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Abstract Metal-containing covalent organic frameworks
(MCOFs), as a class of crystalline organic polymers with
abundant single-atom metal sites, can respond effectively
to various vital reactions, including hydrogen evolution
reaction (HER), CO, reduction reaction (CO,RR), oxygen
reduction reaction (ORR) and oxygen evolution reaction
(OER). The advent of MCOFs provides a platform for the
establishment of model catalysts with highly repetitive
structure to facilitate theoretical calculations and high-
throughput screening while designing flexibility in mono-
mer construction to lay the foundation for the development
of highly selective and active photo/electrocatalysts. In this
review, we summarize the recent progress in this field and
highlight several important MCOFs photo/electrocatalysts
for OER, ORR, HER, and CO,RR. Moreover, various
approaches are also mentioned to improve or optimize the
catalysts and indicate the future research direction on
enhancing the performance of MCOFs catalysts based on
the current existing challenges.

X.-T. Wang, D.-S. Yu*

Key Laboratory for Polymeric Composite and Functional
Materials, Ministry of Education, Sun Yat-Sen University,
Guangzhou 510275, China

e-mail: yudings @mail.sysu.edu.cn

X.-T. Wang, D.-S. Yu

Key Laboratory of High Performance Polymer-based
Composites, Guangdong Province, School of Chemistry, Sun
Yat-Sen University, Guangzhou 510275, China

X.-F. Lin*

School of Chemical Engineering and Light Industry, Guangdong
University of Technology, Guangzhou 510006, China

e-mail: linxf9@gdut.edu.cn

aQ

Keywords Covalent organic frameworks; Hydrogen
evolution reaction; Carbon dioxide reduction reaction;
Oxygen reduction reaction; Oxygen evolution reaction

1 Introduction

In recent decades, the pursuit of renewable energy stimu-
lates the development of advanced catalytic material in
photo/electrochemical reactions, like the hydrogen evolu-
tion reaction (HER), oxygen reduction/evolution reaction
(ORR/OER), and CO, reduction reaction (CO,RR). How-
ever, these photo/electrochemical reactions are important
chemical transformation processes that carry on renewable
energy conversions, in which the activity, selectivity, and
stability of electrocatalysts play a vital role in determining
the energy efficiencies and overall system performance
[1-10]. Almost in parallel (or slightly later) to its rise in
metal-organic framework (MOFs) catalysis, the concept of
covalent organic framework (COFs) has been introduced
into the field of photo/electrocatalysis [11, 12]. Different
from MOF, the monomers of COF are usually connected
by covalent bonds to get better stability in its framework.
Among them, metal-containing COF (MCOFs) is more
favored by researchers and it can be divided into two main
categories, that is, immobilized molecular catalysts and re-
coordinated metal base catalysts [13-20]. Containing metal
elements are mainly transition metals such as ruthenium
(Ru), iron (Fe), cobalt (Co), copper (Cu), and nickel (Ni).
They are dispersed as single atoms on organic framework-
based conductive substrates and usually stabilized via
bonding with nitrogen dopants or other heteroatomic spe-
cies [21, 22]. Tt is the covalently coordinated transition
metal centers that find promising adsorption properties and
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stability, with the latter probably even more critical in acid
electrolytes, of such non-precious elements for
photo/electrocatalytic applications [23-28].

In general, electrocatalytic reactions are taking place at
the solid-liquid interface or the solid/liquid/gas interface.
The double-layer (DL) structure of the electrode/solution
interface, the free energy of the reactants/products, and the
corresponding adsorption energy change significantly with
the variation of the potential of the working electrode
[29-32]. The pivotal role of electrocatalyst is to provide the
main reaction site as well as the microenvironment, and its
catalytic performance is inextricably linked to surface
science [33-35]. The pursuit of ideal electrocatalysts with
high activity, selectivity, and durability has been driving
the interdisciplinary integration of heterogeneous catalysis
and coordination chemistry. In the last couple of decades,
several important developments have taken place as a
result of using the conceptual framework of coordination
chemistry to understand the catalytic mechanism and to
improve the design of heterogeneous metal catalysts
[36, 37]. First of all, the development of single-atom cat-
alysts (Fe-N-C, Co-N-C, Mn-N-C, etc.) makes
researchers recognize the vastly different properties of
single-atom catalysts versus bulk materials and they try to
establish structure—function relationship from a coordina-
tion chemistry perspective [21, 38—40]. The second point is
the emergence of modern surface science and the combi-
nation of high-energy spectroscopic techniques (e.g.,
Mossbauer spectrum, X-ray absorption spectroscopy, etc.).
Consequently, Co-containing MCOFs as model catalysts
has made it possible to probe the atomic structure of cat-
alytic surfaces and to characterize how reactants are acti-
vated and converted to products on these surfaces, allowing
us to gain insight into complex heterogeneous catalysis
[41-44]. The ligand bond structure of reactants and inter-
mediates has been widely shown to be related to the surface
structure of model catalysts and is critical to catalytic
performance. Thus, the term that “surface coordination
chemistry” naturally entered practice along with the con-
cept of “ligand-unsaturated sites” [45, 46]. Although initial
instructive explorations proposed valuable ideas for single-
atom catalyst design, the means of regulation as well as the
establishment of conformational relationships remained
great challenges. However, the advent of MCOF provided
an opportunity for the establishment of model catalysts
with highly repetitive structural units to facilitate theoret-
ical calculations and high-throughput screening, and high
design flexibility in monomer construction to lay the
foundation for the development of electrocatalysts with
selectivity and activity [47-50].

