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Porphyrin-based frameworks, as specific kinds of metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs), have been widely used in energy-related conversion processes, including
the oxygen reduction reaction (ORR), oxygen evolution reaction (OER) and CO, reduction reaction
(CO2RR), and also in energy-related storage technologies such as rechargeable Zn-air batteries. This
review starts by summarizing typical crystal structures, molecular building blocks, and common synthetic
procedures of various porphyrin-based frameworks used in energy-related technologies. Then, a brief
introduction is provided and representative applications of porphyrin-based frameworks in ORR, OER,
Zn-air batteries, and CO,RR are discussed. The performance comparison of these porphyrin-based
frameworks in each field is also summarized and discussed, which pinpoints a clear structure—activity
relationship. In addition to utilizing highly active porphyrin units for catalytic conversions, regulating the
porous structures of porphyrin-based frameworks will enhance mass transfer and growing porphyrin-
Received 27th November 2020 based frameworks on conductive supports will accelerate electron transfer, which will result in the
DOI: 10.1039/d0cs01482f improvement of the electrocatalytic performance. This review is therefore valuable for the rational
design of more efficient porphyrin-based framework catalytic systems in energy-related conversion and
rsc.li/chem-soc-rev storage technologies.
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1. Introduction
1.1 Porphyrin catalysis in biological systems

Porphyrins are a class of heterocyclic molecules connected with
four pyrrole subunits and methylene bridges. In nature, porphyrins
exist in coordination with metal ions. These metal porphyrins and
their derivatives are commonly found in organelles related to
energy transfer and play important roles in diverse biological
functions, such as light-harvesting, electron transfer, oxygen (O,)
transport and activation, and many catalytic transformations.'™
For example, in plants, chlorophyll is an Mg porphyrin compound,
which can absorb light. In animals, hemocyanin is a Cu porphyrin
compound, which can carry and transport O,.

In particular, heme is an Fe porphyrin compound.>® It is not
only a cofactor of hemoglobin, but also a cofactor of myoglobin,
cytochrome, peroxidase, catalase, etc. Therefore, heme has
multiple uses. For example, hemoglobin transports O, in red
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blood cells. Myoglobin transports and stores O, in muscle cells.
Cytochromes b and c¢ can transfer electrons. Peroxidase and
catalase can catalyze the degradation of hydrogen peroxide
(H,0,). It is worth mentioning that cytochrome ¢ oxidase and
cytochrome P450 can promote the activation and utilization of
0,.”® Above all, Fe porphyrins play crucial roles in diverse O,
and H,O0, related biological processes. Although these heme
structures have the same Fe porphyrin unit, their functions can
be fine-tuned by regulating the surrounding environment of
metal porphyrins. For example, cytochrome ¢ oxidase binds and
activates O, at its heme Fe porphyrin site.” Upon O-O bond
cleavage, a Fe'v-oxo porphyrin cation radical is suggested to be
formed, which is the key intermediate of the ORR for the
selective four-electron (4e) reduction of O, to H,O. The redox-
active dianionic porphyrin structure is very effective in stabilizing
this high-valent Fe™-oxo unit. In addition to the heme Fe porphyrin
site, its surrounding environments, including the proximate Cu
ion, Tyr*** residue, axial ligand and distal pocket environment, are
suggested to play crucial roles in the 4e ORR process.'*™**

1.2 Catalysis of synthetic porphyrin complexes

Inspired by nature, metal-coordinated porphyrin molecules
have been extensively studied as catalysts for small molecule
activation reactions." > The use of metal porphyrins as mole-
cular catalysts has the following advantages from the aspect of
coordination chemistry. First, porphyrin ligands can provide
rigid and stable coordination environments for the incorpo-
rated metal ions. The resulting metal porphyrins are stable in
both acidic and alkaline solutions. This unique stability feature
provides the possibility for their practical application. Second,
porphyrin ligands are redox-active, and thus can participate in
redox processes. This feature can enrich the redox chemistry of
metal porphyrins, making them beneficial for multielectron
catalytic processes. Third, the porphyrin molecules can be
modified systematically with different functional groups at
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the meso- and B-positions. This feature will result in the
diversity of metal porphyrins with different chemical and
physicochemical properties. Fourth, due to the stable coordina-
tion environments, the second coordination spheres of metal
porphyrins can be fine-tuned to further improve catalytic
efficiency. Therefore, metal porphyrins have been widely used
as electrocatalysts for oxygen electrocatalysis, including ORR
and OER, and for CO,RR.>*2¢

For catalytic ORR by metal porphyrins, it is generally
proposed that O, first binds at the axial vacant site of metal
centers and is subsequently reduced to H,0, (two-electron (2¢)
pathway), H,O (4e pathway) or a mixture of H,O, and O, with
transfer of electrons and protons in a concerted manner. The
catalytic activity, long-term stability and selectivity of products
depend on the nature of the molecular catalysts, especially
metal active sites and functional substituents of porphyrin
macrocycles. Inspired by cytochrome c¢ oxidase present in
nature, Chidsey, Collman, and co-workers synthesized Fe porphyrin
model molecules and confirmed the high activity and selectivity of
Fe porphyrins for the 4e ORR process.> Many other synthetic Fe
porphyrins have been designed and synthesized as ORR catalysts by
Nocera,”” Dey,”® ' Mayer,’>" Savéant,*® etc.

In addition to Fe porphyrins, Co porphyrins have also
attracted great attention for ORR catalysis and have been
extensively investigated by Fukuzumi,’”*® Kadish,*® Girault,*’
and Nocera.*' It is worth mentioning that unlike Fe porphyrins,
mononuclear Co porphyrins display poor selectivity for the 4e
ORR, and binuclear Co porphyrins are usually required to
promote the 4e reduction of O, to H,0.*>** Peroxo-bridged
binuclear species are usually proposed as key intermediates
involved in this 4e ORR process. Beyond that, a series of other
transition metal porphyrins,®>*” as well as other metal-N, coordi-
nation molecules, such as metal corroles and phthalocyanines,**~>
have also been investigated as electrocatalysts for ORR. Based on
these results, one can conclude that the activity and selectivity of
porphyrins are largely determined by the nature of metal centers
and surrounding environments.>*>’

For catalytic OER, metal porphyrins have attracted increasing
interest because of their ability to stabilize high-valent metal-oxo
intermediates, which are generally considered to be involved as
key intermediates during the O-O bond formation step.’®**
Among these porphyrin molecules, water-soluble Ni and Cu
complexes of 5,10,15,20-tetra(4-N-methylpyridyl)porphyrin have
been reported by Cao and co-workers to be able to catalyze OER
in neutral aqueous solutions with very low overpotentials.®>°®
Importantly, in addition to the 4e water oxidation to O, at neutral
PH, the Cu porphyrin can catalyze the 2e water oxidation to H,O,
in acidic solutions. As structural analogues of metal porphyrins,
metal corroles have also been studied as OER catalysts.””"® By
introducing intramolecular acid/base functional groups, hangman
Co corroles showed significantly improved efficiency, as compared
to the non-hangman counterparts, for electrocatalytic OER by
Nocera’® and by Cao.”' The hanging acid/base groups are
suggested to have multiple roles in facilitating the O-O bond
formation: they may pre-organize water molecules within the
hangman cleft,”® and they may also function as an intramolecular
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proton acceptor to accelerate proton transfer during the water
nucleophilic attack to form the O-O bond.”

In the past decade, porphyrins have attracted increasing
interest as catalysts for electrochemical CO,RR.”*"® In parti-
cular, Fe porphyrins have been widely and extensively studied
for CO,RR by Costentin,”® Robert,*® Savéant,®’ Dey,**"%*
Nocera,*®® Cao,*”*® Naruta,®® and others.”®** Notably, Fe tetra-
(ortho-trimethylanilinium)porphyrin displayed a state-of-the-art
catalytic efficiency by reaching a turnover frequency (TOF) of
10° s™" at an overpotential of 220 mV.%® Other metal porphyrins,
phthalocyanines, and other molecular catalysts such as
Ni(cyclam) have also been synthesized and investigated as
CO,RR electrocatalysts by Shinobu,”**® Wang,*® Fujita,””
Kubiak,”®? and others. Based on these studies, it has been
shown that high local proton concentrations and positive
charges, which can be realized by introducing substituents at
the meso-phenyl groups of porphyrin macrocycles, can signifi-
cantly boost the CO,RR performance.””®* In addition to the
benefits of investigating the structure-function relationships,
metal porphyrins have unique advantages for reaction mechanism
studies owing to their stable and rigid coordination structures and
also their suitable binding affinity with both CO, and CQ.”'%%1%?

1.3 Porphyrin-based frameworks: a bridge between
homogeneous and heterogeneous catalysts

Although porphyrin-based catalysts have shown high activity
for ORR, OER, and CO,RR in homogeneous catalysis,*'*® their
applications in electrocatalytic devices are limited because of
the following facts. First, molecular complexes have very poor
electrical conductivity and usually have very weak interactions
with electrodes, leading to low electron transfer efficiency
between molecular catalysts and electrodes. Second, for homo-
geneous electrocatalysis, only molecules close to the electrode
surfaces can be oxidized or reduced for subsequent catalytic
reactions. As a consequence, most of molecules dissolved in the
solution do not participate in electrocatalytic processes. This
results in low atom-utilization efficiency. Third, in homogeneous
catalysis, difficulties in the recovery and reuse of molecular
catalysts are also encountered. Therefore, transformation of
homogeneous molecular catalysts into heterogeneous electro-
catalysts is desired.

In the past decade, several strategies have been developed to
transfer molecular catalysts into heterogeneous ones."®* "%
First, drop-casting molecular complexes onto conductive supports
is simple and straightforward. However, molecular catalysts will
aggregate, and only those at the outermost layers can be exposed
for the reaction with substrates. In addition, due to the weak
physical contact between molecular catalysts and electrode
surfaces, loaded molecules are easy to be exfoliated particularly
under strong gas evolution conditions. Second, introduction of
large conjugated substituents, such as pyrene groups, into
porphyrin backbones can lead to increased m-m interaction
with carbon-based materials.’***'' However, this noncovalent
immobilization still suffers from the disadvantage of insufficient
catalyst stability of molecular catalysts on supporting materials.
Third, grafting molecular catalysts on supports such as carbon-based

This journal is © The Royal Society of Chemistry 2021
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materials and metal oxides through covalent bonds can largely
improve electron transfer efficiency and atom-utilization efficiency
and can also significantly increase the stability of molecular
catalysts on supporting electrode materials,"**™**¢ although func-
tionalizing both molecular catalysts and supports for their con-
nection is challenging from the design and synthesis points
of view.

Alternatively, molecular catalysts, especially porphyrins, can
be integrated into frameworks, such as MOFs and COFs, to
realize the transformation from homogeneous catalysis to
heterogeneous catalysis."'”""'® MOFs are a class of crystalline
porous materials prepared with metal ions or metal clusters
and organic linkers through coordination bonds with periodic
network structures. MOFs have unique and appealing features,
such as regular and adjustable pore size, large specific surface
area, and diverse topologies and morphologies.**™** On the
other hand, COFs are a new class of porous materials con-
structed by organic molecules through covalent bonds with
ordered crystal structures.'****® Compared with MOFs, COFs
have three additional features."?® First, the building units of
COFs are all organic small molecules, which have a wide range
of sources and make building units extremely diversified.
Second, the periodic network structure of COFs is formed by
covalent bonds, which have much higher thermal and chemical
stability as compared to coordination bonds in MOFs. Third,
COFs are composed of light elements (e.g. C, H, O, N, B, etc.),
which lead to low density. For both MOFs and COFs, their
periodically ordered structures of porous frameworks make all
active sites uniformly distributed, which benefits structure-
activity and mechanism studies. In addition, their large specific
surface areas and permanent porosities are beneficial for active
site exposure and mass transportation, making them highly
attractive in electrocatalysis and other fields."**™*** Generally
speaking, porphyrin-based frameworks are a special kind of
MOFs and COFs, and their constituent units must contain
porphyrin molecules.

Recently, great efforts have been dedicated to preparing
porphyrin-based frameworks with stable structures, diverse
functionalities, different morphologies and porous properties.
These frameworks exhibit promising applications in many
energy-related conversion and storage technologies."** ! Con-
structing frameworks with porphyrin molecules has several
advantages. First, the rigid and robust porphyrin backbones
enable straightforward and systematic design and synthesis of
porphyrin-based frameworks. Second, many functional groups
can be installed on porphyrin backbones. These functional
groups play critical roles not only in improving catalysis but
also in controlling framework structure and morphology.
Third, porphyrins can be employed as both structural units
and catalytic sites in porphyrin-based frameworks. Bimetallic
and polymetallic porphyrin-based frameworks can be readily
constructed for synergistic catalysis. Therefore, porphyrin-
based frameworks provide a very attractive platform and make
porphyrin molecular catalysts promising for electrocatalytic
applications. In other words, porphyrin-based frameworks
have become a bridge between homogeneous catalysts and

This journal is © The Royal Society of Chemistry 2021
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heterogeneous catalysts. In particular, the periodic structure
of porphyrin-based frameworks makes these active centers
uniformly distributed in the whole porous framework, which
is characteristic of homogeneous catalysts. The solid properties
of porphyrin-based frameworks in nano/micro-scales make
them efficient heterogeneous catalysts. Therefore, based on
molecular catalytic reaction mechanisms and structure-activity
relationships, the rational design and development of
porphyrin-based frameworks can take into account advantages
of both homogeneous and heterogeneous catalysts. It is worth
noting that porphyrin-based frameworks have also been
broadly applied in other fields such as acid catalysis,"®>"®
sensing,'®* oxidation,'®>'®® capacitor,'®” photocatalysis, ®**"*
environmental and biomedical applications,"”*'”®* and so
On.174

1.4 Scope of this review

Recently, many reviews have been published to summarize the
progress made in MOFs and COFs and their derivatives for
energy-related applications. However, a deep understanding of
the relationship between structures of porphyrin-based MOFs
and COFs and their electrocatalytic activities is highly desirable
for the rational design of porphyrin-based catalysts. This review
starts by summarizing specific porphyrin-based frameworks to
date in the chronological order. A series of porphyrin molecules
with different functional features for ORR, OER, Zn-air
batteries, and CO,RR are summarized. Furthermore, several
typical preparation strategies for porphyrin-based frameworks
also have been summed up, including the hydrothermal
method, Schiff base reaction, and electrochemical polymeriza-
tion. Next, we focus on demonstrating the electrocatalytic
applications, such as ORR, OER, bifunctional ORR and OER,
Zn-air batteries, and CO,RR, of these porphyrin-based frame-
works systematically, and on discussing the theoretical basis
for electrocatalysis. Furthermore, the catalytic activity and
selectivity of porphyrin-based frameworks used in these
energy-related fields have been summed up and discussed. At
present, the research in porphyrin-based frameworks mainly
focuses on the development and synthesis of new structures.
However, the design and synthesis of novel frameworks, based
on the knowledge of catalytic reaction mechanisms and structure-
activity relationships of molecular catalysis, are highly valuable to
further improve catalytic activity and selectivity. Finally, conclu-
sions and outlooks of future developments are discussed for novel
porphyrin-based frameworks as more efficient electrocatalysts. In
general, combining porphyrin-based frameworks and conductive
supports and constructing mesoporous and macroporous frame-
works can greatly enhance electrochemical activity. The rapid
development and application of in situ and ex situ technologies
and theoretical calculations make it possible for reaction
mechanism-based activity optimization and selectivity improve-
ment for porphyrin-based frameworks due to their uniform active
sites and precise molecular structures. This review may provide an
inspiration for researchers to design more efficient porphyrin-
based framework materials for practical applications in energy-
related fields.
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2. Porphyrin-based frameworks in
energy-related fields
2.1 Timely update on porphyrin-based frameworks

During the last decade, many porphyrin-based MOFs and COFs
were prepared. Porphyrin molecules can be used as both
organic linkers of MOFs and component monomers of COFs.
Due to the diversity of porphyrin molecules with different
functional groups, porphyrin-based MOFs and COFs have been
constructed with different topological structures and tunable
porous structures. MOFs and COFs provide a suitable platform
for porphyrin molecules to realize their heterogeneous catalysis.
Currently, porphyrin-based frameworks have become one of the
most widely investigated porous structures. Herein, several
typical porphyrin-based frameworks are described in Fig. 1 in
the chronological order.

In 2010, several porphyrin-based frameworks were prepared
and evaluated as electrocatalysts. However, their precise structures
and molecular packing styles were not well characterized.'”
Therefore, it is difficult to address the structure-activity relation-
ship to further promote the development of porphyrin-based
frameworks. The rapid development of synthetic methods and
characterization technologies in the past decade has resulted in
the expansion of diverse porphyrin-based frameworks. Since then,
more and more porphyrin-based framework materials have been
synthesized and widely used in the field of electrocatalysis,
including ORR, OER, Zn-air batteries, and CO,RR.

Among porphyrin-based MOFs, 5,10,15,20-tetra(4-carboxyphenyl)
porphyrin (TCPP) is a commonly used organic linker.'”® TCPP
is a tetratopic linker with a D,,-symmetry and a rigid square-
planar geometry. A variety of metals and metal clusters can act
as nodes to form porphyrin-based MOFs with different packing
structures. The porous coordination network (PCN) is one
class of widely studied porphyrin-based MOFs. For example,

PCN-223-Fe
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MOF-525 is a typical porphyrin MOF with an ftw topology,
which has similar packing structure to PCN-221."”” Herein, the
metal cluster of MOF-525-Fe is ZrsOg and the porphyrin linker
coordinates with an Fe ion. Furthermore, by changing the
synthetic conditions, PCN-224-Ni, PCN-223-Fe, and PCN-222-
Fe were crystallized with obviously different packing structures,
as displayed in Fig. 1. In particular, PCN-224-Ni has a Dzq
symmetric Zrs cluster with an she topology.”® In contrast,
PCN-223-Fe has a Dy, symmetrically 12-connected Zrg cluster
with an shp topology.'”® PCN-222-Fe is constructed with four 8-
connected Zr, clusters and Fe TCPP with a csq topology.®° Note
that the above mentioned four porphyrin-based MOFs show
completely different crystal structures although the organic
linkers (TCPP molecules) and metal clusters (Zrs cluster) are
the same. Importantly, MOF-525-Fe and PCN-222-Fe exhibit
electrocatalytic CO,RR activity,'®"'®? while PCN-224-Ni and
PCN-223-Fe show electrocatalytic OER and ORR activity,
respectively.'®>'® Thus, electrocatalytic activities of porphyrin-
based MOFs strongly depend on their crystal structures. In addi-
tion, Co-Al-based TCPP MOF (Co-Al-PMOF) is also a special MOF
constructed with Co TCPP as the organic linker and AlO cluster as
the metal node."®® This Co-AI-PMOF exhibits both electrocatalytic
CO,RR and ORR activity owing to the similar molecular packing of
MOF-525-Fe and PCN-224-Ni.'**'%”

In addition to porphyrin-based MOFs, COF-366 is a typical
COF used for CO,RR with an sql topology.'®® COF-366-Co is
assembled with Co 5,10,15,20-tetra(4-aminophenyl)porphyrin

(TAPP) as one component and 1,4-benzenedicarboxaldehyde
(BDA) as the other component. When replacing the component
BDA with 4,4’-biphenyldicarboxaldehyde (BPDA), COF-367-Co
was obtained with a larger pore diameter. Through regulation of
molecular structures of BDA with different substituents such as

-F and —-OCHy3;, a series of COF-366-X-Co can be obtained with
189

similar topological structures.”*” In addition, Co porphyrin COF

Co-PCOF

TAPP-COF
Ve 528 :

i 2019

COF-366-Co Co-Al-PMOF

X KK, TR R
u~o§%}ow%§»% : N R
5 i ’ \, R R £

PCN-222-Fe

Co-TEPP-COF Co-PMOF

Fig. 1 Typical crystal structures of porphyrin-based frameworks used as catalysts for ORR, OER, Zn-air batteries, and CO,RR to date.
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(Co-PCOF) can be prepared using a one-pot strategy. Herein, Co
porphyrins are connected with benzene rings. This Co-PCOF can
also grow on carbon nanotubes (CNTs) and graphene
directly.'****! Co-PCOF shows obvious bifunctional ORR and
OER activity and has been applied in flexible and rechargeable
Zn-air batteries. Co 5,10,15,20-tetra(4-ethynylphenyl)porphyrin
(TEPP) COF can grow on Cu foam."*? Similar porphyrin-based
COFs assembled using 5,10,15,20-tetraethynylporphyrin (TEP)
without phenyl groups can also be obtained.'®*'** These Co- or
Fe-based porphyrin COFs grow directly on CNTs. These kinds of
COFs can be applied as catalysts for ORR and OER. Recently, a
metal-free TAPP-COF was prepared on a glassy carbon (GC) elec-
trode through electrochemical polymerization.'*® By controlling the
temperature of the electrolyte, scanning rates, and electrode materi-
als, the growth mechanism of cocrystallization with pyridine was
systematically studied. This strategy offers a suitable platform to
study the formation process of porphyrin-based frameworks. More
recently, a series of metal-coordinated porphyrin MOFs were pre-
pared with metal TCPP molecules as organic linkers and polyoxo-
metalate Zn-e-Keggin clusters (e-PMog'Mo,""040Zn,) as nodes.'*® A
typical Co porphyrin MOF (Co-PMOF) is shown in Fig. 1. This
porphyrin molecular packing of the new crystal structure is different
from those of previous PCN crystals. Co porphyrin MOF has an mog
topology with two Zn-O bonds connected with Co TCPP. Herein,
electron-rich Zn-e-Keggin clusters can offer electrons easily when the
redox reaction occurs. The resulting Co porphyrin MOF exhibited
excellent CO,RR performance.

