organic polymers can be synthesized by the mechanochemical method. The

targeted functional ionic POFs are prepared via the solid grinding coupling reaction of ionic organic blocks.

For instance, Zhang et al. prepared cation-functionalized charged porous polymers (CPPs) by a

dibenzodioxane-forming reaction between the contorted 5,5,6,6-tetrahydroxy-3,3,3,3-tetramethyl-1,1’-

spirobisindane (TTSBI) and fluorine-activated ionic monomers. The mild, environmentally friendly, and

highly efficient mechanochemical method was carried out to produce cationic CPPs [Figure 14A]
[134]

.

Compared with the traditional solvothermal synthesis method, the mechanochemical grinding approach can

quickly complete the polymerization process after 60-90 min and reduce the condensation reaction

temperature. Another class of porous ionic polymers (PIPs) was reported by Hou et al.
[135]

. As illustrated in

Figure 14B, different neutral organic monomers containing pyridine or benzyl bromide fragments were used

for the mechanical grinding synthesis of various cationic PIPs via the Menshutkin coupling reaction. NaBr,

as a salt template, was rationally introduced in the reaction system, which was also easy to reuse for reducing

the environmental pollution. The above two examples prove that the green mechanical synthesis is a useful

method to construct ionic porous organic materials.
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Figure 14. The mechanochemical synthetic illustration of (A) CPPs and (B) PIPs. (A) Adapted with permission[134]. Copyright 2015, John
Wiley and Sons. (B) Adapted with permission[135]. Copyright 2021, John Wiley and Sons. CPP: Charged porous polymer; PIP: porous ionic
polymer.

The mechanochemical process has many advantages, including being solvent-free, operating at low

temperatures, enabling large-scale production, and allowing fast reactions, making it a highly promising

method in the preparation of POFs. For different catalytic reactions, it takes considerable time to determine

the mechanical synthetic conditions, such as the addition of catalysts and other excipients. Therefore, the use

of mechanochemical construction of porous organic materials still needs a lot of research in the future.

Electrochemical synthesis

Electrochemical synthesis technology features environmental friendliness, high efficiency, low emissions, and

precise controllability. The controllable energy input from the electrode offers an opportunity to manipulate

the chemical reaction in a pre-designed manner and in a confined space. In recent years, various materials,

such as COFs, CMPs and PAFs, have been successfully fabricated by the electrochemical synthesis, exhibiting

high fabrication efficiency
[136-138]

.

Electrochemical synthesis of COFs has been reported by different research groups. In 2023, Shirokura et al.

synthesized a TAPB-PDA COF film by an electrochemical synthesis method [Figure 15A]
[139]

. In this work,

electrochemical oxidation of 1,2-diphenylhydrazine (DPH) produced electrogenerated acid (EGA) at an

electrode surface, which could act as an effective Brønsted acid catalyst to improve imine bond formation

from the corresponding amine and aldehyde monomers. Simultaneously, it provided the corresponding COF

film deposited on the electrode surface. The as-synthesized COFs not only possessed high crystallinity and

abundant pores, but also exhibited the controlled film thickness through using the potential-sweep method

[Figure 15B]. In addition, Wang et al. created an electrochemical IP technique for three distinct ultrathin

COF membranes in the same year. The aldehyde monomer (Tp) and the amine monomer (Pa) were

dissolved in methanol, which could migrate to the cathode under the control of voltage and current

[Figure 15C]
[140]

. The rapidly accelerating polymerization-crystallization process of COFs could be realized by

the electrochemical deprotonation reaction and the electric field migration behavior. SEM and transmission

electron microscopy (TEM) images were measured to observe the TpPa membrane on the polyacrylonitrile

(PAN) substrate with the increased electrochemical time [Figure 15D-O]. With the extension of

electrochemical time to 4 h, the thickness of the as-synthesized TpPa membrane increased to the maximum

value of 85 nm with the apparent crystal morphology. Another imine-linked COF fi lm [TPB-

dimethoxyterephthaldehyde (DMTP)-COF] was directly produced on the electrodes under mild conditions
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Figure 15. (A) The synthetic process of COFs on the electrode surface using EGA; (B) SEM image of the as-synthesized COF film; (C) The
growth TpPa COF membrane on PAN via electrochemical polymerization; (D-K) SEM and (L-O) TEM images of TpPa membranes at
different electropolymerization times; (P) Schematic representation for the electrochemical synthesis of COF membranes. (A and B)
Adapted with permission[139]. Copyright 2023, John Wiley and Sons. (C-O) Adapted with permission[140]. Copyright 2023, John Wiley and
Sons. (P) Adapted with permission[141]. Copyright 2022, American Chemical Society. COFs: Covalent organic frameworks; EGA:
electrogenerated acid; DPH: 1,2-diphenylhydrazine; TAPB: 1,3,5-tris(4-aminophenyl) benzene; PDA: terephthalaldehyde; SEM: scanning
electron microscopy; Tp: 1,3,5-triformylphloroglucinol; Pa: p-phenylenediamine; PAN: polyacrylonitrile; TEM: transmission electron
microscopy.

via an electrocleavage synthesis strategy [Figure 15P]
[141]

. The COF powders were exfoliated to two-

dimensional NSs at the cathode by the synergistic effect of electrochemical reduction and protonation.

