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frameworks: bridging molecular design and
catalytic performance in CO2 reduction

Yingying Li, * Haiyan Song, Wenbo Zhu, Wenduo Li and Chao Shuai

Covalent organic frameworks (COFs) are a type of porous material composed entirely of organic

substances, featuring highly ordered structure, tunable pores, and customizable functions. They perfectly

integrate the diversity and variability of organic materials with the characteristics of porous materials, and

have shown great application prospects in numerous fields, such as energy, environment, catalysis,

sensing, biomedicine. As an emerging high-performance material, the basic research and application

exploration of COFs are currently in a stage of vigorous development, and it is also a popular frontier

field in interdisciplinary research. Recently, due to the unique properties of the phthalocyanine units,

phthalocyanine-based covalent organic framework materials (Pc-COFs) have attracted extensive

attention and developed rapidly. This paper systematically reviews the research progress of Pc-COFs

materials. Firstly, a detailed analysis was conducted on the design and synthesis techniques of Pc-COFs,

summarizing the topological types, building units and linker types of Pc-COFs that have been reported.

Then, the latest application progress of Pc-COFs in the field of carbon dioxide reduction was deeply

explored, listing the catalytic effects of different configuration Pc-COFs catalysts in electrocatalytic and

photocatalytic reactions. Finally, the existing challenges and future development prospects of Pc-

COFscatalysts were reviewed and outlined.
1. Introduction

Phthalocyanine is a large-ring compound with a structure similar
to that of porphyrin, but it is entirely synthetic. Phthalocyanine
ring has a cavity that can hold metal ions or non-metallic
elements to form a variety of metal phthalocyanines or non-
metallic phthalocyanine compounds (Fig. 1). This structural
diversity enables phthalocyanine compounds to have a wide
range of properties and applications. Besides being used as
pigments and dyes, they are also employed in chemical sensors,
electroluminescent devices, liquid crystal display materials, solar
cell materials elds.1–5 Additionally, phthalocyanines can also
serve as catalysts to facilitate various chemical reactions with the
advantages of mild reaction conditions and high efficiency.6–10

The unique properties of phthalocyanines have driven rapid
progress in their application as building units for COFs in
recent years,11 providing new insights for the development of
novel functional materials. Owing to their excellent optical,
electrical, magnetic properties, Pc-COFs exhibit a broad range
of applications in catalysis, sensing, separation, and related
elds.12–15 Additionally, research on Pc-COFs also encompasses
the composite and modication with other materials. By
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forming composites with metal nanoparticles, polymers, and
functional materials, the application scope and performance of
Pc-COFs can be further expanded.16–18 Given the rapid devel-
opment and growing interest in Pc-COFs, several review articles
in this eld have been published during the past several years.
In 2021, Chen et al. reviewed the progress achieved in the
design, synthesis and application of porphyrin- and
porphyrinoid-based covalent organic frameworks, highlighting
their applications in gas absorption, storage of energy, opto-
electronics, and catalysis.19 In 2022, Huang et al. systematically
summarized the electrocatalytic applications of Por- and Pc-
based COFs. Their work covered four critical reactions: CO2

reduction (CO2RR), hydrogen evolution (HER), along with
oxygen evolution and reduction (OER and ORR).20 More
recently, Kharissova et al. discussed the potential of using
porphyrins, phthalocyanines, related macrocycles, and their
Fig. 1 Structure of phthalocyanine and metal phthalocyanine.
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metal complexes in photochemical and electrochemical water
splitting.21 In light of the ongoing research progress, a timely
review of recent achievements is highly warranted. Moreover,
the existing literature primarily focuses on porphyrin-based
COFs and offers limited discussion on Pc-COFs. Given this
gap, a comprehensive review dedicated to the research progress
of Pc-COFs materials is of particular signicance.

Herein, we aim to review the advances in the design,
synthesis and application of Pc-COFs. This article begins by
examining the rational design and selection of building units
and linkers for constructing Pc-COFs with diverse topologies.
Subsequently, it summarizes the synthesis methods of Pc-COFs
and discusses their applications, with a particular focus on
electrocatalytic and photocatalytic carbon dioxide reduction.
Finally, the challenges and future opportunities in the devel-
opment of Pc-COFs are highlighted.
2. Design of phthalocyanine based
COFs

Owing to the rigid planar structure of phthalocyanine, the
synthesis strategies of [4 + 2] and [4 + 4] are usually employed to
assemble Pc-COFs. Here, the [4 + 2] and [4 + 4] strategies refer to
methods where building blocks with four connecting sites
linked with linkers possessing two or four connecting sites,
respectively. Most COFs obtained by these approaches possess
two-dimensional topological structures, with only a few re-
ported examples of three-dimensional congurations.22–25 The
topological structures reported for Pc-COFs are schematically
depicted in Fig. 2. For instance, Ding et al. adopted a [4 + 2]
strategy by employing electron-withdrawing nickel phthalocya-
nine derivatives (Pc-6) as building blocks and electron-decient
benzothiadiazole (L-36) as linking groups to synthesize a 2D
COFs with n-type channels. The combination between the C4-
symmetric phthalocyanine block and C2-symmetric linker
results in tetragonal COFs with a sql topological structure.26

In addition, Pc-COFs could be constructed via a [4 + 4]
method, which also yields an sql network. For example, Yue
et al. rationally designed and synthesized novel ultra-stable
bimetallic polyphthalocyanine COFs by a nucleophilic
aromatic substitution reaction between octa-
hydroxyphthalocyanine (Pc-9, Pc-37) and hexa-
uorophthalocyanine (Pc-17). The resulting COFs, specically
CuPcF8-CoPc-COF and CuPcF8-CoNPc-COF, exhibit excellent
stability under harsh conditions.27

In recent years, 3D COFs with new topologies andmore voids
have been rapidly enriched. Compared to 2D species, their
special pore structures including interconnected channels, high
surface areas, low densities, and abundant active sites have
been demonstrated to be useful in separation, catalysis, and
guest encapsulation.28 The synthesis of 3D COFs requires high-
connectivity polyhedral building blocks or precise control over
building block alignment. Although the rigid planar structure of
phthalocyanine and its derivatives favors the formation of 2D
COFs, it is still feasible to construct 3D Pc-COFs structures by
selecting appropriate linker groups. For instance, Han et al.
© 2025 The Author(s). Published by the Royal Society of Chemistry
chose 1,3,5,7-tetra(4-aminophenyl)adamantine (TAPA) (L-5)
with Td symmetry as the linking group to construct pts topo-
logical structure by the solvothermal reaction.29 In another
approach, Wang et al. utilized the latter strategy to assemble
square-planar cobalt(II) phthalocyanine (Pc-9) units into
a porous 3D COF, named SPB-COF-DBA, which exhibits
a noninterpenetrated nbo topology by using tetrahedral spiro-
borate (SPB) linkages, which were chosen to provide the
necessary 90° dihedral angles between neighboring PcCo
units.25 Another noteworthy structure is the Pc-COFs with an
shp topology, using a linker bearing twelve connecting sites (L-
60) in coordination with phthalocyanine molecules.24