Photocatalysis is direct use of light for energy conver-
sion, which is a chemical reaction of substances under the
co-action of light and catalyst. When the photon energy is
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greater than or equal to the energy bandgap of the photo-
catalyst under light conditions, the photocatalyst is excited
to produce photogenerated electrons and holes, where the
electrons are excited to the lowest unoccupied molecular
orbital (LUMO) and the holes are stay on the highest
occupied molecular orbital (HOMO) [51, 52]. Then, the
separation of electrons and holes occurs, after which the
electrons or holes continue to migrate to the surface of the
photocatalyst for reduction and oxidation reactions,
respectively. From the basic principles of photocatalysis,
broadening the spectral response range and improving the
photogenerated electron-hole lifetime are two main ways
to improve the visible photocatalytic performance of
semiconductors [53, 54]. Regulating the energy band
structure of semiconductors is a common method to
broaden the spectral response range, and from the per-
spective of energy band structure, modulation methods can
be divided into valence band modulation, conduction band
modulation, and simultaneous valence/conduction band
modulation [55-57]. MCOFs with large m-conjugated
system can serve as a photosensitizer to enhance the
absorption of light and increase the number of electron—
hole pairs generated under solar illumination, which leads
to the expansion of effective light capture and light contact
area [27, 28, 58, 59]. Especially, the formation of a large nt-
conjugated system with the D-A organic linker signifi-
cantly enhances the photoreactive performance of MCOFs
[60—63]. The porous structure allows MCOFs to have more
exposed active metal sites and transport channels for cat-
alytic substrates and products, which is conducive to the
rapid transfer and utilization of photogenerated charges
[64]. The metal sites of MCOF are strongly adsorbed and
can be considered as the predominant reaction sites, and
their catalytic properties are influenced by the spin state of
the metal, the oxidation state, and other factors [14, 25].

Organometallic chemistry developed under the concep-
tual framework of classical coordination chemistry already
provides core foundations for the field of MCOFs catalysis
[65, 66]. The structure of MCOFs in photo/electrocatalysis
has been generalized, ranging from coordinated metal
atoms to anchoring organic framework and traditional
porphyrin-based COF, with various 3d—5d transition metals
being investigated as the active centers (Fig. 1). In addition
to the enhanced reaction (high turnover rates) and mass
(high metal utilization efficiency) activities, attention has
been devoted to tailoring the catalytic selectivity by taking
advantage of the atomic-scale modulation of adsorption for
reaction intermediates [67-71]. This review aims to sum-
marize the progress made over the past years on the
development of MCOFs-based photo/electrocatalysts. In
recognition of the unique structure and property, their
distinct catalytic performance will be the top priority of
this article.
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Fig.1 Schematic illustration of conversion technology based on MCOF-based photo/electrocatalysts for OER, ORR, HER and CO,RR

2 Synthesis of MCOFs

MCOF is a small branch of COF, which allows metal ions
to anchor to a specific structure through coordination bond
is based on the framework of COF. Thus, it can be seen that
the in-depth understanding of the MCOF should be based
on insight into the structure of the COF [64, 72]. As we
know, the common synthesis of COF is a bottom-up
approach to construct a repeating network structure by
connecting “knots” and “links”, so it is the same in the
process of most porphyrin/phthalocyanine MCOFs
[73-75]. However, some specific MCOFs can be con-
structed in the top-down method, that is, the target structure
bonds the N on the backbone to the metal atom through
coordination bonds [76].

2.1 Basic structure of COFs

COF is a class of crystalline porous polymers which allow
atomically precise integration of organic to build units for
creating order skeletons in a repetitive manner [67].
According to the topology, COFs materials can be divided
into two categories, that is, two-dimensional COFs and
three-dimensional COFs (Fig. 2). In the two-dimensional
COFs, the monomers are connected by covalent bonds to
form a laminar structure in the plane, with the layers
forming a conjugated system through n-m interactions, so
the size and shape are closely related to how its layers are
stacked. However, different from the two-dimensional
COFs, the three-dimensional COFs tend to form larger
cage-like cavities, and the monomer can continue to react
and grow outwards, then shape a multiple interspersed
structure [77]. The base unit of COFs can be described in
terms of “knots” and “links”, but their connections are
limited by the innate structure of the monomer and the
reaction conditions. The common connection structures are
some linkages, such as boroxine boronate-ester,
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Fig. 2 Different types of symmetric combinations used for 2D
and 3D COF construction

borosilicate, triazine, imine, hydrazone, borazine, squar-
aine, azine, phenazine, imide, spiroborate, C=C, amide,
and viologen [14]. The skeletal structure of COFs is
determined by the structural units and the type of con-
nection. To date, studies of COFs have collected a wide
range of different topologies of 2D and 3D structures,
which use the building block with different shapes,
geometries, and functions [26].

