
REVIEW
www.advancedscience.com

Electrocatalytic Porphyrin/Phthalocyanine-Based Organic
Frameworks: Building Blocks, Coordination
Microenvironments, Structure-Performance Relationships

Ning Lv, Qian Li, Huang Zhu, Shengdong Mu, Xianglin Luo, Xiancheng Ren, Xikui Liu,
Shuang Li, Chong Cheng, and Tian Ma*

Metal-porphyrins or metal-phthalocyanines-based organic frameworks
(POFs), an emerging family of metal-N-C materials, have attracted widespread
interest for application in electrocatalysis due to their unique metal-N4

coordination structure, high conjugated 𝝅-electron system, tunable
components, and chemical stability. The key challenges of POFs as
high-performance electrocatalysts are the need for rational design for
porphyrins/phthalocyanines building blocks and an in-depth understanding of
structure–activity relationships. Herein, the synthesis methods, the catalytic
activity modulation principles, and the electrocatalytic behaviors of 2D/3D
POFs are summarized. Notably, detailed pathways are given for modulating
the intrinsic activity of the M-N4 site by the microenvironments, including
central metal ions, substituent groups, and heteroatom dopants. Meanwhile,
the topology tuning and hybrid system, which affect the conjugation network
or conductivity of POFs, are also considered. Furthermore, the representative
electrocatalytic applications of structured POFs in efficient and
environmental-friendly energy conversion areas, such as carbon dioxide
reduction reaction, oxygen reduction reaction, and water splitting are briefly
discussed. Overall, this comprehensive review focusing on the frontier will
provide multidisciplinary and multi-perspective guidance for the subsequent
experimental and theoretical progress of POFs and reveal their key challenges
and application prospects in future electrocatalytic energy conversion
systems.
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1. Introduction

With the fast societal development and in-
dustrial consumption, the supply of sus-
tainable energy and environmental protec-
tion are facing severe challenges.[1–4] The
emergence and development of emerg-
ing energy technologies provide possi-
ble technical solutions to overcome this
problem.[5–7] Among them, electrocatalytic
systems, including carbon dioxide reduc-
tion reaction (CO2RR, carbon capture, and
storage),[8] oxygen reduction reaction (ORR,
the conversion of chemical energy to elec-
trical energy),[9,10] and water-splitting (con-
sists of hydrogen and oxygen production,
the conversion of electrical energy to hy-
drogen energy),[11,12] have attracted much
attention of researchers due to their high
efficiency and good adaptability to future
energy systems. Therefore, it is urgent to
design high-performance, stable, and novel
electrocatalysts that meet the needs of a va-
riety of applications.[13–15] Until now, the
most popular electrocatalysts are the costly
noble metal-derived catalysts. However, the
use of expensive, unsatisfactory stability,
and scarce precious metal-based electrocat-
alysts limits their wide applications.[16–18]
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To improve the catalytic efficiency and reduce the high cost
of materials, various advanced electrocatalysts for energy conver-
sion technology have been developed.[11] In recent years, elec-
trocatalysts based on the transitional metal-N-C (M-N-C) struc-
tures with outstanding catalytic activity have attracted exten-
sive attention due to their unique electronic structure com-
bined with reaction intermediates, abundant substituted metal
elements, maximum atom utilization efficiency, and excellent
stability.[18–23] Existing methods for preparing M-N-C catalysts
usually include mixing sources of nitrogen, carbon, and transi-
tion metal, and then heat treatment.[13] In these processes, the
transition metal precursors and nitrogen sources are usually dis-
persed randomly on the carbon support or mixed with the carbon
support, which makes it difficult to obtain the ordered structure
of the electrocatalysts.[21,24–26] This will ineluctably affect the elec-
trocatalytic reaction kinetics and lead to insufficient electrocat-
alytic activity. Given these limitations, the development of elec-
trocatalysts with well-defined M-N-C structures is a challenging
but crucial task. As a kind of M-N-C based materials with pre-
cise M-N4 catalytic center and a larger 𝜋-conjugated structure,
transition metal coordinated- porphyrins (Por), phthalocyanines
(Pc), and their derivatives have been extensively studied in the
field of electrocatalysis.[17,27–30] Especially, Por/Pc-based metal–
organic frameworks (MOFs) and covalent organic frameworks
(COFs), which were referred as Por/Pc-based organic frame-
works (POFs) in this review (Scheme 1), have currently become
the focus of research in this field, due to their unique characteris-
tics of periodic network structure, large specific surface area, and
adjustable mesoporous size. To be specific, MOF, as a new crys-
talline porous material, is composed of organic connectors and
metal ions/clusters.[31] Compared with MOFs connected by coor-
dination bonds, COFs are synthesized by the building block and
linker through organic coupling reactions, which form strong co-
valent bonds between the basic units, exhibiting higher chemi-
cal and thermodynamic stability.[32,33] In summary, the M-Por/Pc
with precise M-N4 catalytic center and tunable structure together
constitute a series of electrocatalysts with uniform distribution
of active metals, which are beneficial for exploring the structure-
performance relationship of M-N-C.

Based on this research, several reviews have focused on the
design and development of POFs for energy storage and conver-
sion. However, most of them mainly review the chemical struc-
ture, synthesis methods, or physicochemical properties of POFs;
it is urgently needed to summarize the POFs-based electrocat-
alysts with a combination of the synthetic procedure and the
catalytic modulation strategy, particularly to state the structure-
performance relationship. Herein, we summarize the synthe-
sis methods, the catalytic activity modulation principles, and the
electrocatalytic behaviors of 2D/3D POFs. Notably, we give de-
tailed pathways for modulating the intrinsic activity of the M-N4
site by the microenvironments, including central metal ions, sub-
stituent groups, and heteroatom dopants. Meanwhile, the topol-
ogy tuning and hybrid system, which affect the conjugation net-
work or conductivity of POFs, are also considered. Furthermore,
we briefly discuss the representative electrocatalytic applications
of structured POFs in efficient and environmental-friendly en-
ergy conversion areas and the latest research breakthroughs,
such as CO2RR, ORR, and water splitting. Overall, this compre-
hensive review focusing on the frontier will provide multidisci-

plinary and multi-perspective guidance for the subsequent ex-
perimental and theoretical progress of POFs and reveal their key
challenges and application prospects in future electrocatalytic en-
ergy conversion systems.

2. Synthesis of Structured
Porphyrins/Phthalocyanines-Based Organic
Frameworks

Hemoglobin, which is composed of the Fe-N4 coordination struc-
ture of the porphyrin, exists in various metalloenzymes and
proteins of organisms and plays a key role in wide biologi-
cal processes.[49–51] Inspired by such natural enzymes, many
compounds with N4-conjugated macrocycles can combine with
metal ions to form M-N4 structures to simulate biocatalysts
systems.[27,28] At present, the research of M-N4 structure in con-
jugated macrocycles mainly focuses on Por, Pc, and their deriva-
tives. As shown in Figure 1, Por with 18 conjugated electronic sys-
tems is connected by the pyrrole rings and methine bridges at 𝛼-
position. In addition, 𝛽- and meso- positions of Por are the other
essential sites where functionalization can be carried out.[52] As
another one of the most studied classes of conjugated macrocy-
cles, Pc is usually chosen as the planar bridged unit because of
its redox activity and good electron transfer ability on the strength
of the large delocalized 𝜋 system. Notably, the cavity of in Por/Pc
macrocyclic structure can fix more than seventy elements so that
the coordinated metal atoms have the same local coordination
environment.[17,29,30] As a result, the unique advantages of POFs
(including Por/Pc-MOFs and Por/Pc-COFs), combining the rigid
and stable coordination environments as well as easily modified
structure with different functional groups at the meso- and 𝛽-
positions, have been extensively used as electrocatalysts for elec-
trocatalysis, including CO2RR, ORR, HER, and OER.

It is essential to engineering POFs-based materials with many
accessible active sites, good crystallinity, and high chemical sta-
bility to achieve economic applications in the electrocatalytic
field, which can be realized by choosing suitable Por/Pc build-
ing blocks, metal nodes, and linkers. In the next part, we will
thoroughly summarize the common strategies for constructing
different kinds of POFs-based catalysts.

2.1. Synthesis of Porphyrins/Phthalocyanines-Metal–Organic
Framework

Por/Pc as macrocyclic molecules occupies an important position
in the synthesis and application of MOFs. The rigid macrocycles
of M-Por and M-Pc can be easily modified by the series of organic
groups (carboxyl, pyridine, fluorine-substituted, sulfonic group,
amido, hydroxyl, and so on) to form diverse Por/Pc derivatives
with different symmetries and sizes to afford abundant coordi-
nated sites, making them ideal building blocks for constructing
MOFs (Scheme 2).[53,54] Among the above-mentioned modified
Por/Pc, carboxy- and pyridine-modified Por are the most widely
used building blocks because of the simple synthetic process. Dif-
ferently, there are few reports about the Pc-MOFs synthesized
through the modified Pc building blocks, but significant progress
has been gotten ahead very recently.[34,55] Generally, Por/Pc-based
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Scheme 1. a) The development of 2D and 3D POFs with electrocatalytic activities in recent years. Reproduced with permission.[34] Copyright 2020, El-
sevier. Reproduced with permission.[35] Copyright 2020, The Royal Society of Chemistry. Reproduced with permission.[36] Copyright 2022, The Royal
Society of Chemistry. Reproduced with permission.[37] Copyright 2021, Wiley-VCH. Reproduced with permission.[38] Copyright 2020, Springer Na-
ture. Reproduced with permission.[39] Copyright 2020, Wiley-VCH. Reproduced with permission.[40] Copyright 2021, Springer Nature. b) The over-
all porphyrins/phthalocyanines-based organic frameworks and their electrochemical applications. Reproduced with permission.[41] Copyright 2020,
Wiley-VCH. Reproduced with permission.[42] Copyright 2014, American Chemical Society. Reproduced with permission.[43] Copyright 2021, Wiley-VCH.
Reproduced with permission.[44] Copyright 2021, Wiley-VCH. Reproduced with permission.[45] Copyright 2016, American Chemical Society. Repro-
duced with permission.[46] Copyright 2021, Wiley-VCH. Reproduced with permission.[47] Copyright 2021, American Chemical Society. Reproduced with
permission.[48] Copyright 2019, American Chemical Society.
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Figure 1. Basic porphyrin structure and expected modified routes. Reproduced with permission.[52] Copyright 2020, Elsevier.

Scheme 2. The structures of M-Por and M-Pc (M = Fe, Co, Ni, Cu, and Zn) for the synthesis of MOFs. Tetrakis(4-carboxyphenyl)porphyrin (TCPP,
1), 5,10,15-tri(4-carboxylphenyl)porphyrin (2), 5,10,15,20-tetrakis(8-carboxylphenyl)porphyrin (TBCPPP, 3), 5,15-bis(3,5-dicarboxyphenyl)porphine
(DCPP, 4), 3,3′,3″,3‴-(21H,23H-porphine-5,10,15,20-tetrayl)tetrakis-benzoic acid (TMCPP, 5), 5,15-di(4-carboxylphenyl)-10,20-di(4-pyridyl)porphyrin)
(DCDPP, 6), 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (TPyP, 7), 5,15-di(4-pyridyl)-10,20-dipenylporphyine (DPyP, 8), 5,15-dipyridyl-10,20-
bis(pentafluorophenyl)porphyrin (DPBPP, 9), Tetrakis(4-sulfophenyl)porphine (TPPS4, 10), 2,3,9,10,16,17,23,24-octa(amino)phthalocyanine (8OH-Pc,
11), 2,3,9,10,16,17,23,24-octa(hydroxyl) phthalocyanine (8NH2-Pc, 12).