Besides choosing the appropriate linkers, it is necessary to
select or design phthalocyanine molecules with appropriate
functional groups in order to connect with linker units through
covalent bonds. Thus, as shown in Fig. 3, phthalocyanine and
phthalocyanine derivatives containing aldehyde groups, amino
groups, boric acids, hydroxyl groups, carboxyl groups, uorine,
imines and acid anhydrides were carefully chosen to react with
appropriately functionalized knots/linkers (illustrated in Fig. 4)
for the construction of COFs through forming –B–O–, –C]N–, –
C–N– and –C–O– covalent bonds, providing more possibilities
for the design and synthesis of Pc-COFs.
3. Synthetic strategies for Pc-COFs

The synthesis of Pc-COFs is simpler than that of other COFs types.
The main strategy is to use phthalocyanines containing amino,
carboxyl, aldehyde, hydroxyl, anhydride and halogen atoms as the
blocks, and react them with appropriately functionalized linkers
through various condensation or coupling reactions to obtain Pc-
COFs with different structures and properties (Fig. 5). In addition
to building blocks and linkers, the crystallinity and porosity of the
resulting COFs are also highly dependent on the reaction
temperature, reaction time, solvent types, and the concentration of
organic compounds.30–35 Thus, selecting the appropriate reaction
medium and reaction conditions is particularly crucial for forming
thermodynamic stable crystalline COFs.36 Currently, solvothermal
polymerization reactions has became the most common method
to prepare crystalline COFs under mixed solvent conditions.37,38

Following, the most commonly synthesis path of Pc-COFs mate-
rials will be described in detail.
3.1 Imine-linked Pc-COFs

The Schiff base reaction is extensively employed in the con-
structing Pc-COFs. This process involves the condensation of
amino or hydrazide groups with aldehyde groups on monomers
(Fig. 5a), forming imine linkages that confer high intrinsic
conductivity and accessible active sites to the resulting COFs.
These characteristics bridge the gap between homogeneous and
heterogeneous electrocatalysis.39–41 In 2024, Teng et al.
proposed a bipyridine covalent immobilization strategy with the
assistance of Pc-COFs platform linked by imine. When the bi-
pyridine groups (BPy) are introduced into the COFs backbone,
the metals such as Cu can be coordinated into the layered pore
structure, which suppress the leaching agglomeration effect
RSC Adv., 2025, 15, 50692–50713 | 50693
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Fig. 2 Synthetic strategies for assembling topologically specific Pc-COFs (quadrilaterals, triangles, and polyhedra represent the main frame-
works of the building blocks and linkers, while circles denote the functional groups involved in the reaction, as well as the resulting linkages).
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whilst improve the conductivity of bare COFs (Fig. 6).39 In 2023,
Tian et al. produced a series of bimetallic Pc-COFs, denoted as
NiPc-DFP-MCOF (M = Ni and Co), by assembling
2,3,9,10,16,17,23,24-octaamino-phthalocyaninato nickel(II)
(NiPc-8NH2) with 2,6-diformylphenol (DFP). The synergistic
combination of NiPc and metal-ions-coordinated salphen
pockets (M-N2O2) can endow these materials with enhanced
CO2 adsorption/activation capacity, a built-in electric eld
effect, and remarkable photosensitivity, leading to superior
performance in light-assisted electrocatalytic CO2RR.42
3.2 Imide-linked COFs

Leveraging the planar structure of phthalocyanine molecules,
constructing imide-linked covalent organic frameworks has
emerged as a highly effective strategy (Fig. 5b). The imide
linkages formed by the condensation of anhydride and amino
groups not only extend the conjugated system of the phthalo-
cyanines but also signicantly enhance the electrocatalytic
activity of the resulting COFs.43 For instance, in 2022, Yuan et al.
50694 | RSC Adv., 2025, 15, 50692–50713
fabricated two novel coupled phthalocyanine-porphyrin COFs,
namely Type 1:2 (CoPc-2H2Por) or Type 1:1 (CoPc-H2Por), via
imidization reaction. Due to their adjustable architecture and
porous feature, these materials have been applied as potential
electrocatalysts for CO2RR.44 Further advancing this approach,
Zhang et al. designed two bifunctional imide-linked covalent
organic frameworks through assembling Pc and Por by non-
toxic hydrothermal methods in pure water to realize the above
catalytic reactions (Fig. 7). For the rst time, this work achieves
the rational design of bifunctional COFs for coupled heteroge-
neous catalysis, opening a new avenue for the development of
crystalline porous catalysts.45
3.3 Piperazine-linked COFs

Ketone ligands are commonly employed in the synthesis of
conductive organic materials and have wide applications in
electrochemical progresses. 2D conductive COFs with extensive
planar p-conjugation have been developed, demonstrating high
intrinsic electrical conductivity suitable for electronic devices
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Phthalocyanine building blocks reported.
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and chemical sensing.46,47 Taking these into account, nickel
phthalocyanine was integrated into an intrinsically conductive
piperazine-linked conjugated 2D COF (NiPc-COF) with high
stability for the enhanced CO2RR in water (Fig. 8). The NiPc-
© 2025 The Author(s). Published by the Royal Society of Chemistry
COF nanosheets achieved highly selective reduction of CO2

into CO under aqueous conditions with a positive onset
potential at −0.55 V versus the reversible hydrogen electrode
(RHE).48 In 2023, Zhong et al. synthesized a series of 2D-COFs
RSC Adv., 2025, 15, 50692–50713 | 50695
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Fig. 4 Linkers containing different binding groups.
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based on metal-phthalocyanine (M = Fe, Co, Ni, Mn, Zn, and
Cu) and pyrene units bonded by pyrazine linkages (Fig. 5c).
These materials simultaneously enhanced both the activity and
selectivity for the electrochemical nitrogen reduction reaction
(NRR) to ammonia, while also elucidating the inuence of
different metal centers on the catalytic performance.49
3.4 Borate-linked COFs

Boric acid and polyphenol compounds can be used to construct
COFs with two-dimensional or three-dimensional structures by
polycondensation (Fig. 5d). These COFs have unique chemical
structure and properties, such as excellent crystallization, low
density, high specic surface area and strong structural desig-
nability, and become one of the research hotspots.50–52 In 2012,
Dichtel et al. developed a series of 2D zinc phthalocyanine
50696 | RSC Adv., 2025, 15, 50692–50713
(ZnPc) COFs featuring expanded diagonal pore widths of 2.7,
3.4, 4.0, and 4.4 nm. They achieved this by utilizing the longest
molecular linkers ever incorporated into a COF structure
(Fig. 9). The team carried out the synthesis in sealed glass
ampoules at 120 °C for 72 hours, using dioxane/MeOHmixtures
in varying ratios (2 : 1, 3 : 1, 5 : 1), which reproducibly yielded the
products as insoluble microcrystalline powders.53