2D COFs can be built with their different blocks or
combinations. Several structural topologies have been
accessed in 2D COFs, that is, heb (honeycomb), sql (square
lattice), kgm (kagome), hxl (hexagonal), fxt, kgd (kagome-
dual). The structural units of metal-base porphyrin COFs
are usually combined in the form of (C4 4 C2) [28]. For
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instance, Yusran and co-workers [77] prepared 2D COF
which was synthesized by employing a linear building
block of hydroxyl-containing 4,4'-(1,2-ethynediyl) bis-2-
hydroxybenzaldehyde and the square-shape 5,10,15,20 -
tetrakis (4-aminophenyl) porphyrin as the basic backbone,
and it possesses AA layer-stacking mode with 3.3-nm
predicted 1D square-like open channel.

Compared with 2D COFs, most 3D COFs are composed
of tetrahedral-shaped components tetrahedral-like building
blocks (Td). Based on the topological map, 3D COFs can
be divided into different networks, including cnt, dia, srs,
rra, ffc, ctn and bor networks, which can be realized by the
[Td 4+ C3] diagram and provide the skeleton without the
penetration to get large surface areas [27, 28, 58]. Also, the
network can be generated by a [Td + Td] diagram. The dia
network is designed by the [Td + C2] diagram. It consti-
tutes the largest 3D COF series because of its wide rep-
resentation diversity of connected units. And the
combination of tetrahedral (Td) knots such as tetrakis-(4-
aminophenyl) methane (TAPM) and linear C2 linkers (e.g.,
terephthalaldehyde, succinic anhydride) (Td 4+ C2 and
Td + Td combinations) create 3D COFs with diamondoid
(dia) topology [78].

2.2 Preparation strategies of MCOFs

The common MCOFs mainly exist in 2D COF form and its
synthesis is divided into two ways: bottom-up and top-
down approaches [72]. The former one is to realize the
introduction of metal atoms through the design of basic
monomers. To give an obvious example, the porphyrin
COF with Fe, Zn, Co, etc. whose porphyrin units at the
nodes of mesoporous framework often plays the role of
“knots” and combines with other “links” to form a topo-
logical network, and it is prepared by common wet
chemical methods such as the solvothermal synthesis,
microwave-assisted synthesis, aqueous synthesis, and
interfacial synthesis [14]. These methods are basically
similar to traditional COF synthesis but only differ in the
choice of monomers. However, the latter one is to syn-
thesize the designed COF structure first, and then realize
the target construction through the later adsorption of metal
ions/metal-containing small molecules to obtain MCOFs.
This process commonly uses inorganic salts and metal—
organic complexes as a metal source, anchored directly to
the skeleton by moderate conditions. For example, Zhong
et al. [79] prepared Ni-DBA-2D-COF for the reductive
cleavage of inert aryl C-S bonds, and 2, 2-bipyridine-based
COF (TpBpy) was treated with Ni (ClO,4),-6H,O in ace-
tonitrile. The solid was filtered and washed with copious
amount of acetonitrile and dried in vacuum at 60 °C
overnight to give Ni-TpBpy. Single Ni sites were suc-
cessfully anchored in TpBpy through the chelation of
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bypridine binding units. They proposed a new azine-linked
2D COF containing nickel-doped dehydrobenzoannulene
(DBA) units by combining DBA, Ni (COD),, and toluene
and stirring them overnight. The resulting suspension
quickly changed from yellow to dark blue during this time.
Hexanes were added to the solution and the solids were
collected by vacuum filtration, then washed with hexanes
to yield Ni-DBA as dark blue solids [80]. DBAs are planar
triangular-shaped macrocycles, so they can use their soft
alkynyl ligands to form complexes with low oxidation state
transition metals. The top-down approach offers a good
deal of flexibility, but the type of metal ion and thermo-
dynamic stability must be considered.

3 Applications in photocatalyst
3.1 MCOFs-based photocatalyst for CO,RR

CO, is one of the most stable molecules because of the
strong C=0 double bond with a bond energy of
750 kJ-mol ™', significantly larger than those of C-C
(336 kl-mol™"), C-O (327 kl-mol™") or C-H bonds
(411 kJ -mol_l) [81, 82]. The CO,RR by electrocatalytic or
photocatalytic method is a thermodynamically uphill
reaction that requires a large energy input to break the C-O
bond. To complicate matters further, CO, reduction may
proceed through several different reaction pathways,
transfer 2, 4, 6, 8, 12, or even more electrons and produce
different reduction products, including carbon monoxide
(CO), formic acid (HCOOH), methane (CH,), ethylene
(C,Hy,), etc., depending on the nature of the electrocatalyst
or photocatalyst and the actual experimental conditions
[83, 84]. Therefore, electrocatalytic or photocatalytic CO,
reduction generally suffers from limited efficiency and
poor selectivity.