Subsequently, these COF NSs could migrate to the anode, resulting in the structural reconfiguration of COFs

through the anodic oxidation. The COF membrane exhibited excellent crystallinity and hierarchical pores,

which could be considered as an outstanding platform to accelerate the mass transfer process for realizing

rapid and high iodine adsorption performance.
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Figure 16. (A) The electropolymerization approach of TCB; (B) The TEM image of as-synthesized polycarbazoles on CNTs; (C) Schematic
illustration of the fabrication and possible mechanism of the flexible ionic CMP membrane; (D) The fabrication diagram of self-standing
PAFs. (A and B) Adapted with permission[145]. Copyright 2021, American Chemical Society. (C) Adapted with permission[146]. Copyright
2022, John Wiley and Sons. (D) Adapted with permission[147]. Copyright 2023, American Chemical Society. TCB: 1,3,5-tris(N-
carbazolyl)benzene; TEM: transmission electron microscopy; CNTs: carbon nanotubes; CMP: conjugated microporous polymer; COEP:
coelectropolymerization; CbzC6-N: 6-(9H-carbazol-9-yl)-N,N,N-trimethylhexan-1-aminium bromide; PAFs: porous aromatic frameworks;
NCP: N-(2-cyanoethyl)-pyrrole.

Carbazole-based POFs are a major type of amorphous porous materials. The electroactive carbazole moiety

can be utilized as a functional molecule to facilitate the electropolymerization coupling reaction
[142-144]

.

Recently, Zhou et al. designed and synthesized different polycarbazole-type CMPs using a scale-up

electrochemical approach. One CMP was successfully prepared by the electropolymerization of 1,3,5-tris(N-

carbazolyl)benzene (TCB) monomers [Figure 16A]
[145]

. The thickness of CMP membranes could be

controlled via the cyclic voltammetry (CV) scanning from -0.8 to 1.23 V. The TEM image of the as-

synthesized composite showed that CMP was tightly connected to the carbon nanotube (CNT) substrate

[Figure 16B]. Notably, CMP membranes have many advantages, including outstanding stability, large surface

area, abound pores, and uniform pore size, but their brittleness leads to extremely poor mechanical behavior.

Hence, this research group further synthesized a flexible ionic CMP membrane with the precisely tailored

pore architecture by a coelectropolymerization (COEP) strategy
[146]

. As shown in Figure 16C, the CMP

structure was constructed by two compositions, including the rigid TCB monomer for the uniform porous

structure and the flexible charged CbzC
6
-N monomer for the mechanical flexibility. Various functional sites

were introduced into the organic building blocks via the rational monomer design, which could

simultaneously introduce multifunctional sites into porous organic materials to achieve excellent

performance. Moreover, electrochemical uranium extraction from seawater by PAFs also provided a new

opportunity for the sustainable supply of nuclear fuel . In 2023, Chen et al . reported a faci le

electropolymerization and the following functionalization to grow PAF-144-AO (amidoxime group modified

PAFs) with TCB and N-(2-cyanoethyl)-pyrrole (NCP) on carbon cloths. The self-standing and binder-free

electrodes were successfully prepared for electrochemical uranium extraction [Figure 16D]
[147]

. According to

a series of comparative experiments, the amidoxime group, electroactive site, and porous framework

synergistically improved uranium extraction performance via the adsorption-electro catalysis. This

electrochemical process showed higher uptake and faster kinetics compared to the physicochemical

adsorption.

The morphology and size of POFs can be precisely controlled by changing monomer concentration,

potential, sweep speed, and other parameters in electrochemical synthesis. However, compared to other
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green synthesis methods, there is relatively little research on the electrochemical synthesis strategy for

synthesizing porous organic materials. The electrochemical synthesis strategy for POFs is still in the

preliminary research stage. There are still many issues that require extensive research to determine, such as

electroactive organic monomer, appropriate electrolyte, electropolymerization condition, and so on. In

addition to the advantages of the electrochemical synthesis for preparing thin films, further exploration is

needed on how to prepare high crystalline porous organic materials in large quantities.