Above all, the crystal structures of porphyrin-based MOFs
greatly depend on the synthetic conditions. Regulating metal
clusters is an effective strategy to obtain porphyrin-based MOFs
with different topologies such as PCN-222-Co, PCN-223-Fe,
PCN-224-Co, and Co-PMOF. Various kinds of porphyrin-based
MOFs and COFs can be obtained by tuning porphyrin monomers
and other components as listed in Table 1. Building units,
including porphyrin molecules, metal active centers, and metal
nodes/organic linkers, are compared. The corresponding

Table 1 Summary of porphyrin-based frameworks and their applications
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topologies and applications of these porphyrin-based MOFs
and COFs are also summarized.

2.2 Common porphyrin building blocks of porphyrin-based
frameworks

Porphyrin molecules can act as both organic linkers for MOFs
and organic components for COFs. Herein, most reported
porphyrin molecular structures for ORR, OER, Zn-air batteries
and CO,RR are summarized (Fig. 2). Many porphyrin-based
MOFs and COFs have been constructed using porphyrin build-
ing blocks due to the rigid structure and convenient substituent
modification. Diverse porphyrin linkers lead to the formation
of frameworks with different topologies, pore structures,
morphologies, and functionalities. Subsequently, these special
structural features of frameworks result in diverse applications
in energy-related fields.

The meso-substituent groups of porphyrins can be tuned using
simple -C=N, thiophene and pyridine groups. Porphyrins with
four meso-substituted benzoic acid, benzaldehyde and aniline
groups can also be easily obtained. Among these porphyrin
molecules, TCPP has been widely used as an organic linker for
MOFs, while TAPP is a widely applied component for COFs. Using
the same TCPP organic linker, many PCN MOFs, including MOF-
525, 535, 545, PCN-222, 223, and 224, with different topologies
have been constructed."””"#%?** The different connectivities of Zr
clusters result in diverse porphyrin-based MOFs.

Furthermore, 5,10,15,20-tetra(3,4,5-trihydroxyphenyl)porphyrin
and 5,10,15,20-tetra(3,4,5-trihydroxybiphenyl)porphyrin have also
been used as organic linkers to connect Zr clusters and form
porphyrin-based MOFs with new topologies.’®® TAPP can be used
as one component and aldehyde compounds such as BDA and BDA
derivatives can be used as the other component. Schiff base reaction
between amines and aldehydes takes place and leads to the
formation of the corresponding COFs (named COF-366). By using
BPDA, which has an elongated phenyl group as compared to BDA,
COF-367 could be formed. Based on this strategy, the pore

Frameworks Porphyrin linker Metal Node/organic linker Topology Application Ref.
Co-Al-PMOF TCPP Co AlO cluster — ORR 187
PCN-223-Fe TCPP Fe ZrO cluster shp ORR 184
PCN-222-Co TCPP Co ZrO cluster csq ORR 197
TAPP-COF TAPP — — sql ORR 195
Pb-TCPP-MOF TCPP — PbO chain — OER 198
Co-TAPP-COF TAPP Co TFBM pts OER 199
Co-TABPP-COF TABPP Co TFBM pts OER 199
PCN-224-Ni TCPP Ni ZrO cluster she OER 183
Co-TEPP-COF TEPP Co — — OER 192
Co-PCOF TPP Co — — ORR/OER 191
PCN-224-Co TCPP Co ZrO cluster she ORR/OER 200
PCN-226-Co TCPP Co ZrO cluster ztt ORR/OER 201
COF-366-Co TAPP Co BDA sql CO,RR 188
COF-367-Co TAPP Co BPDA sql CO,RR 188
Co-Al-PMOF TCPP Co AlO cluster — CORR 186
MOF-525-Fe TCPP Fe ZrO cluster ftw CO,RR 181
Co-PMOF TCPP Co Zn-g-Keggin cluster mog CO,RR 196
MOF-545-Co TCPP Co ZrO cluster csq CO,RR 202
PCN-222-Fe TCPP Fe ZrO cluster csq CORR 182
Fe-TAPP-COF TAPP Fe 2,5-dihydroxyterephthalaldehyde sql CO,RR 203

This journal is © The Royal Society of Chemistry 2021
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5,10,15,20-tetra(4-carboxyphenyl)porphyrin; TEP = 5,10,15,20-tetraethynylporphyrin; TAPP = 5,10,15,20-tetra(4-aminophenyl)porphyrin; TPP = 5,10,15,20-
tetraphenylporphyrin; TBBPP = 5,10,15,20-tetra(4-bromobiphenyl)porphyrin; TBPP = 5,10,15,20-tetra(4-bromophenyl)porphyrin; TTP = 5,10,15,20-
tetra(2-thienyl)porphyrin. TPyP= 5,10,15,20-tetra(4-pyridyl)porphyrin; TEPP = 5,10,15,20-tetra(4-ethynylphenyl)porphyrin; TABPP = 5,10,15,20-tetra(4-
aminobiphenyl)porphyrin; THBPP = 5,10,15,20-tetra(3,4,5-trihydroxybiphenyl)porphyrin; THPP = 5,10,15,20-tetra(3,4,5-trihydroxyphenyl)porphyrin; TBP =

5,10,15,20-tetra(4-formylphenyl)porphyrin; TIPP = 5,10,15,20-tetra(4-(imidazol-1-yl)phenyl)porphyrin; TCYP = 5,10,15,20-tetra(carbazol-9-

ylphenyl)porphyrin.

diameter and porosity can be tuned precisely. As a result, COF-
367 has much larger accessible surface area and more exposed
active sites than COF-366.

In addition, TAPP molecules can also be used as monomers
to form COFs through electrochemical polymerization. Simi-
larly, 5,10,15,20-tetra(2-thienyl)porphyrin (TTP) and 5,10,15,20-
tetra(carbazol-9-ylphenyl)porphyrin (TCYP) can be used as
monomers to synthesize COFs through electrochemical polymer-
ization. The alkynyl coupling reaction of TEP has also been applied
to prepare COFs with or without templates, such as CNTs. Herein,
TEP can also be extended to TEPP. Therefore, diverse porphyrin-
based frameworks can be obtained by precisely tuning the size and
substituent of linkers. As a result, regulation of meso-substituents
of porphyrin linkers is mainly used to construct coordination
bonds and covalent bonds to form porphyrin-based MOFs and
COFs. Suitable metal nodes and organic components will lead to
the formation of different topological and porous structures of
porphyrin-based MOFs and COFs.

2.3 Synthetic procedures for porphyrin-based frameworks

There are several strategies reported for synthesizing
porphyrin-based frameworks.?’® Herein, several representative

2546 | Chem. Soc. Rev,, 2021, 50, 25402581

synthetic procedures of porphyrin-based frameworks are sum-
marized in Fig. 3. In particular, there are two common synthetic
procedures for porphyrin-based MOFs. Usually, metal coordi-
nated porphyrin molecules were first prepared by refluxing
metal salts and porphyrin ligands at high temperatures
(>100 °C). Then the hydrothermal strategy was applied to
construct porphyrin-based MOFs (Fig. 3a). This is a commonly
used method to synthesize porphyrin-based MOFs, especially a
series of PCN crystalline compounds. It is very easy to tune
coordinated metals of porphyrin molecules before the for-
mation of MOFs. By controlling different synthetic conditions
and using different metal porphyrin linkers and metal cluster
nodes, a large variety of porphyrin-based MOFs can be obtained
with different topological structures. In addition to this strategy,
porphyrin-based MOFs can also be obtained by firstly using the
hydrothermal method and then coordinating the metals into
porphyrins to give the corresponding MOFs (Fig. 3b).'®® The
bimetal Co-Al-PMOF was obtained using this method. The
unusual formation process of Co-AI-PMOF may be ascribed to
the unique topological structure and specific AlO chains.

For porphyrin-based COFs, several commonly used methods
were also described. The first method is a one-pot strategy (Fig. 3c).

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Representative synthetic procedures for porphyrin-based frameworks.

Typically, pyrrole, BDA, and the corresponding metal salt were
mixed together to form two dimensional (2D) porphyrin-based
COFs through dehydration polymerization. The corresponding
porphyrin-based COFs with different transition metals can be
synthesized. Furthermore, supporting templates such as graphene
and CNT can also be introduced into the system to form COF/
support hybrids to enhance conductivity. The unique advantage of
this strategy is that it reduces the synthetic procedure by omitting
the synthesis of porphyrin monomers. The other strategy uses the
Schiff base condensation reaction between aldehyde groups and
amino groups (Fig. 3d). For example, the metal coordinated TAPP
porphyrin molecule was synthesized and used as one component.
Then, BDA was selected to form porphyrin-based COFs. This
strategy is commonly used to prepare COFs.**” This is mainly
because the condensation reaction can form covalent imine bonds
between the aldehyde group of organic linkers and amino group of
porphyrin molecules. Diverse porphyrin-based COFs can be
obtained based on Schiff base reaction through regulation of
porphyrin molecules with different functional amino groups and
the corresponding aldehydes with different molecular structures
and vice versa.>*®*® In addition, electrochemical polymerization is
also a simple strategy to prepare porphyrin-based COFs, as
displayed in Fig. 3e."” Electrochemical polymerization of Co
TTP was carried out via cyclic voltammetry (CV). The conductive

This journal is © The Royal Society of Chemistry 2021

support can be the GC electrode and indium tin oxide glass.
Furthermore, electrochemical polymerization has been used to
prepare other COFs such as Co TCYP and TAPP COFs.?>?'°

In addition to these above-mentioned procedures, many
other strategies were also reported.>'! For example, the Yamamoto
polycondensation is an effective strategy to construct COFs through
C-C coupling. Specifically, 5,10,15,20-tetra(4-bromophenyl)-
porphyrin (TBPP) and 5,10,15,20-tetra(4-bromobiphenyl)porphyrin
(TBBPP) COFs have been synthesized using this method.>*>*"?
Similarly,  5,10,15,20-tetra(4-(imidazol-1-yl)phenyl)porphyrin
(TIPP) and o,0’-dibromo-p-xylene can also form porphyrin-
based COFs according to the quaternization reaction.”** In
addition, Kitagawa, Makiura, and co-workers reported a layer-
by-layer assembling strategy.>'* By using Co TCPP and pyridine
in chloroform/methanol and CuCl, in aqueous solution, a 2D
MOF was deposited on the substrate with Co TCPP as porphyrin
linkers and Cu as nodes. Several strategies have also been
reported to construct surface-supported MOF or COF thin
films.>'®*"”  Zhang and co-workers constructed a 2D
porphyrin-based MOF Zn-TCPP using a surfactant-assisted
synthetic strategy.>'® Polyvinylpyrrolidone was selected as the
surfactant. Furthermore, by using this method, 2D bimetallic
Co/Fe-TCPP MOF nanosheets have also been prepared with a
thickness of 5.6 &+ 1.8 nm.*"’
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2.4 Electrochemical energy conversion and storage of
porphyrin-based frameworks

Inspired by nature, molecular porphyrin catalysts have been
generally applied for ORR, OER, and CO,RR in homogeneous
solutions. However, because electrocatalytic reactions only take
place at electrode surfaces, molecular catalysts are required to
be heterogenized by immobilization on supporting materials or
construction of framework materials. In this review, we look at
the development of porphyrin-based frameworks as well as
derived hybrids for practical applications in fuel cells (ORR),
water splitting electrolytic cells (OER), rechargeable Zn-air
batteries (ORR/OER), and CO, reduction flow cells (CO,RR)
(Fig. 4).

ORR is a broadly investigated reaction of porphyrin-based
frameworks due to the high intrinsic activity of porphyrin
molecules. ORR plays a vital role in many energy-related
devices, including fuel cells and metal-air batteries.””® Fuel
cells are a class of power generation devices.?*'>** In fuel cells,
chemical energy is converted into electrical energy. The proton
exchange membrane fuel cell (PEMFC) is a typical fuel
cell.>****> In PEMFC (Fig. 4a), hydrogen (H,) is oxidized at
the anode to form protons (H') and electrons (e~) (eqn (1)).

HOR: H, — 2e~ +2H" (1)

The generated electrons will transfer from the anode to the
cathode to participate in the ORR, while protons will penetrate
through proton exchange membrane (PEM) and finally diffuse
into the electrolyte of the cathode. Then, O, reacts with protons

a Fuel cell
W ‘ % «@®
2 0,
2
H, 2
E H,0
e ‘ E >4
3
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Cathode: O, + 4H* + 4e~ — 2H,0
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Cathode: O, + 2H,0 + 4e~ — 40H"

View Article Online

Review Article

and electrons to give H,O (eqn (2)). Therefore, a typical PEMFC
is constructed using a H, diffusion layer, catalyst layer on the
anode, PEM, catalyst layer on the cathode, and air diffusion
layer. Particularly, the ORR process at the cathode involves
multi-step reactions with the participation of protons and
electrons. Generally speaking, there are two major possible
pathways (4e pathway versus 2e pathway) in both acidic and
alkaline solutions.”*®

ORR can be carried out in acidic solution through the 4e

pathway (eqn (2)),

0, + 4H' + 4~ — 2H,0 )
and 2e pathway (eqn (3) and (4)).

0, +2H" + 2~ — H,0, (3)

H,0, + 2H" + 2¢~ — 2H,0 (@)

In addition, ORR can also be carried out in alkaline solution
through the 4e pathway (eqn (5)),

O, + H,O + 4e~ — 40H™ (5)

and 2e pathway (eqn (6) and (7)).
0, + H,0 + 2¢” —» HO,” + OH™ (6)
HO, + H,0 +2e  — 30H" 7)

PEMFC is a zero-emission device with the product of only
H,O0. The byproduct H,0, generated in the 2e reduction process
is also an important energy carrier, which has also attracted great

b Water oxidation

Anode: 2H,0 — O, + 4H* + 4e”
d CO, reduction in a flow cell
el
co,

H,0 CO
-Py ™)

Cathode: CO, + nH* + ne” — H,0 + CO

(HCOOH, HCHO, CH,OH, CH,, C,H,, ...)

Fig. 4 Schematic illustration of electrochemical energy conversion and storage devices assembled using porphyrin-based frameworks. (a) H,—O; fuel
cell. (b) Water splitting electrolytic cell. (c) Rechargeable Zn—air battery. (d) Membrane reactor of CO, reduction.
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attention recently.*””**® Therefore, PEMFC has been considered
as one of the cleanest power generation technologies.

OER, as the reverse reaction of ORR, is one half reaction of
water splitting. Water splitting can be divided into two half
reactions: water reduction (the so called hydrogen evolution
reaction, HER) and water oxidation (the so called OER) (Fig. 4b).
The water oxidation reaction can provide four electrons and four
protons and meanwhile generate one O, molecule in acidic
solution (eqn (8)).

2H,0 — O, + 4H" + 4e” (8)

In addition, H,O can also be oxidized to O, in alkaline
solution (eqn (9)).

40H™ - O, + 2H,0 + de~ (9)

The oxidation of water requires an endothermic energy of
237 kJ mol ™" and significant rearrangements of several atoms.
As a consequence, OER is very slow in kinetics.

Metal-air batteries have attracted growing attention from
countries around the world due to high theoretical energy
density.***>** Metal-air batteries combine the characteristics
of a traditional battery and a fuel cell. The anode is made of
metal like a traditional battery. O, from air diffuses into the
cathode as a reactant for ORR, and its efficiency has a great
influence on the battery voltage and energy density. For a
rechargeable metal-air battery, the conversion between oxygen
and water occurs in the process of discharge (ORR) and charge
(OER) on the cathode. Among these metal-air batteries, the Zn-air
battery is appealing.***>*° The Zn-air battery is a kind of primary
battery which uses activated carbon to absorb O, in air as a
positive active material, a Zn plate as the negative electrode, and
ammonium chloride or caustic solution as the electrolyte
(Fig. 4c). Electrochemical reactions of a Zn-air battery contain
the following:

Cathode: O, + 2H,0 + 4e”~ — 40H~ (10)

Anode: Zn + 20H™ — ZnO + H,0 + 2e”~ (11)

Owing to its advantages of safety, zero pollution, low cost,
renewable raw materials, high energy and power density, the
Zn-air battery has become an ideal power supply for electric
vehicles.”*' The Zn-air battery has a high specific energy with a
theoretical mass energy density of 1350 W h kg~ ".>** For a
rechargeable Zn-air battery, the OER is also involved and
occurs on the cathode catalyst (eqn (9)). Thus, a rechargeable
Zn-air battery involves both ORR and OER and requires bifunc-
tional catalysts. Usually, a typical Zn-air battery contains a Zn
anode, alkaline electrolyte, and air cathode with catalysts.
A newly polished Zn plate is applied as the anode. The
composition of the electrolyte is 6 M KOH and 0.2 M ZnCl,.
The air cathode contains the catalyst layer, carbon cloth layer
and gas diffusion layer. Three layers were assembled together
to form a whole air cathode.

CO,RR provides a very attractive method for the utilization
of renewable energy to generate synthetic fuels and chemical
raw materials.?**2* Since the industrial revolution, the emission

This journal is © The Royal Society of Chemistry 2021
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of CO, has been causing global warming. Therefore, reducing the
concentration of CO, in the atmosphere will ameliorate the
greenhouse effect. In addition, CO,RR will produce C1 and C2
compounds as fuels and valuable chemicals. In comparison with
electrolytic water oxidation for O, production, currently, the
technology of CO, electrolysis remains largely unexplored.”*®
CO,RR is a thermodynamically uphill reaction and has sluggish
kinetics. Electrocatalytic CO,RR will produce a series of products,
including C1 compounds (e.g., CO, HCHO, CH30H, CHy, etc.)
and C2 compounds (e.g., C,H,, C,Hs0H, C,Hg, etc.) based on
the numbers of protons and electrons transferred. Therefore,
developing CO, reduction electrocatalysts with high activity,
selectivity, and stability is desired.