The B–O covalent bond in borate-connected COFs gives the
material high temperature resistance, but such COFs are also
vulnerable to moderate nucleophiles such as water, resulting in
the hydrolysis of B–O covalent bonds, which leads to the
collapse of pores. Therefore, special attention needs to be paid
to protecting boracic-linked COFs from moisture during
synthesis and application. The direct formation of boronate
esters from protected catechols presents an attractive alterna-
tive for COFs synthesis, because the protecting groups can
decrease the compound's polarity, prevent autoxidation and
confer enhanced solubility. In 2012, Spitler et al. reported a new
general method for the synthesis of boronate ester-linked COFs
avoiding the direct use of insoluble and unstable polyfunctional
catechol reactants. Pc-PBBA COF was synthesized by combining
Pc, 1,4-phenylenebis (PBBA) and BF3$OEt2 in a 1 : 1 mixture of
mesitylene and 1,2-dichloroethane (DCE) in a ame-sealed
glass reaction vessel, heating at 120 °C for six days. The crude
product was isolated by ltration and puried with yield 48%.54

3.5 Dioxin-linked COFs

Introducing dual-metal atom centers into COFs has emerged as
an effective approach for enhancing sensing and catalytic capa-
bilities by optimizing their electronic structures.55 This approach
utilizes two distinctmetal-linked central building blocks to create
dual-metal ion active sites in Pc-COFs.56 Considering that
phthalocyanine molecules can act as building units as well as
linkers, researchers have successfully condensed phthalocyanine
derivatives bearing two different substituents to obtain COFs
materials with dualmetal centers. In 2021, Huang et al. rationally
designed and synthesized new kinds of ultrastable bimetallic
polyphthalocyanine COFs. Beneting from an eclipsed stacking
mode that enables high-speed electron transfer, the bimetallic
CuPcF8-CoPc-COF and CuPcF8-CoNPc-COF exhibited excellent
robustness under harsh conditions (Fig. 10), leading to
outstanding activity, selectivity, and stability in the electro-
catalytic reduction of CO2 in an aqueous system.27 In the same
year, using the same synthesis strategy as above, Chen et al.
designed and synthesized another dioxin connected 2D COF
material with CuPc [OH]8 and NiPcF8 as building units. The
bimetallic COF-CuNiPc with an asymmetric synergistic effect
achieves a fast adsorption/desorption process to NO2.57

3.6 Other linkages

Apart from the main linkage group mentioned above, several
other types of linkage groups (Fig. 5e) can also be used to
construct Pc-COFs, including imidazole, oxazine, and azo
groups.58–60 In 2024, Zhang et al. successfully prepared a family
of high crystalline benzimidazole-linked Cu(II)-phthalocyanine-
based COFs powders and lms by a transfer dehydrogenation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Different connection methods in the synthesis strategy: (a) imine-linked, (b) imide-linked, (c) phenazine-linked, (d) borate-linked and (e)
other linkages.
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method with N-benzylideneaniline (BA) as a mild reagent
(Fig. 11). Both of these new BICuPc-COFs lms showed high
electrical conductivity (0.022–0.218 S m−1), higher than most of
the reported COFs materials.61 In 2024, three kinds of Pc-COFs,
NA-NiPc (4-nitronickel phthalocyanine + 4-aminonickel phtha-
locyanine), PPDA-NiPc (4-nitronickel phthalocyanine + p-
phenylenediamine) and DAB-NiPc (4-nitronickel phthalocya-
nine + 4,40-diaminobiphenyl), with different pore sizes were
synthesized by a catalyst-free coupling reaction (Fig. 12).
Moreover, the use of the NA-NiPc, PPDA-NiPc and DAB-NiPc
electrodes in sodium-ion batteries also display excellent
behaviors, such as high capacities, stable cycling performances
and excellent rate capabilities.62

The presence of multiple active sites in electrosynthesis
reactions has been shown to signicantly enhance reaction
selectivity and efficiency.63–65 As a result, Cu-phthalocyanine
(CuPc) has attracted considerable attention due to its unique
electrocatalytic properties.66–69 Studies indicate that CuPc can
© 2025 The Author(s). Published by the Royal Society of Chemistry
undergo partial in situ transformation into composite metal
catalysts with nanocluster loadings, providing new avenues for
optimizing catalytic performance.70 To further enhance catalytic
performance, Yang et al. designed and synthesized a series of
CuPc-COFs with dioxin, piperazine and oxazine linkage, sepa-
rately (Fig. 13). The distinctive structure of CuPc-COFs anchors
the partially formed Cu clusters and facilitates synergy with the
phthalocyanine Cu sites. This Cu-organic interface synergy
signicantly enhances the selectivity for C2+ products and
acetate by optimizing the electronic structure, promoting
charge separation, and improving the adsorption and conver-
sion of reaction intermediates.70–72

Besides the two-step synthesis method, which involves rst
synthesizing phthalocyanine monomers and then selecting
suitable linkers to construct COFs, another important strategy is
to obtain Pc-COFs directly from small molecules.73 In the process,
small molecules act as both the building units of phthalocyanine
monomers and the linkers, this method can effectively improve
RSC Adv., 2025, 15, 50692–50713 | 50697
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Fig. 6 Schematic illustration of CuTAPc-BPy-COF and CuTAPc-CuBPy-COF materials. Reprinted with permission from ref. 39. Copyright 2023
Elsevier Inc.
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the synthesis efficiency. In 2018, Wu et al. reported a facile
synthetic approach to engineer a cobalt (Co) phthalocyanine-
linked polymeric framework with abundant defective sites to
facilitate the sluggish CO2RR in water. To illustrate this strategy
briey, phthalic anhydride, pyromelliticdianhydride, CoCl2,
NH4Cl, urea and (NH4)2Mo2O7, were ground together and then
transferred to a muffle furnace. The mixture was kept heating at
220 °C for 3 h to accomplish the polycondensation reaction. The
authors proposed that the use of phthalic anhydride as a como-
nomer could give a rise to the formation of defective sites within
the architecture.74 In 2022, Liu et al. selected nitrogen-rich
1,2,4,5-tetracarbonitrile benzene (TCNB) as the sole organic
building block, and Cu(II) as anchored at the coordination center,
resulting in a stable conjugated two-dimensional network with
single-atomic centers under assistance of microwave irradia-
tion.75 On the basis of small molecular of anhydrides and cyanide
compounds, researchers tried to change the molecular length of
small molecules to tailor the pore size and surface area of COF. In
2022, Yang et al. chosen benzo [1,2-b:4,5-b0]bis [1,4]benzodioxin-
2,3,9,10-tetracarbonitrile (BBTC) and quinoxalino[20,30:9,10]
phenanthro[4,5-abc]phenazine-6,7,15,16-tetracarbonitrile
(QPPTC) as the comonomer to fabricate two fully conjugated Pc-
based COFs (denoted as BB-FAC-Pc-COF and QPP-FAC-Pc-COF).
CO2 adsorption–desorption measurement discloses their
permanent porosity with a Brunauer–Emmett–Teller (BET)
surface area of 290 m2 g−1 for BB-FAC-Pc-COF and 350 m2 g−1 for
QPP-FAC-Pc-COF.76 Utilizing a mixed-metal salt ionothermal
50698 | RSC Adv., 2025, 15, 50692–50713
approach, Song et al. reported the synthesis of a series of Pc-COFs
starting from 1,2,4,5-tetracyanobenzene and 2,3,6,7-tetra-
cyanoanthracene to form the corresponding COFs named M-
pPPCs and M-anPPCs, respectively (Fig. 14). The obtained COFs
followed the Irving–Williams series in their metal contents,
surface areas, and pore volume and featured excellent CO2

uptake capacities up to 7.6 mmol g−1 at 273 K, 1.1 bar.77
4. Electrocatalytic and photocatalytic
carbon dioxide reduction