MOFs can be separated into two categories by the different com-
bination way between Por/Pc small molecules and MOFs. On the
one hand, Por/Pc can act as guest molecules into MOFs through
surface adsorption, grafting, or encapsulation in MOF pores to
build MOFs loaded Por/Pc. On the other hand, Por/Pc acting as
organic linkers coordinate with metal ions/clusters to construct
the conjugated Por/Pc-MOFs, which exhibit high conductivity
and catalytic activity.[56] Here, we mainly focus on synthesizing

Por/Pc-MOFs, which will be discussed as 2D layered structures
or 3D networks.

2.1.1. Synthesis of 2D Porphyrins/Phthalocyanines-Metal–Organic
Framework

In recent years, 2D Por/Pc-MOF nanosheets not only display
novel physical and chemical properties but also possess highly
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Figure 2. The top-down and bottom-up methods for the synthesis of 2D Por/Pc-MOFs. a) The sonication exfoliation method for developing Cu-MOF
nanosheets. Reproduced with permission.[62] Copyright 2019, The Royal Society of Chemistry. b) The mechanical exfoliation method for developing
Ni2[CuPc(NH)8] 2D c-MOF. Reproduced with permission.[64] Copyright 2020, Wiley-VCH. c) The chemical exfoliation method for developing 2D Por-
MOF nanosheets. Reproduced with permission.[65] Copyright 2017, American Chemical Society. d) The solvothermal approach for 2D Por/Pc-MOFs.
Reproduced with permission.[66] Copyright 2015, Wiley-VCH. e) The surfactant-assisted synthesis approach for ultrathin nanosheets. Reproduced with
permission.[67] Copyright 2020, Wiley-VCH. f) The interfacial synthesis for 2D Cu2[PcM-O2]. Reproduced with permission.[68] Copyright 2021, American
Chemical Society.

accessible active sites, which have attracted more and more at-
tention in a series of different applications.[57] For instance,
first, by altering the Por/Pc ligands or metal nodes of the MOF
nanosheets, they owe tunable structures and properties, which
provide advantages for achieving unique applications. Second,
because of their high specific surface area and ultrathin thick-
ness, 2D MOFs have more abundant accessible active sites.[58]

Third, the substrates and products can diffuse quickly thanks
to the 2D structure with nanometer thickness, contributing to
high reaction rates.[59,60] More importantly, because of the macro-
cyclic rigid structure of Por/Pc and the fixed direction angle, it
is easier to design and predict the structure of 2D Por/Pc-MOF
than traditional MOF. Up to now, 2D Por/Pc-MOF nanosheets
are usually constructed by top-down and bottom-up methods
(Figure 2).

The top-down method refers to exfoliating the layer structures
of MOFs, mainly including sonication exfoliation, mechanical
exfoliation, chemical exfoliation, and so on.[61] Among them, it
is convenient to break the interlayer interactions within MOFs
through sonication exfoliation, which is extensively applied in

top-down methods. As shown in Figure 2a, the ultrathin 2D Cu-
MOFs nanosheets were developed via sonication exfoliation of
the Cu-MOFs membrane, which developed from the interfacial
reaction between the TCPP ligand dissolved in the organic phase
and Cu2+ from aqueous solution.[62] Atomic force microscopy
(AFM) image of the Cu-MOFs nanosheets displayed the accor-
dant thickness of ≈3.4 nm. Then the 2D Cu-MOFs decorated
Au NPs display evident catalytic reduction activity for the 4-
nitrophenol and steady catalytic efficiency after several recycles
because the 2D nanosheets not only avoid the aggregation of Au
NPs but also generate a synergetic effect to improve the catalytic
activities.

However, in the vertical direction of MOFs, if there are
strong interactions (such as hydrogen-bond interaction, 𝜋-𝜋
stacking interaction, and van der Waals force), only sonication
exfoliation cannot exhibit a significant effect. Other top-down
synthetic strategies have been tried to employ for the exfoliation
of layer-MOFs.[63] Recently, ball milling as one of the mechan-
ical exfoliation methods been used to exfoliate the bulk MOF
(Ni2[CuPc(NH)8]), which breaks the interactions existing in
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layer-structured materials via external mechanical forces (Fig-
ure 2b).[64] In the process of ball milling exfoliation, the addition
of NaCl inserts into the layers serves as a controlling agent,
which can effectively reduce the shear forces and mildly exfoliate
the bulk MOF. In addition, the presence of NaCl can contribute
to larger-sized nanosheets contrasted with the controls obtained
in the absence of it. The X-ray diffraction (XRD) pattern of
Ni2[CuPc(NH)8] showed the shift of (002) peak from 27.51°

(bulk crystals) to 26.74° (nanosheets), indicating the generation
of swollen layers after exfoliation via the method of ball milling.
Meanwhile, the ball milling method offer a high yield reaching
40–50% through exfoliating the well-defined bulk MOFs into
nanosheets.

In addition, the intercalation/chemical exfoliation method has
also been known as an effective strategy to cripple layer inter-
actions and improve the sonication processes. For example, the
intercalation/chemical exfoliation method was developed to ex-
foliate layered MOF into ultra-thin 2D MOF nanosheets (Fig-
ure 2c).[65] In this work, a chemically unstable dipyridyl molecule,
4,4′-dipyridyl disulfide (DPDS), was inserted into the layered
MOFs to construct novel intercalated MOFs. Subsequently, the
ultrathin 2D MOF nanosheets were developed by chemical ex-
foliation method using trimethylphosphine to selectively break
the disulfide bond in DPDS. Because of the weakened interlayer-
interaction, the layered MOFs were exfoliated under gentle stir-
ring to become ultrathin (≈1 nm) 2D MOF nanosheets with
higher yield (≈57%).

The bottom-up methods consider that 2D Por/Pc-MOF
nanosheets are directly synthesized from organic ligands and
metal salts, including the direct solvothermal method, surfactant-
assisted method, and interfacial method. For instance, the crys-
talline structures and morphologies of 2D Por/Pc-MOFs can be
regulated through the directed solvothermal synthesis method,
including changing the reaction conditions such as reaction time,
solvents, and temperature (Figure 2d).[66] If the growth rate of
MOF crystal along the vertical direction is much lower than that
on edge, the crystal surface with lower growth rates will be eas-
ily exposed, which is in favor of getting 2D MOF nanosheets.
However, the development of a general route for 2D Por/Pc-MOF
synthesis by the direct solvothermal method is still a major chal-
lenge, as the method depends heavily on the choice of reaction
conditions and solvent.

So far, during bottom-up methods, surfactant-assisted synthe-
sis has become more widely used for the preparation of uniform
and ultra-thin 2D MOF nanosheets because the surfactants with
amphiphilic nature can bind to the surface of MOFs at one end
and repel other MOFs at the other end.[69] For example, a seri-
ous of TCPP-based ultrathin 2D MOFs were first prepared via the
surfactant-assisted synthesis method, which has a uniform thick-
ness of less than 10 nm (Figure 2e). In the reaction, one TCPP
ligand was connected with four Zn2(COO)4 secondary building
units (SBUs) to form the 2D layered sheets. Zinc ions metalized
TCPP ligands to form a Zn-TCPP structure, in which the zinc
atom was coordinated at the center of the Por macrocycle. Fur-
thermore, the Zn-TCPP and Zn2(COO)4 SBUs were stacked in
the form of AB packing to obtain the final 2D MOF.[67] During the
synthetic process, PVP surfactant was used as a topology modu-
lator, which can limit the generation of a 3D bulk structure by
bonding to the surface of the MOFs. The low contrast of the 2D

nanosheet in the transmission electron microscopy (TEM) image
proved its ultra-thin property.

As shown in Figure 2f, the interfacial synthesis method is
broadly employed in the development of 2D MOFs too. The
advantage of this bottom-up approach is that organic ligands
and metal nodes can only grow in a restricted area of the
two-phase interface to form nanosheets.[68] Meanwhile, the
desired MOF nanosheets can also be efficiently produced by
choosing a reaction vessel with a large surface area. For ex-
ample, the interfacial synthesis method is used to construct
the CoTCPP–py–Cu nanosheets, which were prepared at the
water/air interface. To be specific, CoTCPP and pyridine first
spread among chloroform/methanol solution, and then the
mixture solution was spread into CuCl2 aqueous solution. As
a result, 2D CoTCPP-py-Cu was formed by the coordination
reaction between CoTCPP and copper at the water/air interface
after the volatilization of the chloroform/methanol solution.
Especially, the monolayer nanosheets synthesized by the above
method can be deposited on the substrate to form controllable
thickness and layered structure nanosheets.[70]

However, there are some drawbacks for the top-down meth-
ods. First, the synthesis of 2D MOF nanosheets via top-down
methods is only suitable for MOFs with layered structures. Be-
sides, to a great extent, a few defects of top-down methods re-
strict their universal applications, including difficult scale-up, in-
terlayer restacking, high energy consumption, and low yield.

Compared with top-down methods, bottom-up methods fur-
ther investigated the crystallization kinetics and self-assembly
mechanism of MOF nanocrystals, which possess several advan-
tages, including 2D MOF with a high yield, controllable thick-
ness, and larger lateral size. However, the bottom-up method al-
ways involves complicated procedures, which need to be further
improved in the future.

2.1.2. Synthesis of 3D Porphyrins/Phthalocyanines-Metal–Organic
Framework

Compared to 2D Por/Pc-MOF, 3D Por/Pc-MOFs account for the
majority of the Por/Pc-MOFs domain in the field of electrocatal-
ysis because of the following advantages.[71] First of all, Por/Pc-
MOFs with typical 3D topologies possess higher accessible ac-
tive sites to improve the current density and reduce the aggre-
gation of Por/Pc molecules, which can maximize the volume
activity of the electrocatalyst.[72] Second, the large surface areas
in Por/Pc-MOFs can effectively reduce the charge transfer re-
sistance by forming seamless contact with electrodes, allowing
for enhanced electrolyte penetration to accelerate the bubble re-
lease rates. Unlike the above-mentioned synthetic methods of
2D Por/Pc-MOFs, solvothermal is the common way to prepare
3D Por/Pc-MOFs. Generally, the key to realizing 3D topology
is to combine the 4-connected nodes of Por/Pc square planar
with the metal ions/clusters nodes owing abundant coordinated
sites to extend the dimension of the overall structure further. Re-
cently, a series of 3D Por/Pc-MOFs in different topologies have
been synthesized via the reaction between high-valence metal
ions/clusters (Zr4+, Hf4+, Al3+, Fe3+, Cr3+) and Por/Pc with the
functionalized groups (carboxy, phenolic hydroxyl, pyrazolyl, sul-
fonic acid, and so on) under the similar solvothermal conditions.
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Figure 3. 3D Por/Pc-MOFs where Por/Pc is based on different functionalized groups coordinated with high-valence metal ions/clusters. a) The syntheses
of 3D MOFs based on Por functionalized pyrazolyl and Ni8 cluster. Reproduced with permission.[73] Copyright 2021, The Korean Institute of Chemical
Engineers. The syntheses of 3D b) Pc- and c) Por- phenolate MOFs. b) Reproduced with permission.[76] Copyright 2019, American Chemical Society. c)
Reproduced with permission.[77] Copyright 2017, WILEY-VCH. d) The syntheses of 3D MOFs based on pyrazolyl-Pors. Reproduced with permission.[55]

Copyright 2021, The Royal Society of Chemistry.

Due to the addition of a modulator (chemical additive), differ-
ent MOFs are produced by controlling the crystallization pro-
cess, benefiting from their flexible coordination bond.[73–75] In
this part, we will introduce 3D Por/Pc-MOFs where Por/Pc is
based on different functionalized groups coordinated with high-
valence metal ions/clusters (Figure 3).