Figure 3a shows a typical process of photocatalytic CO,
reduction on a semiconductor photocatalyst, which
involves five sequential steps—light absorption, charge
separation, CO, adsorption, surface redox reaction, and
product desorption [85—87]. The first step is the absorption
of photons to generate electron and hole pairs. The elec-
trons are excited from the valence band (VB) to the con-
duction band (CB) under illuminating and the same number
of holes are left in VB [88]. For these photogenerated
electrons or holes to be energetically favorable to reduce
CO,, photocatalysts should possess suitable band structure,
so CB edge must be more negative than the redox potential
of CO,RR, and the VB edge should be more positive than
the redox potential of CO,RR (—0.52 V (vs. SHE) in pH
7.0) [89, 90]. The bandgap must be sufficiently suit-
able since we need to additionally take into consideration
of the large overpotentials associated with these two
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Fig. 3 a Schematic diagram of photocatalytic test system and photocatalytic mechanism; b rational fabrication of COF-367-Co
featuring different spin states of Co ions toward photocatalytic CO2RR; ¢ different coupling modes of CO, and HCOOH interacting with
Co site at different spin states; d amounts of HCOOH, CO, and CH,4 produced. Reproduced with permission from Ref. [92]. Copyright
2020, American Chemical Society. e Proposed catalytic mechanism of Re-COF for CO, Reduction; f FTIR of COF, Re-COF and their
starting materials; g amount of CO produced as a function of time, where top left inset shows zoomed in profile in the first 2-h reaction,
and lower right inset shows recyclability of system after three 3-h experiments. Reproduced with permission from Ref. [93]. Copyright
2018, American Chemical Society

electrochemical reactions [91]. According to recent studies,
photocatalytic performance is directly related to the
intrinsic spin structure as well as the electronic structure of
transition metals. Gong et al. [92] developed a strategy to

[/

@

manipulate the spin state of cobalt on COFs (5,10,15,20-
tetra(4-nitrophenyl)porphyrin as a metal-containing ligand)
by varying oxidation states of porphyrin-centered, resulting
in favorable activity and significantly enhanced selectivity
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to HCOOH. Different spin states caused different degrees
of coupling between the Co-3d,, or Co-3d,, orbital and the
O-2p orbital, which affected the type of catalytic product
and the catalytic rate (Fig. 3a, b). COF-367-Colll demon-
strates enhanced HCOOH production of (7.44 £ 0.37)
pmol ((93.00 % 4.63) pmol-g~'-h™ "), whereas reduced CO
and CH4 production of (0.44 £ 0.07) and (0.81 %+ 0.09)
pmol ((5.5 + 0.88) and (10.10 + 1.12) pmol-g~"h™"),
respectively (Fig. 3d). This study explains the effect of the
electronic structure of the transition metal central site on
CO,RR from the perspective of the spin state and
demonstrates that the product species can be changed by
modulating the state of the metal center.

Yang et al. [93] reported a newly designed 2D COF with
incorporated Re complex synthesized from 4,4’,4”-(1,3,5-
triazine-2,4,6-triyDtrianiline and 2,2-bipyridyl-5,5-dialde-
hyde as ligands. This complex exhibited intrinsic light
absorption and charge separation properties (Fig. 3e). The
design of different monomers and the addition of Re atoms
can effectively enhance the light absorption capacity
(Fig. 3f). The recycling experiments present a good cat-
alytic stability after reaction (Fig. 3h). This top-down
approach to the preparation of Re containing MCOFs opens
the door to a new generation of photovoltaic single-atom
catalysts, but the long-term stability issues and deactivation
mechanisms are still worthy of further investigation by
researchers.

Liu et al. [94] developed a scalable general bottom-up
approach for the facile synthesis of ultrathin (100 mg) and
high yield (> 55%) COF-367 nanosheets via an imine
exchange synthesis strategy by adding a large excess of
2,4,6-trimethylbenzaldehyde to the reaction system under
solvothermal conditions. In particular, the isolated ultrathin
COF-367-Co NSs displayed excellent efficiency with CO
production rates up to 10,162 pmol-g~'-h~" under visible
light irradiation and selectivity of ~ 78% in aqueous
media. This article exemplified the positive role of two-
dimensional ultra-thin MCOFs materials in photocatalysis.
Additional covalent organic frameworks (MP-TPE-COF,
where M = H,, Co and Ni; TPE = 4,4',4” 4”(ethane-
1,1,2,2-tetramethyl) tetrabenzaldehyde) based on por-
phyrins-tetraphenyl have been reported as catalysts for
efficient photocatalytic CO,RR. Metalloporphyrin units
play a key role in the selective adsorption, activation, and
conversion of CO, as well as in the separation and electron
transfer of charge carriers, allowing flexible modulation of
photocatalytic activity and selectivity [95].

