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In recent years, both-organic frameworks (MOFs) based and covalent-organic frameworks (COFs) based
materials have been extensively utilized for catalysis because of their specific surface area, tunable poros-
ity, and structural versatility. Amongst the various MOFs/COFs-based catalysis implementation, catalytic
hydrogen production (H2) processes have subbed attention to alternative energy stemming from fossil
fuel and the increasing global warming issue. As the growing demand for a sustainable, renewable, safe,
and stable energy supply for the future is in urgent need, had urgently needed potential green energy or
future energy attributed to the promising power-to-gas energy storage technology and the environmen-
tally friendly zero carbon emission. Nowadays, most of the hydrogen is granted by the reforming reac-
tions because of its mature large-scale production technology and economic benefits; in addition,
electrochemical water splitting is another prospective route for hydrogen generation to fulfill the carbon
reality. In this review, we provide an overview of the recent applications and developments of hydrogen
production by using MOFs/COFs and the derived catalysts, including (1) the steam reforming reaction, (2)
the dry reforming reaction, (3) the electrocatalytic water splitting, (4) the photocatalytic water splitting,
and (5) the photo-electrocatalytic water splitting. Furthermore, we focus on the design of MOF/COF-
based catalysts. Finally, the opportunities and challenges are also overviewed to guide the MOFs/COFs-
derived catalysts applied for their hydrogen production (H2).
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1. Introduction

Developing high-performance materials is essential to improv-
ing energy density and conversion efficiency [1–6]. Metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs)
materials are a new class of porous framework materials with
stable pore structures and ultrahigh-specific surface areas [7–12].
MOFs and COFs, which can be designed and fabricated efficiently,
have been lifeful organic materials for the past two decades. Also,
a MOF or COF’s pore structure can be adjusted by modifying its
backbone and various functionalization modifications [13–17].
Their unique compositions and designs make them suitable for
gas storage and separation [18], batteries [19], catalysis [20], sen-
sors [21], photo-energy conversion [22], drug delivery [23,24],
and optoelectronic [25]. MOFs have several advantages, including
a large specific surface area, a high porosity, and the ability to con-
trol the structure and morphology of the pore spaces. However,
traditional MOFs low stability and low electrical conductivity limit
these materials’ applications [26]. Although MOFs have achieved
considerable advancement in electrochemical applications [27–
29]. One of the primary restraints in the application of MOFs is that
their surface area and adsorption capacity dramatically decrease
when exposed to moisture [30–32]. In addition, most MOFs have
intrinsically poor electrical conductivity, and their narrow microp-
ores limit the rapid diffusion of gas inside the pores; thus, these
defects have impeded their full potential. These disadvantages of
2

MOFs, MOF composites, which combine MOFs with various func-
tional materials and make them candidates for applications related
to clean energy, have been proposed recently. Metal-organic
frameworks (MOFs), also recognized as porous coordination poly-
mers (PCPs), were first published by Prof. O. M. Yaghi in 1995
[33]. Prof. Yaghi and his co-workers added Cu(NO3)2�2.5H2O, 4,40-
bpy, and 1,3,5-triazine in deionized water and transferred them
into a stainless bomb for the sequent heating process [33]. They
successfully synthesized the Cu(4,40-bpy)1.5NO3(H2O)1.25, by
hydrothermal method and they called it the zeolite-like crystalline
material, which is the well-known metal–organic framework [33].
MOFs are varied by various arrangements comprising metal clus-
ters or metal ions as nodes and organic ligands as linkers, as shown
in Fig. 1 [34]. Owing to the outstanding large Brunauer-Emmett-
Teller (BET) specific surface area ranging from 1000 to
10,000 m2/g, large pore volume, and impressive structural versatil-
ity, MOFs certainly dropped a bombshell to the polymer chemistry
field [35]. Compared with the common porous materials such as
zeolite, silica gel, and metal oxides, MOFs perform much superior.
Besides, due to the modularity between metal clusters and organic
ligands, >90,000 kinds of MOFs have been synthesized and simu-
lated over the past decades. The number is growing daily, which
indicates that MOFs are prospective and developing materials for
many applications [36,37]. With the different dimensional
arrangements, MOFs could be assembled in either 2-dimensional
or 3-dimensional structures. Since the discovery of graphene in



Fig. 1. Inorganic secondary building units (A) and organic linkers (B) of MOF. Ref. [34] with permission of the Science.
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2004, 2D MOFs nanosheets have grasped the attention because of
their overwhelming ultrathin thickness and high specific surface
area feature [3,38]. Until now, 2D MOFs nanosheets have already
been used in many usages, including gas separation, energy stor-
age, and conversion, chemical sensing, catalysis, etc. [39]. Based
on MOF’s inborn advantages of high specific surface area and tun-
able porosity, which are decisive properties in catalysis, many
researchers have devoted themselves to investigations since the
2000 s. However, as the field develops, there comes a significant
3

issue of thermal and chemical stability problems during practical
utilizations. Healy et al. published the earliest review, which sum-
marized the thermal decomposition temperature from a pile of
MOF literature and proposed the decomposition mechanisms of
various classes of MOFs [40]. As for chemical stability, ZIF-8, MIL-
101, and UiO-66 are famous for their high chemical stability
blessed by metals’ inertness and the larger pore size properties.
Ding et al. have summarized the approaches and applications of
high chemical stability MOFs [41]. Furthermore, MOFs also have
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been extensively applied to the precursors to obtain MOF-derived
materials imposed by different heat treatment conditions, such as
porous carbon and porous metal oxide [42]. The sacrifice of the
expensive organic linkers would be a lethal drawback from an eco-
nomic perspective. When it comes to practical implementation,
MOF-derived materials have shown potential in diverse applica-
tions, for instance, energy storage and conversion [43,44], electro-
chemistry [45], and catalysis [46,47]. In contrast to MOFs, COFs are
highly porous polymers with well-defined crystal structures
expressed in either 2D or 3D and are connected by solid covalent
bonds between light elements (such as H, B, C, N, and O) on their
surface. A reversible condensation reaction is usually used to syn-
thesize them. Hence, COFs can be viewed as MOFs with just a lin-
ker [48]. A great deal of attention has been paid to COFs since they
were first reported by Yaghi et al. in 2005 [49]. Jiang and his
coworkers 2009 demonstrated the potential of COFs as photocata-
lysts [50]. A COF (TFPT-COF) developed in 2014 by Stegbauer and
colleagues can extract H2 from water, opening the door to their
application in H2 generation and gaining worldwide attention
[51]. In the same way as inorganic semiconductors, COFs are
excited by light to achieve charge separation. Their bandgap (Eg)
is directly proportional to the difference between HOMOs (highest
occupied molecular orbitals) and LUMO (lowest unoccupied
molecular orbitals) [52]. There are two ways that COF can transi-
tion electronically: r? r* and p? p*. It is necessary to stimulate
electron growth by ultraviolet light, while visible light is sufficient
to stimulate electron growth by visible light [53]. Alternatively,
using small molecules to fabricate COFs may allow them to be tun-
able in terms of porosity, surface groups, size, morphology, and so
forth. Such high adjustability endows them with unlimited possi-
bilities in photocatalysis. As a result, COFs may be applied to pho-
tocatalytic applications owing to the following five advantages: i)
they can act as electron donors-acceptors, resulting in a reduction
in the rate of recombination of photo-induced charges; ii) the peri-
odic ordered cylindrical array of the p-conjugated system is con-
ducive to electron delocalization, giving COFs outstanding
electron transport performance and significant photoconductivity;
iii) The spatial structure and energy levels of various molecular
building blocks can be controlled; iv) Having a porous network
structure allows them to possess a large specific surface area,
enabling shorter charge transfer distances and more active sites;
v) They have excellent chemical and physical stability due to their
covalently bonded frame structure [54]. However, compared with
other photocatalysts, the high cost and the low mechanical
strength of COFs raw COF materials may hinder their applications.
Scientists ignore their shortcomings, however, and continue to
seek ways to develop COFs that will be low-cost and high-
performance. Mainly, COFs are highly advantageous as electrocat-
alytic agents due to their unique structural character [55,56]. The
periodic skeleton can be predesigned to target catalytically active
sites, and COFs’ tunable electronic structure allows them to becus-
tomized to improve electrocatalytic performance [57]. On the
other hand, COFs have well-defined pores that allow ions to diffuse
and active sites to be accessed. This results in a substantial
improvement in energy conversion efficiency [58]. Lin et al.
reported electrocatalytic CO2 reduction in water using a
metalloporphyrin-derived COF. Due to the interaction between
the metal lattice and the COF lattice, the cobalt centers could have
a more delocalized electronic structure due to the interaction
between the metal and the COF lattice [55]. Thus, tunable mole-
cules within the COF promote CO2 reduction exceptionally effi-
ciently and selectively with high activity. Researchers are
primarily working on designing and synthesizing novel COFs for
use as electrocatalysts at the molecular level [59,60]. However,
they have a distinct microporous structure and lack any monolithic
structure, which threatens to impede mass transportation during
4

heterogeneous catalysis, which leads to sluggish electrocatalytic
activity, particularly for the gas reaction process [60–63]. While
previous research has found that macroporosity in COFs can
improve water oxidation mass transport by directly introducing
them [61], the defects within the COFs and the boundaries
between particles impede electron transport, resulting in bulk
COFs being inherently less conductive and having limited electro-
catalytic capabilities. Recent research has identified COFs as a
novel class of photo absorber candidates for solar-driven H2 evolu-
tion [64]. H2 evolution has been catalyzed by various COFs as pho-
tocatalysts when sacrificial donors and co-catalysts are present
[51,65,66]. A photoelectrochemical (PEC) approach may also be
used to power solar-driven H2 evolution (HER), with photogener-
ated electrons from the photo absorber driving the reaction [66–
69]. The current bottleneck for PEC H2 evolution using COFs as
the photo absorber is the lack of practical solutions for fabricating
COF thin films or heterojunction architectures that allow the pho-
togenerated charge in COFs to be efficiently harvested. Photoelec-
trochemistry could provide a profound understanding of charge
separation and charge extraction in photo absorbers [25]. Solvents
have been used to prepare crystalline COF films and photoelec-
trodes [25], but controlling their morphology and thickness
remains challenging. Several methods and their challenges were
used in this work to show the recent developments in the synthesis
and design of metal/covalent Organic Frameworks for hydrogen
evolution strategies. These processes include steam and dry
reforming reactions, water reduction, oxygen generation, and
water splitting by photocatalysis, electrocatalysis, and photoelec-
trochemical processes.
2. Introduction of MOFs and MOF-derived materials