In a typical synthetic process, 3D Por/Pc-MOFs are usually
developed by a solvothermal reaction of metal salts and organic
ligand precursors, which may take several hours to days to syn-
thesize them in N,N′-dimethylformamide (DMF) deprotonating
solvent or hydrothermally in water. As shown in Figure 3a, TCPP
with different functionalized carboxyl groups can be linked
with zirconium-oxo clusters to form several 3D Por/Pc-MOFs
with different topologies, including those constructed by Zr6

cluster (MOF-525,[78] MOF-545,[78] NU-902,[79] PCN-223,[80]

PCN-224,[45,81] and PCN-225[82]) and Zr8 cluster (PCN-221[83]).
However, the high charge density of Zr4+ can polarize the Zr-O
bond to prevent the reaction between the Zr cluster and TCPP,
resulting in the low crystallinity of MOF. It is necessary to intro-
duce an acid modulator during the synthesis to compete against
the TCPP building block to coordinate with the Zr cluster, which
can slow the nucleation rate to overcome such an issue.[84]

Instead of carboxyl-modified Por/Pc building blocks, Por/Pc
with polyphenol groups can act as polydentate chelating ligand
binding to metal ions, benefit forming the steady coordination
site in 3D MOF, leading to enhanced stability. For instance,
in the DMF/water/MeOH mixed solution, the 3D MOF was
obtained by reacting catechol Co-phthalocyanine (CoTCatPc)
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with FeCl2 under solvothermal conditions (Figure 3b).[76] An
anionic 3D framework with a roc topology was generated via
each Pc connecting four different iron trimers.

Later on, two polyphenol-based Pors (5,10,15,20-tetrakis(3,4,5-
trihydroxybiphenyl)porphyrin (THPP) and extend 5,10,15,20-
tetrakis(3,4,5-trihydroxybiphenyl)porphyrin) (THBPP) are used
to construct two similar structure Zr-based 3D MOFs (named
ZrPP-1 and ZrPP-2, respectively) (Figure 3c).[77] The robust-
ness of such material has been verified again by immersing it
in 20 m NaOH for a long time. In addition, pyrazolate-based
Por (such as TPzP, TPzPP, TFPzPP) as nitrogen donor lig-
ands are also utilized to prepare 3D Por-MOFs (such as PCN-
601,[85] PCN-602,[86] and PCN-603[87]) in the pure DMF sys-
tem under moderate solvothermal environment (75 to 130 °C)
(Figure 3d).[55]

In addition, polyoxometalates-based Por/Pc-MOFs (POM-
POFs) are a special class of 3D Por/Pc-MOFs, in which POMs
containing abundant transition metal elements with high oxida-
tion state can easily transfer electrons during reversible redox
reactions without changing their metal-oxo cluster structures,
thus, more excellent electrochemical performance will be given
by the synergistic combination of POMs and M-Por/Pc building
block.[88–91] For example, a Co-PMOF, which is constructed by
Zn-𝜖-Keggin POM and Co-TCPP building block via the solvother-
mal method, exhibits excellent electrochemical CO2 reduction
performances. Because under the exertion of the electric field, the
oriented electronic transportation channel is constructed by the
direct communication of Zn-𝜖-Keggin and Co-TCPP, thus bene-
fiting the multiple electrons transfer process in CO2RR.[92]

2.2. Synthesis of Porphyrins/Phthalocyanines-Covalent Organic
Framework

Unlike the MOF structure, which is constructed through the
coordination between metal ions/clusters and Por/Pc building
blocks, COF needs to be formed by the covalent linkage of or-
ganic ligands. Since the first COF was synthesized by Yaghi
and his colleagues, electron-enrichment systems such as Pc,
Por, and pyrene building blocks have often been applied to de-
velop novel COF materials.[32,93,94] Generally, the rigid structure
of mentioned electron-enrichment systems is conducive to the
topological structure design of COFs.[95,96] Particularly, Por/Pc
can adjust their catalytic ability through the doping and sub-
stituent effects of various metals, which make them become com-
mon building blocks of COFs. Considering the covalent connec-
tivity of COF in different dimensionalities, Por/Pc-COFs can be
divided into 2D layered structures or 3D networks. Building block
structures, linkages, and synthesis methods are the key points in
designing and synthesizing COFs to achieve targeting properties,
cost-effective synthesis, tunable porosity, and different physico-
chemical properties.[97] Scheme 3 shows the M-Por/M-Pc build-
ing blocks and organic linkers commonly used in the synthe-
sis of Por/Pc-COFs. Because of the modular nature of COFs,
Por/Pc can be evenly dispersed throughout the COFs. There-
fore, the metal sites coordinated in the macrocycle can be effec-
tively isolated at the molecular level. The Por/Pc-COFs can ex-
pose more accessible metal active sites, which may improve cat-
alytic activity.[98–100] In this part, we clearly discuss the synthesis

of Por/Pc-COFs, which will be discussed as 2D layered structures
or 3D networks from the perspective of linkage.

2.2.1. Synthesis of 2D Porphyrins/Phthalocyanines-Covalent Organic
Framework

In recent years, 2D Por/Pc-COF has been extensively studied be-
cause of the excellent superiority of various and designable struc-
tures. Meanwhile, in 2D Por/Pc-COF, the building blocks and
organic linkers are connected in the formation of covalent bonds
and construct aligned p-columns layered structures that can facil-
itate carrier transport via pre-organized pathways, making them
a promising candidate for electrocatalysis.[101] Contrary to the 3D
structure that dominates Por/Pc MOF, Por/Pc COF is controlled
by 2D species because there are more available building blocks
with controllable active sites, geometric structure, and size for
easily constructing 2D Por/Pc-COFs.[37] To be specific, the pla-
nar quadrangle geometry of Por/Pc and the existence of template
polymerization have an influence on the formation; thus, when
compared with the synthesis of 3D COFs, 2D structures is easier.
Until now, dynamic covalent chemistry can construct reversible
covalent linkages to form an ordered framework, which has been
widely used in synthesizing 2D Por/Pc-COF.[46,102] In this part,
we will mainly debate different building blocks and linkages of
2D Por/Pc-COF. Some linkages (such as boronate, imine, ether,
imide, sp2-carbon, azo, and so on) and their characteristics are
widely used for constructing 2D Por/Pc-COFs, and Table 1 shows
specific comparisons.[39,40,103–111]

As a typical example, the condensation of boric acid and diol
to form borate is a common reaction in organic synthesis reac-
tions, which is also an efficient strategy for synthesizing advanced
structures of 2D Por/Pc-COF. As shown in Figure 4A-a, the first
boronate-linked Por-COF was developed by Jiang and colleagues,
which was started from 1,2,4,5-tetrahydroxybenzene (THB) and
zinc(II) 5,10,15,20-tetrakis(4-(dihydroxyboryl)phenyl) porphyrin
(TDHB-ZnP).[104] Similarly, the Pc-PBBA COF, as the first Pc-
COF, was developed by 1,4-phenylenebis(boronic acid) and ph-
thalocyanine tetra(acetonide).[103] The reversibility of the conden-
sation reaction consisting of borated bonds shows the highly or-
dered structure and high thermal stability of these boric acid-
based 2D COFs. However, the Por/Pc-COFs based on boronated
linkages are easy to hydrolyze in humid environments or water,
which limits their applications in aqueous catalysis systems.

Due to the weak solution stability of boronate-linked 2D
Por/Pc-COFs, imine-linked 2D Por/Pc-COFs constructed by
amine and aldehyde were designed.[93,115] Compared with
boronate-linked 2D Por/Pc-COFs, the existence of extended 𝜋-
conjugation structure in the imine-linked 2D COFs result in
higher chemical stability and a wider scope of applications.[116]

Due to the limited reversibility of amine and aldehyde conden-
sation reaction, the crystallinity of imine-linked 2D Por/Pc-COFs
is lower than that of boronate-linked 2D Por/Pc-COFs. For ex-
ample, the first reported 2D Por-COF, named COF-366, was con-
structed by the reversible condensation reaction of aldehyde from
terephthaldehyde (TA) and amine from tetra (p-amino-phenyl)
porphyrin (TAPP).[117,118] To further improve the crystallinity and
chemical stability of 2D Por-COFs, DhaTph-COF was constructed
via TAPP and Dha, which introduced -OH functional groups of
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Scheme 3. The COFs’ molecular structure of a) M-Por/M-Pc building blocks and b) organic linkers. a) 5,10,15,20tetrakis(4-benzaldhyde)porphyrin
(TFPP, 1), 2,3,9,10,16,17,23,24-phthalocyanine octadecylamine (OAPc, 2), 5,10,15,20-tetra(p-aminophenyl)porphyrin (TAPP, 3), 5,10,15,20-tetrakis(4-
(dihydroxyboryl)phenyl) porphyrin (TDHB, 4), 5,15-bis(4-boronophenyl)-porphyrin (BBPP, 5), phthalocyanine tetra(acetonide) (6), 4,4′,4″,4‴-
(21H,23H-porphine-5,10,15,20-tetrayl)tetrakis-Phenol (T(OH)4PP, 7), 2,3,9,10,16,17,23,24-octahydroxyphthalocyanine (8OH-Pc, 8), tetraanhydrides
of 2,3,9,10,16,17,23,24-octacarboxyphthalocyanine (TAPc, 9), 5,10,15,20-tetrakis(4-nitrophenyl)porphyrin (TNPP, 10), 5,10,15,20-tetrakis(𝛼-azido-p-
tolyl) porphyrin (TPP-4N3, 11), TCPP chloride (12), meso-tetra(p-bromophenyl)porphyrin (13), meso-tetra(p-fluorophenyl)porphyrin (F-Por, 14),
tetrakis(arylhydroxylamine)porphyrin (15). b) 4,4′,4″,4‴-([1,1′biphenyl]-4,4′-diylbis(azanetriyl))-tetrabenzaldehyde (BDTA, 16), 1,10,2,20-tetrakis(4-
formyl-(1,1′-biphenyl))ethene (TFBE, 17), 2,3,6,7-tetra(4-formylphenyl)tetrathiafulvalene (4-formyl-TTF, 18), (19) terephthaldehyde (TA, 19), biphenyl-
4,4′-dicarboxaldehyde (BPDA, 20), 4,4′,4″,4‴-([1,1′biphenyl]-4,4′-diylbis(azanetriyl))tetrabenzal-dehyde (BDTA, 21), 2,6-pyridinedicarboxaldehyde
(PCBA, 22), 2,3-dihydroxyterephthalaldehyde (2,3-Dha, 23), thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (TT, 24), 2,5-dihydroxyterephthalaldehyde (DA,
25), 2,6-diformylphenol (DFP, 26), pyrenetetraone (TOPyr, 27), tert-butylpyrene−tetraone (tBu-PT, 28), p-phenylenediamine (PD, 29), 2,5-dihydroxy-
p-benzaldehyde (DHA, 30), 2,5-diethoxyterephthalohydrazide (DETH, 31), 1,2,4,5-tetrahydroxybenzene (THB, 32), 2,3,4,5-tetrahydroxy anthracene
(THAn, 33), 2,3,6,7,10,11-hexahydroxytriphenylene (34), 1,4-phenylenebis(boronic acid) (PBBA, 35), 4,4′-biphenyl bisboronic acid (BBA, 36), pyrene-
2,7-diboronic acid (PDBA, 37), tetranitroviologen (TNV, 38), tetrafluorophthalonitrile (TFPN, 39), 1,4-phenylenediace-tonitrile (PDAN, 40).

linker near amide bonds to form intramolecular hydrogen bonds,
thus protecting the internal structure of imine-linked Por-COF
(Figure 4A-b).[112] As shown in Figure 4A-c,d, the presence of hy-
drogen bonds in DhaTPh-COF enhances the crystallinity of con-
jugated framework, chemical stability, and porosity compared to
DmaTph without the intramolecular hydrogen bond.