Pc-COFs exhibit signicant application potential across
multiple elds owing to their outstanding characteristics,
including high structural designability, broad functional
adaptability, customizable topologies, tunable pore size and
porosity, diverse building block relationships, varied covalent
linkage modes, and large specic surface area.78 These
distinctive properties have enabled COFs to nd applications in
various areas, such as gas capture,79 separation,80,81 energy
storage,82 sensor detection,83 battery technology,84

electrocatalysis85–87 and photocatalysis.88–90 Among these,
electrocatalytic and photocatalytic carbon dioxide reduction
represent the most extensively studied applications and have
attracted growing research interest, leading to rapid advances in
recent years. The following section will provide a detailed
overview of recent progress in Pc-COF-based electrocatalytic and
photocatalytic CO2 reduction.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic illustration for the synthesis of COFs linked by polyimide. (a) Synthesis process of NiPc-2HPor COF. (b) PXRD patterns of NiPc-
2HPor COF. (c) Results of N2 adsorption–desorption results. (d) Simulated crystal structure of AA slipped stacking. (e) Simulated crystal structure
of AB stacking. (f) Side perspective of the NiPc-2HPor COF with AA slipped stacking. Republished with permission from ref. 45. Copyright 2023,
The Author(s).
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4.1 Electrocatalytic carbon dioxide reduction

In recent years, the electrocatalytic carbon dioxide reduction
reaction (CO2RR) has emerged as a promising strategy to
address environmental challenges caused by excessive CO2

emissions.91–93 The development of suitable electrocatalysts is
crucial for the efficient implementation of this process.94
Fig. 8 Synthesis and stacking structure of 2D conductive NiPc-COF. Rep

© 2025 The Author(s). Published by the Royal Society of Chemistry
Covalent organic frameworks, which feature high conductivity,
remarkable stability, and uniformly dispersed active sites, show
great potential as electrocatalysts to facilitate this conversion.95

To further improve catalytic performance, researchers have
been actively exploring various structural modications of Pc-
COFs. These include varying the linker length, adjusting
linker substituents, changing the type and number of central
rinted with permission from ref. 48. Copyright 2020Wiley-VCHGmbH.
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Fig. 9 Chemical and extended structures of the expanded ZnPc COFs. Reprintedwith permission from ref. 53. Copyright 2012Wiley-VCHVerlag
GmbH & Co. KGaA, Weinheim.
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metal ions, controlling the COFmorphology, and developing 3D
architectures from 2D frameworks. Table 1 summarizes all re-
ported Pc-COFs materials studied for electrocatalytic CO2RR.

4.1.1 Altering the length of the linker. For Pc-COFs, the
length of the linker is an important factor determining the pore
size of the material. By changing the length of the linker, not
only can regulate the structure, but also can enhance the cata-
lytic activity of the COFs.50,98 In 2022, two dimensional Pc-COFs
linked by imide, designated as CoPc-PI-COF-1 and CoPc-PI-
Fig. 10 (a) Design and synthesis of dioxin-linked COFs. (b) Eclipsed stack
permission from ref. 27. Copyright 2021 American Chemical Society.

50700 | RSC Adv., 2025, 15, 50692–50713
COF-2, were constructed via a solvothermal route. The resul-
tant CoPc-PI-COFs show permanent porosity, thermal stability
above 300 °C, and excellent resistance to a 12 M HCl aqueous
solution for 20 days. When benchmarked against the CoPc-PI-
COF-2 & carbon black electrode, the CoPc-PI-COF-1-based
cathode demonstrated superior performance, achieving
a larger CO partial current density (jCO) of −21.2 mA cm−2 at
−0.90 V. This enhancement is attributed to its higher electrical
conductivity. Furthermore, this electrode exhibited remarkable
ing of CuPcF8-CoPc-COF and (c) CuPcF8-CoNPc-COF. Reprinted with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Synthesis of BICuPc-COFs-1, BICuPc-COFs-2, and BICuPc-COFs-3. Reprinted with permission from ref. 61. Copyright 2024Wiley-VCH
GmbH.

Fig. 12 Geometry optimization of NA-NiPc, PPDA-NiPc and DAB-NiPc with HyperChem release 7.5. Reprinted with permission from ref. 62.
Copyright 2021 Elsevier B.V.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 50692–50713 | 50701
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Fig. 13 Schematic diagram of the synthesis of CuPc-COF-OO, CuPc-COF-NOE, CuPc-COF-NOZ, CuPc-COF-NN. Reprinted with permission
from ref. 72. Copyright 2025 American Chemical Society.
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durability and efficiency over a 40 hour test at −0.70 V, as evi-
denced by a high turnover number (TON) of 277 000 and
a turnover frequency (TOF) of 2.2 s−1 (Fig. 15). These ndings
underscore the signicant promise of 2D porous crystalline
solids in electrocatalytic applications.98 In 2018, Yao et al. used
cobalt phthalocyanine as the building unit and selected PBBA
(1,4-phenylene diboronic acid), bPBBA (1,4-biphenylene di-
boronic acid), and tPBBA (1,4-biphenyltriboronic acid) as the
linking groups to construct three types of Pc-COFs (Fig. 16). The
results indicate that this series of covalent organic frameworks
has emerged as promising candidate catalysts for carbon
dioxide reduction, owing to their synergistic effect in storage
and catalytic functions. More importantly, by incorporating
a storage function, this COF design can increase the concen-
tration of carbon dioxide around the catalytic center to 97.7
times in a conventional aqueous solution environment. This
concentration increase effectively reduces the reduction acti-
vation energy (the overpotential decreases from 0.39 V to 0.27
V), and signicantly improves the yield. Both of these indicators
Fig. 14 Schematic representation of the mixed-metal salt approach tow
works. Reprinted with permission from ref. 77. Copyright 2023 The Auth

50702 | RSC Adv., 2025, 15, 50692–50713
have achieved signicant breakthroughs compared to recent
reports.50

The experimental results demonstrate that the porosity of
COF materials can be tuned by varying the linker length, which
enhances the local concentration of CO2 at the active sites and
improves catalytic activity. However, longer linkers concurrently
reduce the electrical conductivity of these sites, ultimately
impairing catalytic performance. Consequently, the design of
COF structures must strike a balance between linker length and
electrical conductivity.