As for CO,RR, the electron transfer numbers, corresponding
carbon-based products, and energy changes are listed below
(eqn (12)-(18)).>47>*8

CO,+e - CO,* Ey=-1.90V (12)

CO, +2H" + 2e” — HCOOH E, = —0.61V  (13)

CO, +2H' +2¢~ —» CO+H,0 Ey = —0.53V (14)

CO, + 4H' + 4~ — HCHO + H,0 E, = —0.48 V  (15)
CO, + 6H' + 6e” — CH;0H + H,0 E; = —0.38 V  (16)
CO, + 8H' + 8¢~ — CH, + 2H,0 E, = —0.24V (17)
2C0, + 12H" + 12¢” - C,H, + 4H,0 E; = —0.34 V  (18)
2H" +2e” - Hy Eg=—0.42V (19)

CO, molecule can experience a direct one electron reduction
with a potential energy of —1.90 V versus a normal hydrogen
electrode (NHE, eqn (12), pH = 7). During this reduction
process, the linear CO, molecule will be adsorbed on the active
site and form bent CO,* . The reduction potentials of 2e, 4e,
6e, 8e and 12e transfer processes (—0.24 to —0.61 V versus NHE)
are quite close to each other (eqn (13)-(18), pH = 7). Moreover,
the reduction potential of H' to H, is —0.42 V versus NHE
(eqn (19), pH = 7), which is located in the area of CO,RR with
different reduction electron numbers. It is thus clear that the
production of H, is a competitive reaction compared to CO,RR.
Therefore, the development of electrocatalysts with extraordinary
selectivity still remains a great challenge. Currently, the most
extensively studied device of CO,RR is the membrane containing
reactor.>*° In a typical flow cell of CO,RR, CO, reduction reaction
occurs at the cathode while water oxidation occurs at the anode
(Fig. 4d). This kind of reactor is similar to PEMFC. Specifically,
CO, gas passes to the cathode through the gas diffusion layer.
The gas diffusion layer will ensure full contact between CO, and
catalysts. CO,RR occurs on the surface of the catalyst layer
immersed in the electrolyte. The cathodic and anodic reactions
are separated by the PEM, which enables the flow of ions. All of
these parts including gas diffusion layer, catalyst layer, and PEM
composites will affect the activity, selectivity and stability of
CO,RR.
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3. Applications of porphyrin-based
frameworks

3.1 Oxygen reduction reaction (ORR)

3.1.1 Evaluation of activity and selectivity for ORR. In the
past decade, catalysts for ORR have been extensively
investigated.>**>** Ideally, the ORR performance should be
evaluated by encapsulating catalysts in the cathode of a
membrane electrode assembly. However, the effect of the
assembly process of the membrane electrode on catalytic
activity is complicated and is challenging to eliminate. There-
fore, ORR activity is usually evaluated under rotating conditions
using a rotating disk electrode (RDE).>*® Catalysts are coated on
the surface of RDE. CV data are first measured in N,- and O,-
saturated electrolytes. Then linear sweep voltammetry (LSV)
data are measured in the O,-saturated electrolyte at a specific
rotating speed (e.g., 1600 rpm). The onset potential (Eonser) and
half-wave potential (E;,) are two key parameters used to
evaluate and compare ORR performance. E,gec is oObtained at
the inflection point of the LSV curve, while E;, is the potential
when current density reaches the half-value of diffusion-limited
current density. The activity of catalyst materials is usually
compared with E,,s¢ and E;,, obtained at a specific rotation
speed (e.g., 1600 rpm). Both acidic and alkaline solutions have
been applied to evaluate catalytic activity.

The electron transfer number n is a key parameter to
determine the 2e versus 4e reduction pathway. The measure-
ment of n has two methods. One method is measuring LSV data
under different rotating speeds ranging from 400 to 2500 rpm
with RDE. Then, n can be calculated using the Koutecky-Levich
equation (eqn (20) and (21)).>*°
1 1 1 1

= 4 = 20
jL +j]( B(ZER)1/2+HFI(C02 ( )

1
J
B = 0.62nFCo Do *v '/ (21)

Herein, j;, and jx are diffusion-limited and kinetic current
density (), respectively. ji, is proportional to the square root of
rotating speed (R). F represents the Faraday constant, and k
represents electron transfer rate constant. Co, is the concen-
tration of dissolved O, in the electrolyte. Do represents the
diffusion coefficient of O, in the electrolyte. v is the kinetic
viscosity of the electrolyte.

In addition, n can also be calculated by performing LSV
using a rotating ring-disk electrode (RRDE) at a specific rotating
speed (e.g., 1600 rpm) (eqn (22)).

Iy

=40 22
TN LN (22)

Herein, Iy and I, stand for the current obtained at disk
electrode and ring electrode, respectively. N represents the
collection efficiency of the Pt ring, which is an inherent
characteristic of an RRDE. For a 4e reduction process, the n
value of a catalyst is close to 4. In contrast, the value of n is close
to 2 for a 2e process. In most instances, the value of n is
between 2 and 4. This indicates that both 2e and 4e pathways
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occur during the ORR process. Therefore, a certain amount of
H,0, will be produced. In particular, the yield of H,O, can be
calculated using the following equation (eqn (23)).

I./N

H =200———F—
%H>0, 001d TN

(23)

At present, precious metal Pt-based materials are the best
ORR catalysts due to the high catalytic activity with an E;/, of
>0.86 V versus a reversible hydrogen electrode (RHE) and the
excellent selectivity for the 4e reduction process in alkaline
electrolytes.>®” 2> However, the long-term stability of Pt-based
materials is not satisfactory.”’®® Furthermore, Pt takes almost
half of the total cost of practical new energy vehicles.”** There-
fore, the scarcity and high price of Pt still remain a bottleneck
of commercial development. In addition, the poor resistance of
methanol for Pt/C of direct methanol fuel cells is also a serious
problem that needs to be solved.

3.1.2 ORR reaction mechanisms with metal porphyrins. As
mentioned above, the ORR selectivity of porphyrins coordinated
with different transition metals is different. In general, mono-
nuclear early and middle transition metal porphyrin molecules
(e.g., Fe porphyrin) can catalyze O, to H,O through a 4e reduction
process, while mononuclear late transition metal porphyrin
molecules (e.g., Co porphyrin) catalyze O, to H,O, through a 2e
reduction process (Fig. 5).> This difference is caused by the ease
of formation of terminal metal-oxo species during the ORR
process.

It is suggested that terminal metal-oxo species are key
intermediates generated from the heterolytic cleavage of an
0-0O bond. For late transition metal elements, due to the
repulsion between electrons of metal d orbitals and oxo ligand
p orbitals, their terminal metal-oxo species are high in energy.
Nevertheless, late transition metal compounds can also catalyze
O, via a 4e reduction process through the formation of bimetallic
peroxo species (Fig. 5).** Subsequent cleavage of the O-O bond
will result in the reduction of O, to H,O. Therefore, the nature of
metal active sites is of great importance for ORR selectivity.

To further confirm this conclusion, theoretical calculations
have been carried out. A typical 4e reduction process of O,
involves three main intermediates: *OOH, *O, and *OH. The *
stands for active sites of catalysts. Usually, the reaction mecha-
nism of a catalyst depends mainly on the energy barrier of
oxygen dissociation. Particularly, an associative mechanism is
shown below.

*+0,+H" +e — *OOH (24)
*OOH + H' +e~ - *O+ H,0 (25)
*O+H +e — *OH (26)
*OH+H'+e - *+H,0 (27)

Accordingly, *OH, *O and *OOH intermediates play crucial
roles during the ORR process. Therefore, adsorption energy of
these intermediates on metal active sites can reflect ORR activity
and selectivity. For example, Rossmeisl and co-workers calculated
the adsorption energy of *OH (AGoy) for porphyrins coordinated
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Fig. 5 Possible reaction mechanisms of ORR catalyzed by metal porphyrins through 2e and 4e pathways.

with different metal elements, including Mn, Fe, Co, Ni, and
Cu.?®® Their results demonstrated that AGy increases with the
increase of d electrons of transitional metals in porphyrin mole-
cules. Furthermore, the removal of *OH from the active site of Fe
porphyrin is potential limiting (< 0.86 V), while Co porphyrin has
a high selectivity for the 2e pathway due to weak AGoy. To solve
this problem, binuclear porphyrin catalysts such as diporphyrin
anthracene and diporphyrin dibenzofuran coordinated with dif-
ferent metals were designed. Computational screening results
indicated that Co-based diporphyrin anthracene complex exhibited
an extremely low energy barrier to dissociate O, molecules. This is
consistent with the cleavage process of homolytic O-O bond
through the formation of a binuclear peroxo species as discussed
above. These theoretical calculations shed light on the develop-
ment of porphyrin-based frameworks. To experimentally investi-
gate the reaction mechanisms of ORR, Wan, Wang and co-workers
introduced an in situ electrochemical scanning tunneling micro-
scopy (ECSTM) technology.**® Co 5,10,15,20-tetraphenylporphyrin
(TPP) was selected as the subject. A highly ordered thin layer of Co
TPP molecules was grown on the Au(111) electrode. They observed
the formation of Co TPP-O, complexes during the ORR process
using ECSTM.

3.1.3 Porphyrin-based framework composites for ORR.
Currently, porphyrin-based frameworks have been widely used
as catalysts for ORR due to the high intrinsic activity of
porphyrin molecules. However, the conductivity of porphyrin-
based frameworks is poor and thus limits their ORR perfor-
mance. The most widely applied strategy is introduction of
conductive materials such as carbon black and CNT etc. to the
catalyst ink. For example, Zhang, Liu and co-workers designed a
Co-TEPP-COF and mixed with carbon black to evaluate the
catalytic activity.”®* The resulting Co-TEPP-COF/C composite
exhibited an E,pge Of 0.63 V (versus RHE) in 0.5 M H,SO, and
0.86 V (versus RHE) in 0.1 M KOH, respectively. Moreover, the n
value of Co-TEPP-COF/C was 3.88 and 3.80 in 0.5 M H,SO, and
0.1 M KOH, respectively, measured with RRDE. Co-TEPP-COF/C
also exhibited excellent durability and enhanced methanol
resistance as compared to the composite of porphyrin molecules
and carbon black. Therefore, constructing porphyrin-based fra-
meworks does improve catalytic activity and stability of

This journal is © The Royal Society of Chemistry 2021

porphyrin molecules. In addition, Fateeva and co-workers pre-
pared Co-Al-PMOF with Co TCPP as the organic linker and AlIO
cluster as the coordination node.'® Co-Al-PMOF mixed with
carbon black (Vulcan XC72) exhibited an E,ngec = 0.75 V (versus
RHE) in 0.1 M H,SO,4. More recently, Bao, Jaramillo, and co-
workers prepared a series of PCN-222-Co with different particle
sizes ranging from 200 nm to 1000 nm."*” Conductive Vulcan
carbon was introduced to prepare the catalyst ink. PCN-222-Co
with the smallest size exhibited the highest mass activity for ORR
in 0.1 M HCIO,4. PCN-222-Co also showed excellent stability during
electro-

catalysis with the remaining structure and morphology. In addi-
tion, Huang, Zhou, Zheng and co-workers prepared a new kind of
porphyrin MOF, named PCN-226.>°" Different from other Zr-based
PCN MOFs, PCN-226 has a Zr-oxide chain structure, which
enhances the overall stability of MOFs and forms a close packing
structure of porphyrin molecules. Carbon black was mixed with
MOFs when carrying out the evaluation of ORR. PCN-226-Co
exhibited the best ORR performance with an E;, = 0.75 V (versus
RHE) as compared to previously reported PCN-221-Co (E;;, =
0.70 V versus RHE) and PCN-222-Co (Ey;, = 0.69 V versus RHE)
measured in 0.1 M KOH. Theoretical calculations demonstrated
that PCN-226-Co has suitable packing distance (~7 A) of por-
phyrin molecules, which is beneficial for the adsorption of *O,
*OH, and *OOH intermediates. All the above results confirm that
ORR active porphyrin molecular catalysts are suitable building
blocks for preparing COFs or MOFs with efficient heterogeneous
activity.

3.1.4 Porphyrin-based frameworks grown on supports for
ORR. To further improve the ORR performance of porphyrin-
based frameworks, carbon-based materials and metal oxides
were usually selected as templates/supports to grow frame-
works. Different from physical mixing of frameworks and
carbon materials, the ordered and close combination of
porphyrin-based frameworks and conductive supports will
further improve conductivity and thus electron transfer efficiency.
Graphene and reduced graphene oxide (rGO) are commonly used
carbon material supports due to their high surface areas.”®®
Graphene can be used as a support to grow frameworks directly.
For example, Zhang and co-workers prepared several M-PCOF/
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Fig. 6 Schematic procedure of Fe-TCPP-MOF/py-G.2%® Reproduced
from ref. 268 with permission from American Chemical Society, copyright
2012.

graphene composites through a one-pot method with graphene
as the substrate, and metal salts, pyrrole, and BDA as raw
materials.”®® Screening of the results indicated that Co-PCOF/
graphene showed improved activity with an E;,, = 0.81 V (versus
RHE) for ORR in 0.1 M KOH, outperforming other metal COF
catalysts (Mn, Fe, Ni, Cu, and Zn). The Tafel slope of Co-PCOF/
graphene was 53 mV dec™". In addition, Xiang, Xia and co-workers
assembled a series of porphyrin-based COFs and rGO hybrids.*®’
Porphyrin-based COFs were first synthesized with TBBPP. Differently
from common porphyrin-based frameworks, the B-positions of
these porphyrin-based COFs were substituted with -SO;H groups
(named PCOF-SO;H) to improve the solubility. Metal ions M and
rGO were successively introduced into the system when self-
assembling porphyrin-based COFs and rGO to give PCOF-SO;-M-
rGO. Using this strategy, the conductivity of PCOF-SO3-Co-tGO
(0.256 S m™") can be greatly improved as compared to PCOF
(3.06 x 10~® S m™"). PCOF-SO;-Co-rGO exhibited boosted catalytic
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activity of ORR with an E s = 0.88 V (versus RHE) and an n value
of 3.70 in 0.1 M KOH.

Moreover, pyridine-functionalized graphene (py-G) and
pyridine-functionalized rGO (py-rGO) have also been widely
used as supports. Pyridine groups may form strong interaction
with the metal active sites of porphyrin molecules and promote
ordered assembly of porphyrin-based frameworks. For exam-
ple, Loh and co-workers prepared an active composite for ORR
with py-G and a porphyrin-based MOF (Fig. 6).>%®

Herein, a porphyrin-based MOF was constructed with Fe
TCPP as an organic linker and Fe*" as node to give Fe-TCPP-
MOF. Fe-TCPP-MOF/py-G presented an E,se; of 0.93 V (versus
RHE) and a 4e ORR process with an electron transfer number of
3.82 in 0.1 M KOH. Similarly, Luo and co-workers applied
py-tGO as the support to assemble Co porphyrin COFs.>*® Co
TAPP was also selected as the porphyrin building unit. BDA was
selected as the organic linker. The resulting COF-366-Co/py-
rGO framework showed an Eqsec of 0.84 V (versus RHE) and an
E,), of 0.765 V (versus RHE) in 0.1 M KOH. The 7 value of the
COF-366-Co/py-rGO framework was around 3.8. Furthermore,
Dehghanpour and co-workers found that PCN-222-Fe
assembled with py-G also exhibited ORR activity in acidic
solution.>”°

CNTs are another widely used conductive carbon materials
due to high conductivity. In 2014, Campidelli and co-workers
prepared a porphyrin-based framework coated on CNT materi-
als by covalently linking Co TEP on the surface of CNT (named
Co-TEP-COF/CNT, Fig. 7)."*> A porphyrin monomer Co TEP was
synthesized by deprotecting alkyne functional groups using
tetrabutylammonium fluoride. Then a polymerization reaction
was carried out. The resulting Co-TEP-COF/CNT exhibited a
large electrocatalytic ORR wave with an Egpgec = 0.75 V (versus
RHE) and an E;;, = 0.65 V (versus RHE) in 0.5 M H,SO,. RRDE
measurements demonstrated that Co-TEP-COF/CNT displayed
an n value of 3.93, indicating a dominant 4e pathway. More
importantly, Co-TEP-COF/CNT exhibited only a 5% current
drop after 24 h stability test. As a result, the introduction of
CNT can increase the activity and stability of porphyrin-
based COFs.

Fig. 7 Synthetic procedure of Co-TEP-COF/CNT.X®® Reproduced from ref. 193 with permission from American Chemical Society, copyright 2014.
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Similarly, Du and co-workers prepared a hybrid material
with Fe-TEP-COF supported on CNT (named Fe-TEP-COF/CNT)
for ORR."** Hybrid Fe-TEP-COF/CNTs exhibited an ORR wave
with an Egpgec = 0.88 V (versus RHE) and an E; ), = 0.76 V (versus
RHE) in 0.1 M KOH. Meanwhile, the n value of Fe-TEP-COF/
CNT was 3.79, demonstrating a 4e reduction process. There-
fore, this is a very effective strategy to enhance ORR perfor-
mance and 4e selectivity not only in acidic electrolyte but also
in alkaline solution. In addition, the stability of porphyrin-
based frameworks and CNT hybrids has been greatly enhanced
using this strategy.

In addition to carbon materials, conductive fluorine-doped
tin oxide (FTO) electrodes have also been selected as substrates.
For instance, Morris and co-workers prepared a PCN-223-Fe
catalyst grown on FTO for ORR.'®* PCN-223-Fe with a plate-like
morphology was fabricated with metal ZrO clusters and Fe
TCPP organic linkers. The PCN-223-Fe/FTO composite showed
excellent 4e ORR selectivity with less than 6% H,0O, production.
Therefore, porphyrin-based frameworks are usually loaded onto
conductive supports for electrocatalytic applications. Recently,
Nejati and co-workers prepared several metal-free porphyrin
COFs using TAPP as building units through the electrodeposi-
tion method grown on the GC electrode (Fig. 8)."°> The simulated
crystal structure of TAPP-COF with six pyridine molecules is
shown in Fig. 8a. TAPP-COF has an obvious packing structure
of porphyrin molecules with pyridines dispersed in the channel.
Scanning electron microscopy (SEM) images of TAPP-COFs
obtained at 25 °C with different scan rates, such as 2 mv s~ " (i),
10 mv s ' (ii), and 50 mV s " (iii), demonstrated that the
morphology of porphyrin-based COFs could be regulated by scan
rates (Fig. 8b-d). In addition, the growth process of TAPP-COFs
demonstrated that porphyrin crystals prefer to grow from the
edges of the (110) planes of COFs. The CV data of samples were
measured in O,-saturated phosphate buffer solution (PBS) with
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different scan rates (Fig. 8e). An obvious O, reduction peak at
0.54 V (versus RHE) was observed for sample iii, as compared to
samples i and ii, demonstrating its better ORR performance. By
combining SEM images of samples i and ii, it was found that
porphyrin framework films with larger crystalline dendrites dis-
played better ORR activity.

The above-mentioned experiments confirmed that electro-
chemical polymerization is also an effective strategy to con-
struct COFs. Lei and co-workers also prepared a Co-TTP-COF on
the GC electrode through electrochemical polymerization."”>
The CV data presented an obvious peak of O, reduction for
Co-TTP-COF at ~0.41 V (versus RHE) measured in PBS (0.01 M,
pH = 7). The electron transfer numbers of Co-TTP-COF were 3.9,
3.82, and 4.03 in buffers of pH = 2, 7, and 13, respectively.
Furthermore, Co-TTP-COF showed excellent stability after running
100 cycles in 0.1 M KOH and good methanol resistance.