In addition, as shown in Figure 4B, many other covalently con-
nected 2D Por/Pc-COFs have been developed over time, such
as azo-linked (Figure 4B-a), ether-linked (Figure 4B-b), imide-
linked (Figure 4B-c), sp2-carbon-linked (Figure 4B-d), azide–
alkyne linked (Figure 4B-e), and azodioxy-linked (Figure 4B-f)
2D Por/Pc-COFs. Recently, the azo-linked 2D Por-COF named
CPF has been constructed by solvothermal reactions start-

ing with tetrakis-(4-nitro-phenyl)-porphyrin (TNPP) and tetrakis-
(4-amino-phenyl)-porphyrin (TAPP), which exhibit good crys-
tallinity, moderate thermal stability, and good chemical stability
(Figure 4B-a).[108] Meanwhile, an emerging kind of 2D Por/Pc-
COFs with ether (–C–O–C–) linkage is reported, which provides
outstanding chemical stability to this 2D COF due to the ex-
istence of ether linkage (Figure 4B-b).[39] Although in extreme
chemical environments such as strong acids, strong bases, boil-
ing water, and oxidizing as well as reducing conditions, these
ether-linked COFs remain stable, greatly expanding their appli-
cation environment.

Compared with the as-mentioned imine-linked 2D COFs in
Figure 4A-b, 2D COFs with imide linkage have higher stability,
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Table 1. Summary of linkages, building blocks, and characteristics of several typical 2D Por/Pc-COFs.

COF Linkages Characteristics Por/Pc building block Organic linker Ref.

Pc-PBBA Boronate 1) Excellent crystallinity;
2) Excellent thermal stability;
3) Poor chemical stability.

Phthalocyanine tetra(acetonide) PBBA [103]

ZnP-COF TDHB THB [104]

COF-66 TBPP THAn [105]

COF-366 Imine 1) Good crystallinity;
2) Excellent thermal stability;
3) Good chemical stability.

TAPP TA [105]

JUC-605 TAPP TPA [40]

RICE-1 TAPP ETTA [106]

COF-DC-8 OAPc TOPyr [107]

2D CPF Azo 1) Good crystallinity;
2) Moderate thermal stability;
3) Good chemical stability.

TAPP TNPP [108]

COF-Pors Ether 1) Moderate crystallinity;
2) Excellent thermal stability;
3) Excellent chemical stability.

T(OH)4PP F-Por [109]

Pc-TFPN COF Pc-8OH TFPN [39]

Pc-PI-COF-1 Imide 1) Good crystallinity;
2) Excellent thermal stability;
3) Good chemical stability.

TAPc PD [110]

Por-sp2c-COF sp2-carbon 1) Moderate crystallinity;
2) Moderate thermal stability;
3) Excellent chemical stability.

TFPP PDAN [111]

especially in acidic conditions (Figure 4B-c).[110] However, be-
cause of the key criterion for constructing COFs, the reversibility
of the condensation reaction has been a barrier resulting in
the reported imide-linked 2D COF rarely. As for the sp2-carbon-
linked 2D COFs, they had been shown high stable in acids,
bases, and organolithium reagents due to the high reversibility
of C = C linkage imparted by nitriles attached to the C = C bond.
Wang and coworkers reported a novel sp2-carbon linked Por-COF
(Por-sp2c-COF) starting with 1,4-phenylenediacetonitrile (PDAN)
and 5,10,15,20-tetrakis(4-benzal dehyde)porphyrin (p-Por-CHO)
(Figure 4B-d). As one of the most common types in 2D Por-COFs,
the layered Por-sp2C-COF has square channels with Por units
located at the nodes of square skeletons and linked by C = C
bonds.[111] Besides the linkages mentioned above, there are a few
other linkages, such as azide–alkyne linked[113] (Figure 4B-e) and
azodioxy-linked[114] (Figure 4B-f) 2D Por/Pc-COFs. However,
the closely packed 2D layered structures of COFs, especially
the overlapping stacking through strong 𝜋–𝜋 interactions, will
inevitably reduce the utilization of active sites, resulting in a low
electrocatalytic activity.

2.2.2. Synthesis of 3D Porphyrins/Phthalocyanines-Covalent Organic
Framework

Compared with 2D COFs, 3D COFs possess the whole 3D
structure connected covalently, whereas the covalent bonds of
2D COFs exist only in conjugated 2D flakes. The combination
of Por/Pc into 3D COFs makes all Por/Pc units within the
framework accessible so that 3D Por/Pc-based COFs have re-
markably large surface areas and numerous open sites, which
could expose the active sites to the pore wall surface and al-
low them to be accessed for substrates, resulting higher cat-
alytic activities.[36] To date, the reports on the design and syn-
thesis of 3D Por/Pc-COFs are only a few number types.[119]

Constructing 3D COFs remain challenging because the driving
force for synthesizing 3D COFs depends only on covalent bonds.
Thus, the development of stable 3D Por/Pc-COFs is urgently
needed. It is still an exciting topic to develop novel 3D Por/Pc-
COFs from 2D Por/Pc-COFs chemical reactions. In this part, we
mainly introduce the current methods of synthesizing 3D COFs,
such as imine-linked and boronate-linked methods via [4+4]
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Figure 4. Scheme of the synthetic methods of different 2D Por/Pc-COF. A) Boronate and imine linkages of Por/Pc-COFs. a) Synthesis of boronate-linked
ZnP-COF. Reproduced with permission.[104] Copyright 2011, The Royal Society of Chemistry. b) Synthesis of imine-linked DhaTph and DmaTph. c,d)
Powder X-ray diffraction (PXRD) pattern of DhaTph and DmaTph, respectively. Reproduced with permission.[112] Copyright 2010, Macmillan. B) Other
linkages of 2D Por/Pc-COFs. a) Reproduced with permission.[108] Copyright 2021, Elsevier. b) Synthesis of dioxin-linked MPc-TFPN COF. Reproduced
with permission.[39] Copyright 2020, Wiley-VCH. c) Synthesis of imide-linked CoPc-PI-COF. Reproduced with permission.[110] Copyright 2021, American
Chemical Society. d) Synthesis of sp2-carbon-linked Por-sp2c-COF. Reproduced with permission.[111] Copyright 2019, Wiley-VCH. e) Synthesis of azide-
alkyne linked COF-TPP-CB[6]. Reproduced with permission.[113] Copyright 2021, American Chemical Society. f) Synthesis of azodioxy-linked MPc-TFPN
COF. Reproduced with permission.[114] Copyright 2016, The Royal Society of Chemistry.

condensation reaction of tetrahedral and quadrilateral building
blocks.

As shown in Figure 5a,b, the two 3D Por-COFs linked by
imine are synthesized through [4+4] imine co-condensation
reaction of tetrahedral tetra(p-aminophenyl)methane (TAPM)
with an amino group and quadrilateral monomer 5,10,15,20-
Tetrakis(4-benzaldehyde)porphyrin copper (p-CuPor-CHO) with
aldehyde group, which are different from the traditional co-
condensation of tetrahedral node and linear component for syn-
thesizing 3D COF.[120] Another imide-linked 3D Pc-COFs is

synthesized by 1,3,5,7-tetra(4-aminophenyl)adamantine (TAPA)
and 2,3,9,10,16,17,23,24-octacarboxyphthalocyanine tetraanhy-
dride M(TAPc) (M = Co, H2), resulting in complicated
interpenetrated pts networks (Figure 5c,d).[37] Recently, a
novel 3D Pc-COF linked by boronate ester with a nonin-
terpenetrated nbo topology has been reported, namely, SPB-
COF-DBA, which is produced by the reaction of cobalt(II)
2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato ((OH)8PcCo)
and tetrahedral spiroborate (SPB) in N,N-dibutylformamide sol-
vent at 120 °C for 3 days (Figure 5e,f).[47] Neighboring CoPc units
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Figure 5. Illustration of the synthesis of 3D Por/Pc-COF. a) Simulated structures of 3D-Por-COF. b) Synthesis of the 3D-MPor-COF (M = H2 or Cu).
Reproduced with permission.[120] Copyright 2017, American Chemical Society. c) Illustration of pts topology. d) Synthesis of MPc-PI-COF-3. Repro-
duced with permission.[37] Copyright 2021, Wiley-VCH. e) Single crystal structure of SPB-COF-DBA. f) Synthesis of the SPB-COF-DBA. Reproduced with
permission.[47] Copyright 2021, American Chemical Society.

are linked by the SPB linkers providing the 90° dihedral angles.
The high-resolution transmission electron microscope images of
SPB-COF-DBA show a well-ordered crystal lattice and high crys-
tallinity.

3. Electrochemical Applications of
Porphyrins/Phthalocyanines-Based Organic
Frameworks

During the past decades, extensive efforts have been devoted
to developing earth-abundant, low-cost, and efficient electrocat-
alysts for clean energy. POFs offer various remarkable character-
istics taking advantage of the integration of Por/Pc into frame-
works, such as distinguished electrochemical properties, stabil-
ity, porous structure, and multi-functions of the Por/Pc molec-
ular building blocks.[121] These features are in favor of applica-
tions of POFs in electrochemistry, which have drawn more and
more attention. Furthermore, transition metal coordinated POFs
have the characteristics of structural flexibility and diversity of
building units and can facilely introduce various heteroatoms
and metal species into the porous structure. Nowadays, numer-
ous emerging electrochemical applications, such as CO2 reduc-
tion flow cells (CO2RR), fuel cells (involving ORR), recharge-
able Zn–air batteries (ORR and OER), and electrolytic water-
splitting cells (including HER and OER) have been developed
for POFs.[122]

In the above sections, we have comprehensively discussed how
to design the structure of POFs. In this part, we will summa-
rize that the precision control on the coordination microenviron-
ments of POFs-based electrocatalysts can be accomplished by the
diverse modulating strategies, including tailoring the microenvi-
ronment of the catalytic center, tuning topology, and doping hy-
brid system. In the following, we review the representative ad-
vancement in electrochemical applications of POFs, including
CO2RR, ORR, HER, and OER.[123–125]

3.1. Modulating the Electrocatalytic Activity of
Porphyrins/Phthalocyanines-Based Organic Frameworks

Apart from the variety of linkers composed of POFs and metal
active sites, there are many other factors, such as topology, and
hybrid systems, have been proposed to make the most of the
unique characteristics of POFs. Thus, for further promotion of
the electrocatalytic activity of POFs, some modulation strate-
gies, such as tailoring coordination microenvironment, tuning
topology, and adopting the hybrid system, have been proposed
to further optimize the electrocatalytic performance through
exposing more active catalytic sites, facilitating the mass transfer,
and improving the electroconductivity of POFs. The modulation
strategies and catalytic effects have been summarized in Table
2. Meanwhile, we will describe the corresponding modulating
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Table 2. The modulating strategies and catalytic effects of POFs structures.

Modulation strategies Schematic diagrams Common methods Augmented catalytic effects

Coordination
microenvironment

Metal atom center

Substituent groups

Heteroatom

1) Active metal center: Fe, Co, Ni, Cu;
2) Electron withdrawing groups;
3) Heteroatom doping: S, N, P, etc.

1) Enhance intermolecular electron transmission
efficiency;

2) Optimize the framework for high activity and
selectivity;

3) Construct an oriented electron transmission pathway
with M-Por/Pc.

Topology
tuningref. [36]

Small pore size

Large pore size

2D structure

3D structure

1) Pore size: Ligands of different sizes
2) Dimensionality
2D nanosheet:
Top-down method/
bottom-up method
3D nanostructure
MOF: Hydrothermal method,
COF: [4+4] concentration

1) Higher electrochemical accessibility of the catalytic
M-Por/Pc active sites;

2) Higher capacity of gas adsorption inside the
framework.

1) Expose larger surface area and more accessible active
sites;

2) Promote the interaction with intermediate and
substrate molecules.

1) Increase the available active sites;
2) Enhance the current density;
3) Reduce the aggregation of molecular building blocks

Hybrid system Conductive support Graphene/CNT/FTO Facilate the electron transfer from the electrode to
M-Por/Pc active sites.
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Figure 6. Regulation of the center metal atom. a) The relative CO2RR catalytic paths for TTCOF with Co center and Ni center. Reproduced with
permission.[38] Copyright 2020, Springer Nature. b) ORR and c) OER overpotentials as a function of adsorption energy for TM-COFs. Reproduced
with permission.[127] Copyright 2017, WILEY-VCH. d) The diagram of Co-Por-derived COFs. e) Cyclic voltammograms of Co-Por derived COFs. f) Time-
dependent TON curves using the oriented thin films of COF-366-Co and other control materials. Reproduced with permission.[118] Copyright 2017,
American Chemical Society. g) Schematic diagram of the proposed CO2RR electrocatalytic mechanism of Co-TTCOF. h) The electrocatalytic performance
comparison of M-TTCOFs with the recently reported works. Reproduced with permission.[38] Copyright 2020, Springer Nature.

strategies and catalytic effects of the POFs-based electrocatalysts
in detail with specific examples.