Other green synthetic methods

Porous organic materials often need to be supplied with energy during the synthesis process. In addition to

the above-mentioned green synthesis methods, some other environmentally friendly synthesis strategies with

specific energy sources are summarized. In the field of green chemistry, some researchers have utilized

diversified energy supply methods to controllably prepare porous organic materials, including microwave-

assisted heating and photo-induced catalysis
[148,149]

.

For the microwave-assisted heating method, microwave radiation can produce a better temperature

distribution in the synthetic system to eliminate the characteristic temperature distribution from the outside

to the inside produced by the conventional heating method. Hence, the microwave-assisted green synthesis

provides a favorable platform to prepare COFs with homogeneous morphology. For example, three two-

dimensional imine-conjugated COFs with different functional group modifications were successfully

synthesized using a simple microwave-assisted method for 1 h by Alsudairy et al. in 2023 [Figure 17A]
[150]

.

Compared with those samples obtained by the solvothermal method, the microwave-assisted COFs showed

more homogeneous morphology, higher crystallinity, and larger yield. Due to the homogeneous spherical

morphology and the high chemical stability caused by the built-in electron-donating groups, the as-

synthesized material was used as an iodine adsorbent with the advantages of fast kinetics, high capacity, and

excellent reusability. In the same year, another important work was reported by Wang et al. [Figure 17B]
[151]

.

A three-dimensional anionic COF [cyclodextrin (CD)-COF-Li] was synthesized by co-condensing both γ-

CD and B(OMe)
3
 in the presence of LiOH under microwave-assisted solvothermal conditions with high

yield, energy efficiency, and good crystallinity. The as-synthesized COFs possessed good ion channels and

oriented Li
+
 conduction paths, leading to their great potential application in the solid-state lithium-oxygen

battery.

The photocatalytic synthesis has attracted widespread attention due to its energy-saving, high efficiency,

economic, and environmentally friendly features. In 2022, Wu et al. reported a photocatalytic method for the

synthesis of COFs [Figure 17C]
[152]

. Under room temperature conditions, a photocatalytic synthesis of COFs

was  achieved  by  a  react ion  of  2 ,5-diamino-1,4-benzenediol  dihydrochloride  (DABD)  and

tetrabutylammonium salt of Eosin Y (TBA-eosin Y) assisted by 1,3,5-tris(4-formylphenyl)triazine (TFPT).

The as-synthesized benzoxazole-linked COF LZU-191 possessed good stability and high crystallinity. The

reaction mechanism of this strategy is photocatalytic cyclization under sunlight, oxygen, TBA-eosin Y, and

N-methyl-2-pyrrolidone (NMP) [Figure 17D]. In addition, the preparation of porous polymer microspheres

by photopolymerization is an attractive method due to the ability of ultraviolet (UV) light to initiate free

radical polymerization
[153,154]

. As seen in Figure 17E, the authors proposed an efficient, versatile, and tunable

strategy for the preparation of porous polymer microspheres based on the UV photopolymerization
[155]

. The

authors utilized poly(vinyl alcohol) (PVA) solution as the aqueous phase. The photopolymerization materials

and photoinitiators in an organic solution were used as the oil phase, which was rapidly mixed and

photopolymerized with UV-induced photopolymerization to obtain the polymers after removing the PVA

template. During this synthetic process, the organic solvent was encapsulated in the prepared microspheres

to act as a co-solvent and pore-forming agent, which could be removed ultimately to leave pores in the

microspheres. This method is important for green synthesis of porous organic polymers in only a few

minutes at room temperature.
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Figure 17. (A) The photopolymerization approach of Mw-TFB-BD-X COFs; (B) The synthesis diagram of CD-COF-Li for the solid-state Li-
O2 battery; (C) The preparation procedure of LZU-191 and (D) its model reaction for synthesizing 2-phenylbenzo[d]oxazole; (E) Schematic
diagram of the preparation process of polymeric porous microspheres. (A) Adapted with permission[150]. Copyright 2023, American
Chemical Society. (B) Adapted with permission[151]. Copyright 2022, Elsevier. (C and D) Adapted with permission[152]. Copyright 2022,
American Chemical Society. (E) Adapted with permission[155]. Copyright 2023, Royal Society of Chemistry. COFs: Covalent organic
frameworks; DABD: 2,5-diamino-1,4-benzenediol dihydrochloride; TBA-eosin Y: tetrabutylammonium salt of Eosin Y; NMP: N-methyl-2-
pyrrolidone; TFPT: 1,3,5-tris(4-formylphenyl)triazine; UV: ultraviolet; PVA: poly(vinyl alcohol); SSE: solid-state electrolyte.