3.1.5 Porphyrin-based framework derivatives for ORR.
Transition metal-nitrogen-carbon (M-N-C, M = Fe and Co,
etc.) materials have become promising candidates for ORR due
to their high activity and excellent stability.>”*">”” However, the
exact active site structure of M-N-C materials, which are usually
generated through high temperature pyrolysis processes, is diffi-
cult to be determined, leading to the difficulty in investigating
reaction mechanisms and also structure-activity relationships.
With the development of characterization technologies, the active
site of the M-N-C material is considered to have the M-N,
coordination structure.””*?*° The resulting M-N, active site is
structurally similar to that of biological heme units for O, activa-
tion and reduction. Because of their precise structures, many
porphyrin-based MOFs and COFs have recently been used as
precursors to prepare M-N-C materials with M-N, active site
structures.®" In addition, the chemical and catalytic features of
M-N, active sites can be readily regulated by tuning structures
of porphyrin-based MOFs and COFs. The uniform distribution of

j (mA/mgq)

00 03 06 09
Potential (V vs RHE)

Fig. 8 (a) Calculated crystal structure of TAPP-COFs with six pyridine molecules. (b—d) SEM images of TAPP-COFs electrodeposited on the GC electrode
obtained at 25 °C with different scan rates: 2 mV s~ (i), 10 mV s~* (ii), and 50 mV s~* (iii), and (e) the corresponding normalized CV data measured in
O,-saturated phosphate buffer solution (pH = 13).1°° Reproduced from ref. 195 with permission from American Chemical Society, copyright 2019.
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M-N, active sites can be maintained during the pyrolysis process.
Porous carbon materials have relatively good conductivity, which
will enhance electron transfer during the ORR process. Therefore,
porphyrin-based frameworks are appealing precursors to make
M-N-C materials, whose catalytic properties can be fine-tuned
and studied. In 2011, Li and co-workers prepared a Co-TPP-
COF.?®* The resulting mixture of Co-TPP-COF and Vulcan XC-72
was further heated at 600 °C. Electrochemical measurements
showed that Co-TPP-COF-600 exhibited an Eg,gec = 0.80 V (versus
RHE) and an E;, = 0.73 V (versus RHE) in 0.5 M H,S0,.
Furthermore, porphyrin-based framework composites exhibited
better activity and stability for ORR than porphyrin molecule
composites, demonstrating the benefits of porphyrin-based frame-
works. Dai, Cao and co-workers also prepared several M-N-C
materials by heating different metal porphyrin-based COFs
constructed with metal coordinated TBBPP through self-
polycondensation.”"* Carbonized metal porphyrin COF materi-
als were obtained at 950 °C. The resulting Fe-N-C-950 exhibited
significantly boosted ORR activity with an Eypger = 0.98 V (versus
RHE), which was similar with that of commercial Pt/C 20 wt%
in 0.1 M KOH. In contrast, Ey,s; of Fe-N-C-950 was 0.89 V
(versus RHE) in 0.1 M HClO,, while the E,s. value is 0.96 V
(versus RHE) for Pt/C in this acidic solution. Similarly, Miillen,
Feng and co-workers synthesized a Co-TBPP-COF via the Yama-
moto polycondensation.>'* Then, Co-TBPP-COF was pyrolyzed
at 800 °C. The resulting Co-TBPP-COF-800 exhibited ORR wave
with an E;;, = 0.78 V (versus RHE) in 0.1 M KOH and an E;;, =
0.64 V (versus RHE) in 0.5 M H,SO,. The n of Co-TBPP-COF-800
was 3.94 in acidic solution. Mao and co-workers also obtained a
series of Co-N-C materials by heating porphyrin COFs synthe-
sized with Co TAPP and terephthalaldehyde at different tem-
peratures (600 to 1000 °C).>?

In addition, porphyrin-based frameworks have been
regarded as suitable platforms or precursors to prepare
single-atom catalysts.”®* Porphyrin molecules can coordinate
with precious metals (e.g., Pt) or nonprecious metals (e.g., Fe) to
realize uniform distribution of single atoms on porphyrin-based
285287 Recently, Cao, Huang and co-workers pre-
pared a single-atom-based Fe-N-C material through pyrolyzation
of Fe porphyrin-based COFs constructed with Fe™ 5,10,15,20-
tetra(4-cyanophenyl)porphyrin (TCyPP) chloride through trimer-
ization reaction.”®® Fe single-atoms distributed frameworks were
heated at 600 °C. The resulting Fe-N-C-600 showed an Eopget =
1.01 V (versus RHE) and an E;, = 0.87 V (versus RHE) for
electrocatalytic ORR in 0.1 M KOH. Furthermore, the n value of
Fe-N-C-600 was 3.88, which indicated a 4e reduction process.
The current loss of Fe-N-C-600 was about 10% after running the
8 h stability test, indicating relatively good durability. In addi-
tion, Fe-N-C-600 also exhibited excellent activity and durability
for ORR in 0.1 HCIO,. Compared to other catalysts, single-atom-
based materials exhibited high intrinsic electrocatalytic
activity.?*°2! Jiang and co-workers designed a series of single-
atom Fe doped N-C materials (Fegs—-N-C) by heating porphyrin-
based MOF PCN-222-Fe constructed with different molar ratios
of Fe TCPP and metal-free TCPP (Fig. 9a and b).>®” The Feg,~N-C
obtained at 800 °C had an Fe content of 1.76 wt% with uniformly

frameworks.
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Fig. 9 (a) Schematic illustration of the preparation procedure for Fesa—
N-C derived from the porphyrin-based framework PCN-222-Fe. (b) TEM
image and (c) aberration-corrected high-angle annular dark field scanning
transmission electron microscopy image of Fesa—N—-C.28” Reproduced
from ref. 287 with permission from the Wiley-VCH, copyright 2018.

distributed single-atoms (Fig. 9c). Fess—N-C exhibited ORR activity
with an E;;, = 0.891 V (versus RHE) in 0.1 M KOH and an E;;, =
0.776 V (versus RHE) in 0.1 M HCIO,. More recently, the same
group introduced SiO, into this porphyrin MOF system to prevent
the aggregation of Fe atoms during the pyrolysis process.?** The
resulting Fesy—-N-C exhibited a much higher content of Fe loading
(3.46 wt%) and further enhanced ORR activity with an E;;, = 0.90 V
(versus RHE) in 0.1 M KOH and an E;;, = 0.80 V (versus RHE) in
0.1 M HCIO,.

Furthermore, porphyrin-based frameworks are also suitable
precursors to obtain uniform dual-metal-based catalysts.>*® For
example, Feng, Bu and co-workers constructed several porous
PCN materials with Fe 5,10,15,20-tetra(4-iodophenyl)porphyrin
and Co TEPP as components.*** PCN-FeCo COF materials were
heated at 800 °C to give PCN-FeCo/C-800. Porous PCN-FeCo/
C-800 showed superior ORR performance with an Eqpgee = 1.0 V
(versus RHE) in 0.1 M KOH as compared to PCN-FeFe/C-800
(Eonset = 0.97 V versus RHE) and PCN-CoCo/C-800 (Eopset = 0.92 V
versus RHE), respectively.”®* PCN-FeCo/C-800 also exhibited
excellent catalytic activity of ORR in 0.1 M HCIO, with an E;), =
0.76 V (versus RHE).

Based on the above discussion, M-N-C catalysts derived
from porphyrin-based frameworks showed relatively higher
catalytic activity for ORR as compared to pyrolysis-free frame-
works. This may be ascribed to the high conductivity of M-N-C
materials after heat treatment. Furthermore, porphyrin-based

This journal is © The Royal Society of Chemistry 2021
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framework precursors are beneficial for the preparation of
single-atom based materials, which have become a promising
candidate for ORR in PEMFC.

3.1.6 Comparison of porphyrin-based frameworks for
ORR. Catalytic ORR activities of porphyrin-based frameworks,
composites, and their derived M-N-C materials reported in the
literature have been summarized and listed in Table 2. Several
conclusions can be drawn from these results.

First, for pyrolysis-free porphyrin-based frameworks, Co-
TEP-COF/CNT and Co-PCOF/graphene have the largest ORR
E,, with a value of 0.65 V (versus RHE) in 0.5 M H,SO, and
0.81 V (versus RHE) in 0.1 M KOH, respectively. Carbon materi-
als such as carbon black, graphene, rGO, py-rGO, and CNT have
been generally used in hybrid systems owing to the relatively
poor conductivity of porphyrin-based frameworks. However,
catalytic activity of porphyrin-based frameworks is still unsa-
tisfactory for practical applications as compared to commercial
Pt/C (20 wt%), which exhibited an E;, = 0.84 V (versus RHE) in
0.1 M HCIO, and E;;, = 0.86 V (versus RHE) in 0.1 M KOH. In
contrast, porphyrin-based frameworks-derived M-N-C materi-
als exhibit higher ORR catalytic activity due to the enhanced
conductivity. For example, Fe-N-C-600 exhibits an E,nset =
1.01 V (versus RHE) and an E;;, = 0.87 V (versus RHE) in
0.1 M KOH. Furthermore, ORR performance of the single-
atom based M-N-C material will be enhanced due to the

Table 2 Comparison of the ORR performance for porphyrin-based
composites, frameworks and their derived M—N-C materials

Eonset El/z
(Vversus (V versus

Catalysts Electrolyte RHE) RHE) n Ref.
Co-Al-PMOF/C 0.1 M H,SO, 0.75 0.50 3.65 187
Co-TPP-COF-600 0.5 M H,SO, 0.80 0.73 — 282
Co-TEPP-COF/C 0.5 M H,SO, 0.62 0.52 3.88 264
Co-TEP-COF/CNT 0.5 M H,SO,  0.75 0.65 3.93 193
Co-TBPP-COF-800 0.5 M H,SO, 0.80 0.64 3.94 212
PCN-222-Co/C 0.1 M HCIO, 0.64 0.48 — 197
PCN-FeCo/C-800 0.1 M HCIO;  0.90 0.76 4.2 294
Fe-N-C-950 0.1 M HCIO, 0.89 0.80 3.82 213
Fegs-N-C 0.1 M HClO, 0.88 0.776 4.0 287
Pt/C (20 wt%) 0.1 M HCIO, 1.0 0.84 4.0 292
Co TPP cage/CNT  PBS (pH=7) 0.72 0.65 2.0 295
TAPP-COF PBS (pH = 13) 0.75 0.68 3.97 195
Co-TAPP-COF-Fe 1.0 M KOH 0.95 0.84 2.1 296
Co TPP/CNT 0.1 M KOH 0.86 0.81 — 297
Co TPFPP/CNT 0.1 M KOH 0.80 0.76 — 297
Fe-TCPP-MOF/py-G 0.1 M KOH 0.93 0.76 3.82 268
Co-PCOF/graphene 0.1 M KOH 0.90 0.81 — 266
Cu phthalocyanines 0.1 M KOH 0.90 0.83 3.93 298
MOFs/CNT

Fe-TEP-COF/CNT 0.1 M KOH 0.88 0.76 3.79 194
COF-366-Co/py-rtGO 0.1 M KOH 0.84 0.765 3.80 269
PCOF-SO;-Co-rGO 0.1 M KOH 0.88 0.72 3.70 267
Co-TEPP-COF/C 0.1 M KOH 0.86 0.80 3.80 264
PCN-221-Co/C 0.1 M KOH 0.80 0.70 2.6 201
PCN-222-Co/C 0.1 M KOH 0.80 0.69 2.3 201
PCN-226-Co/C 0.1 M KOH 0.83 0.75 3.3 201
Fe-N-C-600 0.1 M KOH 1.01 0.87 3.88 288
Fe-N-C-950 0.1 M KOH 0.98 0.82 3.81 213
Co-TBPP-COF-800 0.1 M KOH 0.86 0.78 3.85 212
Fegp-N-C 0.1 M KOH 0.97 0.891 4.0 287
PCN-FeCo/C-800 0.1 M KOH 1.0 0.85 4.2 294
Pt/C (20 wt%) 0.1 M KOH 1.0 0.86 4.0 292

This journal is © The Royal Society of Chemistry 2021
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intrinsic catalytic activity. Fesa—N-C exhibited an E;, =
0.891 V (versus RHE) in 0.1 M KOH. In addition, pyrolyzation
of porphyrin-based frameworks has become an effective strat-
egy to prepare single-atom based materials due to the unique
advantages of frameworks and precise and tunable coordina-
tion environments of metal active sites.

Second, the electron transfer number n for most porphyrin-
based frameworks is close to 4, indicating a 4e reduction
process with the main product of H,O. For example, Co
porphyrin-based framework composites Co-TEP-COF/CNT
exhibited an electron transfer number of 3.93 in 0.5 M
H,SO,. As mentioned above, mononuclear Co porphyrin mole-
cule usually displays an n value of 2 for ORR. Thus, porphyrin-
based frameworks have beneficial effects on the 4e reduction
process due to the unique packing structures of porphyrin
molecules. In contrast, PCN-222-Co/C had an n value of 2.3 in
0.1 M KOH due to the large distance between porphyrin
molecules in frameworks. Therefore, developing porphyrin-
based frameworks with a suitable packing distance of por-
phyrin molecules can regulate the selectivity of ORR.

3.2 Oxygen evolution reaction (OER)

3.2.1 Evaluation of activity for OER. Usually, catalysts were
coated on GC electrodes to evaluate OER performance. In
addition, other electrodes, such as carbon fiber paper (CFP),
Cu foam (CF) and FTO, have also been applied as working
electrodes due to their large surface areas. The most important
evaluation criterion is the overpotential 744, which is the over-
potential required to yield a catalytic current density j =
10 mA ecm 2. Correspondingly, the Ey, strands for the potential
atj =10 mA cm ™% The overpotential 171, can be calculated using
eqn (28) and (29), by taking the Ag/AgCl reference electrode
(Eag/agct = 0.197 V at 25 °C) as an example.

E1o = Eagiager + 0.197 + 0.059 x pH V (28)
E E10 —1.23V (29)

Herein, the theoretical potential required for water oxida-
tion is 1.23 V. At the same j (10 mA cm ™), the smaller of 7,
the better of as-prepared electrocatalysts. The Tafel slope is
another parameter used to reflect the growth rate of j. The
smaller the Tafel slope, the better the as-prepared catalysts.
Stability is also a significant parameter for practical application
by carrying out controlled potential/current electrolysis.

At present, precious metal-based RuO, and IrO, compounds
are the most promising catalysts for OER.>*° However, the high
price and limited reserves restrict their wide applications.
Currently, transition metal-based hydroxides, oxides, and phos-
phides have been extensively studied as catalysts for OER due to
their excellent catalytic activity.>°°% Recently, MOFs and
COFs were also reported for OER.'?>'°*°® This is mainly
because MOFs and COFs have clear active sites and surrounding
coordination environments, which are helpful to study the OER
process and reaction mechanisms, and then to build the struc-
ture-activity relationships. Porphyrin-based frameworks as a

Chem. Soc. Rev,, 2021, 50, 2540—-2581 | 2555


https://doi.org/10.1039/d0cs01482f

Published on 21 January 2021. Downloaded by Shaanxi Normal University on 8/28/2023 6:55:11 AM.

Chem Soc Rev

specific kinds of framework material have also been reported as
catalysts for OER.

3.2.2 OER reaction mechanisms with metal porphyrins.
Currently, the OER mechanism of transition metal based oxides
and hydroxides has been studied.’*’°® Typically, an OER
mechanism in alkaline electrolytes is displayed below

(eqn (30)-(34)).

*+OH — *OH +e” (30)

*OH + OH - *O+e +H,0 (31)
*O+OH  — *OOH + e~ (32)
*OOH + OH™ — *O, +e + H,0 (33)
*0, = *+ 0, (34)

However, the OER mechanism is rarely reported for
porphyrin-based frameworks. As for porphyrin molecules in
homogenous catalysis, a similar reaction mechanism had been
proposed and suggested.®®?*® For example, Groves and
co-workers synthesized the cationic Co 5,10,15,20-tetra(1,3-
dimethylimidazolium-2-yl)porphyrin.®® OER mechanism stu-
dies demonstrated that the formation of O-O bond is the rate
determining step. Specifically, Co™ porphyrin experienced two
oxidation processes and formed Co™-OH and Co™-O, respectively.
Then the nucleophilic attack process of Co™-O by water molecule
occurred and formed the peroxo intermediate. Finally, the peroxo
intermediate was further oxidized to release O,.

Recently, ECSTM has been regarded as an effective technology
for the study of the reaction mechanism, especially for capture of
intermediates. Wan, Wang and co-workers investigated the
OER mechanism of porphyrin molecules using the ECSTM
technology.”® Co TPP was selected as the model molecule. Co
TPP molecules were assembled on the Au(111) electrode to form a
thin layer. During the OER process, the change of the Co TPP-
OH™ to the Co TPP molecule was directly observed using in situ
ECSTM, further confirming the OER mechanism. Therefore, it is
possible to further study OER mechanism of porphyrin-based
frameworks.

3.2.3 Porphyrin-based frameworks for OER. Porphyrin-
based frameworks can be used as catalysts for OER directly.
For example, Sun, Dai and co-workers designed a porphyrin-
based MOF connected with a polymeric chain (Fig. 10)."**
Metal-free TCPP was selected as the porphyrin organic linker
(Fig. 10a). An obvious three dimensional (3D) porous structure
of Pb-TCPP-MOF was observed with one dimensional (1D)
channels as shown via ball and stick representation (Fig. 10b).
The chain was made up of carboxyl oxygen coordinated Pb ions
(Fig. 10c). The space filling diagram of Pb-TCPP-MOF further
confirmed the porous structure (Fig. 10d). Simulated and experi-
mental X-ray diffraction (XRD) patterns confirmed the formation
of this topological structure (Fig. 10e). Pb-TCPP-MOF showed
obvious gas adsorption selectivity for CO, compared to CH, at
298 K. In addition, the OER performance of Pb TCPP was carried
out without adding conductive carbon materials. Pb TCPP
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Fig. 10 Metal-free TCPP molecule (a), ball and stick crystal structure (b),
polymeric chain constructed with carboxyl oxygen coordinated Pb ions (c)
and space filling diagram (d) of Pb-TCPP-MOF. Simulated and experi-
mental XRD pattern of Pb-TCPP-MOF (e).2°8 Reproduced from ref. 198
with permission from the Royal Society of Chemistry, copyright 2016.

exhibited an 1, = 470 mV with a Tafel slope of 106.2 mV dec
in 1.0 M KOH.

Metal porphyrins have also been applied as building blocks
to prepare frameworks for OER. For example, Dai, Wang and
co-workers prepared Zn and Cu coordinated TCyPP.*"" Metal-
free TCyPP molecules exhibited an 7, = 510 mV in 1.0 M KOH.
In contrast, Cu TCyPP and Zn TCyPP showed an enhanced OER
activity with lower 7,0 values of 430 and 480 mV, respectively.
The Tafel slope of Cu TCyPP and Zn TCyPP was 83.9 and
87.5 mV dec ™, respectively, while metal-free TCyPP had a Tafel
slope of 90.1 mV dec™'. These results demonstrated that the
metal centers of porphyrins were the real active sites for OER.
Tuning crystal structure of frameworks can further improve the
OER performance.

In addition to porphyrin-based MOFs, Gu and co-workers
recently synthesized two porphyrin-based COFs (Fig. 11).°° The
3,3',5,5'-tetra(4-formylphenyl)bimesityl (TFBM) was selected as
a rigid tetrahedral aldehyde. The Co-based planar porphyrin
TAPP and 5,10,15,20-tetra(4-aminobiphenyl)porphyrin (TABPP)
were applied as porphyrin units. The overpotential to reach
OER current density j = 10 mA cm™~ > for Co-TAPP-COF and Co-
TABPP-COF in 1.0 M KOH was 473 and 487 mV, respectively.
The relatively larger 1o of Co-TABPP-COF is ascribed to the
smaller Brunauer-Emmett-Teller surface area (234 m> g~ ')
compared to that of Co-TAPP-COF (316 m> g '). In a similar
manner, Zhu, Zhao, Wang and co-workers constructed a Co
porphyrin-based COF with Co TAPP as the porphyrin building
unit and 2-hydroxyterephthalaldehyde as the organic linker.*'?
The resulting Co-TAPP-COF particle has a BET surface area of
289 m? g~ . The overpotential and Tafel slope of Co-TAPP-COF
particle for OER is 350 mV atj =10 mA cm > and 151 mV dec ™’
in 1.0 M KOH. Furthermore, Zhang and co-workers prepared a
series of metal coordinated TAPP COFs with ferrocene-1,1'-
dicarbaldehyde as organic linkers.*® The results demonstrate
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Fig. 11 Synthetic procedure and crystal structure of Co-TAPP-COF and Co-TABPP-COF prepared with TFBM as the monomer and TAPP and TABPP as
porphyrin linkers, respectively.'®® Reproduced from ref. 199 with permission from the Royal Society of Chemistry, copyright 2019.

that Co-based TAPP COFs exhibited excellent OER performance
compared to Ni-, Zn-, and Pd-based TAPP COFs. The Co-TAPP-
COF-Fe exhibited an 7,9 of 416 mV for OER in 1.0 M KOH
compared to Ni-TAPP-COF-Fe (486 mV).