3.1.1. Modulating Metal Centers

Since the central metal atoms will interact directly with the raw
materials and intermediates of electrochemical catalysis, the reg-
ulation of the central metal atom will significantly affect its in-
trinsic catalytic activity. Therefore, selecting proper central metal
atoms is one of the most direct and effective strategies to reg-
ulate the electrocatalytic performance of POFs. However, it is
an extremely challenging task to select the most suitable cen-
tral metal atom (which also exhibits the highest intrinsic catalytic
activity) solely on the basis of experimental results. To address
this plight, density functional theory (DFT) calculations as an
emerging theoretical simulation are used to compare the intrin-
sic electrocatalytic activity of POFs with different central metal
atoms.[126]

For instance, during CO2RR progress, the electroreduction of
CO2 to CO involves three fundamental steps: 1) The formation
of *COOH; 2) the formation of *CO; and 3) the CO desorp-
tion process. The formation of COOH* is the rate-determining
step (RDS) with a low energy barrier, which can be predicted on
a precise M-N-C catalytic site through DFT. As shown in Fig-
ure 6a, compared with Ni, Co-TTCOF exhibits a significantly re-
duced Gibbs free energy for the formation of *COOH in the
RDS, which is consistent with its higher electroreductive activ-
ity and selectivity.[38] To expand more metal active centers, a va-
riety of M-Por-MOF (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and
Zn) were prepared, and their corresponding ORR and OER ac-
tivity have been calculated by DFT calculations (Figure 6b,c).[127]

The results show that the type of transition metal determines
whether the ORR process is 2e− transfer or 4e− transfer, and
Co and Fe elements show the best theoretical electrocatalytic
performance in the ORR process. Meanwhile, the results also
exhibit that both Fe and Co show promising intrinsic OER
activity.
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In summary, based on the DFT calculations results and recent
research of POFs applied in the field of electrochemistry, the re-
sults suggest that transition metals such as Fe, Co, Ni, and Cu
are often coordinated with N in Por/Pc as active sites in POFs
and largely determine the selectivity and activity of frameworks.

3.1.2. Tailoring Microenvironment of Catalytic Center

The microenvironment of the catalytic center denoted the small
specific and isolated chemicophysical environment around the
metal atoms.[128] Regulating the coordination microenviron-
ments around the active sites is considered an effective strategy
to modulate the bond interactions and interface microenviron-
ments for enhancing the electrochemical catalytic performance,
especially for the M-N-C structures of POFs catalysts. Because
of the planar structure of the M-Por/Pc, the skeleton of POFs is
found to possess long-range delocalized d/p electrons, which al-
lows atoms far from each other to interact. In this section, we will
summarize the synthetic strategies to tailor the coordination mi-
croenvironment of catalytic centers via the introduction of sub-
stituent groups and heteroatom dopants into POFs, which will
affect the electronic structure of the center metal atom through
long-range delocalization.

The substituent groups with electronegative elements can
have a direct electron-withdrawing effect on the metal center,
which results in significant differences in electronics and may
improve the electrochemical catalytic activity of POFs. For exam-
ple, a series of COFs from the COF-366-Co family with differ-
ent BDA building block derivatives (such as BDA-(F)4, BDA-F,
and BDA-(OMe)2) as organic linkers were assembled to study
the structure-performance relationship of POF through modify-
ing the linker with different electron-withdrawing groups (Fig-
ure 6d).[118] As shown in Figure 6e, the cyclic voltammograms
(CV) show that the strongest electron-withdrawing group modi-
fied COF-366-F-Co catalyst exhibits the best CO2RR performance
with the highest current density for CO formation (65 mA mg−1)
when compared to other counterparts. Interestingly, the second-
highest electron-withdrawing group (BDA-(F)4) modified COF-
366(F)4-Co exhibits the worst electrocatalytic performance. This
can be owing to the high hydrophobicity of BDA-(F)4 groups in
COF-366-(F)4-Co, which can reduce the catalytic sites’ contact
with the electrolyte. At the same time, compared with the thin
film and bulk sample, COF-366-Co oriented on the substrate ac-
quired not only a low overpotential (550 mV) to achieve high
current densities (65 mA mg−1) but also a high FE value (87%)
through the reduction of CO2 to CO (Figure 6f).

N, S, P, and B, as the common dopant atoms, play a crucial part
in enhancing the performances of catalysts in the field of electro-
chemical catalysis. Among the doping atoms mentioned above,
S has been proven to improve the electrocatalytic performances
of POFs in many studies. For example, M-TAP (M = Ni or Co)
was combined with 4-formyl-TTF (2,3,6,7-tetra(4-formyl phenyl)-
tetrathiafulvalene) with high electron mobility as a kind of elec-
tron donor to constructed a series of novel COFs (M-TTCOFs).[38]

These novel COFs have the characteristics of stable and highly
crystalline metal uniformly distributed, which exhibit the excel-
lent electrocatalytic performance of CO2RR. Benefiting from the
synergistic effect of TTF as an electron donor and Por as the elec-

tron acceptor, M-TTCOFs have good electron transfer and elec-
trocatalytic activity (Figure 6g). Moreover, Co-TTCOF selectively
converts CO2 to CO at −0.7 V, with a FECO value of 91.3%, which
is also the highest among reported COFs (Figure 6h).

3.1.3. Tuning Topology

For electrocatalysts, elaborate topological design, such as pore
size and dimensionality of POFs, need to be considered because
it can expose more active sites and promote the mass trans-
port of the electrocatalysts.[129] The pore size and surface area
of frameworks can affect exposed single active sites. Therefore,
the electrocatalytic performance can be adjusted by changing
the structure of the linkers to obtain POFs with different hole
sizes.[118,130] For example, two Por-COFs (COF-366-Co and COF-
367-Co) with different pore sizes were constructed with CoTAP
and BDA/BPDA, exhibiting excellent performance of electro-
chemical reduction of CO2 to CO in water (Figure 7a). By con-
trolling the length of two linkers, the pore size and surface area
of COFs are precisely controlled. Compared with COF-366-Co,
COF-367-Co synthesized by the longer BPDA ligand has larger
pores, which makes it higher CO2 adsorption capacity. At the
same time, the Co-active site shows a higher electrochemical cat-
alytic efficiency (Figure 7b).[117]

Meanwhile, a unique feature of Por/Pc is that their catalytic
activity strongly depends on their aggregation state. Considering
this, the dimensionality of POFs is very important for catalytic
performance. The application potential of bulk POFs materials
to be used as electrocatalysts is largely hampered by their insuffi-
cient electrical conductivity and unavoidable gas/mass/electron
diffusion barriers, which could be significantly improved by tun-
ing the synthesis approach, especially 2D and 3D structure.
For instance, the planar quadrilateral structure of Por/Pc fa-
vors the formation of 2D POF, which could expose larger sur-
faces and more accessible active sites, promoting the interac-
tion with intermediate and substrate molecules. Thus, a series
of strategies from the previous synthetic part (Section 2) were
used to construct 2D nanosheets for electrocatalysis. Recently,
a 2D Cu Por-based MOF nanosheet (thickness about 3.7 nm)
named Cu2(CuTCPP) MOF was constructed by Cu-TCPP and
Cu2(COO)4 nodes (Figure 7d,e).[131] It showed a highly selective
HCOO− (FE = 68.4%) and CH3COO− (FE = 16.8%) production
(Figure 7f). However, the obtained 2D structure is easy to accu-
mulate into the bulk structure, which limits the advantages of
2D structure. Compared with 2D POFs, 3D frameworks could
increase more available catalytic sites, raise the current density,
and reduce the possible aggregation of Por/Pc-based building
blocks. For example, the 3D Pc-MOF with roc topology, named
MOF-1992, is an anionic framework, which is synthesized by
Fe3(-C2O2-)6(OH2)2 trimers and tetratopic cobalt phthalocyanin-
2,3,9,10,16,17,23,24-octaol (Figure 7g). As shown in Figure 7h,i,
MOF-1992 display high active sites with 270 nmol cm−2 and high
CO2RR performance with an overpotential of about 520 mV to
achieve the current density of about 16.5 mA cm−2. In addi-
tion, the 3D Por(Co/H)-COF prepared through [4+4] condensa-
tion of TFPP-Co and TAPM exhibited excellent CO2RR perfor-
mance with the larger CO partial current density (jCO, 15.5 mA
cm−2) than that of 2D COF-366-Co (13.2 mA cm−2) at 1.1 V
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Figure 7. Topology tuning of POFs from pore size and dimensionality. Schematic of a) COF-366-Co and b) COF-367-Co. c) The volume of CO pro-
duced by electrolysis. Reproduced with permission.[117] Copyright 2015, American Association for the Advancement of Science. d) Molecular packing of
Cu2(CuTCPP) MOF view along the c axis. e) AFM image of Cu2(CuTCPP) MOF nanosheets. f) Faradaic efficiencies of Cu2(CuTCPP) nanosheets. Repro-
duced with permission.[131] Copyright 2019, Royal Society of Chemistry. g) Structure of 3D MOF-1922. h) CV for MOF-1992/CB. i) CV for MOF-1992/CB
in KHCO3 solution. j) Schematic representation of 3D-Por(Co/H)-COF network. k) jCO. l) FECO of 3D-Por(Co/H)-COF in KHCO3 electrolyte. Reproduced
with permission.[36] Copyright 2022, Royal Society of Chemistry.

(Figure 7j,k). Moreover, as shown in Figure 7l, the jCO of 3D-
Por(Co/H)-COF was also higher than that of COF-366-Co during
the applied potential from −0.6 to −1.0 V (Figure 7l).[36]

3.1.4. Adopting Hybrid System

Electron transfer is a very important factor in electrochemical
reactions. To obtain outstanding comprehensive electrocatalytic
performance, POFs can be further composited with a wide va-
riety of conductive substrates (such as graphene, carbon nan-

otube (CNT), and fluorine-doped tin oxide (FTO)) by a covalent
bond or noncovalent interaction to improve the electron transfer
capability.[132–134] Benefiting from the larger surface area of the
substrates, it can not only prevent the accumulation of POF lay-
ers but also significantly increase the density of active centers.
Meanwhile, this hybrid system can improve the conductivity and
the synergy between POFs and the substrate, so it effectively en-
hances the catalytic activity.