4.1.2 Adjusting the substituents of the linker. Established
strategies for enhancing the performance of CO2RR include
improving CO2 adsorption/activation, stabilizing reactive
intermediates, and reducing the surface work function of the
catalyst.103,104 Notably, for the strategy of enhancing CO2

adsorption/activation, beyond pore size regulation, the intro-
duction of electron-rich building units into covalent organic
frameworks serves as an effective approach. Hence, modifying
the substituents on the linkers also presents a viable method for
ards the synthesis of metallophthalocyanine covalent organic frame-
ors.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Phthalocyanine-based COFs applied for electrocatalytic carbon dioxide reduction reactionsa

COFs Monomers Topology Linker group Synthesis condition

Faradaic
efficiency
(%)

Current
density
(mA cm−2)

Potential
(V vs.
RHE) Ref.

CuPcF8-CoPc-COF Pc-17 and Pc-9 sql Dioxin Et3N/DMF, 100 °C, 168 h 91 16.50 −0.70 27
CuPcF8-CoNPc-COF Pc-17 and Pc-

37
sql Dioxin Et3N/DMF, 100 °C, 168 h 97 15.20 −0.62

NiPc-DFP-Co Pc-23 and L-23 sql Imine MeOH, 24 h 99.86 −12.43 −0.90 42
NiPc-DFP-Ni Pc-23 and L-23 sql Imine MeOH, 24 h 97.81 −9.10 −1.10
CoPc-2H2Por Pc-2 and L-1 sql Imide NMP/1-butanol/isoquinoline,

180 °C, 168 h
95 −8.1 −5.5 44

CoPc-H2Por Pc-2 and L-2 sql Imide NMP/1-butanol/isoquinoline,
180 °C, 168 h

94 −6.1 −5.5

NiPc-NiPor COF Pc-16 and L-3 sql Imide Pure H2O, 210 °C, 48 h 98.12 6.14 2.1 45
NiPc-COF Pc-23 and L-45 sql Piperazine NMP/mesitylene/PTSA, 150 °C,

120 h
94.40 54 −0.5 48

Co-Pc-PBBA Pc-22 and L-37 sql Borate — — — 0.13 50
Co-Pc-bPBBA Pc-22 and L-41 sql Borate — — — —
Co-Pc-tPBBA Pc-22 and L-40 sql Borate — — — —
NiPc-Im-COF Pc-23 and L-25 sql Imidazole NMP/mesitylene, 170 °C, 144 h 90 267 −0.8 85
NiPc-OH-COF Pc-3 and L-6 sql Imide NMP/mesitylene/isoquinoline,

180 °C, 120 h
∼100 −39.2 −1.1 96

NiPc-OMe-COF Pc-3 and L-7 sql Imide NMP/mesitylene/isoquinoline,
180 °C, 120 h

99.3 −20.3 −1.1

NiPc-H-COF Pc-3 and L-8 sql Imide NMP/mesitylene/isoquinoline,
180 °C, 120 h

95 −18 −1.1

HPc-PI-COF-3 Pc-1 and L-5 pts Imide NMP/n-BuOH/isoquinoline,
180 °C, 120 h

— — — 97

CoPc-PI-COF-3 Pc-2 and L-5 pts Imide NMP/n-BuOH/isoquinoline,
180 °C, 120 h

96 −31.7 −0.9

CoPc-PI-COF-1 Pc-2 and L-8 sql Imide NMP/n-BuOH/isoquinoline,
180 °C, 120 h

97 — −0.8 98

CoPc-PI-COF-2 Pc-2 and L-17 sql Imide NMP/n-BuOH/isoquinoline,
180 °C, 120 h

96 — −0.8

2D-NiPc-COF Pc-3 and L-12 sql Imide NMP/isoquinoline, 180 °C, 120
h

90 −13.97 −0.9 99

3D-NiPc-COF Pc-3 and L-4 pts Imide NMP/isoquinoline, 180 °C, 120
h

97 −8.25 −0.8

NiPC-NH-TFPN-COF-NH2 Pc-23 and L-53 sql Piperazine Dioxane/Et3N, 120 °C, 72 h 99.6 — −1.0 100
NiPC-NH-TFPN-COF-
COOH

Pc-23 and L-53 sql Piperazine Dioxane/Et3N, 120 °C, 72 h 71.4 — −1.0

NiPc-TFPN COF Pc-6 and L-53 sql Dioxin DMA/E3tN, 150 °C, 72 h 99.8 (�1.24) −14.1 −0.9 101
CoPc-TFPN COF Pc-9 and L-53 sql Dioxin DMA/E3tN, 150 °C, 72 h 96.1 (�1.25) −10.6 −0.9
ZnPc-TFPN COF Pc-8 and L-53 sql Dioxin DMA/E3tN, 150 °C, 72 h 22.9 — −0.9
CoPc-PDQ-COF Pc-26 and L-46 sql Piperazine DMAc/ethylene glycol/acetic

acid,
200 °C

96 49.4 −0.66 102

a DFP – 2,6-diformylphenol, TFPN – tetrauorophthalonitrile, PTSA – p-toluenesulfonic acid, NMP – N-methyl-2-pyrrolidone, PDQ – 4,5,9,10-
pyrenediquinone, PI – polyimide.
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boosting catalytic performance. In 2024, Xie et al. demonstrate
a strategy for tuning the microenvironment of CO2RR by
learning from the natural chlorophyll and heme. As a result, the
addition of –CH2NH2 can greatly enhance the activity and
selectivity of CO2RR. As proven by experimental characteriza-
tion and theoretical simulation, the electron-donating group (–
CH2NH2) not only reduces the surface work function of COF,
but also improves the adsorption energy of the key intermediate
*COOH, compared with the COFs with electron-withdrawing
groups (–CN, –COOH) near the active sites.100
© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the substituents on the linkers can also
interact via weak chemical bonds, which enhances both the
stability and electrical conductivity of the COFs. In 2022, Li et al.
synthesized three COFs by adopting the strategy of changing the
substituent of the linker. NiPc-OH-COF exhibits superior
stability, especially in strong NaOH, and a high conductivity of
1.5× 10−3 S m−1, outperforming both NiPc-OMe-COF and NiPc-
H-COF. This enhancement is attributed to strong interlayer
hydrogen bonds formed between the hydroxyl groups on DB
units in adjacent layers.96
RSC Adv., 2025, 15, 50692–50713 | 50703
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Fig. 15 (a) Faradaic efficiency (b) Partial CO current density (c) Tafel plots (d) of CoPc-PI-COF-1, CoPc-PI-COF-2, and CoPc. (e) Stability test at
−0.70 V for 40 h. (f) Comparison of CO partial current densities between CoPc-PI-COF-1 with porphyrin/phthalocyanine electrocatalysts.
Reprinted with permission from ref. 98. Copyright 2021 American Chemical Society.
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Thus, tailoring the electronic structure of COFs via linker
substituents (e.g., with electron-donating groups to lower work
function and optimize adsorption) and utilizing weak inter-
chain interactions (such as hydrogen bonds) to enhance
stability and conductivity together provide a synergistic strategy
for enhancing CO2RR activity and selectivity.