The final step in the photocatalytic reaction is product
desorption, where the reaction is terminated and the cata-
lyst becomes “poisoned” if the intermediate products are
not released from the catalyst surface in time. In addition,
some studies have suggested that organic substances
including solvents, reactants, and surfactants used in
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catalyst preparation may leave carbonaceous residues in
the final product and may break down into small molecules
such as CO and CH, during photocatalysis, leading to an
overestimation of catalytic activity, and such issues are
even more important for MCOFs catalysts. Therefore, it is
necessary to confirm that the measured product is indeed
from CO, reduction, not the decomposition of carbona-
ceous residues. Isotopic '*CO, labeling is an effective
technique for verifying the origin of reduction products and
has been used extensively in many studies [96, 97].

3.2 MCOFs-based photocatalyst for HER

Besides the portion of photocatalystic CO,RR, MCOFs
have recently gained increasing attention in photochemical
H, evolution from water. Wang and his co-workers pro-
posed the designed synthesis of four isostructural por-
phyrinic two-dimensional covalent organic frameworks
(MPor-DETH-COF, M = H,, Co, Ni, Zn) for photocat-
alytic hydrogen generation [98]. The results presented that
all four MCOFs adopt AA stacking structures with high
crystallinity and large surface area. The detailed experi-
ments and calculations showed that the four COFs have
different excited-state charge separation capabilities, and
the change trend of their separation capabilities was also
keeping in line with the results of the photocatalytic
hydrogen production experiment (CoPor-DETH-COF <
H2Por-DETH-COF < NiPor-DETH-COF < ZnPor-

DETH-COF). Interestingly, the incorporation of different
transition metals into the porphyrin rings can rationally
tune the photocatalytic hydrogen evolution rate of corre-
sponding covalent organic frameworks. This tunable per-
formance can be mainly explained by their tailored charge-
carrier dynamics via molecular engineering. Zhao et al.
[99] designed and synthesized a COF-based cocatalyst
consisting of Pt and robust COFs, of which the robust
COFs were based on electric donor-acceptor moieties. The
electron-donor group of pyrene can be used for harvesting
light and benzothiadiazole with different functional groups
which can be as an electron acceptor to tune the light-
adsorption ability of COFs. The highly ordered layered
structure ensures that sufficient active sites are accessible
for H, production and the donor-acceptor design can pro-
mote the separation of photogenerated carriers. In previous
reports, a special structure of MCOF was developed and
Lan’s team successfully integrated two-dimensional COF
with stable MOF [100]. By covalent lyan choring NH,-
UiO-66 onto the surface of TpPa-1-COF, a new type of
MOF/COF hybrid stuff was synthesized. NH,-UiO-66/
TpPa-1-COF (4:6) showed the maximum photocatalytic H,
evolution rate of 23.41 mmol-g~"-h~"' (with the TOF of
402.36 h™'), which was approximately 20 times higher
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than that of the parent TpPa-1-COF, showing excellent
light absorbance ability.

4 Applications in electrocatalyst
4.1 MCOFs-based electrocatalyst for CO,RR

In recent years, many researches on the electrocatalytic
reduction of CO, have appeared, promoting the rapid
development of this field. Metals and metal oxide
nanoparticles (such as Au, Pd, CuQO,, CoO,) can catalyze
the electrochemical reduction process of CO,, then another
point of concern is about the complexity of the product
[101-103]. Considering the diversity of the valence states
of the C element, it is possible to obtain a wide variety of
products after CO, is reduced, such as CO, HCOOH, CHy,
C,H,, CH30H, C,HsOH, etc. [104, 105]. In short, the
product depends on the number of electrons obtained by
the CO, molecule and whether a C—C coupling reaction
occurs. Although the technical routes of the two strategies
of CO, electrocatalytic reduction and photocatalytic
reduction are different, their essence is the same, that is,
how to activate the inert CO, molecules and promote their
reduction and conversion [97, 106]. In addition, the elec-
tron transfer and CO, activation process of the photocat-
alytic process is essentially an electrochemical process and
can be enhanced by appropriate promoters (Fig. 4a).