Metal-organic frameworks (MOFs), also recognized as porous
coordination polymers (PCPs), were first published by Prof. O. M.
Yaghi in 1995 [33]. Prof. Yaghi and his co-workers added Cu(NO3)2-
�2.5H2O, 4,40-bpy, and 1,3,5-triazine in deionized water and trans-
ferred them into a stainless bomb for the sequent heating process
[33]. They successfully synthesized the Cu(4,40-
bpy)1.5�NO3(H2O)1.25 by hydrothermal method, and they called it
the zeolite-like crystalline material which is the well-known
metal–organic framework [33]. MOFs are varied by various
arrangements comprising metal clusters or metal ions as nodes
and organic ligands as linkers, shown in Fig. 1 [34]. With the efforts
from many researchers all over the world, MOFs have already been
potential platforms for diverse practical implementations, includ-
ing gas separation and storage [70–73], CO2 capture [74], drug
delivery [75,76], chemical sensing [77–79], batteries, energy stor-
age and conversion, and last but not least, catalysis [80–84]. In this
section, we will discuss three important knowledge of MOF sepa-
rately, divided into metal, organic, and framework according to
the full name of MOF. To get a further investigation into the skele-
ton structure of MOFs, let’s introduce metal first. The metal-
containing components, also known as inorganic secondary build-
ing units (SBUs) and metal clusters, play the part of joints in the
coordination of MOF. Bivalent and trivalent metals from 3d transi-
tion metals and 3p metals such as Zn, Cu, Ni, Co, Fe, Al, and Cr are
the two major metallic groups used in MOF synthesis. Apart from
this, relative minority of lanthanide-based MOFs are also synthe-
sized [83]. By using the same metal cluster with different organic
ligands, it is possible to synthesize isoreticular MOFs, namely
Zn4O(BDC)3 (IRMOF-1), Zn4O(NDC)3 (IRMOF-8), Zn4O(NHDC)3
(IRMOF-11), and Zn4O(BTB)3 that connect nodes between nodes
presents the organic ligands or organic linkers acting as the con-
necting bridges between node and node. There are various repre-
sentative examples of organic ligands used in MOF synthesis



Fig. 2. Representative examples of organic ligands used in MOF synthesis. Ref. [85] with permission of the MDPI.

W.-T. Chung, Islam M.A. Mekhemer, M.G. Mohamed et al. Coordination Chemistry Reviews 483 (2023) 215066
shown in Fig. 2 [85], which indicates that most of the organic
ligands used in MOF synthesis contain more than two carboxylic
acid sites and a minority of imidazolate, phosphonate, pyrazolate
ligands [85]. Based on the number of anchoring sites, organic
ligands are commonly classified as bidentate ligands, tridentate
ligands, tetradentate ligands, and even polydentate ligands. For
example, benzene-1,3,5-tricarboxylioc acid (BTC) are a well-
known tridentate ligand in MOF synthesis because there are three
carboxylic acids in it. As the organic ligands acted as the connec-
tors, it would also dominate the stability of the interaction
between metal and ligands relied on the stable orbital overlaps.
Additionally, there have been diverse researches emphasizing the
decoration and the functionalization of organic ligands of MOF
for to alternate properties of MOF, including the acidity/basicity,
pore size distribution, specific surface area, affinity, adsorption,
catalytic performance, etc [86]. Lastly, the summary, the frame-
work combines the information from metals and organic ligands.
As mentioned above, MOFs are periodically constructed with inor-
ganic SBUs (metal clusters) and organic ligands. With different
dimensional arrangements, MOFs could be assembled in either 2-
dimensional and 3-dimensional structures. Since the discovery of
graphene in 2004, 2D MOF nanosheets have grasped the attention
because of their overwhelming ultrathin thickness and high speci-
fic surface area feature [87,88]. Until now, 2D MOF nanosheets
have already been used in many usages, including gas separation,
energy storage, and conversion, chemicals sensing, catalysis, etc.
[39]. Healy et al. published the earliest review, which summarized
the thermal decomposition temperature from a pile of MOF litera-
ture and proposed the decomposition mechanisms of various
classes of MOFs [40]. As for the chemical stability, ZIF-8, MIL-
101, and UiO-66 are famous for their high chemical stability bless-
ing from the inertness of metals and the larger pore sizes. Ding
et al. have summarized the approaches and applications of high
chemical stability MOFs [41]. Furthermore, MOFs have been exten-
sively applied to the precursors to obtain MOF-derived materials
imposed by different heat treatment conditions such as porous
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carbon and porous metal oxide [82]. To be more specific, MOF-
derived porous carbon materials are fabricated under a high-
temperature environment with an inert gas (nitrogen or argon).
During the heating process, the organic ligands are carbonized,
and the metals can be evaporated at high temperature, resulting
in the formation of porous carbon material. Speaking of MOF-
derived metal oxides, the materials are synthesized by calcination
process under high-temperature and oxygen-contained condition.
The MOF-derived materials I mention above feature high thermal
and cand the well-dispersion of abundant active sites [89,90];
however, the expense of organic ligands usually dominates MOF’s
profitability of MOF. The sacrifice of the expensive organic linkers
would be a lethal drawback in economic perspective. When it
comes to the practical implementation, the MOF-derived materials
have been shown potential in diverse application, for instance,
energy storage and conversion [43,44], electrochemistry [45],
catalysis [47,90], and etc. In this review, we will concentrate on
the applications of MOF and MOF-derived catalysts for gas phase
hydrogen production. As far as we know, this is the first review
to discuss this encouraging subject.
3. Synthetic approaches of MOF materials

Since Yaghi discovered the very first MOF by conventional
solvothermal synthesis method in 1995 [33], there have been a
great progress in the development of MOF synthesis over these
three decades, namely, solvothermal synthesis, electrochemical
synthesis, mechanochemical synthesis, microwave-assisted syn-
thesis, and so no chemical synthesis in the order of times [91].
Besides, in the recent years, the trend of increased demands for
MOFs has urged the researchers to develop a more efficient, eco-
nomical, and continuous synthesis process to meet the future
needs. There are more and more innovative synthetic methods
have been discovered and investigated, such as spray dryer synthe-
sis, supercritical synthesis, microfluidic synthesis, and etc. Instead
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of rebuilding a whole new synthesis path, changing the several
synthesis parameters including crystallinity temperature, reaction
time, pH values, and solvent in order to optimize the production
yield and the porosity properties is another crucial route for MOF
synthesis investigation [92]. In this part, we will focus on the
upsides and developments of each of the five main synthetic
approaches of MOFs orderly: solvothermal synthesis, electrochem-
ical synthesis, mechanochemical synthesis, microwave-assisted
synthesis, and sonochemical synthesis.

3.1. Solvothermal synthesis

As the most conventional synthesis route, solvothermal synthe-
sis, also known as high-throughput synthesis, is often operated in
vials and tubes [93]. Consequently, this method is extensively used
in labs for the purpose of synthesizing new materials and optimiz-
ing the synthesis properties. This method has also achieved the
best crystallinity from XRD patterns and the best morphology from
SEM/TEM images compared to the other methods [92]. In this
approach, both the metal salts and the organic ligands are mixed
in solvents and heated at the temperature above the boiling point
of solvents for a duration of time ranging from hours to days. The
common solvents includes N,N-dimethylformamide (DMF), metha-
nol, ethanol, acetonitrile, and so on [94]. Apart from using the
organic solvent mentioned above, hydrothermal synthesis is based
on heating both metal precursors and the water [95]. To achieve
the synthetic environment under high temperature and high pres-
sure, the mixture has to be sealed in either bomb or autoclave.

3.2. Electrochemical synthesis

In 2005, HKUST-1 was the first successfully synthesized MOF by
using electrochemical recipe by Mueller et al. from BASF [96].
Compared to the traditional solvothermal synthesis, it is superior
owing to its easily-available reaction environment under room
temperature and ambient atmosphere, high production yield, and
simple operation requirements [97]. Moreover, the metals are
introduced through anodic dissolution which can eliminate the
contaminant, such as nitrate and chloride [98]. The electrochemi-
cal synthesis of MOF shows potential to the future scale-up indus-
trial production process because of its continuous reaction and low
energy consumption.

3.3. Mechanochemical synthesis

Although mechanical force is far from chemicals synthesis, the
energy given from mechanical force provides the required energy
to break molecular bonds under the microscopic scale. In 2006,
the first microporousMOFwhich was [Cu(INA)2] (INA = isonicotinic
acid) was synthesized by solvent-free mechanochemical approach
after grinding the metal salts and the organic ligands together for
only 10 min [99]. Mechanochemical synthesis of MOF benefits its
room temperature environment and the solvent-free condition,
which are both environmentally-friendly advantages not only for
the energy shortage problem but also for the green synthesis goal
[100]. Mechanochemical synthesis of MOF has the potential to be
the large-scale production method in the future [101]. Further-
more, to achieve the further greener and more sustainable future,
there are researchers taking waste polyethylene terephthalate
(PET) plastic as the precursors of MOF synthesis by mechanochem-
ical approach [102].

3.4. Microwave-assisted synthesis

In 1946, the microwave technology was accidentally discovered
by Percy Spencer when he stood in front of the active radar device
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and the candy bar melted in his pocket [103]. With this unexpected
surprise, scientists started to investigate the effect of microwave
heating technology. Over the several decades, the energy from
microwave irradiation has been developed mature in the organic
chemical synthesis [104]. In 2005, Jhung et al. proposed the first
synthesis of microwave-assisted MOF which is MIL-100 under
220 ℃ for 4 h [105]. The production yield is comparable to the tra-
ditional synthesis approach which expend the horizons for MOF
synthesis. In summary, the microwave-assisted synthesis of MOFs
features short synthesis time, high yield of desirable products
instead of useless byproducts, fast crystallinity growth, precise
nanostructure construction and so on [106].
3.5. Sonochemical synthesis

The sonochemical synthesis takes good use of the high-energy
ultrasound with frequency above 20 kHz to trigger the acoustic
cavitation [107]. The method is based on the phenomenon of the
acoustic cavitation representing the sequential process of bubbles
formation, growth, and the implosive collapse, which produce very
high local temperatures of 500 ℃, the pressures of 1000 atm and
the heating and cooling rates of 1010 K/s via thermodynamic adia-
batic processes [108]. In 2008, Qiu et al. successfully synthesized
the first MOF which was [Zn3(BTC)2] by ultrasonic method. Com-
pared to the solvothermal synthesis, the MOF is synthesized under
140 ℃ for 24 h [109]. By the comparison, it shows that the sono-
chemical synthesis features the shorter crystallinity time and
milder thermal environment [110].
4. Covalent organic framework (COF)