As a 2D star material with high conductivity, graphene not only
possesses a large specific surface area but also exhibit highly con-
jugated atomic structures as well as unique thermal and chemical

Adv. Sci. 2023, 10, 2206239 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2206239 (16 of 28)



www.advancedsciencenews.com www.advancedscience.com

Figure 8. Different hybrid systems of POFs. a) Schematic diagram of the pfSAC-Fe electrocatalyst in the synthetic process. b) LSV curves of pfSAC-
Fe-X (X = added mass ratio of COFBTC) and 20% Pt/C in O2-saturated 0.1 m KOH solution with the rotation speed of 1600 rpm. c) Kinetic current
density (at 0.85 V vs RHE) and half-wave potentials of different catalysts corresponding to b. d) Tafel slopes. e) Schematic diagram of differential charge
density distribution on pfSAC-Fe (left) and pfSAC-Fe with the absorption of oxygen (right). The yellow part: Charge accumulation; the blue part: Charge
decrease. Reproduced with permission.[135] Copyright 2019, American Association. f) Schematic diagram of the mono-wall carbon nanotubes coated
with the POF. g) LSV curves at different rotation rates in O2-saturated 0.5 m H2SO4. Red line: MWNT−CoP 1; black line: physisorbed MWNT/CoP; blue
line: MWNTs. h) RRDE measurements at the rotation speed of 400 rpm. Red line: MWNT−CoP 1; black line: physisorbed MWNT/CoP; blue line: MWNTs.
Reproduced with permission.[42] Copyright 2014, American Chemical Society. i) Illustration of Fe-MOF-525 grown on FTO substrate for CO2RR. j) CV
curves. Reproduced with permission.[136] Copyright 2015, American Chemical Society.

stability, which can significantly promote the charge transfer be-
tween POFs and electrode. The COF containing atomically dis-
persed Fe-N-C active sites can be tightly anchored to graphene
by van der Waals force to construct pfSAC-Fe hybrids. When
compared to commercial Pt/C, the obtained pfSAC-Fe exhibit
outstanding ORR performance with a higher half-wave poten-
tial (0.91 V) and fast kinetic with the lower Tafel slopes (31.7 mV
decade−1) (Figure 8a–d).[135] Through HAADF-STEM analysis,
the coordinated Fe atoms only existed in atomic structure and
were uniformly anchored on the graphene substrate. The dif-
ferential charge density distribution proves that the electrons

from the carbon matrix have been gravitated to the N-coordinated
Fe active centers, constructing the Fe-carbon electron pathway,
which leads to an effective reduction in the resistivity of the ma-
terial (Figure 8e). CNT is another widely used conductive carbon
material to support POFs due to its high electrical conductivity
and large specific surface area. A Co-Por-COF hybrid electrocat-
alyst (MWCNT-CoP) can be constructed by covalently linking Co
meso-tetra(trimethylsilylethynyl)porphyrin (TEP) on the surface
of mono-wall CNT template (Figure 8f–h).[42] The MWCNT-CoP
hybrid as the ORR electrocatalyst exhibited outstanding electro-
catalytic activity in acidic media through a 4e− reaction pathway,
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which corresponds to the direct reduction of O2 to H2O. More
importantly, due to the synergy of multiple 𝜋-stacking interac-
tions between the Por-COF and the mono-wall CNT as well as the
abundant covalent bonds in Pc, MWCNT-CoP displayed excellent
durability with only a 5% current density decay after one-day mea-
surement. In addition to the common carbon materials, several
studies have found that conductive FTO electrodes can also be
utilized as substrates to composite with POFs. For example, an
electrophoretic deposition technology was applied to construct
a Fe-Por-MOF (Fe-MOF-525) grown on the FTO electrode for
CO2RR (Figure 8i). The obtained MOF-525-Fe hybrid showed a
high CO2RR performance with an overpotential of about 650 mV
achieving a current density of about 4 mA mg−1 and a FE of 100%
for CO production (Figure 8j).[136] In summary, introducing a
conductive substrate can increase the conductivity, catalytic ac-
tivity, and even stability of POFs-based electrocatalysts.

3.2. Electrocatalytic Carbon Dioxide Reduction Reaction

Converting atmospheric CO2 into energy-intensive carbon com-
pounds through electrochemical methods is promising to reduce
the concentration of atmospheric CO2 and improve energy in-
dependence on fossil fuels.[137,138] Recent studies have shown
that high local proton concentrations and positive charges can be
achieved by modifying diverse substituents at the meso-position
of phenyl groups in Por/Pc building blocks, thus significantly
boosting the CO2RR performance. The definite atomic struc-
ture of POFs is not only helpful in investigating the structure-
performance relationship but also exhibits efficient CO2RR activ-
ity due to their stable and conjugated structure as well as suitable
binding affinity to CO2 and CO, which has a unique advantage
in the study of the reaction mechanisms. Therefore, a series of
POFs have been developed for CO2RR.[139]

As mentioned in Section 3.1, Co is the common active site of
electrocatalytic CO2RR since the Co-N4 catalytic site can remark-
ably reduce free energy for forming *COOH in the RDS, lead-
ing to high electroconductive activity and selectivity.[35] For in-
stance, Co-Por as a catalytic building block was used to construct
a 3D Co-Por-MOF catalyst toward CO2RR, which included first
the atomic layer deposition (ALD) of metal oxide thin films as
precursors of metal specials onto electrodes and subsequently
the formation of Por-MOF by reaction the ALD treated elec-
trode with the appropriate organics in a microwave reactor (Fig-
ure 9a,b).[140] Remarkably, the FE and TON value of the MOFs
reached 76% and 14 000, respectively (Figure 9c). In situ spec-
troelectrochemical measurement showed most catalytic centers
were Co(I), which was reduced from Co(II) during the CO2RR.
In addition, by designing the linkage of POFs, the electrocatalyst
with high conductivity can be obtained since the linkage type will
affect the crystallinity and conductivity of the material to modu-
late catalytic performance. Recently, one novel Pc building block
(cobalt (II) 2,3,9,10,16,17,23,24-octakis(amino) phthalocyanine,
(NH2)8CoPc) has been designed to react with the linker (4,5,9,10-
pyrenediquinone, PDQ) for the construction of 2D CoPc-PDQ-
COF.[41] It is worth mentioning that the phenazine linkage offers
the CoPc-PDQ-COF a fully conjugated structure, which provides
its high stability and conductivity (Figure 9d). The FE of CoPc-
PDQ-COF is up to 96% at −0.66 V, and the TOF value is up to

320 000, which is 32 times higher than the molecular Co-Pc (Fig-
ure 9e). Moreover, the overall proton/electron transfer pathways
of active Co-Pc site during CO2RR were investigated (Figure 9f).
The change from high valence state Co(II) to low valence state
Co(I) occurs at the first step of the electron injection, mainly dis-
tributed on the Co dz

2 orbital and partly distributed on the C pz
orbital of proximal carbon on the Pc ring. Then the CO2− an-
ion was formed through a charge transfer process from Co(I)
site to the coordinated CO2, followed by the proton transfer pro-
cess that occurs during the formation of intermediate COOH*.
Finally, COOH* generates CO* via proton-electron transfer.

Instead of the Co-N-C catalytic center, the Ni-N-C-based
POFs also have been explored in the CO2RR process. For in-
stance, the phenolate-based 2D NiPc-NiO4 MOF was linked
by catechol-modified Pc building block (nickel phthalocyanin-
2,3,9,10,16,17,23,24-octaol, NiPc-OH) and the nickel salts (Fig-
ure 9 g).[44] Due to the existence of phenolate, this 2D NiPc-
NiO4 MOF exhibits excellent conductivity due to the high d-p or-
bital overlap between catechol and nickel. The selectivity of NiPc-
NiO4 nanosheets for CO preparation reaches 98.4%, and the TOF
of the reversible hydrogen electrode (RHE) at −1.2 V can reach
2603 h−1. Notably, this 2D NiPc-NiO4 MOF displays the highest
TOF and jCO than any other known MOF-based electrocatalysts
(Figure 9 h). To further explore the active site of NiPc-NiO4, the
CO2RR reaction pathway of two different Ni active sites in the 2D
MOF is calculated. As shown in Figure 9i, the energy of the for-
mation of COOH* intermediate on the NiPc site is 1.93 eV lower
than that on the NiO4 node (2.53 eV), suggesting that CO2RR
may occur preferentially at the NiPc site. In terms of adsorp-
tion capacity, the van der Waals interaction between the CO2
molecule and NiPc is stronger than that between the NiO4 site
(Figure 9j). The further Mulliken population analysis (Figure 9k)
of the two Ni atoms suggests a more electron-rich environment
of Ni in the NiPc site than Ni in the NiO4 site. In addition, the-
oretical calculation shows that the energy level of NiPc-NiO4 at
the lowest unoccupied molecular orbital changes from −4.22 to
−4.62 eV when the CO2 molecule moves from the NiPc site to
the NiO4 site (Figure 9l), which indicates that NiPc has good
reducibility. Therefore, the NiPc site is an outstanding catalytic
center because of its strong CO2 adsorption capacity, rich elec-
tronic environment, and good reducibility. The above examples
show that the electrocatalyst obtained by integrating M-Por/Pc
into frameworks has excellent performance for the electrocat-
alytic CO2 reduction reaction. Here, the CO2RR performances
of representative POFs-based electrocatalysts are summarized in
Table 3.[36,38,41,44,76,117,136,140–143]

3.3. Electrocatalytic Oxygen Reduction Reaction

ORR is one of the important reactions in a variety of clean energy
storage and conversion technologies, such as fuel cells and metal-
air batteries.[144–150] In the ORR process, O2 is first adsorbed on
the surface of the catalyst. Then the O2 intermediate undergoes
a hydrogenation reaction leading to the dissociation of the O–O
bond, determining that the ORR tends to follow the 4e− or 2e−
route. Finally, OH− (or H2O) is released into the electrolyte on the
catalyst’s surface.[151–154] Inspired by cytochrome P450 present in
nature, which can promote the activation and reduction of O2,
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Figure 9. a) The Por-MOF is integrated with a conductive substrate to build an electrochemical CO2RR system. b) Structure diagram of Al2(OH)2TCPP-
Co. c) FE of CO for Al2(OH)2TCPP-Co. Reproduced with permission.[140] Copyright 2015, American Chemical Society. d) Temperature-dependent con-
ductivity plot of CoPc-PDQ-COF under an applied voltage of 1 V. Inset: Arrhenius plot of the current versus temperature. e) LSV curves of CoPc-PDQ-COF
(red) and contrast catalysts. f) The schematic diagram of the electrocatalytic CO2 reduction cycle by Co-Pc. Reproduced with permission.[41] Copyright
2020, Wiley-VCH. g) Schematic diagram of NiPc-NiO4. h) TOF of CO for NiPc-NiO4 and NiPc-OH. i) Calculated energy diagrams of two proposed active
sites in NiPc-NiO4 for CO2. j) The noncovalent interaction between CO2 and NiPc-NiO4 structure. k,l) The Mulliken charge LUMO of different Ni sites
in NiPc-NiO4 with the introduction of CO2. Reproduced with permission.[44] Copyright 2021, Wiley-VCH.

M-N4-based Por/Pc structure began to be used for electrocatalytic
ORR.[155] The efficiency of the ORR process mainly depends on
the transport of multiple electrons from the catalyst to the oxy-
gen molecules. M-Por/Pc, linkers, and heteroatoms in POFs can
receive and transfer electrons rapidly, which are suitable for ORR
reactions with multi-step electron transfer steps. Considerable
overpotential and corresponding battery voltage loss will lead to
extremely low efficiency of ORR.[156,157] Therefore, the develop-
ment of a variety of POF-based electrocatalysts to reduce the over-
potential of the ORR process is considered to be the focus of re-
search.

Currently, doping of conductive substrate is the main strategy
to improve the ORR performance of POFs. Due to the high sur-
face areas and electroconductibility of graphene, graphene oxide
(GO), and CNT, POFs can be functionalized with such carbon

materials to construct highly efficient ORR catalysts. As early as
2012, a Fe-Por-MOF composited with pyridine-modified rGO (py-
rGO) for ORR, namely (G-dye-FeP)n MOF, was developed with
Fe-TCPP building block as an organic linker and Fe3+ as node
(Figure 10a).[22] As shown in Figure 10b, the obtained Fe-TCPP-
MOF/py-G hybrid exhibited an onset of 0.93 V (vs RHE) in 0.1 m
KOH. The (G-dye-FeP)n MOF showed high ORR activity since the
functionalized pyridine groups interacted with the metal sites of
Por.

Additionally, CNTs are another kind of common conduc-
tive material because of their excellent conductivity. The 2D
conjugated-MOF (namely PcCu-O8-Co) with layered stacking
structures can be constructed by the square-planar linkages
(cobalt bis(dihydroxy) complexes), which further combined with
conductive CNTs to obtain hybrid materials (PcCu-O8-Co/CNT)
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Table 3. CO2RR performance of the representative POFs-based electrocatalysts.