In the past few years, copper-based electrocatalysts have
received a lot of attention. On the one hand, CO,RR shows
higher reactivity on copper surface; on the other hand,
some high-value C-C coupling products, such as C,Hy,
C,Hg, will be found in its products. This is exemplified in
the work by Ma et al. [107], in which copper-based cata-
lysts within covalent triazine framework (CTF-B) were
developed and it selectively performed CO,RR on hydro-
carbons with maximum faradaic efficiency (FE) of 81.3%
and an FE of up to 30.6% for C,H,. It is proposed that the
C—C coupling reaction was accelerated due to the increased
CO coverage and enhanced local pH in the CO-saturated
electrolyte, thus enhancing its reaction selectivity. Wu
et al. [108] presented a tetrathiafulvalene (TTF) strut which
was integrated into a two-dimensional cobalt porphyrin-
based COF (TTF-Por(Co)-COF, 5,10,15,20-tetrakis (p-ni-
trophenyl)-21H and 23 h-porphyrin (TNPP) as ligands) to
enhance its electron-transfer capability from the TTF to the
porphyrin ring, resulting in enhanced CO,RR performance
in water with 95% Faradaic efficiency of the CO,-to-CO
conversion at —0.7 V (vs. RHE) and a partial current
density of 6.88 mA-cm~? at —0.9 V (vs. RHE). Cheung
et al. [109] proposed the COF containing 5, 10, 15,
20-tetra-(4-aminophenyl)- porphyrin Fe(IIl) chloride
(FeTAPPCl) and 2,5-dihydroxyterephthalaldehyde (Dha)

2
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for the reduction of CO, to CO, which exhibited a good
turnover frequency (> 600 h™'-mol™") and reasonable
faradaic efficiency for CO (an average of 80%) at —2.2 V
(vs. Ag/AgCl) (Fig. 4b—d).

A stable and conductive COF (the phenazine-linked
metallophthalocyanine CoPc-PDQ-COF) was developed
by Huang et al. [110]. The CoPc-PDQ-COF are topologi-
cally connected via robust phenazine linkage into a two-
dimensional tetragonal framework which is stable under
various conditions (little weight loss (< 4 wt%)), including
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF), methanol (MeOH), cyclohexane,
water (100 and 258 °C), concentrated HC1 (12 mol~L71),
and NaOH solution (14 mol-L™) (Fig. 4e). With
stable structure and Co active site, the electrocatalytic
framework exhibits a faradaic efficiency of 96%, an
exceptional turnover number up to 320,000, and a long-
term turnover frequency of 11,412 h™', which is a 32-fold
improvement over molecular catalyst (Fig. 4f, g).

The specificity of the reaction yield is one of the
important concerns and most studies have difficulty in
proposing universal guidelines, so this is a great challenge
for complex electrocatalytic processes. The design of
electrocatalytic materials for CO,-reduced MCOFs has
mostly focused on Co- and Cu-based porphyrin COFs and
much effort has been spent on the structural optimization of
the catalytic sites and possible reaction pathways, which
are important for the overall catalytic performance but not
ideal due to the limitations of the optimization methods.
Whereas Cui’s team reported the double-layer hydrophobic
nanoporous Au/PE membrane, a biomimetic and efficient
artificial alveolar structure for CO,RR [111]. The inter-
connected nanopores of the hydrophobic polyethylene
membrane enable efficient CO, transport at high flux but
inhibit water permeation, further enhancing the electro-
catalytic CO,RR through local pH increase while inhibit-
ing the reduction of H,O. This artificial alveolar design
maximizes the efficiency of the three-phase contact,
resulting in excellent CO, reduction activity even at low
catalyst loadings. Liang et al. [112] systematically inves-
tigated the effect of hydrophobicity on the production of
ethylene from CO,RR by coating the CuO electrocatalyst
surface with different polymers. Polyvinyl alcohol and
polyvinylpyrrolidone modified copper nanoparticles were
more favorable to hydrogen precipitation reactions. These
advanced reports demonstrated the importance of the
microenvironment for CO,RR, and the design ideas pre-
sented are relevant for the embodiment of MCOFs. While
designing the reactivity, we need to be aware of the
importance of the three interfaces for the reduction of
carbon dioxide.
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4.2 MCOFs-based electrocatalyst for OER/ORR/
HER

Noble-metal-free electrocatalysts for highly efficient oxy-
gen reduction reaction (ORR), oxygen evolution reaction
(OER), and hydrogen evolution reaction (HER) are highly
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demanded in energy conversion and storage techniques due
to its high energy density and low cost. The rotating disk
electrode (RDE) technique is often used as a test system to
evaluate the above three reactions, which is a powerful tool
to rapidly evaluate the activity and reaction pathways of
oxygen reactions (Fig. 5a) [113, 114]. The ORR is a typical

a
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structure-sensitive reaction (4e~ + 4H' (aq) + O, coordination environment and electronic structure of active
(g) —» 2H,0). Its pathways and mechanisms depend on site [115]. The active site interacts with O, adsorbed on the
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oxide surface in the form of end-on or side-on, and the
strength of the oxygen-related adsorption structure and
active sites depends on the microstructure and binding
energy. The electrolysis of water involves two half-cell
reactions: the hydrogen evolution reaction (HER, 2H*
(aq) + 2~ — H, (g)) and the oxygen evolution reaction
(OER, 2H,0 (1) — 4e~ + 4H" (aq) + O, (g)) [116-120].
OER and ORR are a pair of opposite reactions, and the
corresponding bifunctional oxygen catalyst has higher
requirements for the mass transfer structure [121]. Like any
other chemical reaction, energy input is required to over-
come the barrier in electrochemical processes to produce
corresponding product. ORR, OER, and HER all require
suitable catalysts to minimize the consumption for energy
conversion [122—125]. Scientific and effective design is
meaningful and challenging for MCOFs electrocatalyst.