Similarly, Bhattacharya, Pradhan, Bhaumik and co-workers
constructed a Co-based porphyrin COF through the Suzuki C-C
cross-coupling reaction using Co 5,10,15,20-tetra(4-bromophenyl)-
porphyrin and 1,3,6,8-tetra(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)pyrene as components.**® The resulting Co COF exhibited an
10 =420 mV for OER measured in 1.0 M NaOH. The excellent OER
performance may be ascribed to the efficient electron transfer
between Co porphyrin (donor) and pyrene (acceptor). Differently
from these metal porphyrins, Zhu, Wang and co-workers prepared
a metal free porphyrin-based COF with catechol porphyrin and
titanium tetraisopropoxide as reactants.*'* The resulting PCOF-Ti
exhibited an 1, = 310 mV and a Tafel slope of 117 mV dec™* for
OER in 1.0 M KOH.

3.2.4 Porphyrin-based frameworks grown on supports for
OER. At present, the OER performance of porphyrin-based
frameworks is still unsatisfied. To further improve their catalytic
activity, conductive supports were introduced into these systems.
For example, Morris and co-workers obtained a thin MOF film
grown on FTO with PCN-224-Ni."®> The OER performance was
evaluated in neutral pH with an onset overpotential of 450 mV
and a Tafel slope of 150 mV dec™'. Du and co-workers con-
structed Co-TEP-COFs supported on CNT materials (named
Co-TEP-COF/CNTs) (Fig. 12a).>"> Transmission electron micro-
scopy (TEM) image confirmed the formation of Co-TEP-COF/
CNTs with COFs on the surface of CNTs (Fig. 12b). LSV measure-
ments showed that the overpotential of Co-TEP-COF/CNTs was

This journal is © The Royal Society of Chemistry 2021

410 mV atj =10 mA cm ™~ in 1.0 M KOH (Fig. 12¢). Co-TEP-COF/
CNTs exhibited a Tafel slope of 60.8 mV dec™". Durability test
performed at j = 10 mA em™> further confirmed the stability
of Co-TEP-COF/CNTs (Fig. 12d). Therefore, the introduction
of CNTs greatly improves OER performance and stability of
porphyrin-based frameworks.

Similarly, Co TEPP with an additional phenyl was also
selected as porphyrin building units to construct COFs. For
example, Chen, Zhang and co-workers obtained a Co-TEPP-COF
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Fig. 12 (a) Schematic illustration of Co-TEP-COF/CNTs. (b) TEM image,
(c) LSV curve and (d) controlled current density electrolysis measurement
atj = 10 mA cm~2 for Co-TEP-COF/CNTs in 1.0 M KOH.3!® Reproduced
from ref. 315 with permission from American Chemical Society, copyright
2015.
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Fig. 13 (a) Synthetic routes, (b and c) SEM images, (d) TEM image and (e) LSV data of Co-TEPP-COF on the Cu foam (CF). Inset in Fig. 13d: high-
resolution TEM image.**2 Reproduced from ref. 192 with permission from the Royal Society of Chemistry, copyright 2019.

nanosheet grown directly on Cu foam (Fig. 13)."°> The synthetic
procedure of Co-TEPP-COF is similar with that reported by
Campidelli and co-workers (Fig. 13a),"®® which afforded
Co-TEPP-COF as 2D nanosheet with a lattice distance of
1.6 nm (Fig. 13b-d). Herein, the Cu foam is a 3D porous
conductive substrate, which will improve the conductivity of
the resulting hybrid material. Furthermore, Cu foam can cata-
lyze the polymerization reaction of Co TEPP to form Co-TEPP-
COF. Co-TEPP-COF/CF material exhibited an 7,0 = 270 mV and
a Tafel slope of 99 mV dec ' for OER in 1.0 M KOH (Fig. 13e). In
contrast, TEPP-COF/CF without Co coordination and pure CF
exhibited an overpotential of 381 and 442 mV atj=10 mA cm 2,
respectively. Thus, Co is the real active site for OER.

Different from monometallic porphyrin-based frameworks,
Grumelli and co-workers assembled a thin layer of dual-metal
porphyrin MOF M'TPyP-M> (M'TPyP = metal-5,10,15,20-tetra(4-
pyridyl)-porphyrin; M*, M> = Fe, Co) on Au(111) electrode.*'®
Electrochemical results demonstrated a dramatic OER enhance-
ment for heterobimetallic catalysts compared to metal porphyrins.
Specifically, FeTPyP-Co exhibited the best OER performance
among this series of catalysts. Wan and co-workers also prepared
a bimetallic Co-Cu porphyrin MOF/rGO hybrid with TCPP mole-
cules. Optimized Co-Cu-TCPP-MOF/rGO showed an #;o = 396 mV
and a Tafel slope of 58 mV dec ' in 1.0 M KOH.*" Therefore,
porphyrin-based frameworks also provide a suitable platform to
study the synergistic effect of dual-metals on electrocatalytic activity.

Table 3 Comeparison of the OER performance for porphyrin-based composites, frameworks, and other typical catalysts

Catalysts Electrode Electrolyte (KOH) Loading (mg cm™?) N10 (MV) Tafel (mV dec™) Ref.
Co TPP/CNT GC 1.0M 0.25 407 60.3 297
Co TPFPP/CNT GC 1.0 M 0.25 480 71.6 297
Pb-TCPP-MOF GC 0.1 M 0.2 560 124.5 198
Pb-TCPP-MOF GC 1.0M 0.2 470 106.2 198
TCyPP GC 1.0 M 0.2 510 90.1 311
Cu TCyPP GC 1.0M 0.2 430 83.9 311
Zn TCyPP GC 1.0 M 0.2 480 87.5 311
PCN-226-Co/C GC 1.0 M 0.08 445 111 201
Co-TEP-COF/CNTs GC 1.0M 0.14 410 60.8 315
TEPP-COF/CF CF 1.0 M — 381 113 192
Co-TEPP-COF/CF CF 1.0 M — 270 99 192
PCOF-Ti CFP 1.0M 330 310 117 314
Co-TAPP-COF GC 0.643 473 89 199
Co-TABPP-COF GC 1.0M 0.643 487 95 199
Co-TAPP-COF-Fe GC 1.0M 0.42 416 68 296
Ni-TAPP-COF-Fe GC 1.0 M 0.42 486 81 296
Co-TAPP-COF particle CFP 1.0M 290 350 151 312
Co-Cu-TCPP-MOF/rGO GC 1.0M 0.13 396 58 317
Ni phthalocyanines-MOF FTO 1.0M 0.0076 350 74 318
Commercial RuO, GC 1.0M 0.2 330 48 319
Commercial IrO, GC 1.0 M 1.0 338 50 320
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3.2.5 Comparison of porphyrin-based frameworks for OER.
As discussed above, the catalytic activities for OER of reported
porphyrin-based composites and frameworks are listed in Table 3.

In conclusion, the Co-based porphyrin COF grown on CF,
named Co-TEPP-COF/CF, has the smallest overpotential of
270 mV to reach j = 10 mA cm™ > in 1.0 M KOH. Co-Cu-TCPP-
MOF/rGO exhibited the smallest Tafel slope with a value of
58 mV dec . Porphyrin-based frameworks with conductive
supports usually have superior catalytic activity for OER compared
to pure frameworks due to the enhanced electron transfer
efficiency. However, the overpotential # at j = 10 mA cm™ > of
most porphyrin-based frameworks for OER is between 400 and
500 mV, which is still larger than that of commercial RuO,
(330 mV) and IrO, (338 mV) measured in 1.0 M KOH. Therefore,
the OER performance of porphyrin-based framework catalysts is
unsatisfactory and requires further improvement.

3.3 Rechargeable Zn-air battery

3.3.1 Evaluation of Zn-air battery performance. Bifunctional
electrocatalysts for ORR and OER are required for rechargeable
metal-air batteries. The potential difference (AE) of E;,, for ORR
and E;, for OER is usually selected as a key parameter to evaluate
catalytic activity of bifunctional ORR and OER catalysts (eqn (35)).

AE = Eyy — E1pp (35)

Porphyrin molecules coordinated with transitional metals
such as Co and Fe have been shown to be highly active for both
electrocatalytic ORR and OER. Therefore, the rational design
and development of porphyrin-based frameworks will realize
bifunctional ORR and OER.

Zn-air battery is one of the prevailing metal batteries for
energy storage.’”' In general, the Zn-air battery contains Zn
anode, electrolyte, and catalyst cathode. Several parameters,
including open circuit voltage, discharge and charge voltage
gap, and power density, are commonly reported to evaluate
performance of the Zn-air battery. Herein, the open circuit
voltage refers to the difference between the positive electrode
potential and the negative electrode potential of a battery when
the battery is open (e.g., when no current passes through two
poles). Discharge and charge voltage gap represents the voltage
difference between charge voltage and discharge voltage. For a
Zn-air battery, the power density equals current density times
voltage.

3.3.2 Porphyrin-based composites for Zn-air batteries.
From what has been discussed above, metal porphyrins are
promising alternative catalysts for both ORR and OER.
Recently, Cao, Wang and co-workers compared the
bifunctional ORR and OER performance of Co TPP and Co
5,10,15,20-tetra(pentafluorophenyl)porphyrin (TPFPP) by drop-
coating molecular catalysts on CNTs.>®” Substituent groups of
these two porphyrin molecules exhibited obvious different
electron-withdrawing properties. Electrochemical results
indicated that Co TPP/CNTs exhibited a larger E;;, (0.81 V
versus RHE) compared to Co TPFPP/CNTs (E;;, = 0.76 V versus
RHE) measured in 0.1 M KOH for ORR. Furthermore, the
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overpotential of OER for Co TPP/CNT is 407 mV, which is
smaller than that of Co TPFPP/CNT (480 mV) at j = 10 mA cm >
measured in 1.0 M KOH. Therefore, the AE of Co TPP/CNT is about
0.827 V. Based on the bifunctional ORR and OER performance,
practical application of Zn-air batteries was evaluated. Co TPP/CNT
exhibited a peak power density of 155.7 mW cm ™2, while the value
of Co TPFPP/CNT is 84.5 mW cm > As a result, Co porphyrin
molecules exhibit excellent performance in Zn-air batteries. There-
fore, porphyrin-based frameworks have been investigated and
regarded as bifunctional ORR an OER electrocatalysts.

3.3.3 Porphyrin-based framework composites for Zn-air
batteries. In addition to porphyrin-based composites, porphyrin-
based frameworks also have been used as catalysts for Zn-air
batteries. For example, Dehghanpour and co-workers prepared a
Co porphyrin-based MOF (named PCN-224-C0).2°° Cubic
particles of PCN-224-Co were obtained with microscale
diameters. CNTs were introduced and mixed with PCN-224-Co
to improve conductivity. SEM image demonstrated the uniform
distribution of CNTs and PCN-224-Co. The resulting PCN-224-
Co/CNT hybrid displayed bifunctional ORR and OER
performance with high stability and good methanol resistance,
which specifies the broad application prospect of porphyrin-
based PCN porous materials. More recently, a series of
porphyrin-based PCN-226 MOFs have been prepared with M

a Ao §7 S
( 1758 4A 3
b § s e |
. -3 w@&ﬁ Ew}
Zr0, i P, ® r
‘f‘;. > ¥ — :‘?" 15 P /s ?’ i
.- o N o
M-TCPP(M . i 1 W 4
—colcl - P "_Mx\k
Fe, Ni, Zn) 24 N T_M
b s c ——Pt/C+RuO, ,‘;‘“
01 ——PCN-226-Co £
o
. hso
€ s d—m_ [“2
g 24 Py T -
2 100 2
Z g g B
E |—PeN221co S |, \\ g
"~ .4{ —PCN-222-Co > Y o S
—— PCN-226-Co 5
—PtIC R g
6 od 0 O
02 04 06 08 10 n & 4nn | 4&n | onn
E (V vs RHE)
d 3
—— Pt/C+RuO, @j=2mAcm?
S 1]
&
c 0
S —— PCN-226(Co)
> 2
1 -
0 T T T T T T T T
0 20 40 60 80 100 120 140 160

Time (h)

Fig. 14 (a) Crystal structure of PCN-226-M (M = Co, Cu, Fe, Ni, and Zn).
(b) LSV data of PCN-221-Co, PCN-222-Co, PCN-226-Co, and Pt/C
measured with RRDE. (c) Charge—discharge LSV data and the corres-
ponding power density and (d) long-term charge—discharge cycling test of
PCN-226-Co and Pt/C + RuO,.2°* Reproduced from ref. 201 with permis-
sion from American Chemical Society, copyright 2020.
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TCPP (M = Co, Cu, Fe, Ni, and Zn) as porphyrin building units
and ZrO, clusters as chain nodes (Fig. 14a).”** The obtained
PCN-226-M has obvious porous structures with a size of 5.4 A x
4.2 A. PCN-226-Co exhibited the best ORR performance
compared to other transition metal-based PCN-226 MOFs and
previous reported MOFs such as PCN-221 and PCN-222
(Fig. 14b). PCN-226-Co also exhibited an overpotential of 445
mV for OER at j = 10 mA cm ™ * in 1.0 M KOH. A Zn-air battery
assembled with PCN-226-Co showed comparable peak power
density with a value of 133 mW cm > as compared to
commercial Pt/C + RuO, (150 mW cm™?) (Fig. 14c). PCN-226-
Co also exhibited outstanding long-term charge-discharge
cycling stability over 160 h with a voltage gap of 0.97 V atj =
2 mA cm 2 (Fig. 14d). In contrast, the voltage gap of Pt/C + RuO,
increases after running for 60 h at the same conditions.
Therefore, porphyrin-based frameworks showed great potential
as bifunctional ORR and OER catalysts for Zn-air batteries.

In addition to porphyrin-based frameworks, phthalocyanine-
based frameworks also exhibited comparable activity for Zn-air
batteries. Recently, Xiang and co-workers constructed a conju-
gated Fe phthalocyanines COF/graphene hybrid.***> This
pyrolysis-free Fe-based single-atom catalysts exhibited an E;j, =
0.91 V (versus RHE) for ORR in 0.1 M KOH, which was much
larger than that of benchmark commercial Pt/C 20 wt% (E;/, =
0.86 V versus RHE). A Zn-air battery assembled using this catalyst
showed a power density of 123.43 mW cm °. Typically, the
discharge/charge cycling test demonstrated exceptional durability
for more than 300 h. Similarly, Feng, Dong and co-workers
prepared a Cu phthalocyanine-based MOF connected with Co-O,
nodes.?*® Cu phthalocyanines MOFs were mixed with CNT to serve
as electrocatalysts for ORR and Zn-air batteries. The resulting Cu
phthalocyanines MOFs/CNT exhibited an E;, = 0.83 V (versus
RHE) and a n = 3.93 in 0.1 M KOH. Herein, the Co-O, nodes are
real active sites for ORR as confirmed by theoretical calculations
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and in situ Raman spectro-electrochemistry. The Zn-air battery
assembled with Cu phthalocyanines MOFs/CNT exhibited an open
circuit voltage of 1.37 V and a peak power density of 94 mW cm ™2,
Therefore, phthalocyanine-based frameworks also exhibited
excellent Zn-air battery performance.

3.3.4 Porphyrin-based frameworks grown on supports
for Zn-air batteries. As discussed above, porphyrin-based
frameworks can easily grow on conductive supports, which
are more suitable to construct Zn-air batteries using these
composites. For example, Zhang and co-workers prepared a
Co-PCOF material by using a one-pot synthesis with introduced
graphene (Fig. 15)."°* Co porphyrins were covalently connected
through benzene units to give Co-PCOF (Fig. 15a). Then, hybrid
Co-PCOF/graphene was obtained. SEM image indicated that
the morphology of 2D graphene nanosheets still remained
(Fig. 15b). Scanning transmission electron microscopy (STEM)
images further confirmed the existence of single Co atoms
(Fig. 15¢). This 2D hybrid nanosheet exhibited a thickness of
45.53 nm as proved by atomic force microscopy (AFM) image
(Fig. 15d). Co-PCOF/graphene showed an ;4 = 430 mV for OER
and an E;j, of 0.81 V (versus RHE) for ORR in 0.1 M KOH,
respectively (Fig. 15e). Therefore, the AE is 0.85 V. This
performance of Co-PCOF/graphene is better than that of most
reported materials, including M-N-C catalysts and commercial
Pt/C (Fig. 15f).

To further increase the bifunctional ORR and OER perfor-
mance, Coz;0, was introduced into the Co-PCOF system due to
its excellent OER performance (17,0 = 430 mV).*** The resulting
C030,@Co-PCOF had a AE =0.74 V. A Zn-air battery assembled
with Co;0,@Co-PCOF exhibited a voltage gap of 1.0 V at j =
5 mA cm ™ ? and a peak power density of 222.2 mW cm™ 2. In
addition, the above mentioned Co-TAPP-COF-Fe also exhibited
excellent OER performance.”’® ORR performance of this
Co-TAPP-COF-Fe has also been evaluated in 1.0 M KOH.

0.10 M KOH
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Fig. 15 (a) Schematic crystal structure of porphyrin COF. (b) SEM image, (c) STEM image, (d) AFM image, (e) LSV data, and (f) comparison of ORR/OER
activity for Co-PCOF/graphene.’®! Reproduced from ref. 191 with permission from the Wiley-VCH, copyright 2019.
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Fig. 16 (a) Structural sketch and (b) TEM image of Co-PCOF/CNT. (c) A typical Zn—air battery assembled with Co-PCOF/CNT. (d) Polarization discharge/
charge data and corresponding power density curve and (e) discharge/charge cycling test of a flexible Zn-air battery constructed with Co-PCOF/CNT.*%°
Reproduced from ref. 190 with permission from the Royal Society of Chemistry, copyright 2018.

Co-TAPP-COF-Fe had an E,pgec = 0.95 V (versus RHE) and an
Ei;, = 0.84 V (versus RHE). Furthermore, the electron transfer
number of Co-TAPP-COF-Fe was 2.1 as determined using the
Koutecky-Levich equation, demonstrating a 2e catalytic ORR
process.

To further improve the performance of the Zn-air battery,
Zhang and co-workers fabricated Co-PCOF coated CNTs
(named Co-PCOF/CNT, Fig. 16a).'°® TEM images confirmed
the successful encapsulation of CNTs with a characteristic
lattice distance of 0.34 nm for CNTs and a very thin layer of
4 nm for Co-PCOF (Fig. 16b). The Zn-air battery assembled with
Co-PCOF/CNT exhibits a voltage gap of 0.78 V atj = 2 mA cm >
and a peak power density of 237 mW cm 2. Furthermore,
Co-PCOF/CNT was used to assemble a flexible solid Zn-air
battery, which was constructed with Zn foil, gel solid electrolyte,
Co-PCOF/CNT catalysts, and pressed Ni foam (Fig. 16c). The
resulting flexible Zn-air battery exhibited a power density of
22.3 mW cm? (Fig. 16d). Discharge/charge cycling test demon-
strated that the voltage gap of the battery was 0.76 V at j =
1.0 mA cm 2. Furthermore, the stability of this flexible Zn-air
battery remained very good when the battery was bent for
different angles (Fig. 16e). This work sheds light on the design
and development of other flexible all-solid-state Zn-air
batteries.