4.1.3 Changing central metal ion. The choice of central
metal element directly governs the reduction mechanism. A
central Co atom, for example, binds *CO2 and *CO with
comparable strength, allowing Co to be readily released as the
product. Conversely, systems with central Ni or Cu atoms face
a higher energy barrier for *COOH formation, a rate-
determining step that imposes a signicantly larger onset
overpotential (shown in Table 1).11 To this end, achieving the
introduction of bimetallic active sites is a key objective in the
development of COF-based electrocatalysts for CO2RR. In 2022,
Yue et al. rationally designed and synthesized new kinds of
ultrastable bimetallic polyphthalocyanine COFs. The resulting
bimetallic CuPcF8-CoPc-COF and CuPcF8-CoNPc-COF displayed
Fig. 16 Atomic structure of the COF series and the corresponding fragme

50704 | RSC Adv., 2025, 15, 50692–50713
considerable activity, selectivity, and stability toward CO2RR.
Computational analysis reveals distinct roles for the metal
centers: Co sites show a stronger affinity for the *COOH inter-
mediate, while Cu sites bind *H more favorably. This suggests
that Co and Cu serve as the primary active sites for CO2RR and
HER, respectively. Additionally, the Gibbs free energy for
*COOH formation and the resulting overpotential are modu-
lated by the specic phthalocyanine units involved. In contrast,
Cu atoms exhibit the lowest energy barrier and the highest
electron/proton transfer rate during HER. The presence of Cu in
CuPcF8-CoPc-COF and CuPcF8-CoNPc-COF is proposed to
promote the protonation of *CO2 adsorbed on Co sites, thereby
accelerating the overall CO2RR process.27

In 2022, a series of NiPc-DFP-M COFs (M = Ni, Co) were
constructed by involving the integration of salphen pockets into
the framework (Fig. 17). These materials feature tunable
bimetallic centers with distinct coordination spheres, high light
sensitivity, and intrinsic electric-eld effects, making them
highly effective for light-driven CO2RR. Specically, the
nt. Reprinted with permission from ref. 50. Copyright 2018Wiley-VCH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heterometallic NiPc-DFP-Co COF achieves ∼100% faradaic
efficiency for CO (FECO) across a broad potential window−0.7 to
−1.1 V and an energy efficiency of ∼70% at −0.7 V under illu-
mination, superior to both monometallic and homometallic
analogues tested in the dark.42 The enhanced activity can be
attributed to the cooperative interaction of NiPc and Co-salphen
units, which notably reduces the energy barrier for the rate-
limiting step and promotes electron density, as conrmed by
DFT simulations, leading to improved photoelectrocatalytic
performance.

4.1.4 Transforming the shape of COFs. Altering the phys-
ical form of catalysts is primarily achieved through two
approaches. One method involves fabricating them into various
nanostructures such as nanoparticles, nanotubes, or nano-
sheets to increase the number of active sites and enhance
catalytic efficiency. The alternative approach entails immobi-
lizing them onto another catalyst support, leveraging syner-
gistic effects between components to improve overall catalytic
activity.17,48 In 2022, two dimensional conductive COF nano-
sheets composed of Ni-phthalocyanine units linked by pyrazine
have been synthesized and applied as an efficient electrocatalyst
for CO2 reduction. The material exhibits superior charge
transport and abundant exposed active sites, resulting in CO
selectivity exceeding 93% across a broad potential window from
−0.6 to −1.1 V, with a peak FECO of 99.1% at −0.9 V. It delivers
a CO partial current density of 35 mA cm−2 at −1.1 V, higher
than that of conventional insulating COF-based catalysts.
Furthermore, the covalent pyrazine linkages endow the frame-
work with remarkable structural integrity, enabling stable
performance over 10 hours of continuous operation. This study
demonstrates a viable approach to enhance both current
density and product selectivity in CO2RR using 2D conductive
COF nanosheets, offering valuable insights for the rational
design of advanced porous framework electrocatalysts.48

Another illustrative example to modify the COFs catalyst is
loading it on TiO2 nanotubes (NTs), and forming a dual-active-
site electrochemical catalyst. A Pc-COF, namely CoPc-COF, in
Fig. 17 (a) The syntheses route of NiPc-DFP-M COF (M = Co and Ni).
(b) PXRD patterns of NiPc-DFP-Co COF. (c) AA stacking mode for
NiPc-DFP-Co COF. Reprinted with permission from ref. 42. Copyright
2023 CCS Chem.

© 2025 The Author(s). Published by the Royal Society of Chemistry
situ grew on the surface of multilayered NTS, generate the CoPc-
COF@TiO2 NTs composite. Remarkably, the CoPc-COF@TiO2

NT hybrid demonstrates unprecedented electrocatalytic
performance in converting CO2 and NO3

− to urea, achieving
a record yield of 1205 mg h−1 cm−2 and a high faradaic efficiency
of 49% at −0.6 V (vs. RHE), which is attributed to a pronounced
synergistic effect between the composite's constituents.17

4.1.5 Modifying the structure from 2D to 3D. The density of
active sites and the efficiency of substrate diffusion play a crit-
ical role in determining the CO2RR performance of electro-
catalysts, as reected in their turnover number and overall
product yield.103 However, the stacking pattern of two-
dimensional COFs, especially the AA stacking mode that is
widely adopted for frameworks containing conjugated struc-
tures of phthalocyanine units, seems to limit the number of
exposed metal ions to a certain extent, thereby reducing the
concentration of surface active sites. The use of porous 3D
reticular materials serves as a promising strategy to address this
issue, as their structure mitigates the aggregation of molecular
building blocks, thereby increasing the density of accessible
electrocatalytic active sites.104

Synthesis of functional 3D COFs with irreversible bond is
challenging. In 2022, two 3D imide-bonded COFs were con-
structed. Structural analyses conrm that both 3D COFs
constitute interpenetrated pts-topology networks. Electro-
catalytic cathode of CoPc-PI-COF-3 integrated with carbon black
demonstrates efficient CO2-to-CO conversion in KHCO3

aqueous solution, achieving a faradaic efficiency of 88–96%
within approximately−0.60 to−1.00 V (vs. RHE). The accessible
3D porous framework allows 32.7% of the CoPc subunits to
function as active sites, consequently delivering a high CO
partial current density (jCO) of −31.7 mA cm−2 at −0.90 V
(Fig. 18). These values represent a substantial improvement
over the high-performing 2D CoPc-PI-COF-1 (5.1% active sites;
jCO = −21.2 mA cm−2).97 Meanwhile, Zhang et al. discovered by
comparing 2D and 3D nickel phthalocyanine-based COFs that
3D-NiPc-COF electrode displays higher CO2 to CO faradaic
efficiency, superior electrocatalytic capacity with the larger
partial CO current density and higher turnover number and
turnover frequency during the 8 h lasting test.99 The above
example demonstrates that modifying the COF structure from
2D to 3D can effectively increase the surface active sites, leading
to enhance the CO2 reduction catalytic activity.
4.2 Photocatalytic carbon dioxide reduction