4.1. Introduction and design skeleton structure of COFs

Chemistry is an essential subject in our life because by using
this subject, new materials and structures with promising func-
tions and properties can be efficiently designed and constructed.
The primary purpose and target of chemistry are to prepare mate-
rials with highly defined structures [111]. In the polymer chem-
istry field, designing materials with well-ordered structures is
still a challenging goal in the academic area. Recently, the synthesis
and construction of polymers with well-defined order structures
can be achieved by controlling factors such as regioregularity,
chain sequence, molecular weight, stereoregularity, and end
groups [112–114]. Crystal formation and monomer structure are
essential in designing order structures in polymeric materials
[115]. Furthermore, rigid building blocks and geometrically are
most desirable because they can estimate the chain growth direc-
tion and leads to the structure formation with primary and high
order range [116,117]. Metal-organic frameworks (MOFs), zeolites,
conjugated microporous polymers (CMP), mesoporous carbons,
mesoporous silica, and COFs are the main types of porous materials
[118–134]. Zeolite materials are among the most stable compared
to other porous materials, because of their lack of inherent func-
tionality, variety, and poor porosity, they do not offer much poten-
tial for environmental applications [135]. MOFs have many
accessible pores and are adaptable regarding chemical composi-
tion, functioning, and tuning [136]. They are frequently insufficient
for practical use due to their limited stability. To overcome the dis-
advantages of these materials, COFs materials had extremely phys-
ical and chemical stability compared with MOFs. COFs are organic
porous polymers and materials with high crystalline characteris-
tics [135,137]. These emerging and interesting materials were pre-
pared via network chemistry with diverse monomers containing
light elements such as C, H, O, N, or B atoms) and they joined
through the organic covalent bond to form 2D and 3D materials



Fig. 3. Geometric illustrations demonstrate the fundamental building blocks for the
development of (2D COFs Reproduced from Ref. [137] with permission of the Royal
Chemical Society.
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[135,137]. Recently, COFs precursors have received much interest
and attention in academic and industrial areas due to their amaz-
ing properties, including high thermal and chemical stabilities,
unique molecular design, aligned polygonal pores, facile surface
modification, and structural versatility, and high-order porosity
[137–144]. In addition, COFs materials become excellent promising
candidates in other practical implementations mass transport,
energy storage and conversion, chemical sensing, luminescence,
heterogeneous catalysis, drug delivery, molecular separation, Li
batteries, oxygen and hydrogen evolution, gas storage and separa-
tion, and so on [135–144]. These applications come up as a result
of distinctive properties for COFs materials such as inherent poros-
ity, customizable pore structure, large surface area, flexible chem-
ical combination, stimuli responsiveness, and biodegradability
[135–144]. The high and primary order structure of COFs materials
can be constructed and predesigned using a topology diagram and
step-growth poly-condensation reaction [135,137]. The combina-
tion of different monomers geometries can carry out the resulting
COFs with different topology types [135,137]. The polygonal skele-
tons are the main unique property of COFs compared to other poly-
mers and porous materials, which open the door and offer a great
opportunity for designing and developing a new class of functional
porous polymeric materials. Their shape, interface, environment,
and pore diameters can be preestablished using post-synthetic
functionalization or polycondensation reactions. Depending on
the dimensional array of the hypothetical unit cell used to depict
the crystalline framework, COFs are categorized as 2D or 3D
[135,137]. Through dipolar molecular interactions or, in the partic-
ular instance of aromatic rings, p electron stacking, those planes
are tightly packed to form the 3D shape of the actual synthetic
material [137]. Different approaches are used to construct COFs
with different topologies combinations (2D and 3D COFs) from var-
ious rigid units, as presented in Figs. 3 and 4 [137]. Firstly, 2D COFs
are covalently 2D polymers that stretch in the � and y dimensions
and aggregate in the z direction to form organized one-
dimensional (1D) channels [135,137]. On the other hand, 3D COFs
are prepared through a 3D growth of the polymer backbone with
chain folding and overlapping [135,137]. Figs. 3 and 4 show a
topology diagram for building polygons skeletons via the conjunc-
tion of building block units to form crystalline networks lattices in
2D or 3D COFs with intermittent placed knots and linkers. The
combinations of different monomers’ geometries lead to the con-
struct of crystalline 2D COFs, as displayed in Fig. 3. Fig. 3 shows
kagome, tetragonal, rhombic, tetragonal, and trigonal structures
are the most polygons skeletons in 2D COFs materials. For example,
using [C3 + C3], [C2 + C2 + C2] or [C3 + C2] geometry combinations
lead to formation of hexagonal 2D COF. The C3-symmetric unit
functions as a knot, whereas the C2-symmetric component func-
tions as a linker. The backbones of C3-symmetric units are azat-
riphenylene, triphenyl triazine, triphenylene, phenyl, and
triphenylbenzene, whereas the networks of C2-symmetric mono-
mers are pyrene, bipyridine, porphyrin, biphenyl, phenyl, and
anthracene. By using [C4 + C4] or [C4 + C2] topology diagram to con-
struct tetragonal 2D COFs. Rhombic COFs have been created using
the monomer combination [C2 + C2], while Kagome COFs may be
created using either a [C3 + C2] or a [C2 + C2] topological design.
The outcome of the construction units forming a three-
dimensional net is a 3D COF. The resulting polygonal pattern is
defined by the -structure of the perpendicular assembly. The
[C2 + C2] topological strategy corresponds to one of two potential
structures: a rhombic-shaped skeleton or a kagome structure.
The development of 2D COFs with dense -units and micropores,
required for the development of -stacked organic polymeric mate-
rials and porosities, has been accomplished utilizing a C6 + C2 net-
work architecture scheme. This topology scheme permitted the
building of triangular lattices with highly dense units and smaller
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pores compared to all other topology diagrams. Generally speak-
ing, a trigonal architecture is best for creating microporous COFs,
but tetragonal and hexagonal morphologies help create mesopores.
Interestingly, in a [C2 + C2 + C2] topology diagram, kagome-type
COFs with triple pores have been built from a single knot with
two linkers of differing lengths. COFs with dual-pore hexagonal
structures are more likely to develop when asymmetric building
blocks are condensed or when hydrogen bonds are added to the
COF skeleton [137]. The trigonal topology diagram is likely
[C6 + C2] or [C3 + C2]. The knot location is located by the C6-
symmetric unit, whereas the C2-symmetric moiety occupies the
linked site. hexa-substituted backbones, including hexaphenylben-
zene or hexabenzocoronene, are common for C6-symmetric units.
In contrast, the C3-symmetric monomers for the[C3 + C2] combina-
tion are commonly hexa-substituted triphenylene and hexaazat-
riphenylene counterparts, which result in a trigonal skeleton
with two distinct pore diameters. To create 3D COFs, a knot with



Fig. 4. Geometric illustrations demonstrate the fundamental building blocks for the
development of 3D COFs Reproduced from Ref. [137] with permission of the Royal
Chemical Society.
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Td or orthogonal symmetrical is necessary to guarantee the 3D
development of the polymer backbone. Different topologies, such
as bor, ctn, dia, rra, srs, cff, and pts nets, have been developed into
3D COFs [Fig. 4]. the common knot compounds, such as tetra(4-d
ihydroxyborylphenyl)methane (TBPM), tetra(4-dihydroxyborylphe
nyl)silane (TBPS), tetrakis(4-aminophenyl)methane (TAPM),
1,3,5,7-tetraaminoadamantane (TAA), tetrakis(4-formylphenyl
(TASP). Designing 3D COFs with ctn and bor networks utilizing
[Td + C3] is possible [145]. Td-symmetric units like tetra(4-dihydrox
yborylphenyl)methane) (TBPS) or TBPS tetra(4-dihydroxyborylphe
nyl)silane (TBPS) that self-condensate or co-condensate with a C3-
symmetric linker produce 3D COFs with a ctn net, whereas TBPS
that undergoes the same process produces a bor net. Due to the
absence of interpenetration, the resultant COFs have a significant
surface area and a low density. The [Td + C2] diagram can create
a dia network with the greatest number of 3D COFs because of
the variety of C2-symmetric monomers [146–152]. The [Td + C4]
or [Td + C2] diagram have been used to construct the pts net;
however, the C2– and C4-symmetric subunits need four reactive
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functional groups to generate 3D COFs with twofold different
interpenetration [151–153]. Additionally, the [Td + C3] conjunction
may result in a srs net [135,137].
5. Synthetic approaches of COF materials

In contrast to typical polymers, COFs have unique compositions,
uniformities, pore size, and geometries, making their production
more difficult. A mixture of research fields, including dynamic/re-
versible bonding, topochemical polymerization, chemical synthe-
sis, and reticular assembly, is necessary for effective COF
creation, making the production of a rationally designed COF with
specified features still challenging [135,137]. The key to the syn-
thesis is figuring out how to balance these two forces throughout
the reaction to produce a crystalline porous structure. The synthe-
sis of COFs has been made possible via a variety of polycondensa-
tions; both reversible and non-reversible processes involving>10
different links have demonstrated success in this regard. In con-
trast to bulk processes, COFs have also been created synthetically
using various techniques and on a range of substrates, providing
a variety of application-specific morphologies. After Yaghi’s group
published the first COF in 2005 [49], other papers showed various
methods for synthesizing COFs. COFs have been created using a
variety of organic covalent linkers, including imide, boronic ester,
boroxine, azine, triazine, sp2-carbon, hydrazone, b-ketonamine,
imine, and phenazine [17]. In this part, we list and discuss the
techniques employed to create COFs, such as ultrasonication,
mechanochemical, condensation, ionothermal, multicomponent,
microwave-assisted, and light-induced processes. As known that
different physicochemical features of COFs are produced by con-
trolling the pore structure and choosing the different linkers.
5.1. Solvothermal synthesis

In this approach, a blend of monomers mixed in several care-
fully selected solvents is heated at 100–120 �C in a closed Pyrex
tube for 3–5 days. To raise the dissolution of the monomers, sol-
vent selection is essential. The spread of the molecules into the
solution can be mediated by solvent mixes (for instance, 1-
butanol/dichlorobenzene or 1,4-dioxane/mesitylene in the pres-
ence of acetic acid), which will hasten the nucleation of COFs. Addi-
tionally, the enclosed atmosphere ensures water is accessible
throughout the process, enhancing the COFs’ ability to crystallize.
To achieve high crystallinity and porosity of COFs materials in this
method, the reaction parameters including the medium, tempera-
ture, catalyst, and modulator must be fine-tuned. Two COFs (COF-1
and COF-5) were first reported by Yaghi et al [49]. Fang et al. pre-
pared a 3D-COF named JUC-564 with stp topology and high BET
surface area and big pore size during the solvothermal method
through the reaction of 1,3,6,8-tetrakis(4- aminophenyl)pyrene
(TAPPy) and 2,3,6,7,14,15-hexakis(40-formylphenyl)triptycene
(HFPTP) [154]. Interestingly, 3D-CageCOF-1 with the acs structure
through the condensation reaction of Cage-6-NH2 as D3h symmetry
linear 2,5-dihydroxyterephthalaldehyde [59]. Furthermore, He
et al. prepared 3D-ceq-COF through the Schiff base reaction
between 2,3,6,7,14,15-hexa(4-formylphenyl)triptycene (HFPTP)
and (b) 1,3,5-tris(4-aminophenyl)triazine (TAPT) [155]. The JUC-
569 with acs topology was constructed by condensation reaction
[6 + 6] of 2,3,6,7,14,15-hexa(40-formylphenyl) triptycene (HFPTP)
and 2,3,6,7,14,15-hexa(30,50-diisopropyl-40-amino) triptycene
(HDIATP) act as symmetrical triangular prism node [156]. Wang
et al. prepared 3D-TPB-COF with pts net, and 3D-TPB-COFPh with
ljh topology [157]. Peng et al. prepared two types of 2D sql COF
and 3D pts COF through the reaction of hexaldehyde phenyl ben-
zene (HFB) with tetrakis(4-aminophenyl)ethane (TPE-NH2) or