3.3.5 Porphyrin-based framework derivatives for the Zn-air
battery. To further enhance the performance of the Zn-air
battery, porphyrin-based frameworks were usually heated at
high temperature.**® For example, Zhang and co-workers
heated Co-PCOF and assembled catalysts into a Zn-air battery
(Fig. 17).>*® This 2D graphene-like nanosheet has uniformly
distributed single-atoms Co-N,-C (Fig. 17a and b). Co-N,-C
exhibited improved activity with an E;,, = 0.83 V (versus RHE)
for ORR and a 7,9 = 470 mV for OER in 0.1 M KOH. Therefore,
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the AE of Co-N,-C was 0.87 V, which was slightly larger than
that of Co-PCOF/G (AE = 0.85 V), demonstrating the excellent
bifunctional performance of porphyrin-based framework deriva-
tives. This Co-N,-C was assembled into a Zn-air battery by
coating catalysts on carbon cloth (Fig. 17¢). Co-N,-C showed a
discharge/charge voltage gap of 1.04 V at 2.0 mA cm > and a
power density of 78.0 mW cm ™2 in a Zn-air battery, which was
better than that of Pt/C + Ir/C (1.34 V; 17.7 mW cm ™ ?), indicating
the promising practical application (Fig. 17d and e).

More recently, Wang, Lv, and co-workers obtained a dual-
metal COF with Co TAPP, Fe 5,10,15,20-tetra(4-aminophenyl)-
phthalocyanine, and BDA as components.**® CoFe COF was
used as the precursor and heated at high temperature. The
resulting CoFe-N-C catalyst exhibited an E;,, of 0.777 V (versus
RHE) for ORR in 0.1 M KOH and an #;, of 360 mV for OER in
1.0 M KOH. Therefore, the AE was about 0.813 V. The perfor-
mance of the Zn-air battery assembled with CoFe-N-C was
evaluated. The maximum power density was 53.4 mW cm 2,
which was smaller than that of the mixture of commercial Pt/C +
RuO, (73.5 mW cm ™ ?).

In addition to the Zn-air battery, Li and co-workers prepared
a porphyrin-based COF with Fe TCPP as the organic linker for
an Al-air battery.**” The resulting Fe-based porphyrin COF
exhibited comparable catalytic activity with commercial Pt/C.
The ORR n value of this COF was 3.84, demonstrating a 4e
reduction process. In addition to metal-air batteries, porphyrin-
based frameworks can also be applied in Li-S batteries. For
example, Zhang and co-workers constructed a hollow porphyrin-
based COF sphere using the template method.**® Similarly,
hollow metal-free PCOFs were prepared using a one-pot method
by introducing a SiO, hard template. This hollow PCOF sphere
showed excellent Li-S battery performance with high capacity
and long-term durability. This is mainly ascribed to the specific
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hollow structure of PCOF, which provides a suitable host for S
cathode. Similarly, Yu, Chen, Zhang and co-workers also applied
porphyrin-based COFs for Li-S batteries.**® Obtained porphyrin-
based COFs exhibited microflower morphology with porous
structures and ultrathin nanosheets (4 nm). Furthermore,
porphyrin units have strong binding power to polysulfide.
3.3.6 Comparison of porphyrin-based frameworks for Zn-
air batteries. According to the performance of reported catalysts
for Zn-air batteries, porphyrin-based frameworks are a class of
competitive materials (Table 4). Porphyrin-based frameworks
were usually constructed with conductive CNTs or graphene to
enhance conductivity and then to improve catalytic activity.
First, Co-PCOF/CNT exhibited a superior peak power density of
237 mW cm™ 2, which is larger than that of most pyrolyzed
M-N-C materials (Co-N,~C: 78 mW c¢m?) and precious metal
materials (PdMo: 154.2 mW cm™ 2). Second, porphyrin-based
composites exhibited high voltage gap at the same conditions

result demonstrated the unique advantages of frameworks. The
voltage gap of Co-PCOF/CNT is 0.78 V atj = 2 mA cm ™2, which is
smaller than that of most reported porphyrin-based composites
and frameworks. Third, the open circuit voltage of reported
porphyrin-based frameworks is still much smaller than precious
metals such as PdMo nanosheets.

3.4 CO, reduction reaction (CO,RR)

3.4.1 Evaluation of activity and selectivity for CO,RR. With
increasing CO, emission, electrochemical CO, reduction to CO
and other carbon-based chemicals provides a possibility for
long-term energy storage.**'** To evaluate the performance of
electrochemical CO,RR, several key parameters, including over-
potential, faradaic efficiency (FE), turnover number (TON), and
turnover frequency (TOF) were used. Herein, overpotential
can be calculated using the following equation.

as compared to porphyrin-based framework composites. This 7 =E° — Eonset (36)
Table 4 Comparison of the Zn-air battery performance for porphyrin-based composites, frameworks, and their derivatives
Open circuit Specific current Voltage gap at specific Peak power density

Catalysts voltage (V) density (mA cm?) current density (V) (mW em™?) Ref.
Co TPP/CNT — 2 1.03 155.7 297
Co TPFPP/CNT — 2 1.73 84.5 297
PCN-226-Co 1.37 2 0.97 133 201
Co-PCOF/CNT 1.39 2 0.78 237 190
Fe phthalocyanines COF/graphene 1.41 5 0.78 123.43 322
Cu phthalocyanines MOFs/CNT 1.37 — — 94 298
Co-N,-C 1.33 2 1.04 78.0 325
CoFe-N-C — 10 1.02 53.4 326
C03;0,@Co-PCOF — 5 1.0 222.2 323
PdMo bimetallene/C 1.48 10 0.75 154.2 330
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E° is the standard potential for the reduction of CO, to CO
(=0.11 V versus RHE).”® Catalysts, which can drive CO,
reduction with small overpotentials, are required. For CO,RR,
since several carbon-based compounds will be obtained during
reduction, the selectivity of a specific catalyst is of great
importance. FE is usually used to evaluate the efficiency for
CO,RR, which is the fraction of electrons consumed to produce
a specific product. In other words, it is the needed moles of
electrons divided by total moles of electrons transferred from
anode to cathode during the electrocatalytic reduction process.
Therefore, FE can be calculated using the following equation:

FE = anF/Q (37)

Herein, a is the transferred number of electrons for a given
product (a = 2 for H,, CO and HCOOH), 7 is the number of moles
of a product, and Q is the overall charge passing through the cell.
TON and TOF are the parameters applied to evaluate the intrinsic
catalytic activity of the active site. TON is the number of products
divided by the number of catalysts (eqn (38)). TOF is the number
of molecules converted per unit active site per unit time (eqn (39)).

TON = n/ncatalyst (38)

TOF = n/tncatalyst (39)

Herein, Ncacayse 1S the number of moles of catalysts, and ¢ is
the time of electrocatalysis.

3.4.2 Porphyrin-based composites for CO,RR. For homo-
geneous catalysis, porphyrins have been widely applied as
molecular catalysts for CO,RR.”**** However, homogeneous
CO, reduction is considered to be less practically applicable
due to the poor water solubility of catalyst molecules, low
utilization of catalysts, and difficult separation of products.
Loading molecular catalysts onto substrates such as CNTs,
graphene, Cu nanowire, and MOFs to realize heterogeneous cata-
lysis for CO,RR has therefore attracted great attention.”***>*° For
example, Daasbjerg and co-workers reported that Co TPP exhibits a
selectivity of >90% for CO when simply immobilizing on CNTs.>*°
Han, Ye and co-workers designed a strategy for covalently grafting
Co protoporphyrin IX chloride on hydroxyl-functionalized
CNTs.*"" The coordination Co-O bonds formed when refluxing
porphyrin molecules and CNTs. The resulting hybrid exhibited an
FE of 98.3% for CO generation at an overpotential of 490 mV.
Similarly, Robert and co-workers designed a Fe porphyrin-CNT
composite connected through covalent bonds.**> This Fe por-
phyrin has six -OH groups in ortho positions of three phenyl
rings. The resulting Fe porphyrin-CNT exhibits a FE of 90% for
CO with an overpotential of 510 mV. Officer, Wallace, and co-
workers constructed a Fe porphyrin/graphene hybrid.>** The
porphyrin linker is Fe tetraphenyltrimethylammonium porphyrin
(TPTAP). The resulting hybrid exhibited CO,RR with an FE of
97.0% for CO production at an overpotential of 480 mV. This
catalyst also showed high long-term durability after running 24 h
electrocatalysis. Porphyrins can also be immobilized on MOFs
through covalent grafting. For example, Lin, Wang and co-workers
grafted Co protoporphyrin IX on MOFs, which exhibited a FE
of 92.2% for CO at —0.86 V (versus RHE) with a TOF of 0.40 s~ *.>**

This journal is © The Royal Society of Chemistry 2021
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In addition, Cu surface has also been applied as a support to
immobilize Fe TPP, named Fe TPP/Cu, which exhibits outstanding
selectivity for ethanol with a FE of 41% at —0.82 V (versus RHE).**
This is attributed to the high selectivity of C2 compounds of Cu
materials for CO,RR.>*®

In addition to porphyrins, Wang, Liang and co-workers
prepared a hybrid of Co phthalocyanines and CNT for CO,RR.”
The resulting Co phthalocyanines/CNT hybrid can mediate
CO,RR to methanol with a high FE of 44% at about —0.82 V
(versus RHE). Furthermore, four amino groups (-NH,) were
introduced into the ligand of Co phthalocyanines to improve
the stability and long-term durability. Herein, the efficiency
and selectivity may be mainly attributed to the monodisperse
Co phthalocyanines, suitable carbon support, and beneficial
structure modification. Recently, Berlinguette, Robert and
co-workers reported that commercial Co phthalocyanines can
catalyze CO,RR with a high selectivity for CO (FE > 95%) at 150
mA cm ™ 2.**” Molecular Co phthalocyanine catalyst was mixed
with carbon powder and Nafion and was then spray coated on
carbon paper. The resulting catalyst layer was assembled in a
flow cell to perform CO,RR. The immobilization of molecular
catalysts on carbon materials is also one of widely studied
strategies to transfer homogeneous catalysis into heteroge-
neous catalysis.

3.4.3 Porphyrin-based framework composites for CO,RR.
Based on the excellent electrocatalytic activity of porphyrin
molecules, a series of porphyrin-based frameworks were developed
for CO,RR. Currently, porphyrin-based MOFs and COFs are usually
produced using the solvothermal method. The resulting products
were then drop-casted onto the surface of electrodes. During the
electrocatalysis, only metal centers on the surface remain electro-
chemically accessible and active due to confined adsorption and
diffusion of CO, within framework channels. In addition, electron
transfer between catalysts and electrodes is limited, leading to low
electrocatalytic activity. To solve the problem, carbon material was
introduced into the system. Teng, Dong and co-workers prepared
PCN-222-Fe, and composite catalyst PCN-222-Fe/C was drop-coated
on the electrode."® PCN-222-Fe/C presented a good catalytic
activity for CO,RR to CO with an overpotential of 494 mV and a
maximum FE of 91% for CO in CO,-saturated 0.5 M KHCO;,
realizing a TOF of 0.14 s~ . The stability of this composite is good
with an average FE of 80.4% after running electrolysis for 10 h. In
2015, Chang, Yaghi, and co-workers constructed Co porphyrin-
based COFs, namely COF-366-Co and COF-367-Co, to promote
CO,RR in a neutral solution.'®® Co-based TAPP was selected as
porphyrin molecules. COF-366-Co and COF-367-Co was prepared
with BDA and BPDA as the organic linker through Schiff-base
condensation reactions, respectively. This strategy is extensively
used to prepare porphyrin-based COFs. COF-367-Co deposited on
carbon fabric demonstrated enhanced CO,RR activity with a larger
current of 27 mA at —0.87 V (versus RHE) compared to that of COF-
366-Co (19 mA) under CO,-saturated 0.5 M KHCO;. This may be
attributed to the larger pores in expanded COF-367-Co (26.5 A)
compared to that in COF-366-Co (23.5 A), which provided more
accessible active sites for CO, adsorption to metal active sites and
thus resulted in the improvement in activity. To further improve
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Fig. 18 (a) Synthetic procedure and crystal structure of M-PMOF (M presents transition metal). (b and c) Possible reaction mechanism of CO,RR for
Co-PMOF .16 Reproduced from ref. 196 with permission from the Springer Nature Ltd, copyright 2018.

the performance of CO,RR, Cu was introduced and Co content
(1% and 10% mole ratio) of COF-367 was tuned. COF-367-Co(1%)
showed superior activity compared to COF-367-Co(10%), COF-367-
Co and COF-367-Cu, along with a highly stable operation for 136
hours. Similarly, Lan and co-workers prepared a Co-TAPP-COF
nanosheet through Schiff-base condensation reaction with
Co TAPP and 2,3,6,7-tetra(4-formylphenyl)-tetrathiafulvalene as
reactants.®® The resulting Co-TAPP-COF nanosheet had a
porous structure with a pore diameter of 15.7 A and a layer
distance of 3.69 A. The FE of Co-TAPP-COF nanosheet reached
91.3% for CO at —0.7 V (versus RHE) and the corresponding TOF
is 1.28 s~ *. Zhuang, Liang, Qiu, Hou and co-workers prepared a
porphyrin COF by using Ni TCyPP.>*° This Ni-TCyPP-COF exhib-
ited an overpotential of 443 mV and a FE of >90% for CO
conversion during 20 h electrolysis.

More recently, Lan and co-workers prepared several metal
porphyrin-based MOFs with polyoxometalate Zn-e-Keggin clusters
as nodes (Fig. 18)."°® This cluster node is electron-rich and thus
the formed cluster chain can transfer electrons effectively. The
inherent macrocycle conjugated m-electron system and suitable
pore size of porphyrin-based frameworks can benefit the adsorp-
tion of CO, and the mobility of electrons. MOFs with different
metals including Co, Fe, Ni and Zn were prepared. Co-PMOF
exhibited the smallest onset potential (—0.35 V versus RHE) and
the largest FE (98.7%) for CO production among this series of
catalysts.

In addition, the mechanism of Co-PMOF for CO,RR was
proposed (Fig. 18b and c). First, the Zn-e-Keggin cluster node
can trap electrons from electrodes and then transfer electrons
to Co active sites of metal porphyrins, while Co" was reduced to
Co' simultaneously. The resulting Co" will interact with CO,
and form a Co™COOH intermediate with the transfer of proton

2564 | Chem. Soc. Rev,, 2021, 50, 25402581

in a concerted manner. Then Co™COOH will change to
Co"™*CO with the participation of proton and electron and the
formation of H,O. Finally, CO formed and was desorbed.

In addition to the structure regulation of porphyrin-based
frameworks, other strategies had also been investigated. Tang
and co-workers prepared an ultra-thin MOF electrocatalyst
Co-TPyP-MOF by self-assembly of Co TPyP molecules.’*® The
authors found that the electrocatalytic activity of CO,RR can be
significantly promoted through increasing the energy level of
the metal dz orbital. Due to the axial coordination of pyridine,
the dz. orbital energy level of the active Co center of Co-TPyP-
MOF increases, which will result in electron transfer from Co to
CO,, thus improving selectivity and activity of CO, reduction.
This work explored the relationship between chemical environ-
ment and catalytic activity of heterogeneous catalysts from
molecular orbital levels, providing theoretical basis and design
ideas for bottom-up design and construction of high-efficiency
single atom catalysts. The obtained Co-TPyP-MOF had a FE of
96% for CO generation at an overpotential of 500 mV and a TOF
of 4.21 s~'. Similarly, Lan, Chen and co-workers proposed a
new strategy to enhance the selectivity of CO,RR by inserting
metallocene into porphyrin-based frameworks using a facile
chemical vapor deposition method.*** Through optimizing the
experimental conditions, Co cyclopentadienyl was selected as
the metallocene, and MOF-545-Co was selected as the frame-
work. The resulting Co cyclopentadienyl@MOF-545-Co had a
FE of 97% for CO at —0.7 V (versus RHE). The introduction of
metallocene may act as the electron donor and carrier. Further-
more, the strong binding-interaction between metallocene and
the metal active site of porphyrin molecule can decrease the
adsorption energy of CO,. More recently, Su, Zhang and co-
workers prepared a hybrid of Au@PCN-222-Ir with Au

This journal is © The Royal Society of Chemistry 2021
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Fig. 19 (a) Molecular structure, (b) crystal structure, (c) SEM image, and
(d) schematic illustration of CO,RR for MOF thin film grown on the surface
of FTO electrode.’®® Reproduced from ref. 186 with permission from
American Chemical Society, copyright 2015.

nanoparticles encapsulated in inner cavities of MOF.**"

Au@PCN-222-Ir exhibited enhanced CO, adsorption and acti-
vation due to the synergistic effect of PCN-222-Ir and Au. Au
nanoparticles not only adsorb CO, onto the pores of framework
to increase CO, concentration but also transfer electrons to Ir
porphyrins to increase interactions with CO,. Following a similar
strategy, Yang, Gu, Cao and co-workers prepared a novel
porphyrin-based MOF with ZrO clusters as nodes and 1,4-
benzenedicarboxylic acid and Fe TCPP as organic linkers.”>
The resulting MOF, named Fe TCPP@UiO-66, exhibits high
chemical stability and improved proton transfer, which delivers
an FE of ~100% for CO generation at the overpotential of
460 mV.

3.4.4 Porphyrin-based frameworks grown on supports for
CO,RR. Porphyrin-based frameworks can also be directly grown
onto the surface of electrodes. For instance, Yang, Yaghi, and
co-workers constructed a 3D Co-Al-PMOF on a conductive
substrate (Fig. 19)."®® An atomic layer deposition technology
was applied to deposit Al thin films onto conductive carbon
disk electrodes. Then metal coordinated porphyrin linkers
react directly with metal Al thin film deposited on the electrode
in a dimethylformamide solvent to form the 3D Co-Al-PMOF
(Fig. 19a and b). SEM images confirmed the formation of plate-
like MOFs (Fig. 19c). Co-Al-PMOF showed a CO selectivity of
76% with a TON of 1400 at —0.70 V (versus RHE) (1 = 590 mV) in
0.5 M KHCO; solution (Fig. 19d). Hupp, Farha, Kubiak, and
co-workers constructed a MOF-525 thin film with electrophoretic
deposition on the FTO electrode.'® MOF-525 was constructed
using a Zrg-based node and Fe-TCPP linker. MOF-525-Fe exhibited
an overpotential of about 650 mV and a FE of 100% for CO
generation.