A key advantage of 2D COFs lies in their extendedp-conjugation
planar, which promotes broad spectral absorption and shows
great potential for driving photocatalytic reactions under
infrared light.22 The phthalocyanine unit, with 18-p-electron
planar conjugated array, is a prime example of building block
that offers wide-range wavelength absorption and has been
extensively utilized in constructing photocatalysts.19,20 Recent
studies have successfully developed various Pc-COFs for appli-
cations, such as photocatalytic H2O2 generation,24 CO2

reduction,105–108 aerobic oxidation of alkyl benzenes,90 oxidation
of suldes,88 photodegradation of dyes,89 solar steam
RSC Adv., 2025, 15, 50692–50713 | 50705
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Fig. 18 (a) LSV curves of CoPc-PI-COF-3. (b) Faradaic efficiency diagrams of different COFs electrodes. (c) Scan rate dependence of cyclic
voltammetry response of CoPc-PI-COF-3. (d) Partial CO current density of different COFs electrodes. (e) jCO of 3D COF electrocatalyst and of
Por/Pc-containing reticular materials performed. (f) Durability performance of 3D COF electrode at−0.80 V. Reprinted with permission from ref.
97. Copyright 2021 Wiley-VCH GmbH.
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generators.109 Table 2 summarizes all reported Pc-COFs mate-
rials studied for photocatalytic CO2RR.

The study found that the local electric eld (LEF) has
a profound impact on the catalytic process in photocatalysis.
Nevertheless, a pivotal challenge lies in the precise construction
and manipulation of the electric eld microenvironment
surrounding active sites. Confronting this challenge, pioneer-
ing research has devised multiple approaches to engineer the
local structure of active sites, and their divergent photocatalytic
performances have been compared in CO2 reduction reactions,
such as designing changing linker,51,107 designing two metal
center,106,111 or supported on carrier.89 Zhang et al. designed and
constructed a cobalt phthalocyanine-containing COF integrated
with the host macrocycle 18-crown-6 (Fig. 19). By concentrating
Table 2 Phthalocyanine-based COFs applied for photocatalytic carbon

COFs Monomers Topology Linker group Synthesis condit

Co-DA-COF Pc-18 and L-
6

sql Morpholine Et3N/dioxane, 12

Co-DB-COF Pc-18 and L-
11

sql Morpholine Et3N/dioxane, 12

EPCo-COF Pc-18 and L-
50

sql Dioxin DMF/Et3N, 120 °

EPCo-COF-AT Pc-18 and L-
50

sql Dioxin DMF/Et3N, 120 °

NiTAPC-BPMDA
COF

Pc-13 and L-
43

sql Imide DMSO/acetic aci

CoPc-TPA-CE Pc-2 and L-
19

sql Imide NMP/n-butanol/i
C, 168 h

CoPc-Rebpy COF Pc-2 and L-
12

sql Imide 1-Butanol/NMP/i
C, 120h

a TPA – p-terphenyl diamine, EP – dioxin-linked, BPMDA – 3,6-dibromopy

50706 | RSC Adv., 2025, 15, 50692–50713
K+ around the Co active site within a 1.6 nm range via the
interaction between 18-crown-6 ether and K+, a directionally
aligned local electric eld (LEF) along the reaction axis was
established. Experimental results demonstrated that the addi-
tion of K+ enhanced photocatalytic CO2 reduction activity by
180%.111

In 2024, Luo et al. developed an innovative CoPc-Rebpy COF
(Fig. 20), which features a Z-scheme molecular heterojunction
that enables directional intramolecular charge migration from
CoPc to the Re center through Rebpy units for CO2RR. Under
visible light irradiation, the activity of CoPc-Rebpy was signi-
cantly enhanced compared to that of CoPc-bpy, which can be
attributed to the synergistic effect generated by the Re catalytic
site and the electron capture center provided by the CoPc
dioxide reduction reactionsa

ion CO production Selectivity (%) AQE (%) Ref.

0 °C 20.9 mmol g−1 h−1 90.5 — 59

0 °C 25.7 mmol g−1 h−1 92.3 0.65

C, 72 h 14.1 mmol g−1 h−1 85.1 — 106

C, 72 h 17.7 mmol g−1 h−1 97.8 —

d, 120 °C, 24 h 29.65 mmol g−1 h−1 98 — 110

soquinoline, 180 ° 7.79 mmol mmolCo
−1

h−1
95 — 111

soquinoline, 180 ° 6680 mmol g−1 h−1 83 3.92 112

romellitic dianhydride.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Schematic representation of the synthesis of CoPc-TPA and CoPc-TPA-CE under solvothermal. Reprinted with permission from ref. 111.
Copyright 2025 American Chemical Society.
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unit.112 The above results provide valuable insights into the
crucial roles played by the covalent framework and the single-
atom bimetal centers (Re and Co) in enhancing the CO2RR
performance. The conjugated framework in COFs enables effi-
cient electron transfer and charge separation, while also
enhancing structural stability. Simultaneously, the embedded
single-atom metal centers (e.g., Re, Co) provide well-dispersed
active sites that concentrate photoexcited charges. Together,
these two components work synergistically to boost the catalytic
activity, selectivity, and long-term stability of COFs in the
CO2RR process.

The superior CO2 catalytic activity was attributed to the
expanded p-conjugation in the COFs, which enhanced electron
delocalization, promoted photogenerated carrier separation,
and collectively contributed to an accelerated charge transfer
rate. In 2025, Lin et al. synthesized two novel morpholine-linked
cobalt phthalocyanine-based COFs, Co-DA-COF and Co-DB-COF
(Fig. 21). The synergistic effect between the incorporated mor-
pholine bonds and the intrinsic photosensitivity of metal
phthalocyanine in the COFs markedly improved photo-
© 2025 The Author(s). Published by the Royal Society of Chemistry
absorption and electron transport, thus boosting the overall
efficiency of photocatalytic CO2 reduction. Under comparable
conditions, the Co-DB-COF exhibits a CO production rate in the
visible spectrum that ranks among the highest reported for
COF-based photocatalysts.59 Lin et al. employed Ellagic Acid
(EA) along with various peruorinated metallophthalocyanines
(MPcF16: M = Co, Ni, Cu) to design and synthesize a series of
dioxin-linked metal phthalocyanines (EPM-COF). Remarkably,
the photocatalytic CO2RR performance showed that the engi-
neered EPCo-COF demonstrated a CO productivity of
14.1 mmol g−1 h−1.106
5. Conclusions and perspectives

Based on the unique structure and properties of Pc-COFs, the
research on these compounds has attracted increasing atten-
tion. This review provides a detailed introduction to the selec-
tion of building blocks and linkers for Pc-COFs, as well as their
synthesis strategies. It also focuses on summarizing the appli-
cation of these materials in electrocatalytic and photocatalytic
RSC Adv., 2025, 15, 50692–50713 | 50707
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Fig. 20 Synthetic routes and structures of the CoPc-bpy and CoPc-Rebpy COFs. Reprinted with permission from ref. 112. Copyright 2024
American Chemical Society.