Fig. 5. (a) Synthesis and (b) XRD patterns of HFPB–TAPA, HFPB–TAPT, and HFPB–TABPB COFs. Reproduced from Ref. [160] with permission of the American Chemical Society.
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3,30,5,50-tetra(p-aminophenyl)-bimesitylene (BMTA) [158].
Interestingly, the 3D pcb COFs were constructed by traditional
Schiff-base reaction of 5,10,15,20-tetrayl(tetrakis(([1,10:30,100-ter
phenyl]-4,400-dicarbaldehyde)))-porphyrin (TTEP) 8-connected
building block with 1,4-diaminobenzene [159]. Zhang et al. pre-
pared 2D HFPB � TAPA, HFPB � TAPT, and HFPB � TABPB COF with
tunable pore size and kgd Topology the reaction of hexa(4-
formylphenyl)-benzene (HFPB), with tris(4-aminophenyl)amine
(TAPA) or tris(4-aminophenyl)trazine (TAPT), and 1,3,5-tris[4-
amino(1,1-biphenyl-4-yl)]benzene (TABPB), as building units, as
presented in Fig. 5 [160].
Fig. 6. Synthesis of TpPa-1, TpPa-2, and TpBD via MC grinding using a mortar and
pestle. Reproduced from Ref. [162] with permission of the American Chemical
Society.
5.2. Mechanochemical synthesis

In this approach, manual grinding simply using a pestle and a
mortar is gaining popularity since it is an easy, quick, solvent-
free, and ecologically friendly process done at room temperature
[161]. For example, Banerjee’s group [162] used the
mechanochemical method (MC) to prepare low porosity and crys-
tallinity and high stability of three COFs materials in strong base,
strong acid, and boiling water (TpBD, TpPa-1, and TpPa-2),as
shown in Fig. 6. The same group revealed that the crystallinity of
resulting COFs increased by adding liquid during the grinding
method [163]. Also, Wang and his group constructed high porosity,
sheet structures, and excellent thermal stability of TpAzo COF in 20
9
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mins using the MC method through condensation of Tp and 4,4́-
azodianiline monomers [164].
5.3. Sonochemical synthesis

The sonochemical method is a different strategy besides
solvothermal synthesis for COFs construction with a short time,
large-scale synthesis, and high surface area [165]. In this approach,
ultrasound is used to speed up the crystallization process by caus-
ing acoustic cavitation, which causes bubbles in solution to
develop and burst, which is a reaction system [165]. For example,
this method was employed by Ahn et al. to prepare both COF-1 and
COF-5 in a short time (1 h), and they found that the obtained COF-5
had a high surface area (2122 m2/g) [166].
5.4. Microwave synthesis

A lot of research has been done on microwave irradiation as a
different way to make COFs. Compared with the solvothermal
method, microwave irradiation has a lot of advantages, including
cleaner materials, quicker reaction times, and the ability to moni-
tor phase behavior while dynamically controlling temperature and
pressure [167]. Additionally, the microwave procedure allows for
increased surface area by eliminating pollutants that have become
trapped in COF pores. The various COFs materials with imine, and
ketoenamine linkages prepared through microwave irradiation
[168,169].
Fig. 7. Schematic of interfacial polymerization for the synthesis of thin films of Tp-Tta
American Chemical Society.
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5.5. Light-induced synthesis

In 2019, Choi et al. [170] prepared and constructed crystalline
hcc-COF that had an extended conjugated structure and high elec-
trical conductivity of 2.22 � 10–3 S m�1 through the reaction of
1,2,4,5- benzenetetramine tetrahydrochloride (BTA) and hexaketo-
cyclohexane octahydrate (HCH) in acetic acid and water under the
simulated sunlight irradiation with wavelength at 200–2500 nm.
5.6. Vapor-assisted synthesis

Liu et al. prepared uniform nanofibrous-like structures of COFs
through the reaction of 2,6-dihydroxynaphthalene-1,5-dicarbalde
hyde (DHNDA) and 2,4,6-tris(4-aminophenyl)pyridine (TAPP)
using a vapor-assisted solid-state approach [171]. Furthermore,
BDT-COF and COF-5 film was prepared using this method [172].
For more details, the monomers are dissolved in a polar solvent,
and the resulting mixture is drop-cast onto a glass substrate. The
reaction solvent-filled vessel in the desiccator is immediately filled
with the substrate, and the desiccator is sealed at room tempera-
ture. Finally, a COF layer is applied to the glass substrate for three
days.
5.7. Interfacial synthesis

Free-standing polymer thin films have been successfully con-
structed at the gas–liquid and liquid–liquid interfaces [173,174].
For example, Fig. 7 showed the synthesis of 2D Imine-based Tp-
Tta, Tp-Ttba, Tp-Bpy, and Tp- Azo by using an interfacial approach
, Tp-Ttba, Tp-Bpy, and Tp-Azo. Reproduced from Ref. [175] with permission of the
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between DCM and water Tp is soluble in DCM, and both PTSA and
amine are dissolved in water or water/acetonitrile mixture [175].
Also, the synthesis of COF-TTA-DHTA film with thickness from 4
to 150 nm was done through immersion of an aqueous solution
of 4,4,4-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA), acetic acid, and
Sc(OTf)3 in 2,5-dihydroxyterethaldehyde (DHTA) [174]. Further-
more, A 2D COF monolayer was constructed via Langmuir-
Blodgett (LB) method by Schiff base condensation reaction of the
aromatic tetraamine and dialdehyde monomers at the air–water
interface [176]. To prepare COFs, hybrid materials could be
achieved through the integration of COFs materials onto the sur-
face of metal–organic framework (MOF) and Fe3O4 nanoparticles
[177,178]. The synthesis of few-layer 2D polymer crystallites with
several micrometer sizes such as 2DPI was successfully done by
using another strategy called a surfactant-monolayer-assisted
interfacial method [179].

5.8. Post-Synthetic COF modifications

It is imperative to identify and regulate important COF aspects,
including the inner structure and intrapore chemical behavior as
the typical COF implementations entail the connections of exterior
substances with the outer and interior interfaces of the intrapore
and pore zones. COF modifications may be added before, after, or
in place of synthesis. Before the material is synthesized, pre-
synthetic alterations involve adding the right functional groups
to the frameworks. The need to ensure the functional groups stabil-
ity under-responsive circumstances and prevent them from
obstructing the COF crystallization process, which might be diffi-
cult based on the functional groups. Substrates interacting with
the developing COF and directly obstructing crystallization are
the mainstay of in situ alterations. These structures serve as an
anchor by being present throughout the early development phases,
which enables the COF to polymerize surrounding them and pro-
duce a composite material that may be either organic or inorganic,
based on the host. When compared to other polymer classes, COFs
have the benefit of allowing for further functionalization processes
even after they have been created. Due to inadequate solvent and
reagent availability to the active reaction locations and constrained
mass transfer mechanisms, post-synthesis reactions are challeng-
ing in non-porous polymer architectures. However, long porous
networks and large surface areas in COFs give the majority of the
solid preferential access to solvent and reagents, enabling simple
post-functionalization, incredibly adaptable for various applica-
tions. The first phase is adding reactive sites in the initial mono-
mers to accomplish a covalent post-synthetic functionalization.
The COF must have sufficient chemical stability under the new
post-synthetic reaction circumstances, which may ultimately lead
to a challenging balance (boroxine or boronic ester type COFs, par-
ticularly susceptible to hydrolysis, making them extremely unsta-
ble in aqueous solutions). The functionalization procedure begins
with the preparation of the COF and involves a heterogeneous reac-
tion. The reaction must be advantageous, good yielding, and pro-
duce the fewest byproducts as possible. Additionally, COFs have a
unique quality known as post-synthetic modification that has led
to the classification of this class as both products and initial
reagents for organic synthesis. Click reactions catalyzed by Cu(I)
are another popular method for post-synthetic functionalization.
Alkynyl groups are found in the structures of the monomers used.
During the COF synthesis, alkynyl groups are not reactive; never-
theless, they are later activated, enabling addition reactions. The
COF reacts with an organic azide with Cu(I), to generate a cycload-
dition reaction that yields a heterocyclic 5-atom ring with the
desired functional group. The incorporation of various functional
compounds, like ethyl, acetate, hydroxyl, carboxyl, or amine
groups, is made possible by click reactions, which can typically
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be carried out under a moderate reacting environment and have
a reasonable rate of yielding products. For introducing carboxylic
groups (COOH) into COFs materials, for example, ring-opening
reactions utilizing succinic anhydride are an alternative post-
synthetic method. Constructed COFs When succinic anhydride is
used to treat polymers made frommonomers having OH functional
groups, the hydroxyl groups react to form an ester and carboxylic
acid groups. The post-synthetic functionalization of these groups is
even more important since the existence of acidic groups might be
potentially unfavorable to the normal COF crystallization mecha-
nism. Adding amine groups to COF porous structure has also been
investigated for various uses. The development and growth of
COFs, notably imine or ketoenamine-type COFs, are typically ham-
pered by the existence of such amine groups in COF preparation
because they alter the projected symmetric structure. Utilizing
monomers with nitro groups and using metal catalysts to convert
them to NH2 groups after producing the COF is a workable option.
Since NH2 groups may eventually serve as the reaction sites for fur-
ther functionalization, treating the COF with SnCl2 makes it simple
to produce amine-functionalized COFs. The introduction of differ-
ent groups such as quaternary amines, amidoxime, thiol, ether,
and amide into COFs walls precursors have been reported through
chemical conversion. Imine-based COFs can be modified to amide-
base frameworks by oxidation reaction in the presence of 2-
methylbut-2-ene, and sodium chlorite in a mixture of dioxane
and AcOH. To synthesis of thiazole-type COFs through combing
with sulfur; to benzoxazole-type COFs, by reaction with 2,5-
diaminehydroquinone with water, DMF, and molecular oxygen.
Yagi and his workers constructed ester-linked COF termed COF-
120 and COF-121 with high surface area up to 2092 m2/g and
hcb topologies by the reaction of 1,3,5-tris(4 hydroxyphenyl)ben-
zene (THPB) with DPT and di(pyridin-2-yl) [1,10-biphenyl]-4,40-di
carboxylate (DPBP), respectively [180]. Cui and his group used
Knoevenagel polycondensation of chiral tetrabenzaldehyde of
dibinaphthyl-22-crown-6 with 1,4-phenylenediacetonitrile or
4,40-biphenyldiacetonitrile to produce CCOF 17 and 18, respec-
tively. Then, they prepared CCOF 17 and 18 with excellent stability
in both base and acid medium and crystallinity through the reduc-
tion reaction of CCOF 17 and 18 in the presence of NaBH4 and iso-
propyl alcohol for 7 days [181]. Zhao and his group prepared seven
crystalline amide COFs through the oxidation of imine-linked
frameworks with KHSO5 as an oxidant under facile conditions
and short time reaction (7 h) [182].