CO2RR performance

POFs Main modulation strategies Condition Activity Product Ref.

Fe-MOF-525 Metal center;
Hybrid system

1 m TBAPF6 FE = ≈100%
TOF = 64 h−1

CO, H2 [136]

Al2(OH)2TCPP-Co Metal center 0.5 m KHCO3 FE = 76%
TOF = 200 h−1

CO [140]

PCN-222 (Fe) Metal center 0.5 m KHCO3 FE = 80.4%
TOF = 0.012 s−1

CO [141]

MOF-1992 Metal center;
Topology

0.5 m KHCO3 FE = 80%
TOF = 0.20 s−1

CO [76]

PPy@MOF-545-Co Metal center;
Coordination microenvironment

0.1 m KHCO3 FE = 98%
TOF = 785 h−1

CO [142]

PcCu-O8-Zn Metal center 0.1 m KHCO3 FE = 88%
TOF = 0.39 s−1

CO [143]

NiPc-NiO4 Metal center;
Topology

0.5 m KHCO3 FE = 98.4%
TOF = 2603 h−1

CO [44]

COF-366-Co Metal center 0.5 m KHCO3 FE = 90%
TOF = 0.027 s−1

CO [117]

COF-367-Co Metal center;
Topology

0.5 m KHCO3 FE = 91%
TOF = 0.046 s−1

CO [117]

COF-366-TTF-Co Metal center;
Coordination microenvironment

0.5 m KHCO3 FE = 95%
TOF = 0.188 s−1

CO [38]

3D-Por(CO/H)-COF Metal center;
Topology

0.5 m KHCO3 FE = 92.4%
TOF = 4610 h−1

CO [36]

CoPc-PDQ-COF Metal center 0.5 m KHCO3 FE = 91%
TOF = 11 412 h−1

CO [41]

(Figure 10c).[54] The ORR performance results showed that PcCu-
O8-Co/CNT exhibited superior activity with an E1/2 = 0.83 V (vs
RHE) for ORR in 0.1 m KOH, outperforming other reported in-
trinsic MOF-based catalysts because of its porous structure, high
conductivity, and high coverage of electrocatalytic Co sites (Fig-
ure 10d). Benefiting from the excellent electrocatalytic activity
of PcCuO8-Co/CNT in alkaline solution, PcCuO8-Co/CNT can
be further applied as the air electrode catalyst for the applica-
tion of zinc–air batteries primarily. The POF-based electrocata-
lyst assembled zinc–air battery device exhibited outstanding per-
formance with a high discharge current density of 120 mA cm−2
at 0.8 V, and a maximum power density of 94 mW cm−2, which
are even superior to those of commercial Pt/C assembled devices
(95.5 mA cm−2 and 76.4 mW cm−2, respectively (Figure 10e,f).
Remarkably, such heterometal–organic frameworks have been
utilized to explore the ORR mechanism further comprehensively.
The DFT calculation showed Co site showed higher adsorption
energy for intermediate OOH− compared with Cu-N4, which
could act as the active center in the ORR process (Figure 10 g).
Meanwhile, in situ Raman spectra have been utilized to moni-
tor the electrocatalytic reaction process, which first observed the
adsorption peak of OH species on the catalytic CoII site to form
CoII-OH intermediate (517 cm−1) (Figure 10 h). During the ORR
process, the CoII-O peak gradually decreased with the rising volt-
age due to the conversion from CoII to CoIII species, and the in-
tensity of the CoIII-O oxygen intermediate (691 cm−1) increased
accordingly. Overall, the combination of the theoretical and exper-
imental results suggests that the unique Co-O site in the PcCu-

O8-Co plays a key role and acts as the active center during the
ORR process. A proposed ORR mechanism in Figure 10i exhibits
the ORR reaction circle based on the Co-O site.

Besides Por/Pc-based MOF materials, Por/Pc-based COFs
may swell in aqueous solutions due to their cross-linking proper-
ties, which limits their processing performance and applications.
To meet this challenge, the stable COF aqueous solution has been
investigated. As shown in Figure 10j, the Fe-Pc-COF (COFBTC)
has been prepared from the building blocks of benzene-1,2,4,5-
tetracarbonitrile (BTC), exhibiting the rich electrons in the plane
direction and high solubility after in situ exfoliation.[48] In an al-
kaline solution, the hydroxyl group can adsorb on the positively
charged Fe center, thus OH− will create a strong interaction with
the COFBTC layer to realize the in situ exfoliation of COF and pre-
vent the aggregation and deposition of the stripped layer from
forming a highly stable solution system. The X-ray absorption
near edge structure spectroscopic measurements of Fe in COFBTC
solution show that the centrosymmetric Fe-N4 structure is the ac-
tive site. The COFBTC with abundant Fe-N-C sites and high conju-
gated structure shows outstanding catalytic activity in ORR elec-
trocatalysis (E1/2 = 0.90 V) (Figure 10k). As shown in Figure 10l,
the ORR performance of COFBTC suggests a direct linear rela-
tionship with the catalyst concentration. Notably, the obtained
COFBTC solution is promising to be a substitute catalyst for Pt in
zinc–air batteries. Unlike conventional catalyst-coated carbon pa-
per/gas diffusion layer electrodes as the air cathode, the COFBTC
solution can be directly mixed with the electrolyte and used as
the ORR catalyst. Completely dissolving the catalyst in the elec-
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Figure 10. a) Schematic of (G-dye-FeP)n MOF. b) CV curves of different materials in 0.1 m KOH. Reproduced with permission.[22] Copyright 2012,
American Chemical Society. c) Schematic of PcCu-O8-Co. d) LSV curves of different catalyst in 0.1 m KOH. e) The assembled zinc–air battery device
with PcCu-O8-Co/CNT and corresponding f) discharge curve and power density. g) The calculated differential charge density of PcCu-O8-Co. h) In situ
Raman spectra. i) The schematic ORR reaction mechanism proposed by the derived data. Reproduced with permission.[54] Copyright 2021, American
Chemical Society. j) The schematic diagram of exfoliation and dissolution of COFBTC. k,l) LSV measurements and CV curves of the COFBTC solution.
Reproduced with permission.[48] Copyright 2019, American Chemical Society.

trolyte not only greatly simplifies the electrode assembly process
but also improves the utilization of the catalyst, so that its electro-
catalytic activity will be more stable. Benefiting from the highly
exposed active sites in a homogenous solution, the COFBTC solu-
tion catalyst is superior to the conventional flow cell; the catalyst
needs to be deposited on the electrode surface.

3.4. Electrocatalytic Water-Splitting (Hydrogen and Oxygen
Evolution Reaction)

The electrocatalytic water-splitting reaction contains the hydro-
gen evolution reaction and oxygen evolution reaction, which has
attracted much more attention as sustainable clean energy of
hydrogen in the event of a supply crisis.[158] Compared to the
more studied multi-electron reactions such as CO2RR and ORR,
the application of POF-based materials in electrocatalytic water-

splitting is still less reported. Here, several POF-based water-
splitting electrocatalysts will be discussed.

HER is a reaction process that involves two-electron trans-
fer. In an acidic solution, H+ is first adsorbed on the initial ac-
tive site to generate H*. Then, through Tafel or Heyrovsky path,
H2 can be obtained. Generally, the reactions of H2-producing
are inhibited when the binding of H+ to the catalyst surface
is weak.[159] POF-based materials can provide low overpotential
and high catalytic activity for the HER electrocatalytic process.
For instance, a Hf12-Por-based MOF can be loaded with CNTs
through covalent adsorption to improve the conductivity, which
will facilitate the electrons transfer from the electrode to M-Por
active sites, resulting in outstanding HER performance (Figure
11a). The thickness of MOF on the AFM image surface of Hf12-
CoDBP shows only 20–25 nm. The covalent adsorption of Hf12-
CoDBP/CNT does not change the morphology of MOF itself and
shows a high electrocatalytic effect at different potentials. The ob-

Adv. Sci. 2023, 10, 2206239 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2206239 (21 of 28)



www.advancedsciencenews.com www.advancedscience.com

Figure 11. a) Schematic diagram of HER electrocatalytic process of Hf12−CoDBP/CNT. b) CV curves of different catalysts. c) Tafel slope of different
materials. Reproduced with permission.[160] Copyright 2018, American Chemical Society. d) Schematic diagram of the preparation of NiPc-MOF. e)
pH-dependent LSV curves in different electrolytes using the NiPc–MOF as the OER catalyst. f) The long-term chronopotentiometry measurement for
OER at a constant current density of 1.0 mA cm−2. g) Raman spectra of different catalysts. Reproduced with permission.[163] Copyright 2018, The Royal
Society of Chemistry. h) Schematic diagram of pCoPc and P@pCoPc. LSV curves in 1 m KOH for i) HER and j) OER. k) Schematic diagram of the water
decomposition process. LSV curves of P@pCoPc-1/Co3O4|CC l) in overall water splitting and m) the comparison before and after 1000 cycles. Insets
in (l) and (m) are the setup for overall water splitting and the long-term chronoamperometric measurement at a constant potential of 1.672 V for 12 h,
respectively. n) The experimental and calculated amounts of H2 and O2 as a function of time during the overall water splitting at a constant current
density of 50 mA cm−2. Reproduced with permission.[43] Copyright 2021, Wiley-VCH.

tained Hf12-CoDBP/CNT hybrid displayed an outstanding elec-
trocatalytic HER performance in the acidic media, which only
acquired 650 mV overpotential to achieve the current density of
10 mA cm−2 (Figure 11b). The calculated Tafel slope of the opti-
mal catalyst is 178 mV dec−1, suggesting the RDS belongs to the
Volmer step, which depends on the one proton adsorption on the
catalytic site (Figure 11c).[160]

OER, which involves the four-electron transfer process, is gen-
erally considered as the bottleneck for effective hydrogen evo-
lution by splitting water.[161,162] In an alkaline solution, OH− is
first adsorbed on the initial active site to generate *OH. After
the protons and electrons of *OH are removed, *O intermediates
are generated. Subsequently, two kinds of *O can be combined
to form O2, or through a two-step and proton-coupled electron
transfer process, *OOH can be obtained first, and O2 can be fi-

nally obtained. The overall oxidation process of water at least asks
for the endothermic energy of 237 kJ mol−1, and the atom re-
arrangement always occurs on the catalyst surface, which leads
to the slow kinetics of the OER process.[35] POFs, as specific
kinds of framework material with clear atomic structure and ad-
justable coordination environment, are powerful for studying the
OER mechanism and building the structure-performance rela-
tionship. For instance, the 2D NiPc-MOF materials were con-
structed using a Pc-based building unit (2,3,9,10,16,17,23,24-
octaamino-phthalocyaninato nickel, NiPc-NH2) for OER electro-
catalysis (Figure 11d).[163] As shown in Figure 11e, the electro-
catalytic activity of NiPc-MOF in the OER process increased with
the pH value. Notably, the NiPc-MOF showed excellent OER ac-
tivity in 1 m KOH, which only acquires 250 mV overpotential to
achieve 10 mA cm−2. Notably, the calculated Tafel slope of NiPc-
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Figure 12. The summary of synthetic methods, modulation strategy, and electrocatalytic applications of POFs.

MOF is 74 mV decade−1, indicating the fast reaction kinetics.
The long-term stability tests of NiPc–MOF observe that the cat-
alytic activity only slightly declined after 50 h of working time
(Figure 11f). Subsequently, the Raman spectrum (Figure 11 g)
of the NiPc-MOF before and after the OER measurement shows
that the main structure of NiPc-MOF remains the same.