Fig. 21 (a) Synthetic route COFs. PXRD pattern of (b) Co-DA-COF and (c) Co-DB-COF. Simulated AB stacking models of Co-DA-COF (d and e)
and Co-DB-COF (f and g). Reprinted with permission from ref. 59. Copyright 2025 The Royal Society of Chemistry.
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carbon dioxide reduction reactions, while systematically out-
lining the effects of linker length, linker substituents, central
metal, material morphology, and material dimensionality on
the catalytic performance. Despite great progress that have been
achieved, several challenges in the research of Pc-COFs should
be fully addressed.
5.1 Strategies for improving electrical conductivity

Enhancing the conductivity of COF materials is a crucial
strategy for improving electrocatalytic CO2 reduction activity.
Key approaches include: (i) Constructing extended conjugated
50708 | RSC Adv., 2025, 15, 50692–50713
systems by designing planar building units with large p-systems
and facilitating long-range ordered p–p stacking to enhance
electron cloud overlap, narrow the band gap, and promote
charge carrier migration, thereby creating efficient “electron
highways”.8 (ii) Introducing redox-active units or doping to
signicantly increase charge carrier concentration via chemical
or electrochemical methods. Compositing with highly conduc-
tive materials such as carbon materials or conductive polymers
to establish rapid electron transport networks.17 (iii) Post-
synthetic modication through chemical functionalization to
adjust HOMO/LUMO energy levels and modulate the band gap
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and conductivity.29 (iv) Optimizing crystallinity and stacking
mode by rening synthesis conditions to achieve highly crys-
talline COFs with reduced interlayer distances, strengtheningp-
orbital overlap and enhancing interlayer electron hopping.
5.2 Strategies for increasing active sites

Increasing the number of active sites is another crucial
approach for enhancing the photoelectrocatalytic activity of
COF catalysts. Key strategies encompass: (i) Structural design
and precision synthesis constructing three-dimensional
network structures. Compared to 2D COFs, 3D COFs effec-
tively reduce interlayer stacking, providing more accessible
pores and surfaces, thereby signicantly increasing the density
of exposed active sites.99 (ii) Introducing sterically hindered
substituents: incorporating bulky side groups or pillars between
the layers of 2D COFs increases the interlayer spacing, pre-
venting active centers from being obscured by dense p–p

stacking and making them more accessible to reactants. (iii)
Precise selection and synergistic utilization of metal centers.
Selecting highly intrinsically active metal centers and
dispersing them atomically within the COF framework to ach-
ieve extremely high atom utilization. (iv) Incorporating two or
more different metal centers into the COF framework to
synergistically modulate the adsorption energy of intermediates
through electronic or geometric effects,45 thereby enhancing the
intrinsic activity of individual sites. The proportions of the
linker and central metal are shown in Fig. 22. Post-synthetic
modication and composite strategies. Anchoring additional
metal ions or clusters onto pre-synthesized COFs through post-
synthetic treatments to create new highly active sites.112
5.3 Strategies for enhancing framework stability

To enhance the stability of phthalocyanine-based COFmaterials
under electrocatalytic and photocatalytic conditions, particular
attention must be paid to their failure mechanisms in harsh
environments such as electric elds, light exposure, electro-
lytes, and reactive intermediates. Effectively addressing issues
including chemical degradation, deactivation of active sites,
metal leaching, structural collapse, and insufficient electrical
conductivity is essential. Key strategies involve: (i) employing
highly stable irreversible linkage bonds or performing post-
synthetic modications on unstable bonds; (ii) forming
composites with conductive carbon materials, such as in situ
growth of Pc-COFs on substrates like graphene oxide, carbon
Fig. 22 The proportion of various linker and metal Pc-COFs (other:
Nb, Ce, and H).

© 2025 The Author(s). Published by the Royal Society of Chemistry
nanotubes, or carbon ber;16 (iii) designing Pc-COFs with three-
dimensional topological structures to effectively resist electro-
lyte penetration and internal stress induced by gas products; (iv)
optimizing synthesis conditions (e.g., solvent, temperature,
catalyst) to obtain COFs with high crystallinity and low defect
density.
5.4 Deeper investigation into the mechanism

The elucidation of reaction mechanisms in Pc-COFs under
either electrocatalytic or photocatalytic conditions represents
a frontier and complex research topic. A clear revelation of these
mechanisms requires the establishment of a multi-dimensional
and multi-tiered research framework. Although signicant
progress has been made in the study of these reaction mecha-
nisms, several challenges remain that require further investi-
gation. For instance, the active sites in Pc-COFs constitute
a complex system: whether the catalytic activity originates from
the extended p-system of the phthalocyanine macrocycle, the
central metal ions (e.g., Co, Fe), their axial coordination sites, or
other functional groups within the COF framework remains
unclear. During catalytic processes, these sites may function
synergistically, making it difficult to isolate and study indi-
vidual contributions. Additionally, the detection and identi-
cation of reaction intermediates pose considerable challenges,
as these species are oen extremely short-lived, present in low
concentrations, and highly reactive, particularly at solid–liquid
interfaces. Furthermore, theoretical calculations, such as
density functional theory (DFT), oen employ idealized, nite
periodic models that fail to account for structural defects, edge
effects, disorder, and solvent interactions prevalent in practical
materials, highlighting inherent limitations in current compu-
tational approaches. Consequently, more in-depth research by
the scientic community is imperative to address these unre-
solved issues.
5.5 Large-scale synthesis and processing forming

In addition to the synthesis strategies and mechanism of COFs,
the large-scale synthesis and processing forming of COFs
materials are also key issues that need to be focused on. On one
hand, the current synthesis of high-quality crystalline COFs
mainly adopts the solvothermal method, which usually has
a small scale and high cost. Developing efficient, low-cost, and
scalable synthesis methods is the key to industrial application.
On the other hand, most COFs are microcrystalline powders
and are difficult to be processed into the lms, bers, or block
materials required for devices. Improving their processability is
an important research direction.

For further development, more attention will be paid to
enriching the structure diversity of Pc-COFs and their perfor-
mance enhancement in electrocatalytic and photocatalytic CO2

reduction. We sincerely hope that this review will offer some
helpful ideas to the researchers who focus on the basic princi-
ples for the design and preparation of COFs based on Pc-based
monomers.
RSC Adv., 2025, 15, 50692–50713 | 50709
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