5.9. Multicomponent reactions method

Due to their distinctively sustainable features, MCRs have
recently attracted enormous interest in creating a wide range of
synthetic pathways to create COFs materials [183]. The MCRs
approach has a lot of advantages in contrast to stop-and-go synthe-
ses, such as facile workup processes, bond, step efficiency, high
yield of the final product, reducing the time transformation, reduc-
ing the reaction steps, environmentally friendly media, and opera-
tional friendliness [184–186]. The MRCs reaction types include
Povarov, Asinger, Debus–Radziszewski, Groebke–Blackburn–Bien
aymé, Gewald, Mannich, Petasis, Strecker, and Ugi reactions
[183]. Wang et al. [187] prepared imidazole-linked COFs through
Debus–Radziszewski reaction by the condensation reaction of tert-
butylpyrene tetraone, aromatic aldehyde in the presence of NH4-
OAc, mesitylene, and dioxane for 5 days at 150 �C [Fig. 8]. Dong
et al. [188] constructed crystalline COFs materials through the
Povarov reaction of TAPB, DMTPA, and styrene in the presence both
of BF3�OEt2, and DDQ (Fig. 9). The ultrastable pyrimidazole-based
COFs have been prepared through the Groebke–Blackburn–Bien
aymé (GBB) reaction between aminopyridine, isocyanide, and alde-
hyde for 5 days at 120 �C, as presented in Fig. 10 [189]. Dong and



Fig. 8. Construction of imidazole-linked COFs via Debus–Radziszewski reaction.
Reproduced from Ref. [187] with permission of the American Chemical Society.
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coworkers [190] successfully prepared (R)-DTP-COF and (S)-DTP-
COF with good yield using prochiral monomers (1,3,5-tris(4-amino
phenyl)benzene (TAPB), 2,5-dimethoxyterephthaldehyde (DMTP),
and phenylacetylene (PA)) in the presence chiral catalyst
CuOTf�toluene/(R, R)-pybox and CuOTf�toluene/(S, S)-pybox,
respectively [Fig. 11]. Cooper et al. [191] prepared Crystalline and
ultrastable thiazole-linked COFs (TZ-COF1) were constructed
through the free metal reaction of sulfur (S), naphthalene-
Fig. 9. Synthesis of TPB-DMTP-CMP, S-TmTaDm-COF and P-StTaDm-COF. Repro
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2,6-diamine, and 4,4,400-(1,3,5-triazine-2,4,6-triyl)tribenzaldehyde
in DMSO and AcOH. The obtained TZ-COF-1 had a higher surface
area up to 1522 m2/g than the obtained TZ-COF-1 (1522 m2/g)
by the two-step method [Fig. 12].
6. Hydrogen

In 2015, united nations (UN) proclaimed ‘‘Transforming our
world: the 2030 Agenda for Sustainable development” which is a
wake-up call for all the humankinds to re-emphasize the impor-
tance of the ability tomeet the present and future needs at the same
time during our economic growth [192]. At the heart are the 17 sus-
tainable development goals (SDGs), we could learn that the demand
for environmentally friendly alternative energy is in an urgent need.
As the demands for energy have escalated since the industrial revo-
lution, more andmore researchers dedicated themselves to investi-
gate the abundant, sustainable, secure green energy for the future
supply.Different fromthe conventional fuel, suchas coal andnatural
gas, which generate the hazardous pollutants during the reaction,
there is no greenhouse gases production but only water left after
the combustion of hydrogen. Despite of the fact that hydrogen pro-
duces less contaminant than the conventional fuels, the energy den-
sity of hydrogen (142MJ kg�1) is much larger than either diesel fuel
(45.5 MJ kg�1) or gasoline (45.8 MJ kg�1) [193]. Thereby hydrogen
behaves as the most available sustainable energy in the future.
Although hydrogen itself is colorless, it is commonly categorized
by different colors to represent the production path and how clean
it is. Nowadays, most of the hydrogen is produced form fossil oil,
which is exceedingly environmentally unfriendly attributing the
greenhouse gases formation. Brown hydrogen is carried out under
the process of coal gasification to produce syn gas, which is a main-
stream hydrogen production process during 19th century. With the
process of the times, hydrogen production from steam reforming
process, categorized as grey hydrogen, becomes dominate nowa-
days because of its economical efficient and large-scale production.
To overcome the emissions of greenhouse gases contributing to glo-
bal climate change, scientists subsequently emphasized on the blue
hydrogen featuring the extra carbon capture and storage after the
previous brown and grey hydrogen production. However, as the
trend of reducing the carbon footprint, the fact of CO2 emission
duced from Ref. [188] with permission of the American Chemical Society.



Fig. 11. Synthesis of (S)- and (R)-DTP-COFs via catalytic asymmetric polymerization. Reproduced from Ref. [190] with permission of the American Chemical Society.

Fig. 10. Synthesis of Pyrimidazole-Based COFs. Reproduced from Ref. [189] with permission of the American Chemical Society.
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becomesa critical defect for the ideal zero-emissiongreenhydrogen.
Therefore, to fulfill the ultimate goal of producing clean hydrogen
energy, the development of green hydrogen is a promising path in
the near future. Green hydrogen is directly produced and collected
on the cathode through the electrolysis of water. The electricity
13
required during the process have to be generated from renewable
energy sources, such as wind, solar, hydro, biomass, geothermal
energy, etc. [194]. Although low-carbon alternative energy namely
wind and solar power are used in practice, many people see the
resource inconstancy as Achille’ heel which indicates that some of



Fig. 12. Construction of thiazole-Linked COFs by a Multicomponent Reaction. Reproduced from Ref. [191] with permission of the American Chemical Society.
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the renewable energy is limited by the weather requirements.
Therefore, the energy storage plays an essential enabler during the
energy transition period. Nowadays, there are a variety of types of
energy storage technologies, including mechanical, electrical, bio-
logical, chemical energy storage, etc. [195]. Among all, pumped-
storage hydroelectricity categorized in mechanical energy storage
is the most widely used technique. The energy is stored in the form
of gravitational potential energy from low elevation to high eleva-
tion during the off-peak power period, and the electricity is gener-
ated when the water is released through the turbines [196].
Besides, power-to-gas (PtG) technique has received increasing
attention in the recent years [197]. It is a technique to take use of
the excess electrical energy to electrolyze water leading to produc-
ing hydrogen and oxygen and deposit the gas-phase or liquid-
phase hydrogen for energy storage. Yet, when the energy is rela-
tively scarce, the reverse direction of power-to-gas processes would
be operated to generate the energy. The hydrogen energy from
reverse-PtG processes have been economically feasible in areas
where renewable energy accounts for a large proportion calculating
by the profit models, which indicates that power-to-gas technique
has a bright prospect for the future energy storage [198].

6.1. Hydrogen production by using MOFs and MOF-derived catalysts

6.1.1. Hydrogen production from steam reforming reaction
There are a variety of original reactants used in steam reforming

reaction, including natural gas, methanol, ethanol, etc. However,
among all the studies, methanol has been most widely used in
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hydrogen production through methanol steam reforming (MSR)
by using MOF and MOF-derived catalysts [199–202]. To under-
stand the reaction thoroughly, taking a glance on the reaction
equation is indispensable. Shown below, the overall MSR process
(Eq. (1)) consists of two sequential reactions: methanol decompo-
sition (Eq. (2)) and water–gas shift (WGS) (Eq. (3)) [203].

CH3OH þ H2O�CO2 þ 3H2 ð1Þ

CH3OH�COþ 2H2 ð2Þ

COþ H2O�CO2 þ H2 ð3Þ
Practically, the product of the overall MSR is a mixture of hydro-

gen, carbon dioxide, a minority of carbon monoxide, and some
unreacted reactants. However, as the desired hydrogen product is
produced, carbon monoxide can act as a poison for the anode of
the hydrogen fuel cell at low temperatures [204]. Thus, the catalyst
of MSR plays an essential part in simultaneously increasing the
hydrogen selectivity and decreasing the selectivity of carbon
monoxide compared with carbon dioxide. Moreover, the thermo-
dynamics behind the MSR process is essential to be mentioned
because it will be closely related to not only the reaction temper-
ature during the process but also the reaction selectivity during
different competitive conditions. The overall MSR process is an
endothermic reaction based on the standard enthalpy is + 49.4 kJ
mol�1, which can be viewed as the addition of the enthalpy of
methanol decomposition (+92.0 kJ mol�1) and WGS process
(-42.6 kJ mol�1) [205,206]. However, side reactions referred to as



Table 1
Summary of MOF-derived catalysts applied for steam reforming reactions.

Entry Catalyst MOF/MOF
precursor

Reactant Reactant
conversion

H2

selectivity
CO
selectivity

Reaction condition Stability Ref.

1 Pt-SnO@MIL-
101(Cr)

MIL-101(Cr) methanol 92 % 89 % 3.4 % 300 �C, 1 atm, N2/H2O/CH3OH 1:2:1 M ratio,
WHSV = 1.8 h�1

300 �C,
30 h

[199]

2 Pd/Al2O3(A) A520 MOF(Al) methanol 97 % 99 % 2.6 % 300 �C, 1 atm, CH3OH/H2O/Ar 1:2:1 M ratio,
WHSV = 8.5 h�1

250 �C,
30 h

[200]

3 CuO-CeO2 HKUST-1 methanol 97 % – 0.5 % 270 �C, H2O/CH3OH 1.5:1 M ratio with
1.5 mL h�1

350 �C,
24 h

[201]

4 Cu/Ce-Cu(BDC) Cu(BDC) methanol 96 % 94 % 2.0 % 250 �C, 32 h, 1 atm, WHSV = 9.2 h�1 320 �C [202]
5 Ni0/ZIF-8 ZIF-8(Zn).PEG ethanol 88 % 66 % 17 % 450 �C,

4 h, 1 atm, H2O/C2H5OH 4:1 M ratio with
5.6 mL/h

450 �C,
10 h

[215]
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reverse water–gas shift (RWGS) reaction during the endothermic
process is necessary to avoid due to its coke formation and carbon
monoxide generation, leading to the deactivation of catalysts
[207]. Accordingly, in conclusion, designing materials with both
high thermal and high chemical stability turns out to be an essen-
tial goal for the future catalytic steam reforming reactions, espe-
cially for MOF in this case. An overview of various MOF and
MOF-derived catalysts applied for steam reforming reactions are
summarized in Table 1.
Fig. 13. Schematic representation for the synthesis of HKUST-1 derived CuO on
CeO2. Reproduced from Ref. [201] with permission of the Elsevier.
6.1.2. The influence of metal selection on catalysts
Running through mountains of research, copper and group IIX-