Due to the promising HER and OER activity of POFs-based
electrocatalysts that can overcome the shortcomings of precious
metal HER/OER electrocatalysts of scarcity and high cost, they
can be further applied for the water splitting reaction, including
both HER and OER process. Massive works have been devoted to
developing efficient POFs-based bifunctional electrocatalysts for
simultaneously facilitating the OER and HER process. Among
them, heteroatom doping, like S and P, is an effective method
to improve the electrocatalytic activities of POFs-based electro-
catalysts and promote bifunctional catalytic activity. For example,
two new water-splitting catalysts with adjustable electrochemical
performance were constructed, which were named pCoPc-1 and
pCoPc-2, containing S linkers and SO2 linkers, respectively (Fig-
ure 11 h).[43] The pCoPc-1 and pCoPc-2 showed excellent bifunc-
tional electrocatalytic activities toward HER and OER. In order to
further improve the catalytic performance, the phosphorylation
process has been applied for pCoPc to form P@pCoPc to boost its
hydrophilicity and conductivity, thus acting as a proton acceptor
to accelerate the HER catalytic reaction. Then, the bifunctional
electrocatalytic activity of pCoPcs and P@pCoPcs were system-
atically investigated, which were all coated on a variety of sub-
strates, such as SiO2, conductive carbon cloth (CC), and CoO- or
Co3O4-modified CC. Particularly, the P@pCoPc-1/Co3O4|CC ex-
hibited the best bifunctional electrocatalytic performance toward

HER and OER. As shown in Figure 11i,j, the overpotentials of
P@pCoPc-1/Co3O4|CC about OER and HER performance are as
low as 320 and 120 mV at the current density of 10 mA cm−2,
respectively.

Inspired by the excellent bifunctional electrocatalytic activity of
P@pCoPc-1/Co3O4|CC, a two-electrode cell has been assembled
by the catalyst as both anode and cathode for evaluating its water-
splitting capacity (Figure 11k). Notably, the assembled P@pCoPc-
1/Co3O4|CC device requires a small overpotential of 1.672 V to
achieve 10 mA cm−2. The long-term stability test suggests no
obvious decline of electrocatalytic performance after continuous
12 h working time and 1000 cycles operation (Figure 11l,m). To
explore the FE of the water splitting by P@pCoPc-1/Co3O4|CC,
the volumes of H2 and O2 evolution have been recorded to com-
pare with the calculated volumes. The experimental and calcu-
lated amounts of H2 and O2 at a current density of 50 mA cm−2
for 30 min are presented in Figure 11n. The ratio between the
amount of H2 and O2 generated is 2.06, which is close to the
theoretical value. This work shows the multifunctional tunabil-
ity of POF-based materials for electrocatalysis, which shows the
promising application in water splitting in the future.

4. Conclusions and Future Perspectives

In summary, we have reviewed recent achievements and given
comments on current advances in designing POFs for efficient
electrocatalytic applications in this new progress report (Figure
12). Benefiting from their unique metal-N4 coordination struc-
ture, high conjugated 𝜋-electron system, flexibly tunable compo-
nents, and chemical stability, various POFs-based catalysis have
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been constructed for efficient electrocatalytic applications. This
review details numerous synthesis methods of POFs, and de-
scribes the advantages and disadvantages of these strategies. At
the same time, the booming developments and the specific ways
for modulating their chemical and electronic structures, includ-
ing tailoring coordination microenvironment (metal atom cen-
ter, substituent groups, and heteroatom), modulation of topology
(pore size and dimensionality), and hybrid system, are also fully
reviewed and emphasized.

In short, representative research advances of POFs-based cata-
lysts in electrocatalysis are summarized. Although the investiga-
tions on the electrocatalytic field of POFs-based catalysts are still
in their infancy, they have aroused significant appeal. In addition,
except for these potential investigations, comprehensive evalua-
tion of the detailed structural characterization, including chemi-
cal structures, electronic properties, complex compositions, coor-
dination microenvironments, and hybrid substrates, is still chal-
lenging. 1) For the current synthetic strategies for POFs, the uni-
versality and scalability of them are still needed to improve. The
limited reaction types, chemical structures, and too many syn-
thesis steps of POFs are a hindrance to large-scale industrial pro-
duction. Thus, developing a facilitated, green, low-cost, and large-
scale method for commercial electrocatalysts is urgent. In sum-
mary, there will be a huge market prospect for POFs-based elec-
trocatalysts if the above disadvantages about commercial produc-
tion of them will be solved in the future. To promote the indus-
trial production of POFs, we should optimize existing synthetic
strategies and develop new approaches in the future. Addition-
ally, it is necessary to create more POFs configurations to develop
its inherent advantages in electrochemical catalysis. Meanwhile,
theoretical calculations as guidance could be used to develop new
large-scale synthesis methods and guide to constructing of novel
POFs-based electrocatalysts.

2) So far, POFs have been constructed to combine many metal
ions into their M-N4 sites, such as Fe, Co, Ni Cu, and Zn, but
there is great hope that other metal elements can be combined
with POFs to expand further the electrocatalyst class, including
main group elements, other transition metal elements, and lan-
thanides. Developing unique POFs-based materials with diverse
chemical compositions, coordination environments, and basic
physical properties will inspire more electrocatalysts based on
POFs toward high performance.

3) Although the catalytic activity of POFs can be optimized
by coordination microenvironment regulation strategies, such as
functionalization of substituent groups or doping heteroatom,
it is challenging to precisely control the chemical structure of
POFs-based materials. For example, the introduction of electron-
withdrawing groups or second atoms usually increases the diffi-
culty of synthesis. Meanwhile, the electronic structure and mech-
anism are difficult to explore due to their uncontrollably pre-
cise chemical structures. Besides, the usual modulation strate-
gies may result in side effects such as instability, poor conductiv-
ity, and even impurity. Thus, it should be considered to develop
the precise structure of POFs focusing on an atomic level in the
future and take all factors into consideration.

4) The topology modulation strategy can significantly increase
electroconductivity, boost the accessibility of the active sites, and
improve the catalytic performance of POFs-based electrocata-
lysts. However, the relationship between structure and activity

as well as preparation conditions, are crucial points for success-
ful topology modulation. For example, i) the ultrathin nanostruc-
ture of 2D POFs can improve the conductivity and exposed active
sites, while the layer stacking caused by the strong 𝜋-𝜋 interaction
should be avoidable; ii) the interpenetration is easy to appear in
3D POFs containing large pore size, which will seriously reduce
the porosity and affects the mass transfer. iii) the experimental
conditions need to be strictly controlled to realize the controllable
synthesis of the 2D/3D structures. Additionally, the structure evo-
lution and topology selection can be guided by advanced in situ
characterization and theoretical calculation techniques, respec-
tively.

5) Electrical conductivity is a critical factor in the rapid trans-
fer of electrons in electrocatalytic reactions. The conductivity of
POFs is still limited, and they need to be loaded on a conduc-
tive substrate when applied in the electrochemical field. However,
such a hybrid system exists the problem of phase separation and
shedding of the catalyst during the catalytic process. Therefore,
exploring and innovating the modified substrates to load POFs
through strong interaction can be a good choice.[8] In addition,
to find the novel substrate, synthesizing highly conductive 2D
POFs is another promising direction.

6) In acidic, alkaline, high temperature, and other harsh con-
ditions, POFs will likely undergo structural decomposition or
chemical composition change in the catalytic process. The ther-
mal and chemical stability of Por/Pc-MOFs can be improved
by employing high oxidation state metal central clusters, such
as Zr4+.[35] For example, zirconium-based porphyrin MOFs are
usually extremely stable in strong acid/base solutions.[73] In con-
trast, COF has higher stability due to covalent bonding. How to
study the recognized principle of COF crystallization for improv-
ing the crystallinity of COF materials and increasing the stability
of materials is one of the key issues in the following research.

7) Apart from the regulation methods on the structure or
topology of POFs at a molecular level, engineering nano mor-
phology of POFs is also one of the effective approaches to
improve the electrocatalytic performance further. Classified by
the specific geometrical shape and size rather than the specific
molecular dimensions, the common nano morphologies of
POFs are concluded as 0D (nanoparticles) with high stability and
dispersion, 1D (nanoribbons and fibers) with high phase purity
and fewer defects, 2D (films and membranes) owning access
to catalytic interfaces, and 3D (hierarchical nanostructures and
aerogels) combined multi-advantages from low-dimensional
nanostructure.[164] Those specific morphologies of POFs provide
them with unique properties more suitable for electrochemical
applications. In the future, research on nano-morphological
evolution and corresponding applications should be
concerned.

8) So far, due to diverse intermediates and products, uncer-
tain reaction paths, and complex multiple electron transfers
of electrocatalytic applications, including CO2RR, ORR, HER,
and OER, it is challengeable to determine the catalytic mecha-
nism and select efficient electric catalysts. The comprehensive
study of the catalytic mechanism of POFs is conducive to the
reasonable structural design and electrocatalytic materials with
better catalytic activity. Therefore, a variety of progressive in situ
techniques, including XRD, X-ray photoelectron spectroscopy,
X-ray absorption fine structure spectroscopy (XAS), Raman
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Table 4. Summary of the advantages, disadvantages, and key issues identified from each in situ technique.

In situ
techniques

Advantages Disadvantages Key issues identified Ref.

XRD Tracking the structural evolution of POFs-based
catalysts from the degree of crystallinity and
phase structure type.

Unapplicable to electrocatalysts with
amorphous structure or low crystallinity.

(1) Catalyst stability. [165]

XPS Probing the surface structural evolution
information before and after the
electrochemical reaction.

Hardly capture the real catalyst surface
structure because of the inescapable
contact with air in the process of
detection.

(1) Active sites,
(2) Catalyst stability.

[166]

XAS Investigating the valence state and
coordination structure of catalytic sites
POFs-based catalysts.

Hardly show the information on catalytic
reactions occurring at the catalyst surface.

(1) Key intermediates,
(2) Reaction mechanism,
(3) Active sites,
(4) Catalyst stability.

[167]

FTIR Detecting adsorbed species on the surface of
POFs-based catalysts.

Hardly distinguish the spectra from
electrolytes and catalysts’ interfaces due to
the interference from other components.

(1) Key intermediates,
(2) Reaction mechanism,
(3) Reaction environment.

[168]

Raman Identifying the key intermediate species and the
catalytic sites of POFs-based catalysts.

The corresponding reaction intermediates
hardly be detected due to the
corresponding weak Raman signals.

(1) Key intermediates,
(2) Reaction mechanism,
(3) Active sites,
(4) Reaction environment.

[169]

TEM Observing the structural change of POFs-based
catalysts.

The fabrication of the in situ cell and the
electron beam damage.

(1) Catalyst stability. [170]

spectroscopy, Fourier transform infrared spectroscopy, TEM
and other advanced in situ techniques are urgently needed
for in-depth characterization and analysis of the relationship
between the chemical structures and electrocatalytic activities
of materials. Table 4 presents a comprehensive summary of the
advantages, disadvantages, and key issues of the above standard
in situ techniques.[165–170]

In conclusion, as a novel research direction in electrocatalysis
(CO2RR, ORR, and water splitting), POFs-based materials have
attracted much attention. A series of synthetic methods and mod-
ification strategies are used to construct POFs-based materials
with high tunability and catalytic activities for electrocatalytic ap-
plications. POFs-based electrocatalysts with high catalytic activ-
ity and high tunability can be obtained through various synthetic
methods and modification strategies. Modulating the chemical
structures, coordination microenvironment, topologies, and hy-
brid substrates of the POFs-based materials has been proven an
effective way to improve their activity. To promote the possibil-
ity for commercialization of POFs-based materials, the design
strategies and potential mechanisms of POFs-based electrocata-
lysts should be further investigated. We firmly believe that the
research progress in the synthesis-structure-performance rela-
tionship of POFs will considerably encourage their wide range
of applications for sustainability, energy, and electrocatalysis.
We believe that the demonstration of the synthesis-structure-
performance correlations on POFs and their guided discovery
will considerably encourage their wide range of applications for
sustainability, energy, and electrocatalysis. Overall, this compre-
hensive review focusing on the frontier will provide multidisci-
plinary and multi-perspective guidance for the subsequent ex-
perimental and theoretical progress of POFs and reveal their key
challenges and application prospects in future electrocatalytic en-
ergy conversion systems.
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