Wang et al. [126] demonstrated that the two-dimen-
sional COFs of phthalocyanines and pyrazine linkages can
firmly anchor transition-metal (TM) atoms. The resultant
TM embedded COFs (TM-COFs) exhibited multifunc-
tional electrocatalytic activity for HER, OER, and ORR,
which can be attributed to the synergistic effect of the
anchored TM atoms and COFs. Among the series of metal-
COFs, Mn, Cr-COFs are predicted to have extremely low
overpotentials of —0.014/0.44/0.31 and —0.239/0.35/
0.29 V for HER/OER/ORR, respectively (Fig. 5b, c). This
research also proposed that the degree of electron transfer
from TM atom to the framework (AJd) and p-band center
(¢p) of carbon atoms can act as descriptors for the
adsorption strength of intermediates on the TM-COF
monolayers. The new descriptors offer useful guidance for
the experimental design of advanced-efficiency OER/ORR/
HER catalysts. At the same time, this review also conveys
an important message, that is, as an electrocatalyst, metal-
COFs have great potential in theory (Fig. 5d).

Another valuable theory-related literature pointed out
that optimal ORR catalysts should have moderate binding
strength (AE,q,) with O,-derived intermediates, where the
metal species and its coordination numbers are the essential
determining factors for AE,4. Iwase et al. [22] proposed a
monotonic increase in the adsorption intensity of interme-
diates with d-electron number or metal center coordination
number decreasing and observed a volcano-shaped rela-
tionship between the adsorption energy of intermediates
and the theoretical ORR activity. Undoubtedly, the metal-
COFs have strong oxygen catalytic activity and hydrogen
evolution activity due to its flexible controllable active site.
However, the requirements for excellent electrocatalysts go
far beyond this, fast mass transport and high conductivity
are also required. Zhao et al. [127] introduced a bipyridine
group into the COF backbone, where metals such as CO,"
can be coordinated within a layered pore structure, to
prepare a new OER catalyst (macro-TpBpy-Co) with a
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unique pore structure, which is a great improvement over
pure microporous COF and competes for an overpotential
of 380 mV at 10 mA-cm™? (Fig. 5e—g), attributing to the
improved mass diffusion properties in the layered porous
COF structure and easy access to the active CO, " -bipyr-
idine sites.

For some applications, especially where fast mass
transfer is required, a layered pore structure is an ideal
solution. For example, small micropores can provide a
larger surface area, while large pores can provide unhin-
dered transportation on the surface of the material. The
subsequent pyrolysis is often needed due to their poor
intrinsic electrical conductivity, leading to undesirable
structure changes and destruction of the original fine
structure. An effective method is to combine MCOFs with
a good conductive substrate. Guo et al. [128] designed
hybrid electrocatalysts consist of self-assembling pristine
COP with reduced graphene oxide (rGO). The electrical
conductivity of the hybridized COP/rGO materials is
increased by more than seven orders of magnitude (from
3.06 x 10~ t0 2.56 x 107" S:-m™") compared with that of
pure COPs. The ORR activities of the hybrid are enhanced
significantly by the synergetic effect between highly active
COP and highly conductive rGO. This COP/rGO hybrid
catalyst exhibited a remarkable positive half-wave
(150 mV).

In addition to the aforementioned MCOF catalysts
incorporating metal-containing monomers, MCOFs pre-
pared from the top-down method can also have excellent
catalytic performance, Park et al. [129] developed well-
dispersed and highly stable platinum nanoparticles (PtNPs)
supported on a covalent organic framework (COF-
bpyTPP), which shows superior catalytic performance
compared to the commercially available Pt/C under the
same alkaline conditions, producing 13 times more
hydrogen with a far more positive onset potential (—0.13 V
vs. —0.63 V) and ca. 100% faradaic efficiency. As clearly
elaborated, by controlling and optimizing key factors such
as microstructure and load transfer efficiency, MCOFs with
its unique electronic structure can be processed into an
excellent ORR/OER/HER catalyst.

5 Summary and prospect
5.1 Conclusion

In this article, we summarized some recent advances in the
MCOFs catalyst from the perspective of the design prin-
ciples, construction strategies, and structure—property
relationships. From all aspects, the composites, or deriva-
tives of MCOFs can facilitate the reaction kinetics and
present enhanced cycling capacity due to their good
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conductivity, rigid frameworks, and abundant active sites.
Despite some serious problems and challenges, there is no
doubt that MCOFs-based catalysts have great potential to
flourish as sustainable photo/electrocatalysts, and the
implementation of MCOFs into new conversion systems,
such as “coupled energy conversion technologies” and
“membrane reactors”, will be successful in the future
work. And more favorable substitution of organic upgrad-
ing reactions or accelerating of multi-stimulus coupling
will be sure to offer possibilities for efficient energy con-
version technologies [130-132].