X transition metals are found to be the two primary catalytic met-
als used substantially in methanol steam reforming (MSR) reac-
tions [208]. By comparison, copper-based catalysts have better
hydrogen production performance and are superior in the ample
resources; namely, they have more catalytic activity and are less
expensive [209]. On the other hand, sintering and metal agglomer-
ation come to light during the evaluation of temperatures approx-
imately 300 ℃ owing to their low thermal stability [210].
Therefore, facing the obstacles of thermal agglomeration becomes
a crucial issue for copper based catalytic MSR reaction. The other is
group IIX-X transition metal which platinum and palladium are
commonly used. It has to be mentioned that group IIX-X is more
thermally stable compared to copper-based catalysts [211]. How-
ever, expensiveness and higher carbon monoxide yield become
fatal drawbacks as catalysts. Apart from this, nickel and cobalt
are also chosen to be applied to catalysis in steam reforming reac-
tion instead of platinum and palladium among transition metals
because of their affordable prices, which would be dominant in
future commercial mass production processes [212]. First of all,
Kamyar et al.’s study, which is the first investigation of MOF-
supporting catalysts applied to the MSR process [199]. In their
study, Kamyar demonstrated a new MSR catalyst by using cis-
PtCl(SMe2)2(SnCl3) complex as a single precursor instead of two
separated metals to control the stoichiometric ratio of bimetallic
Pt/Sn 1:1 precisely. By impregnating the different amounts of pre-
cursor on MIL-101(Cr) as a support, they synthesized respectively
10.2 %, 19.7 %, and 28.9 % metal loading of Pt-SnO@MIL-101(Cr).
The bimetallic catalysts contain platinum as the active metal for
MSR reaction and tin as a promoter in order to prevent platinum
from sintering and coke formation, which has been investigated
in the case of glycerol steam reforming [213]. In order to get fur-
ther insight on Pt-SnO@MIL-101(Cr), they analyzed the character-
izations by sorts of instruments. From BET data, the significant
specific surface area of Pt-SnO@MIL-101(Cr) catalysts imply the
inheritance of a high surface area from the mother MOF. Transmis-
sion electron microscope (TEM) indicates small metal particle size
and high dispersion of nanoparticles on MOF. Eventually, by com-
paring the results of three different metal loading catalysts, it
shows the increase of both H2 and methanol selectivity and the
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decrease of CO selectivity as the number of active nanoparticles
increases. In conclusion, they successfully achieved a high H2 selec-
tivity (89 %) and methanol conversion (92 %) with low CO selectiv-
ity (3.4 %) by using Pt as their active metal, SnO as their promoter
and MIL-101(Cr) as their support, which is an excellent beginning
in the future MOF-supporting catalytic MSR reaction field. Next,
instead of using noble metals as the active sites, this is an example
of copper-based catalysts applied for MSR reaction. A novel route
to the synthesis of MOF-derived bimetallic oxide catalysts
(Fig. 13) was reported by Chen et al. [201]. Different from twomain
approaches to synthesizing MOF-derived bimetallic oxide, which is
an impregnation metal on MOF as the support and subsequently
undergoes a calcination process, and the straight path of bimetallic
MOFs pyrolysis. Chen’s group determined to use MOF-derived
metal oxide as the precursor adsorbed on another metal oxide
for the purpose of accomplishing the goal of bimetallic catalysts.
In their work, they first prepared polyvinylpyrrolidone (PVP)-
encapsulated CeO2 abbreviated to CeO2@PVP. Subsequently, they
stirred suspended CeO2@PVP and a slurry of HKUST-1, which ben-
efits its relatively easy preparation compared to other Cu-based
MOF, at room temperature in order to set up an environment for
HKUST-1 crystallization as well as the adsorption effect of PVP,
which led to the formation of HKUST-1-CeO2. Ultimately, the
desired catalyst CuO-CeO2 is synthesized by calcinating HKUST-
1-CeO2. For comparison, they synthesized another conventional
catalyst labeled CuO-CeO2-I by using impregnation and calcination.
They claimed that the performance of CuO-CeO2 catalyst in the
MSR process is better than conventional CuO-CeO2-I catalyst on
both hydrogen production and CO selectivity. From the material
analysis, there came cogent evidence from H2-TPR that a lower
reduction temperature peak of CuO-CeO2 was detected,
corresponding to the relative high CuO dispersion because of the
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abundant oxygen defects formed during the preparation, which
could be proven by Raman spectra analysis. In this case, by using
HKUST-1-derived CuO-CeO2 catalysts, they achieved 97 % metha-
nol conversion and 2.3 % CO selectivity in the methanol steam
reforming process.
6.1.3. The influence of thermal stability on catalysts
Since the steam reforming reaction is endothermic, the reaction

is generally carried out under a high-temperature environment
ranging approximately from 200 ℃ to 500 ℃ [214]. Thus, the prop-
erty of high thermal stability turns out to be one of the most crit-
ical conditions for the catalyst design. Some researchers fixed their
eyes on the inborn high thermal stability nature MOF as the cata-
lysts [199–202,215]. In addition, taking MOFs as sacrificial precur-
sors to derive metal oxides by processing heat treatment is another
promising route to synthesize high thermal stability substrates
[200]. In this review, we summarized some catalysts applied for
the steam reforming reaction by using MOF catalysts: the Pt-
SnO@MIL-101(Cr) catalysts from Kamyar’s group, the Ni0/ZIF-8
catalysts from Razavian’s group, and the Cu/Ce-Cu(BDC) catalysts
from Varmazyari’s group [199–202,215]. From the previous con-
clusion, it can be seen that both the decomposition temperature
of MILs and ZIFs analogs are suitable for the steam reforming reac-
tion, which could be proven in practice as well [160]. When it
comes to the thermal stability of MOFs, Healy et al.’s work must
be introduced [40]. After a series of TGA experiments, the thermal
decomposition temperature (Td) data they summarized, shown in
Fig. 14, indicates the resemblance within each group according to
the similar decomposition mechanism they claimed. Instead of
looking into the decomposition mechanism of MOF they proposed,
we will put emphasis on the outcome and the applications of MOF
under the heat treatment process in the future. It is evident from
Fig. 14. that hybrid ultra-microporous materials (HUMs) exhibit
the poorest thermal stability out of the low decomposition temper-
ature at 300 ℃ or below, which represents that HUMs are not suit-
able for catalytic substrates in SR reaction. HKUST and MIL-100
analogs share better thermal stability performance based on the
decomposition temperature being 400℃ or below, which are avail-
able in some moderate temperature conditions in SR reaction.
Isoreticular MOFs (IRMOFs), pyrazoles, ZIFs, and UiOs analogs are
all approximately limited below the temperature at 500 ℃,
whereas ZIFs and UiOs show a significant temperature range from
300 ℃ to 500 ℃. However, compared to all the other categories of
Fig. 14. Observed thermal decomposition temperature (Td) values for a range of
MOF family. Reproduced from Ref. [40] with permission of the Elsevier.
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MOFs, Healy et al.’s found an outstanding thermal stability MOF
called ultralight MOF (ULMOF), which decomposed at almost 600
℃. Instead of directly using MOF catalysts, here comes a study
focusing on the effects of catalytic thermal performance by using
MOF-derived catalysts. Khani et al. paid attention to alumina as
their support because of not only its well-known high thermal sta-
bility but also mechanical stability in the process of MSR [200].
Thus, Khani’s group chose one of the aluminum-containing MOFs
called A520 among several alumina materials because of its rela-
tively high porosity, high specific surface area, and most impor-
tantly, mass-produced feature as a potential factor in industrial
production scale. Based on those conditions, they synthesized six
different catalysts by alternating catalytic metals and supports,
including Pd/A520 MOF, Cu/A520 MOF, Pd/Al2O3(A), Cu/Al2O3(A),
Pd/Al2O3(M), and Cu/Al2O3(A) where Al2O3(A) and Al2O3(M) repre-
senting alumina derived from A520 and commercial alumina pur-
chased from Merck respectively. Judging from the results, the
performances of hydrogen and CO selectivity along with coke for-
mation are dominated by both metallic differences and supports.
To be more specific, Pd-based catalysts perform better than Cu-
based catalysts on the same support; however, when comparing
the same active metal with different support, the catalysts sup-
ported on Al2O3(A) perform better than Al2O3(M) in DRM reaction.
Hence, they reported that Pd/Al2O3(A) attained the highest metha-
nol conversion (97 %), the highest H2 yield (99 %), and the lowest
CO selectivity (2.6 %) by using MOF-derived alumina supporting
catalyst.

6.1.4. The influence of chemical stability on catalysts
As was mentioned how vital thermal stability was in the previ-

ous section, we will focus on another subject in this section. As the
scaling-up hydrogen production process develops, the deactivation
problem of catalysts becomes more and more inevitable as long as
the reaction time is expended, which is included poisoning, foul-
ing, metal sintering, coking, etc. [216]. Prevention from the forma-
tion of coke for hydrocarbon steam reforming reaction has been
investigated for decades. In this review, we will discuss the main
approaches to exhibit the coke formation. Firstly, the addition of
promotors is efficiently valid in suppressing the formation of coke.
Varmazyari et al. moved a big step forward on the MSR reaction by
discussing metal promotors on MOF-supporting catalysts [202].
The catalyst is prepared by a three-stage impregnation process
which are the impregnation of Cu(BDC) on monoliths, the impreg-
nation of promotor(X) on Cu(BDC)/monolith, and lastly, the
impregnation of Cu on Cu/X-Cu(BDC) supported on the monolith.
By impregnating seven different promotors, they examined the
catalytic activity of Cu/X-Cu(BDC) (X = Ce, Zn, Gd, Sm, La, Y, Pr) cat-
alysts. After the experiments, the results showed the difference in
the case of MSR reaction under the following order of Cu/X-Cu
(BDC): Ce > Sm > Y > La > Pr > without promoters > Zn > Gd. Driven
by curiosity, Varmazyari et al. were dedicated to investigating
what made Cu/Ce-Cu(BDC) the most suitable catalyst. According
to the characteristic technique called H2-TPR analysis, which could
speculate the CuO dispersion, Ce, Y, Sm, Pr, and La metal promotors
show lower reduction peak temperature in ascending order but Zn
and Gd act conversely. As the paper mentioned, the copper oxide
reduction temperature occurs at higher temperatures by weaken-
ing the interaction between the metal oxide and the support,
which may result in poor metal oxide distribution leading further
to undesired catalytic performance. Besides, there is other direct
evidence to prove the higher metal dispersion and smaller
nanoparticle size from TEM micrographs. It is worth mentioning
that the oxygen storage capacity of cerium oxide. By changing
Ce3+ to Ce4+, cerium oxide releases the oxygen form the surface
and the lattice without destroying the structure, contributing the
effect on decreasing coke formation via oxidizing the carbon
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deposit to carbon dioxide [217]. Additionally, there are more oxy-
gen defects on the catalysts decorated with promoters Pr, Sm, and
Y as well, contributing to a tendency of higher H2 selectivity and
lower CO selectivity through the MSR process. The addition of Ce
as a promoter had a major influence on MSR performance, in which
96 % methanol conversion, 94 % H2 yield, and 2.0 % CO selectivity
were attained for Cu/Ce-Cu(BDC). What is more, there is an excit-
ing approach to alleviate coke formation by decorating MOF. Raza-
vian et al. reported another possible path to accomplish not only
high hydrogen yield but also the hamper of coke formation by
using MOF-supporting catalysts [215]. To the best of our knowl-
edge, this is the first study of ZIF-8 as catalytic support in ethanol
steam reforming (ESR) reaction. It should be mentioned that Raza-
vian et al. modified ZIF-8 by adding a linear polymer named poly-
ethylene glycol (PEG) for the purpose of increasing the mesoporous
volume after the thermal removal process characterized by the rel-
evant BJH pore size distribution profile, leading to impeding the
occupation of coke during the process. As observed in the NH3-
TPD analysis, which helps us to identify the acidity of materials,
the higher desorption temperature from ZIF-8.PEG demonstrates
the acidity strength of ZIF-8.PEG is stronger than ZIF-80s even
though the total acidity is equivalent. In comparison with the con-
ventional Ni/c-Al2O3 catalyst, Ni/ZIF-8.PEG made significant pro-
gress in both ethanol conversion (88 %), hydrogen selectivity
(66 %) and CO selectivity (17 %), arising from the high specific sur-
face area, high dispersion of active sites, outstanding thermal sta-
bility, and lower acidity strength compared to Ni/ZIF-8 and
conventional Ni/Al2O3.