Similarly, Daasbjerg and co-workers constructed carbazole-
functionalized Fe porphyrin-based COFs films by using an
electrochemical polymerization procedure on GC and indium
tin oxide electrodes.”'® Direct growth of porphyrin-based MOFs

This journal is © The Royal Society of Chemistry 2021
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and COFs onto the substrate can avoid the usage of binders,
which will promote stability and conductivity of framework
films during electrocatalysis. Yaghi, Chang and co-workers
further expanded COF-366 structures by regulating the linker
of BDA (Fig. 20)."®° Substituted BDA derivatives, including
BDA-(F),;, BDA-F, and BDA-(OMe),, were selected (Fig. 20a).
The COF-366 structure possesses several advantages, including
large accessible pores, changeable metal centers and molecu-
larly tunable linkers. Herein, uniform films of COF-366-Co were
observed with a thickness of 250 nm (Fig. 20b). Differently from
common frameworks grown on the substrate, the COF layers
were oriented at a 90° angle to the substrate (Fig. 20c). The
oriented thin porphyrin-based COF films had a low overpotential
of 550 mV with a high FE of 87% through the reduction of CO, to
CO. This kind of composite electrode was very stable after
running more than 12 h. Furthermore, Zhu and co-workers
assembled a series of COF-366-Co COFs on CNT composites
with different BDA derivatives as organic linkers.>> The resulting
COF-366-(0OMe),-Co/CNT exhibited an FE of 93.6% for CO gen-
eration at —0.68 V (versus RHE) compared to other COFs/CNT
composites including COF-366-Co/CNT, COF-366-(OH),-Co/CNT,
and COF-366-(F),-Co/CNT. Therefore, regulating the porous
structures of porphyrin-based COFs through the introduction
of functional groups with electron-donating ability will enhance
the performance of CO,RR. Similarly, Cao, Huang and co-
workers designed a COF-366-Co with tetrathiafulvalene (TTF)
as the organic linker.*** The resulting COF-366-TTF-Co exhibited
an FE of 95% for CO generation at —0.7 V (versus RHE). Herein,
the TTF, as an electron donor, can greatly enhance electron
transfer from organic linker to porphyrin center and then lower
the activation energy of CO,.
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In addition to Co porphyrin-based frameworks, other transi-
tion metal-based frameworks also have been reported for
CO,RR. For example, Kubiak and co-workers constructed a thin
Fe-based porphyrin COF on a carbon cloth electrode.?® Herein,
Fe™™ TAPP chloride and 2,5-dihydroxyterephthalaldehyde was
selected as the porphyrin active site and the organic linker,
respectively. The resulting Fe-TAPP-COF had a TOF of >0.17 s "
and a FE of 80% for generating CO. Recently, Gu and co-workers
constructed Cu porphyrin-based MOF nanosheets on the FTO
electrode for CO,RR (Fig. 21).>>® This MOF was prepared using
Cu TCPP ligands and Cu,(COO), nodes (Fig. 21a). Cu,(CuTCPP)
MOF exhibited a 2D nanosheet morphology with a thickness of
3.7 nm (Fig. 21b and c). The Cu porphyrin MOF exhibited a
selective formate HCOO™ (FE = 68.4%) and acetate CHz;COO™
(FE = 16.8%) production measured in a typical two-compartment
H-type cell (Fig. 21d). Similarly, Wang and co-workers prepared
two 2D porphyrin MOFs with Cu-N, and Au-N, active centers,
respectively.>*® The Cu porphyrin MOF also exhibits a high
selectivity for HCOO™ with an FE of 80.86% at —0.7 V (versus
RHE), while the Au porphyrin MOF has a selectivity for HCOO ™
with a FE of 40.90% at —0.8 V (versus RHE). It has been
demonstrated that Cu will improve the production of C2 com-
pounds. Recently, Jing and co-workers prepared Cu@porphyrin-
based COF nanorods, which exhibits enhanced CO, adsorption
and C2 compound production.**”

3.4.5 Porphyrin-based framework derivatives for CO,RR.
Pyrolyzed porphyrin-based frameworks also have been used
as electrocatalysts for CO,RR. For example, Jiang and
co-workers prepared a series of single-atom M-N-C materials
with PCN-222-M as precursors (M = Fe, Co, Ni, and Cu).>*®
Different metal porphyrins and metal-free porphyrins were
selected as porphyrin building blocks to prepare PCN-222-M.
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The resulting single-atom Ni-N-C material exhibited the best
CO,RR activity with an FE of 96.8% and a TOF of 3.14 s~ for
CO production at —0.8 V (versus RHE). For heterogeneous
CO,RR, there are usually three major steps: (1) CO, adsorption
on active sites; (2) electron transfer to cleave C-O bonds and/or
proton migration to form C-H bonds; and (3) desorption of
products (e.g,, CO, CH,, C,H,, C,HsOH, and CH;OH).>*® Theore-
tical calculations demonstrated that Ni-N-C showed low energy
barriers for the formation of *COOH and the desorption of CO.

In addition to porphyrin-based MOFs, porphyrin-based tria-
zine frameworks have also been used as precursors to prepare
M-N-C catalysts. For example, Hou, Wang and co-workers
prepared a series of M—-N-C materials with uniformly dispersed
M-N, active sites (M = Mn, Fe, Co, Ni, and Cu).** The resulting
Ni-N-C-600 exhibited a FE of 97.6% for CO generation at —0.8 V
(versus RHE). Similarly, Cao and co-workers also prepared a
series of single-atom M-N-C catalysts based on porphyrin-
based triazine frameworks (M = Fe, Co, Ni, and Cu).**" Ni-N-
C exhibited the best CO,RR performance with an FE of 98% for
CO generation at —0.8 V (versus RHE). Furthermore, Ni-N-C
also had a high TOF with a value of 3.74 s~ at —1.2 V (versus RHE).
Therefore, porphyrin-based framework derivatives, especially Ni-
N-C, are also promising catalysts for CO,RR.

3.4.6 Porphyrin-based frameworks for photocatalytic CO,RR.
In natural photosynthesis, porphyrin molecules can not only sense
photons but also transfer electrons.?** Based on this photoelectric
character of porphyrin molecules, porphyrin-based frameworks
also exhibit photocatalytic properties. For example, Ye and
co-workers found that MOF-525-Co showed obvious visible-light-
driven CO,RR to CO and CH,.'”* Recently, Cao and co-workers
prepared a PCN-601-Ni with pyrazolyl Ni porphyrin.*®* The coor-
dination structure of the pyrazolyl group and NiO cluster pro-
motes the electron transfer of ligand-to-node and boosts the CH,
production. More recently, Jiang and co-workers reported two
COF-367-Co materials with different oxidation states of Co por-
phyrin (Co™ and Co™).*** COF-367-Co™ exhibited enhanced
selectivity for HCOOH rather than CO and CH,. Therefore,
photocatalytic CO, reduction is also a promising field.>**¢”

3.4.7 Comparison of porphyrin-based frameworks for
CO,RR. For comparison, electrochemical activities of CO,RR
for porphyrin composites, porphyrin-based frameworks, and
other reported catalysts are summarized in Table 5.

Currently, immobilizing porphyrin molecular catalysts on
carbon materials or other supports have been widely investi-
gated for CO,RR due to the excellent catalytic activity of
porphyrins in homogeneous solutions. However, these
porphyrin-based carbon material composites usually have poor
long-term stability. To improve the stability, porphyrin-based
MOFs and COFs have been extensively studied. At present, COF-
367-Co(1%) exhibit the best stability with 136 h electrolysis of
CO,RR. In addition, the FE of Fe TCPP@UiO-66 and Fe porphyrin
cage is about 100% for CO generation. Co-TPyP-MOF exhibited the
largest TOF with a value of 4.21 s™'. Therefore, porphyrin-based
frameworks usually catalyze CO, to CO with high selectivity and
TOF values. In comparison, metal nanoparticles, such as Pd, Ag,
and Au also exhibited excellent CO,RR performance for CO
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Table 5 Comparison of CO,RR performance for porphyrin-based composites, frameworks, and other reported catalysts

Catalysts Overpotential (mV) Electrolyte Time? (h) FE (CO, %) TOF (s 1) Ref.
Co TPP/CNT 550 0.5 M KHCO;3 4 91 0.078 340
Fe TPTAP/rGO 480 0.1 M KHCO;3 24 97 0.8 343
Fe TPTAP/graphene hydrogel 280 0.1 M KHCO; 20 96.2 0.8 338
Co phthalocyanines/CNT 520 0.1 M KHCO; 1 92 2.7 368
Co protoporphyrin IX-CNT 490 0.5 M KHCO; 12 98 1.37 341
Fe porphyrin-CNT 510 0.5 M NaHCO; 3 90 0.049 342
Co protoporphyrin IX-MOF 750 0.1 M NaHCO; — 92.2 0.4 344
Fe TCPP@UiO-66 450 0.1 M KHCO; 2.5 100 — 352
Co cyclopentadienyl@MOF-545-Co 590 0.5 M KHCO;, 24 97 0.216 202
Ni-TCyPP-COF 790 0.5 M KHCO;3 20 97 0.47 349
Co-Al-PMOF 590 0.5 M KHCO; 7 76 0.056 186
COF-366-Co oriented film 550 0.5 M KHCO; 12 87 — 189
COF-366-Co film 550 0.5 M KHCO; 24 86 0.185 188
COF-366-Co 550 0.5 M KHCO; 24 90 0.027 188
COF-367-Co 550 0.5 M KHCO; 24 91 0.046 188
COF-367-Co(1%) 550 0.5 M KHCO;3 136 40 0.212 188
COF-367-Co(10%) 550 0.5 M KHCO; 4 70 0.10 188
COF-366-TTF-Co 590 0.5 M KHCO; 10 95 0.188 354
Co-PMOF 690 0.5 M KHCO; 36 98.7 0.46 196
Co-TPyP-MOF 500 0.5 M KHCO; 48 96 4.21 350
Co-TAPP-COF nanosheet 590 0.5 M KHCO;3 40 91.3 1.28 348
COF-366-(0OMe),-Co/CNT 570 0.5 M KHCO3 12 93.6 3.3 353
Fe porphyrin cage 520 0.5 M KHCO; 24 100 1.74 369
Ni-N-C-600 690 0.5 M KHCO; 10 97.6 0.129 360
Ni-N-C 690 0.5 M KHCO3 10 98 3.74 361
Pd 780 0.1 M KHCO; — 91.2 0.16 370
Ag 390 0.5 M KHCO; 2 92 0.002 371
Au 240 0.5 M KHCO; 12 94 0.02 372

¢ Time of electrolysis.

generation with high FE (>90%). However, the TOF values of
these metal particles are relatively low. Furthermore, the high
price of these precious metals limits their wide applications.

4. Guidelines on further development
of porphyrin-based frameworks

Though various porphyrin-based frameworks have been
reported, developing more efficient porphyrin-based frame-
works for ORR, OER and CO,RR still remains a challenge.
Based on above discussions, guidelines on the further develop-
ment of porphyrin-based frameworks are suggested.

4.1 Guidelines for improving activity

Currently, most of reported porphyrin-based frameworks were
constructed using simple porphyrin building blocks and metal
nodes or organic linkers. The central active site structures,
namely the metal-coordinated porphyrin macrocycles, are quite
similar. Inspired from molecular catalysis with porphyrins,
structural effects of porphyrins play crucial roles in regulating
electrocatalytic activity. Therefore, it is valuable to consider
structural effects when constructing porphyrin-based frame-
works to enhance catalytic activity.

4.1.1 meso-Substituent effect. The meso-substituents have
been shown to be able to regulate the redox properties of metal
porphyrins by tuning the electronic structure of metal centers,
which is crucial for determining the efficiency and activity of
ORR.? 1t is suggested that strong electron-withdrawing meso-

This journal is © The Royal Society of Chemistry 2021

substituents can cause metal porphyrins to be easily reduced.
The anodic shift of the reduction will lead to the formation of
reduced active metal species at relatively small negative potentials,
leading to the decrease of ORR overpotentials. However, on the
other hand, electron-donating substituents can increase the elec-
tron density on metal ions and thus increase its binding and
electron transfer with O,. This effect will improve the electrocata-
Iytic ORR activity.>”® As a consequence, fine-tuning the electronic
structure of metal ions by using different meso-substituents of
porphyrin macrocycles is an appealing strategy to further improve
ORR efficiency and activity. At present, porphyrins bearing simple
phenyl-based meso-substituents with their para-positions sub-
stituted with functional groups are generally used for constructing
frameworks. Recently, Cao and co-workers designed a CNT-
templated porphyrin-based framework composite with Co
tetra(2,3,5,6-tetrafluoro-4-ethynylphenyl)porphyrin as the organic
linker, named FCoP/CNT."® As compared to the analogous frame-
work prepared using the tetra(4-ethynylphenyl)porphyrin building
block, the electrochemical properties of FCoP/CNT were largely
improved by using strong electron-withdrawing meso-tetrafluoro-
4-ethynylphenyl substituents. This work is significant to show the
significant improvement in the electrocatalysis of porphyrin-based
frameworks by using well-designed meso-substituents. It is neces-
sary to note that although modifying meso-substituents has been
well demonstrated for molecular porphyrin catalysts, this strategy
has been rarely reported for porphyrin-based framework catalysts,
largely due to the difficulty in the design and synthesis of
porphyrin building blocks with tunable electronic structure
properties.
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4.1.2 p-Substituent effect. In addition to meso-substituents,
B-substituents of porphyrin macrocycles also have a significant
influence on the electronic structure of central metal ions,
which has been demonstrated by using synthetic porphyrin
molecules.*® More significantly, it is suggested that the electro-
nic structure effect of p-substituents for porphyrins is usually
larger than that of meso-substituents due to the relatively closer
distance to metal active centers. Therefore, the design of
new porphyrin-based frameworks by regulating porphyrin
B-substituents is also an effective strategy. Recently, Promarak,
Wannakao, and co-workers investigated the effects of different
metal centers and B-substituents using theoretical calculations
(Fig. 22).’* Free energies of all intermediates *OH, *O, and
*OOH for ORR and OER were calculated based on constructed
metal porphyrin-based frameworks (M-Por-X; M = Cr, Mn, Fe,
Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Ir, Pt, and Au; X = H, F, Cl, and
Br) (Fig. 22a and b). M-Por-X presents the substitution of M-Por
with X at the B-position. For an ideal catalyst of ORR, the AGoy
is ~1.23 eV. The plot of the calculated overpotential (nrpg) of
M-Por-X against AG-oy — 1.23 eV is shown in Fig. 22c. Calcu-
lated results demonstrated that Co-Por-F had the smallest
overpotential of ORR compared to other metal porphyrins
and was located at the top of volcano plots. In contrast,
Ir-Por-F and Ir-Por exhibited the best OER performance. For
non-precious metals, Co-Por-F is the best porphyrin-based
framework for OER as compared to others. As a result,
Co-Por-F exhibited the best bifunctional ORR and OER activity
theoretically. Although the structural effect of f-substituents on
electrocatalytic ORR and OER has been investigated, few experi-
mental reports have been known in the literature to utilize this

ORR
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Fig. 22 (a and b) Schematic crystal structure of metal porphyrin-based
frameworks M-Por-X, where M is Cr, Mn, Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag,
Ir, Pt, and Au; X represents H, F, Cl, and Br. Calculated overpotential of
M-Por and M-Por-X for ORR plotted against AG+on — 1.23 (eV) (c) and for
OER plotted against AG«o — AGxop (eV) (d).>”* Reproduced from ref. 374
with permission from the Royal Society of Chemistry, copyright 2017.
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effect to tune the electrocatalytic properties of porphyrin-based
frameworks.

From the perspective of synthesis, Zhou and co-workers
prepared a series of PCN-224-Fe derivatives with eight ethyl,
F, Cl, and Br groups substituted at the -positions of Fe TCPP as
porphyrin building blocks.>”> The 3-methylpentane oxidation
catalysis was investigated with these porphyrin-based frame-
works. Although the electrocatalytic performance has not been
studied, these porphyrin-based frameworks provide a suitable
platform to study the substituent effect of electron-donating
and electron-withdrawing functional groups at the B-position of
porphyrins on ORR/OER performance.

4.1.3 Trans axial ligand effect. Introducing ¢rans axial
ligands into porphyrin-based frameworks is a sound approach.
In nature, the axial histidine imidazole group on Fe porphyrin
in heme plays a key role in tuning the catalytic ORR process.
Herein, the effect of trans axial ligands on the metal active
center is through the “push effect”. Specifically, the ¢trans axial
ligand coordination on the metal active center will donate
electrons to unoccupied d-orbitals of the metal active center
and then increase the electron density of the metal porphyrin
molecule, and further affect their electrocatalytic activity.
Several studies have also confirmed the trans axial ligand effect
on ORR in activity."*'**7®*”” For example, Xia, Wang, Ma and co-
workers investigated the “push effect” of 4-mercaptopyridine, 4-
aminothiolphenol, and 4-mercaptobenzonitrile on Co 5,10,15,20-
tetra(4-methoxyphenyl)porphyrin.®’® The 4-mercaptopyridine
coordinated Co porphyrin exhibited the best ORR performance
compared to others due to the strongest coordinating ability of
4-mercaptopyridine. Recently, Hod and co-workers introduced
the 2-methylimidazole group on Fe porphyrin hemin through
axial ligand coordination, which greatly improves the catalytic
activity of Fe porphyrin-based MOF for ORR.?”” Herein, the Fe
porphyrin molecule was functionalized on UIO-66 MOF
through ligand exchange. As a result, the “push effect” of the
trans axial ligand can also be studied directly on porphyrin-
based frameworks by introducing functional groups such as
imidazole, phenolate and thiolate complexes. At present, the
axial ligand pyridine coordinated Co-TPyP-MOF has been
synthesized and used as catalyst for CO,RR, which exhibited
enhanced catalytic activity for CO generation with a TOF value
of 4.21 s71.**° Therefore, applying the “push effect” of the trans
axial ligand on porphyrin-based frameworks is an appealing
strategy to further improve ORR/CO,RR activity.

4.1.4 Hydrogen bonding effect. For homogeneous catalysis
of porphyrins, the second coordination sphere hydrogen bonding
effect plays an important role in the electrocatalytic activity of ORR
and CO,RR.*’® This is mainly because the hydrogen bond can
stabilize intermediates and promote proton transfer during ORR
and CO,RR.*®*”° For example, Dey and co-workers designed a
series of porphyrin molecules to study the ORR activity through
modification of the amino group of Fe o-aminophenyltris(phenyl)-
porphyrin with pyridine-2-carboxaldehyde and 2-bromo-ethylamine
etc.”® Experimental and theoretical results demonstrated that the
N, H substituent surrounding the metal active center can form the

hydrogen bond with Fe™-OOH intermediate and activate the O-O

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0cs01482f

Published on 21 January 2021. Downloaded by Shaanxi Normal University on 8/28/2023 6:55:11 AM.

Review Article

bond of the hydroperoxide species and then promote the proton
transfer to the distal O atom. As for CO,RR, Aukauloo, Halime, and
co-workers demonstrated that the introduction of urea functions
around the metal porphyrin ring can significantly decrease the
overpotential of CO,RR.%**%° This is attributed to the formation of
hydrogen bonds between the urea functional group and the CO,
adduct. More recently, Cao and co-workers also demonstrated that
the introduction of phenolic groups at the second coordination
sphere of Fe hangman porphyrin can greatly increase the catalytic
activity of CO,RR.*” Herein, phenolic groups can not only form
hydrogen bonds with the CO, adduct but also provide high local
proton concentration. In general, the hydrogen bond effect plays a
crucial role in improving the activity of ORR and CO,RR for
homogeneous catalysis. However, this effect has been rarely
reported for heterogeneous catalysis due to the difficulty in the
design and preparation of unsymmetrical porphyrin-based frame-
works. Therefore, constructing porphyrin-based frameworks with
unsymmetrical porphyrin building units to form hydrogen bonds
by tuning the second coordination spheres of metal porphyrins is a
promising strategy to enhance catalytic activity for both ORR and
CO,RR.

4.1.5 Space charge interaction effect. Similar to the hydrogen
bonding effect, the space electrostatic interaction effect can also
stabilize intermediates of ORR and CO,RR. For example, Warren
and co-workers demonstrated that the introduction of trimethy-
lanilinium group -N(CHj3);" at the ortho-position of the phenyl
group of Co TPP can stabilize the CO-O,* intermediate through
electrostatic interaction to promote ORR.**' As for CO,RR,
Savéant, Robert, Costentin, and co-workers designed a specific
Fe TPP, which has four positively charged trimethylanilinium
groups -N(CH,);" at the ortho-position of the phenyl group.®°
The space charge interaction can stabilize the initial Fe-CO,
adduct to enhance the activity of CO,RR. As a result, the space
charge interaction effect plays a crucial role in the stabilization
of reaction intermediates for both ORR and CO,RR. Although
space charge interaction substituent effect has been well demon-
strated for molecular catalysts of porphyrins, synthesizing
porphyrin-based frameworks with positively charged functional
groups is very difficult.

4.1.6 Binuclear synergistic effect. In nature, the binuclear
synergistic effect of heme Fe porphyrin and Cug site plays a
crucial role in the O, reduction process with 4e selectivity.
Inspired from nature, a series of binuclear porphyrin-based
molecular catalysts have been synthesized to enhance the
activity and selectivity for ORR. For example, Cao and co-workers
reported a pacman binuclear Co bistri(pentafluorophenyl)porphyrin
connected with the benzene linker for ORR.** Herein, the atomic
distance of Co between two porphyrin molecules is about 5.76 A.
The resulting binuclear Co porphyrin exhibited high 4e selectivity of
O, reduction reaction to H,O. In addition to the pacman binuclear
Co porphyrins, hangman cofacial binuclear Co porphyrins also
attracted great interest.”> The distance of two Co atoms can be
fine-tuned by using different spacers. Furthermore, heterobimetallic
Fe/Co porphyrins have also been prepared to investigate the
synergistic effect for ORR.*®*> As a result, binuclear metal species
are favorable for oxygen binding and activation, and the formation
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of the bridging superoxide species, which is the key intermediate of
ORR catalysis. As for the OER, pacman binuclear Mn porphyrins
had also been prepared and the formation of the O-O bond showed
direct coupling of Mn"=O0 species.*®** Though great efforts have
been dedicated to investigating the synthetic effect of binuclear
metal porphyrins, rare reports were found for porphyrin-based
frameworks. In future, the kind of metal centers and the distance
between the metal centers of porphyrin building units for
porphyrin-based frameworks can be fine-tuned to realize the reg-
ulation of activity and selectivity for oxygen electrocatalysis by
controlling organic linkers, metal nodes, and coordination
geometries.