Overall, these synthesis strategies can shorten reaction time, simplify experimental manipulation, and

substantially lower energy consumption. Additionally, they enable the design and synthesis of new POFs or

different morphologies that are difficult to achieve through the conventional solvothermal method. This

provides new ideas for expanding the synthesis strategy of POFs.

CONCLUSION AND OUTLOOK
Porous organic materials exhibit excellent performance in enormous applications, leading to their huge

potential in industrial use. Compared to other industrially applied porous materials, such as zeolite and

activated carbon, the synthesis process of most POFs does not satisfy the industrial needs, including low-

energy consumption, non-pollution, good repeatability, easy operation, and large-scale preparation. As

described in this review, an increasing number of POFs have been prepared by various environmentally

friendly green synthesis strategies in recent years. However, many problems need to be solved to meet

practical industrial applications. Herein, we highlight the challenge and direction for the green synthesis of

POFs in the near future.

(1) The current research mainly focuses on the synthetic strategy and design principle for synthesizing POFs,

but it clearly lacks the exploration on intermediate transition states, as well as in-depth analysis of synthesis

mechanisms and reaction pathways. Amorphous porous organic materials, including PAFs, CMPs and

HCPs, have been synthesized mainly through Friedel-Crafts alkylation, Suzuki coupling, Yamamoto

coupling, and Sonogashira-Hagihara cross-coupling reactions with clear catalytic mechanisms. However, the

effects of new reaction media or reaction methods on the formation, growth and crystallization of COFs are
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not fully understood. The mechanism study is crucial for optimizing synthesis conditions, which plays a

guiding role in the green synthetic process of POFs. The theoretical calculation is a useful method to

investigate the possible reaction path. Meanwhile, the largest energy barrier between different intermediates

can be determined as the rate-determining step by the calculated energy barrier, which is beneficial for

preliminary determination of suitable reaction conditions, such as temperature, catalyst, potential, and so on.

Furthermore, varieties of in-situ characterization techniques, including Fourier transform infrared spectra,

Raman spectra and electron spin resonance spectroscopy, can be performed to verify intermediate products

from an experimental perspective. On the other hand, time-resolved nuclear magnetic resonance, X-ray

diffraction, and mass spectroscopy techniques can be further utilized to study the change of crystal phase,

organic linker exchange, polymerization reaction, self-assembly, etc. Based on the above theoretical and

experimental analysis, it is possible to preliminarily explore different green synthesis process conditions,

monomers and polymerization reactions.

(2) For most organic coupling reactions in the POF synthesis, different types of catalysts are often required to

promote the reaction occurrence. Catalysts can significantly reduce the reaction energy barrier, which is

beneficial for achieving the efficient synthesis of POFs under green and mild conditions. However, most

catalysts are not only expensive, but also difficult to separate and contaminate the targeted POFs. Especially,

some catalysts are always sensitive to both air and water, leading to the harsh reaction conditions with a

significant impact on the structure and crystallinity of POFs in the large-scale synthesis. Therefore, the

development of high-performance and low-cost catalysts is crucial for the green synthesis of porous organic

materials. The ideal catalyst should have the following characteristics: low cost, high catalytic activity, easy

separation, good stability, and available reproducibility even in the large-scale preparation. In addition to the

above characteristics, the low life-cycle cost, high security, fine reusability and sustainability of catalysts

should be comprehensively evaluated and considered in the catalyst-assisted green and industrial synthesis

system.

(3) It is urgently in need of extensive research on more efficient, green, scalable, and sustainable synthesis

methods, leading to the transformation from the laboratory synthesis to the industrial large-scale preparation

of POFs. Some synthetic technologies, such as extrusion or spray drying, may enhance the productivity of

the large-scale synthesis, even exceeding the laboratory scale. Therefore, considering the practical

requirements such as industrial equipment, energy conservation, environmental protection, product quality,

separation and purification, the suitable green scale synthesis processes of the targeted POFs should be

developed and investigated in detail.

In summary, porous organic materials exhibit great potential in various applications. POFs have attracted

much attention and research, hoping to realize practical applications and breakthroughs in industrial fields.

In fact, many aspects limit the industrial practical application of POFs from the laboratory level. One of the

key factors is the development of green scale synthesis processes. Up to now, various green synthetic

strategies, including room temperature, green solvent, solvent-free, mechanochemical and electrochemical

synthesis, have been developed to prepare different POFs. Nevertheless, the current research on green

synthesis processes is slightly immature and there is still a significant gap from the practical application.

Further development in this field needs collaboration from multiple multidisciplinary experts. We believe

that scientific researchers will achieve more excellent results and push the industrial application of POFs to a

new level in the future.
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