6.2. Hydrogen production from the dry reforming reaction

The escalating global warming problem has grabbed attention
world-widely. Therefore, the dry reforming reaction of methane
(DRM) involves the rearrangement between two greenhouse gases
(methane and carbon dioxide) to form valuable synthetic gas com-
prised of carbon monoxide and hydrogen as alternative energy
resources (see Eq. (4) below) [218]. Furthermore, the stoichiomet-
ric equivalence between CO and H2 has been extensively used in
generating various hydrocarbons depending on the catalysts via
the Fischer-Tropsch process [219,220].

CH4 þ CO2�2COþ 2H2 ð4Þ
The standard enthalpy of DRM is + 247 kJ mol�1, representing

that the DRM reaction is highly endothermic [218]. Compared with
steam reforming reaction, the DRM is usually carried out under a
higher-temperature environment ranging from 600 ℃-800 ℃,
demonstrating that DR reaction consumes more energy than SR
reaction [221]. However, DR reaction is still a promising green
preparation for syngas and hydrogen production because of its
Table 2
Summary of MOF-derived catalysts applied for dry reforming of methane reactions.

Entry Catalyst MOF/MOF
precursor

Reactant Reactant
Conversion

CO2

Conversion
H2/
rat

1 Ni5wt%-
Al2O3-MOF

MIL-53(Al) methane 76 % 79 % 1.0

2 Ni0/Al2O3 MIL-53(Al) methane 74 % 80 % 1.0

3 NiCo@C/
Al2O3

Ni-Co-MOF methane 52 % 76 % 0.8

4 Ni-
Co@CMOF-
74

MOF-74(Ni,
Co)

methane 57 % 65 % 0.8

5 PtNP@UiO-
67

UiO-67(Zr) methane 56 % 43 % 1.1

6 Ni0/Al2O3–
PET

MIL-53(Al) methane 70 % 75 % 1.0
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environmentally friendly greenhouse gas consumption. An over-
view of various MOF and MOF-derived catalysts applied for the
dry reforming reactions are summarized in Table 2.
6.2.1. The influence of metal selection and thermal stability on
catalysts

At present, the catalysts introduced in dry reforming (DR) reac-
tion with supported noble metals such as platinum, palladium,
ruthenium, iridium, or rhodium are active and stable [222]. How-
ever, one cannot have it both ways because of the lethal disadvan-
tages of the industrial scale-up process being expensive and rarely
available. Instead, researchers shift the focus to the transition-
metal-based catalysts (nickel, cobalt, iron, etc.) applied to DR reac-
tion; nickel is commonly used because of its high catalytic activity
and relatively low cost [223]. As we mentioned before that DR is an
endothermic reaction, DR reaction is required to carry out under
high-temperature conditions over 600 ℃, which exhibits the reac-
tion is exceedingly energy-intensive [221]. Thence, high-
temperature resistance materials, namely MOF-derived metal oxi-
des under this circumstance, are one of the best options for cat-
alytic supports because of their distinguished high surface area
from mother MOF. Karam et al. from Sorbonne university of Paris
and the University of Balamand dedicated themselves to highly
dispersed nickel nanoparticles embedded on MOF-derived support
for DRM reaction [224–226]. At the beginning of the investigation,
they aimed to compare the difference in DRM performance
between two preparation routes of nickel-based alumina catalysts:
MOF-derived approach and evaporation-induced self-assembly
(EISA) one-pot approach, which are labeled with A and B, respec-
tively [Fig. 15] [224], in the following figure. In the A route,
aluminum-containing MOF named MIL-53(Al) features the anchor-
ing points for Ni2+ ions after the nickel impregnation process owing
to the aluminum-hydroxyl nodes linked by organic structuring
ligands. After the thermal calcination and sequent reduction pro-
cess, highly dispersed reduced nickel nanoparticles on c-Al2O3 cat-
alysts are obtained through this procedure. The B route is a so-
called one-pot synthesis stemming from the direct combination
of nickel and aluminum precursors, organic ligands, and solvents
in the synthesis gel, leading after the evaporation triggers the
self-assembly process leading to the formation of hexagonal hybrid
nickel-aluminum materials. After the thermal calcination, the
organic linkers are removed to release the porosity so that the
mesoporous nickel-alumina supports are obtained. Then, the
well-dispersed Ni0 nanoparticles on c-Al2O3 catalysts are finally
obtained after reduction from Ni2+ to Ni0. The similarity between
these two approaches is that the nickel aluminate intermediate
(NiAl2O4) directly proven by XRD and TPR characterizations after
the calcination process would significantly enhance the dispersion
CO
io

Reaction condition Stability Ref.

3 650 �C, 13 h, 1 atm, GHSV = 72 L g-1h�1 650 �C, 13 h [224]

3 650 �C, 100 h, 1 atm, CH4/CO2/Ar 5:5:90 M ratio,
GHSV = 72 L g-1h�1

650 �C, 100 h [225]

7 700 �C, Flow rate: 5 vol% methane, 5 vol% CO2,
90 vol% N2

700 �C, 8 h [229]

2 750 �C, 7 h, 5 bars, CH4/CO2/N2 1:1:1 M ratio,
GHSV = 18 L g-1h�1

700 �C, 10 h,
5 bars

[228]

0 11 W, CH4/CO2 1:1 M ratio, feed flow rate:
100 mL min�1

11 W, 2 h [232]

0 800 �C, 2 h, 5 vol% H2/Ar, 30 mL min�1 650 �C, 13 h [226]



Fig. 15. Schematic representation of the (A) MOF-derived and (B) one-pot EISA synthesis routes. Reproduced from Ref. [224] with permission of the MDPI.
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of nickel nanoparticles and diminish nickel mobility by strengthen-
ing the interaction between metal nanoparticles and support,
which contributes to the well catalytic stability and performance
in DRM reaction. From the catalytic performance of the Ni5wt%-
Al2O3-MOF and Ni5wt%-Al2O3-EISA catalysts in DRM reaction, we can
tell that both catalysts do a remarkable job in reactant conversions
and H2/CO ratio. Nonetheless, Karam et al. confirmed that the
MOF-derived catalysts still performed merely better catalytic
results, which could be attributed to two main reasons. Firstly,
the higher specific surface area provides easier approachability to
active nickel sites, which could directly be proven through BET
analysis. Secondly, smaller metal nanoparticles and better Ni0 dis-
persion were performed in MOF-derived catalysts because of the
strong nickel-alumina interaction resulting from the nickel alumi-
nate spinel intermediates (NiAl2O4) in the calcined materials. The
X-ray diffractogram results showed the prominent peaks of NiAl2-
O4 in the case of calcinated Ni5wt%-Al2O3-MOF. Meanwhile, the
higher reduction temperature of Ni5wt%-Al2O3-MOF was exhibited
compared with Ni5wt%-Al2O3-EISA’s in TPR profiles which repre-
sented that nickel oxides were embedded more homogeneously
due to the nanocrystalline spinel. Likewise, the elucidation was
in line with the XRD results. Comparing the DRM performance
between Ni5wt%-Al2O3-MOF and Ni5wt%-Al2O3-EISA, the conversion of
methane is 76 % and 71 %, the conversion of CO2 is 79 % and
75 %, and H2/CO ratio is 1.03 and 1.09, respectively. In the further
investigations of Ni5wt%-Al2O3-MOF denoted as Ni0AlMIL catalysts in
this work applied to practical large-scale steam reforming reaction
of methanol, there is an increasing emphasis on the importance of
its stability and reaction duration [225]. Thereby, Karam et al.
remeasured the catalytic performance, such as reactant conver-
sions ad H2/CO ratio with the exclusive prolonged reaction dura-
tion from 13 h to 100 h and other consistent parameters to
demonstrate the overwhelming reaction stability from the catalyst.
From the conversions and H2/CO ratio to the time diagram they
plotted, we could learn that Ni0AlMIL not only remained stable over
100 h of reaction duration and still kept in the initial stage but also
nearly approached the calculated thermodynamic equilibrium con-
versions regarded as the maximum conversions, which were con-
tributed to the homogeneous metal nanoparticles dispersion
leading to barely deactivation. According to the TGA profiles, there
was nothing to trace weight loss of the spent Ni0AlMIL, which indi-
cated that side reactions resulting in coke formation were well
inhibited. Extending the reaction time from 13 h to 100 h shows
that methane conversion decreases from 76 % to 74 %, CO2 conver-
sion increases from 79 % to 80 %, and H2/CO ratio increases from
18
1.01 to 1.03 in the DRM reaction. Afterward, with the goal of fulfill-
ing a circular economy, Karam et al. aimed to improve the catalyst
synthesis recipe to a more sustainable preparation via fabricating
MIL-53(Al) by using PET plastic waste as the source of terephthalic
acid as solutions for the growing environmental problem [226].
Consequently, in this study, Karam et al. comprehensively evalu-
ated four catalysts followed by different preparation routes,
including Ni0-Al2O3-PET, Ni0-Al2O3-BDC, Ni0-Al2O3-BDCMW, and
Ni0-Al2O3-COM, in catalytic performance as well as the stability.
They highlighted the fungibility of PET-derived catalysts instead
of sacrificing the previous overpriced organic linker. Among these
four catalysts, it shows a pronounced tendency that Ni0-Al2O3-
BDCMW > Ni0-Al2O3-PET > Ni0-Al2O3-BDC > Ni0-Al2O3-COM within
both CH4 and CO2 conversion and H2/CO ratio as well, which indi-
cates the PET-derived catalysts displays not only a better environ-
mentally friendly materials but also alternative catalysts in DRM
reaction in the future. It is noteworthy that the best performance
catalysts denoted as Ni0-Al2O3-BDCMW is a microwave-based
preparation fabricated by route A I mentioned previously. In this
case, PET-derived Ni0/Al2Odisplays 70 % methane conversion,
75 % CO2 conversion, and 1.00 H2/CO ratio.