4.1.7 Charge transfer effect. Conductivity of porphyrin-
based frameworks still remains a bottleneck for efficient electron
transfer and overall catalytic activity. One way to solve this
problem is to introduce conductive materials into the catalyst
ink to improve the conductivity and then enhance catalytic
activity. The other way is to construct porphyrin-based frame-
works on conductive substrates such as CNTs, FTO etc. In
addition, selecting specific electron-donating organic linkers
and nodes to improve electron transfer to metal porphyrin has
also become a new strategy to enhance catalytic activity.
Recently, a universal strategy to tune electrical conductivity of
MOFs had been reported by introducing redox-active and con-
jugated guest molecules into pores of MOFs.*3*%¢ For example,
Allendorf, Talin and co-workers found that the introduction of
7,7,8,8-tetracyanoquinododimethane can greatly improve the
conductivity of MOF Cuz(benzene-1,3,5-tricarboxylic acid),
(HKUST-1) from ~10°°*S m " to ~7 S m '.*%® Note that the
appearance of conductive MOFs provides a possibility to
further enhance application of MOFs in electrocatalysis.*®” %!
Previous studies have demonstrated that regularly arranged Cu-
TCPP-MOF nanosheets prepared using Cu TCPP exhibited
superior proton conductivity.>> Therefore, constructing new
conductive porphyrin-based frameworks and improving the
conductivity of the reported porphyrin-based frameworks may
be promising development directions in the future.

4.1.8 Mass transfer effect. Designing porphyrin-based frame-
works with micro/mesopores to enhance mass transfer is an
effective strategy to improve electrocatalytic activity. Usually, there
are two ways to construct porous frameworks with increased micro/
mesopores. One way is by increasing the length of organic linkers.
The difference between COF-366 and COF-367 is caused by the
difference in the length of organic linkers changed from BDA to
BPDA. The other way is by prolonging the substituent of porphyrin
at the meso-position (e.g:, TAPP and TABPP). Regulating the length
of porphyrin building blocks or organic linkers to control the pore
size of the resulting porphyrin-based frameworks is a widely
applied strategy to construct various structures. As for CO,RR,
constructing porphyrin-based frameworks with suitable micro-
pores to adsorb CO, is also very important. Very recently, Smit,
Stylianou, Garcia, Woo and co-workers showed that
Al,(OH),(H,TCPP) MOF (Al-PMOF) had a larger CO, capture
capacity than Al,(OH),(1,3,6,8-tetra(p-benzoic acid)pyrene)
MOF (Al-PyrMOF) under either dry or humid conditions after
screening 325000 frameworks with computer-aided filtering
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and validation.?*?

The results demonstrated that CO, mole-
cules are preferably adsorbed in the pores of Al-PMOF, which
has a suitable packing distance of 6.61 A, compared to
Al-PyrMOF with a packing distance of 6.78 A. Therefore, the
specific packing structure of porphyrin-based frameworks
with suitable porous structures have unique advantages for
the capture of CO, molecules, which is an initial and crucial
step of CO,RR. Differently from porphyrin-based frame-
works, Chang, Kim and co-workers constructed a porous
organic cage with porphyrin molecules.*®® The results
demonstrated that Fe porphyrin cage had an FE of ~100%
generating CO and a TOF of 1.74 s ', while the Fe TPP
monomer had an FE of ~96% and a TOF of 0.94 s' in
0.5 M KHCO;. This may be ascribed to the large porosity of the
porphyrin cage, which favors the CO, diffusion. As a result, the
suitable porous structures of porphyrin-based frameworks is of
great importance for electrocatalysis.

4.2 Guidelines for improving selectivity

For ORR, controlling 4e/2e selectivity of O, reduction is an
ongoing challenge. As for mononuclear porphyrin molecules,
usually, early and middle transition metal porphyrins (e.g., Fe
porphyrin) can catalyze O, to H,O, while late transition metal
porphyrin molecules (e.g., Co porphyrin) catalyze O, to H,O,.
However, binuclear Co porphyrin molecules can catalyze O, to
H,O with 4e selectivity through the formation of Co-O-O-Co
species. Inspired from binuclear Co porphyrin molecules,
regulating the distance of porphyrin molecules has been
regarded as a promising strategy to control 4e selectivity for
ORR.*** For example, Cook and co-workers designed a series of
cofacial prism architectures with Co TPyP as the porphyrin
building unit.>*® The resulting electron transfer number of this
cofacial catalyst for ORR can reach up to 3.96 with 97%
selectivity of H,O. Similar to the Co porphyrin cofacial prism,
porphyrin cage, as a new class of porphyrin-based architectures,
also attracted increasing attention.>*® Chang, Kim and
co-workers designed two porous supramolecular porphyrin
boxes (PB) with Co TPP as building units (Fig. 23a—c).*>> The
resulting porphyrin boxes exhibited 90-100% H,O, selectivity
with a 2e reduction process, while Co TPP monomer exhibited
50% H,0, selectivity (Fig. 23d and e). This great 2e process
selectivity as presented by cages is likely attributed to the site
isolation of porphyrin molecules in each supramolecular cage. In
contrast, it is very hard to make all metal active sites separated
for Co TPP monomers. This result agrees well with the conclu-
sion discussed above that mononuclear late transition metal Co
porphyrin molecules prefer to catalyze O, to H,O, through a 2e
reduction process. The volume, window size and polarity of
porphyrin boxes can be tuned by regulating porphyrin molecules
and linkers. Therefore, constructing porphyrin-based frame-
works with suitable packing distance of porphyrin molecules
will enhance the adsorption of intermediates and then further
improve the catalytic selectivity of ORR.

For CO,RR, currently, selectivity of C2 compounds for
porphyrin-based frameworks is very low. Most of the reported
porphyrin-based frameworks have high selectivity for CO
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Fig. 23 (a) Molecular structure of Co TPP. Crystal structure of Co-PB-1(6)
(b) and Co-rPB-1(6) (c). LSV data measured with RRDE at 250 rpm in PBS
(d) and the corresponding yield of H,O, of Co TPP, Co-PB-1(6), and Co-
rPB-1(6) (e).2%° Reproduced from ref. 295 with permission from the Wiley-
VCH, copyright 2020.

generation. Recently, Cu material has attracted great attention
due to the high selectivity for C2 compounds.>*” Yang and co-
workers designed a dual-metal Cu-Ag catalyst, which can enhance
the production of C2 compounds.**® CO, experienced the first
reduction process on Ag from CO, to CO, and then the resulting
CO experienced carbon coupling on Cu to form C2 compounds.
Furthermore, Sargent and co-workers have also demonstrated that
Fe porphyrin/Cu composites have high value of FE for ethanol of
41% at —0.82 V (versus RHE) due to the synergistic effect of
porphyrin and Cu.**® Therefore, constructing porphyrin-based
frameworks grown on Cu substrates is an effective strategy to
realize synthetic catalysis of CO,RR from CO, to CO and then to
C2 compounds.

4.3 Guidelines for improving stability

Stability is another important factor for electrocatalysis. It has
been reported that electron-rich Co and Fe-based porphyrin
molecules may decompose and transfer to corresponding
oxyhydroxide during the OER process.**>**° Therefore, fine-
tuning the electronic structures of metal porphyrins to improve
their stability under oxidative conditions is required. On the other
hand, stability of porphyrin-based framework electrocatalysts is
not satisfactory due to the phase transition of porphyrin building
units, the decomposition of frameworks and the corrosion of
by-products. Therefore, developing porphyrin-based frameworks
with high chemical stability is also of great importance. Porphyrin-
based MOFs connected with Zr, Ti, and Hf nodes usually exhibited
excellent structural stability with pH values ranging from 0 to
13."%7%°" Recently, Bao, Jaramillo, and co-workers had also con-
firmed the excellent stability of PCN-222-Co after electrocatalytic
measurements conducted in 0.1 M HClO,.'®” On the other hand,
the development of amorphous porphyrin-based frameworks,
especially COFs, is also a future research direction.
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4.4 Reaction mechanisms

Reaction mechanism studies are urgently needed to guide
the future design of efficient porphyrin-based frameworks,
especially for CO,RR due to the complex byproducts formed by
multi-electron reductions. Investigating the structure evolution
of porphyrin-based frameworks during the CO,RR process
can be realized with operando measurements such as Raman
spectra and X-ray technologies.*’ For example, Kornienko
and co-workers investigated electrochemical CO,RR with in situ
technologies including UV-vis absorption, resonance Raman,
and infrared spectroscopy.’®® In addition, theoretical calcula-
tion has also been regarded as a good assistance method for
studying reaction pathways. Therefore, developing porphyrin-
based frameworks with high activity, excellent selectivity, and
long-term durability and understanding the reaction mechan-
isms of porphyrin-based frameworks by combining in situ tech-
nologies and theoretical calculations should keep pace with
each other.

5. Summary and outlook

At present, developing efficient catalysts for activation of
energy-related small molecules is of great significance to meet
increasing energy demands. Porphyrin-based frameworks have
shown potential and promising applications in oxygen electro-
catalysis and catalytic reduction of CO, due to intrinsic advantages
of diverse metal active sites, tunable crystal structures, and large
surface areas. Herein, recent progress in porphyrin-based frame-
works in ORR, OER, Zn-air batteries, and CO,RR are reviewed.
For porphyrin-based MOFs and COFs, diverse molecular por-
phyrin structures as building units are summarized. Both metal
active centers and surrounding functional groups of porphyrins
can regulate the catalytic activity of resulting frameworks. In
addition, different metal cluster nodes of MOFs and organic
linkers of COFs endow porphyrin-based frameworks with diverse
topologies, morphologies, and pore sizes. Typical synthetic
procedures of porphyrin-based frameworks are summarized,
such as the hydrothermal method, Schiff based reaction, one-
pot strategy and electrochemical polymerization. Related activity
measurements and evaluation criteria of energy-related applica-
tions are briefly introduced, and a performance comparison of
these related porphyrin-based frameworks is also made.
Porphyrin-based frameworks combine the advantages of
both homogeneous catalysts and heterogeneous catalysts,
which make them promising candidates for related electroca-
talysis. Catalytic activity, selectivity, and stability of porphyrin-
based framework catalysts are summarized, discussed and
evaluated. Catalytic activity is predominantly governed by the
nature of metal centers and porphyrins. The selectivity of
porphyrin-based frameworks is largely governed not only by
types of metals and their surrounding environments, including
distance between active sites of neighboring porphyrin molecules,
but also by electron transfer and mass diffusion efficiency. Herein,
the enhanced electron transfer was achieved by physically mixing
porphyrin-based frameworks with conductive materials (e.g., CNT,
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graphene, carbon black etc.), in situ growing porphyrin-based
frameworks on conductive supports (e.g., FTO, CNTs, Ni foam,
graphene etc.), and pyrolyzing these frameworks into porous
carbon materials at high temperatures. The improvement of mass
transfer is attributed to the high porosity of porphyrin-based
frameworks with large pore diameters and open hole channels.
The stability of these catalysts is primarily governed by the
intrinsic structure of porphyrin-based frameworks. Though great
efforts have been dedicated to the development of porphyrin-
based frameworks, there is still a long way to go to improve the
activity, selectively, and stability of these catalysts for electro-
chemical reactions, including ORR, OER, ORR/OER, Zn-air
batteries and CO,RR etc.

According to above discussions, the future development of
porphyrin-based framework electrocatalysts is outlooked.

(1) Designing and developing new porphyrin-based frame-
work systems with a high density of metal porphyrins to
increase the exposure of catalytic active sites and thus to
enhance catalytic performance for oxygen electrocatalysis is
highly desired. Currently, the electrocatalytic performance of
porphyrin-based frameworks is still far from the level of prac-
tical industrialization. The catalytic activity of porphyrin-based
frameworks can be improved from the following aspects. First,
the mass transfer process of porphyrin-based frameworks can
be enhanced through tuning the porosity with more active sites
exposed. Second, the electron transfer process can be enhanced
through growing porphyrin-based frameworks on conductive sub-
strates, constructing conductive porphyrin-based frameworks, and
introducing electron-collecting and donating nodes. Third, creat-
ing fewer defects and regulating the coordination number of
metals in porphyrin-based frameworks can directly increase intrin-
sic catalytic activity. Fourth, constructing composite catalytic sys-
tems by introducing nanoparticles and molecules to realize
synergistic effect between porphyrins and guests is also an effective
strategy to enhance activity and selectivity.

(2) In-depth understanding of the structure-activity relation-
ship is of great importance for the design and synthesis of
porphyrin-based frameworks. Currently, many factors, such as
metal active sites, surrounding functional groups at the meso-
and [-positions, metal cluster nodes, organic linkers of
porphyrin-based frameworks, have been reported to affect the
adsorption, reaction and desorption process of reactants, inter-
mediates and products. These obtained frameworks usually
have a high symmetry, which, to a great extent, limits their
diversity. Therefore, porphyrin building units with unsymme-
trical substituents and nodes with unusual connectivity numbers
can be introduced to construct new frameworks.*®® Furthermore,
combinations of mixed porphyrin building units and flexible
organic linkers can result in novel porphyrin-based frameworks
with different porosity and topological structures.

(3) Improving structural and mechanical long-term stability
of porphyrin-based frameworks is also of great importance due
to harsh catalytic conditions in practical applications. Thermal
stability and chemical stability of porphyrin-based MOFs can be
enhanced by using metal center nodes with high oxidation
states such as Zr*". Zr-based porphyrin MOFs, especially
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Zr-chains nodes, are usually very stable in strong acidic and
basic solutions. Stability of MOFs in weak acids and bases can
be improved by incorporating -CF; groups in pores.*** In
contrast, porphyrin-based COFs usually have high chemical
stability due to covalently linked organic linkers. In addition,
due to harsh catalytic reaction conditions, porphyrin-based
MOFs with partial decomposition should be the focus of further
research to understand reaction mechanisms and real active
sites. In particular, the effect of amorphization of porphyrin-
based COFs on the catalytic activity and reaction mechanism still
remains a great challenge. This is because porphyrin-based
COFs, which are usually prepared by one-pot polymerization,
are challenging to obtain accurate crystal structures.

(4) Advanced in situ technologies (e.g., ECSTM, liquid phase-
TEM, scanning probe microscopy, Raman spectra, X-ray
absorption spectroscopy, infrared spectroscopy, etc.) and
ex situ technologies (e.g., aberration correction STEM, X-ray
photoelectron spectroscopy, XRD, etc.) should be applied
to shed light on studying catalytic processes, characterizing
reaction intermediates, and determining structure evolution
of porphyrin-based frameworks. It is a general trend to
make full use of computer technology to carry out theoretical
investigation on electrocatalytic reaction pathways and their
affecting factors. The combination of in situ technologies,
ex situ technologies, and theoretical investigations will be
beneficial to the construction of explicit catalytic cycle and
structure-activity correlation. These results will provide new
insights into the design of more efficient porphyrin-based
frameworks.

(5) Reducing synthetic steps is also an important research
direction in the future. This is because the cost of porphyrin-
based frameworks is one important factor to consider for large-
scale industrial applications. At present, the cost of preparing
porphyrin-based frameworks is still very high. It is urgent to
develop new synthetic methods. Recently, Jiang, Zeng, Wang
and co-workers introduced a general imine-exchange strategy to
prepare COF-367-Co nanosheets on a large scale and with high
yield.*® This strategy for preparing imine-linked COF
nanosheets may be applied to the construction of other bond-
linked COFs with promising applications.

Abbreviations

1D One dimensional

2D Two dimensional

2e Two-electron

3D Three dimensional

4e Four-electron

AFM Atomic force microscopy
AI-PMOF  Al,(OH),(H,TCPP) MOF
Al-PyrMOF  Al,(OH),(1,3,6,8-tetra(p-benzoic acid)pyrene) MOF
BDA 1,4-Benzenedicarboxaldehyde
BPDA 4,4’-Biphenyldicarboxaldehyde
CF Cu foam

CFP Carbon fiber paper
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CNT Carbon nanotube

CO,RR CO, reduction reaction
Co-Al-PMOF Co-Al-based TCPP MOF

COFs Covalent organic frameworks

Co-PCOF Co porphyrin COF

Co-PMOF  Co porphyrin MOF

CV Cyclic voltammetry

Eqp Half-wave potential

E1o Potential at j = 10 mA cm >

ECSTM Electrochemical scanning tunneling microscopy
Eonset Onset potential

Fesa-N-C  Single-atom Fe doped N-C materials

FE faradaic efficiency

FTO Fluorine-doped tin oxide

GC Glassy carbon

1o Overpotential for OER atj = 10 mA cm >
H,0, Hydrogen peroxide

HER Hydrogen evolution reaction

Jj Current density

Jx Kinetic current density

Jr Diffusion-limited current density

LSV Linear sweep voltammetry

M'TPyP-M> (M'TPyP = Metal-5,10,15,20-tetra(4-pyridyl)-
porphyrin; M*, M? = Fe, Co)

M-N-C Metal-nitrogen-carbon

MOFs Metal-organic frameworks

n Electron transfer number

NHE Normal hydrogen electrode

OER Oxygen evolution reaction

ORR Oxygen reduction reaction

PB Porphyrin box

PBS Phosphate buffer solution

PCN Porous coordination network

PEM Proton exchange membrane

PEMFC Proton exchange membrane fuel cell

py-G Pyridine-functionalized graphene

py-rGO Pyridine-functionalized reduced graphene oxide
RDE Rotating disk electrode

RHE Reversible hydrogen electrode

RRDE Rotating ring-disk electrode

SEM Scanning electron microscopy

STEM Scanning transmission electron microscopy
STM Scanning tunneling microscopy

TABPP 5,10,15,20-Tetra(4-aminobiphenyl)porphyrin
TAPP 5,10,15,20-Tetra(4-aminophenyl)porphyrin
TBBPP 5,10,15,20-Tetra(4-bromobiphenyl)porphyrin
TBPP 5,10,15,20-Tetra(4-bromophenyl)porphyrin
TCPP 5,10,15,20-Tetra(4-carboxyphenyl)porphyrin
TCYP 5,10,15,20-Tetra(carbazol-9-ylphenyl)porphyrin
TCyPP 5,10,15,20-Tetra(4-cyanophenyl)porphyrin
TEM Transmission electron microscope

TEP 5,10,15,20-Tetraethynylporphyrin

TEPP 5,10,15,20-Tetra(4-ethynylphenyl)porphyrin
TFBM 3,3,5,5'-Tetra(4-formylphenyl)bimesityl
THBPP 5,10,15,20-Tetra(3,4,5-trihydroxybiphenyl)porphyrin
THPP 5,10,15,20-Tetra(3,4,5-trihydroxyphenyl)porphyrin
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TIPP 5,10,15,20-Tetra(4-(imidazol-1-yl)phenyl)porphyrin

TOF Turnover frequency

TON Turnover number

TPFPP 5,10,15,20-Tetra(pentafluorophenyl)porphyrin

TPP 5,10,15,20-Tetra(phenyl)porphyrin

TPTAP Tetraphenyltrimethylammonium porphyrin

TPyP 5,10,15,20-Tetra(4-pyridyl)porphyrin

TTF Tetrathiafulvalene

TTP 5,10,15,20-Tetra(2-thienyl)porphyrin

XRD X-ray diffraction

AE Potential difference of E;/, for ORR and E;, for
OER

AGou Adsorption energy of *OH
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