5.2 Perspective and challenges

The study of micromorphology of catalysts has been one of
the hot topics of research. The hollow or porous 3D
structures, of which the artificial morphology can expose
more surfaces, improve the mass transfer rate and optimize
the adsorption of catalysts with ORR intermediates by
regulating the surface stress and coordination [133]. In
addition, the construction of one-dimensional nanostruc-
tures can prevent the agglomeration of catalysts, then
expose the active sites and prevent the degeneration of
activity [121, 134, 135]. However, few studies have been
focused on the control of morphology of MCOFs due to the
rise from the fixed nature of the COFs and the limitations
of the synthesis method. Wang et al. [136] proposed
reversible polycondensation-termination (RPT) polymer-
ization method, which can be used to customize a variety
of 2D COF materials with high crystallinity and regular
morphology. For imine COF systems, some researchers
proposed that aniline and benzaldehyde can be used as
competing agents to reversibly restrict the amino and
aldehyde groups in the condensate for achieving a rever-
sible switch between the terminated and active states of the
polymerization groups and freeing the reaction system
from kinetic traps to achieve thermodynamic control.
Three kinds of things can be developed from this poly-
merization, that is, morphologies-microspheres, hollow
microfibers, and thin films, and all of them are made of
two-dimensional COF nanosheets stacked. A COF film was
grown on the inner wall of a micron copper tube for
loading palladium nanoparticles to construct a loaded
microreactor, which could complete the reduction of
p-nitropheno with an average residence time of only 3.2 s.
The TOF was 1-2 orders of magnitude higher compared to
the powder COF-loaded catalyst. The design idea also can
be extended to photo/electrochemical MCOFs catalytic
systems to exploit the potential catalytic efficiency of
MCOFs through morphology modulation. Moreover,
Fe;O0, nanoclusters are encapsulated by mixed-order
polyimide lattice structures through Schiff base reaction,
and the formed imine bonds, controlled

aQ

thermodynamically, transform from polyimide lattice
structures to crystalline COFs. Such core—shell nano-
spheres with the characteristics of uniform size, spherical
shape, and controllable shell wall thickness exhibit unique
photothermal properties in the near-infrared region [137].

Among the more promising applications of MCOFs,
technologies such as fuel cells and separation processes
place new demands on performance. The microscopic
morphology of MCOFs determines to some extent their
catalytic performance, while their membrane-forming
properties greatly influence the feasibility of practical
applications, which can integrate MCOFs into advanced
energy conversion systems at a lower cost. High selectivity
and high permeability are two essential characteristics of
an ideal membrane. However, the fabrication of MCOFs
membranes remains a great challenge and the main
obstacle to achieve this goal is the inherent properties of
MCOFs and the complexity of the membrane preparation
process. Conventional COF membrane synthesis is mainly
by situ solvent heat, self-assembly, and interfacial poly-
merization, but for now, at least, large-scale preparation of
thin COF membranes with good mechanical property is
difficult to achieve; therefore, one of the important break-
through points in the development of MCOFs is the opti-
mization of membrane engineering [138-140].

In terms of the structural design of MCOFs, the
molecular design of “knots” and “links” is still of great
importance for photo/electrocatalysis and most MCOFs use
porphyrin-based monomers as structural units, so its sin-
gularity of the functional structure limits the performance.
In recent years, with the development of synthetic methods,
characterization techniques, catalytic mechanisms, and
theoretical studies of single-atom catalysts, impressive
research results have been presented. A new concept called
polyatomic catalyst has been proposed by researchers,
which not only means doubling the functionality of indi-
vidual atoms but also gives the possibility to surpass the
theoretical performance limit by its synergistic effect
[141, 142]. An advanced study showed that the broken
ligand-field symmetry is the key for active CO, electrolysis
in Ni-containing porphyrin monomers because it subordi-
nates an increase in the Ni redox potential and yield Ni'.
Certainly, this important discovery breaks the general
concept of porphyrin-based COF catalysts [143]. In addi-
tion, the modulation of properties is not limited to the
design of metal-containing structural units, and the
research of organic skeletons is also worthy of attention.
Wei et al. [144] developed a C3-symmetric benzotrithio-
phene tricarbaldehyde (BTT) based COF. Their study
proposed that the construction of monomers with ratios of
sp> carbon facilitates the charge transfer effect and indi-
cates that dealing with COFs of designated structures under
ionothermal condition is a great method to build highly
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conductive structure-controllable materials for electro-
chemical applications. The bottom-up design idea has been
promoted due to its design flexibility as well as theoretical
feasibility. In the design of MCOFs-based photo/electro-
catalysts, it should not only consider about the catalytic
benefits of the active building block but also enhance the
overall structural performance from the perspective of
electrical conductivity.
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