6.2.2. The influence of chemical stability on catalysts
As opening up new horizons for the utilization of transition-

metal-based catalysts applied to DRM reaction, the catalytic deac-
tivation problems swept under the carpet finally came to the fore.
There are two main drawbacks for industrial applications: firstly,
metal sintering effects at high temperatures may lead to agglomer-
ation; secondly, the formation of coke deposits occurs due to the
decomposition of methane as a side reaction, which both result
in the significant loss of active sites [227]. Liang et al. proposed
novel bimetallic MOF-derived catalysts by an in-situ process of
mixing nickel and cobalt precursors, functionalized H2-BDC-NH2,
alumina in DMF, and acetic acid as a means to set up the environ-
ment for Ni/Co-MOF hydrothermal synthesis growing on alumina
support [228]. Finally, the MOF-derived catalysts denoted as
NiCo@C/Al2O3 are acquired after the pyrolysis and reduction oper-
ation. As the results of the catalytic performance experiments,
MOF-derived NiCo@C/Al2O3 were regarded as high-efficiency cata-
lysts for DRM reaction based on its high conversions, high H2/CO
ratio, low amounts of coke deposits, and high turnover frequencies
(TOF). In order to figure out what made the MOF-derived alloy-
carbon composites high-performance catalysts, Liang et al. [228]
analyzed catalysts from different aspects. They found that the car-
bon shell covering metallic sites synthesized during the pyrolysis
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process (shown in Fig. 16) functionalized as spacers to prevent
metal from gathering, which represents that the carbon shell alle-
viates the sintering problem. Besides, the amorphous carbon also
acted as a barrier to reduce the diffusion rate of methane to the
active metal site, thereby suppressing coke formation due to rapid
methane carbonization. Moreover, the addition of cobalt was
determined by CO2-TPD that there was an increase of basicity on
the surface of catalysts, leading to stronger adsorption to CO2,

which was beneficial to the DRM reaction. To summarize, they pro-
posed a MOF-74 derived Ni-Co metals on Al2O3 applied for dry
reforming of methane, and the results show 52 % methane conver-
sion, 76 % CO2 conversion, and 0.87 H2/CO ratio. Khan et al. brought
over another MOF-derived catalyst treated after the thermal car-
bonization process featuring the benefits of Ni-Co-MOF as precur-
sors for DRM reaction [229]. They prepared a bimetallic
heterogeneous catalyst with the same active metals, but a different
class of MOF named MOF-74 by carbonizing the as-synthesized Ni-
Co MOF-74/CPO-27 via nitrogen pyrolysis condition. Finally, Ni-
Co@CMOF-74 was obtained after the passivation process under a
5 % oxygen environment. It is interesting that Khan’s group noticed
the pressure problem of the carbon-shell-protected catalysts. Ini-
tially, they attempted to implement the catalytic performance
under atmospheric pressure to establish the baseline for the latter
experiments. However, surprisingly, none of the MOF-derived cat-
alysts showed the activity for methane and carbon dioxide. It
turned out to be the impendence caused by carbon shells required
an extra pressure gradient so that the gas-phase reactants could be
adsorbed by active metals by penetrating over the carbon shells;
thereby, the experiments were performed under 5 bars to show
their catalytic performance, including methane conversion (57 %),
CO2 conversion (65 %), and H2/CO ratio (0.82) were attained for
Ni-Co@CMOF-74.

6.2.3. The nonthermal-activated dry reforming reaction
In spite of the fact that thermal catalytic dry reforming reaction

of methane (DRM) is known as the promising approach to produc-
ing syngas by consuming the escalating emission of greenhouse
gases day by day, the intensive energy consumption becomes an
obstacle on the path to green process because of its thermodynam-
ics. There is more and more attention to the non-thermal activated
dry reforming reaction to cope with the energy problem [230,231].
In this case, Vakili et al. proposed a plasma-assisted catalytic DRM
process by using UiO-67 MOF-based catalysts [232]. During the
non-thermal plasma process, delocalized electrons accelerated by
Fig. 16. Schematic representation for the synthesis of NiCo-MOF and derived
NiCo@C nanocomposites on Al2O3. Reproduced from Ref. [228] with permission of
the American Chemical Society.
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the electric field collide with the neutral atoms leading to the
formation of ions and radicals, which are unstable but reactive. It
was measured that the collisions did not cause an apparent tem-
perature rise because of their insignificant collision momentums,
which was an appealing benefit compared to the thermal-
assisted catalytic process [232]. Now turning to the catalyst design,
as discussed in the thermal stability of MOF above in the steam
reforming section, UiO analogs with a wide range of thermal
decomposition temperatures are available for plasma-assisted
DRM. Herein, Vakili and co-workers [232] demonstrated the DRM
catalytic performance over three materials: ZrO2, UiO-67(Zr), and
PtNP@UiO-67(Zr). Before proceeding to examine the performances
of DRM reaction, it will be necessary to figure out the mechanism
of plasma-assisted DRM reaction, which is shown in Fig. 17; there
are two initial paths of plasma dissociation from CH4 and CO2 to
produce CHX (x = 1,2 and 3) and O radicals, respectively. They men-
tioned that electron energy dominated the selectivity of hydrocar-
bon in previous studies. To be more specific, high electron energy
would result in the formation of C2H2 and vice versa; more C2H6

and C3H8 would be formed with low electron energy conditions.
The results showed higher light hydrocarbons (C2H2/C2H4) selec-
tivity but lower C2H6 selectivity on UiO-67 in non-thermal
plasma-assisted DRM reaction plasma-alone and ZrO2 results,
which indicated that the high porosity nature and specific surface
area of UiO-67 benefits the formation of the filamentary micro dis-
charges and surface discharges respectively. Additionally, the well-
performance capacity of CO2 and CH4 adsorption benefits the con-
versions of CO2 and CH4 as well. Moreover, in this case of DRM
reaction, the PtNP@UiO-67 with the addition of active metal
nanoparticles could efficiently promote the catalytic performance
in both selectivity and conversion attributed to the dissociation
of reactants which in-situ DRIFTS characterizations could prove.
In this case, PtNP@UiO-67(Zr) achieved 56 % methane conversion,
43 % CO2 conversion, and 1.10 H2/CO ratio in the non-thermal
plasma-assisted DRM reaction. Although the catalytic perfor-
mance, in this case, seems to be in the shade compared with other
catalysts in the dry reforming process, the apparent advantage is
its low-required energy which is beneficial to future green hydro-
gen production.
Fig. 17. Main reaction pathways in plasma-assisted catalytic DRM. Products and
intermediates are shown in black (or green) and gray, respectively. Metastable Ar is
shown in blue. Reproduced from Ref. [232] with permission of the Elsevier.
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7. Photo and/or electrocatalytic systems for hydrogen evolution,
oxygen evolution, and overall water splitting assisted by
covalent organic frameworks

Covalent organic frameworks (COFs) are highly crystalline
materials that offer an excellent platform for constructing unique
photo and/or electrocatalytic systems for hydrogen production,
oxygen production, and overall water splitting. According to our
knowledge, this is the first review report on developing hydrogen
evolution strategies for the covalent Organic Framework, including
water reduction, oxygen generation and overall water splitting
through photocatalysis, electrocatalysis, and photoelectrochemical
processes, respectively. Water splitting by photocatalysis involves
HERs and oxygen evolution reactions [233]. A photocatalytic mate-
rial is ultraviolet–visible with ultraviolet, visible, or ultraviolet–
visible (UV–Vis) light, which creates photo-excited electrons and
holes, causing water to be reduced/oxidized into hydrogen and
oxygen (Fig. 18(a)). It is, however, difficult to further make the effi-
cient HER because of recombination of electrons and holes. A sac-
rificial electron donor (SED) such as triethanolamine (TEOA),
triethylamine (TEA), diethylamine (DEA), and ascorbic acid (AA)
plays a vital role in photocatalytic hydrogen evolution by partici-
pating in reduction or oxidative quenching [234]. A typical photo-
chemical system consists of PSs, electronic relays (ERs),
semiconductor electrolytes (SEDs), and catalysts (PS⁄) [235]. By
SED, it is reduced to PS� (reduction quenching mechanism) or oxi-
dized to PS+ by ER (oxidative quenching mechanism). In addition,
PS+ can react directly with SED to generate PS for the oxidative
quenching pathway. In contrast, PS can respond with ER to gener-
ate PS as part of the reductive quenching pathway. Additionally,
both the reduced ER� and the catalyst can be applied to the proton
reduction reaction to generate H2. Additionally, it is worth noting
that the catalyst and PS in a three-component photocatalytic sys-
tem can be directly used for the photocatalytic response without
ER [235–237]. In a photoelectrochemical system, the COF can also
be deposited onto an electrode to serve as a working electrode
instead of a SED. Electrons will be extracted from the counter elec-
trode oxidative reaction to fill the holes in the VB (Fig. 18(b)) [238].

7.1. COFs for photocatalytic HER, OER, and overall water splitting

Achieving hydrogen production through photocatalytic water
splitting using water and sunlight, two sustainable and infinite
resources on this planet, is thought to be the essence and of funda-
mental importance to address the global energy crisis and issues
with global warming [239]. Hydrogen is widely regarded as the
Fig. 18. (a) General Mechanism of photocatalytic water splitting of semiconductor mat
[238] with permission of the MDPI.
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best alternative to fossil fuels. The field of photocatalytic hydrogen
evolution using COFs as photocatalysts has recently attracted more
study interest and is becoming a potential area [240–242].
Enhancing the ability to absorb visible light, enabling
electron-hole separation, and suppressing photocorrosion over a
long period of time are all examples of how to design and modify
photocatalysts for increased performance. COFs as a versatile plat-
form show promising applications in photocatalysis, and numer-
ous ways for improving their activity based on pristine COFs and
modified COFs have been devised. The most straightforward tech-
nique to boost visible-light absorption and decrease recombination
of photogenerated electrons and holes is through the intricate
insertion of functional building blocks to adjust the optical and
electrical properties of COFs [66]. COFs’ physical and chemical
characteristics may be altered by changing the building blocks,
allowing for molecular control of their band gap configuration.
Band gap engineering may be accomplished by incorporating
anions and cations into the framework in order to improve light
harvesting performance and tune redox band potentials. It is cru-
cial for photocatalytic processes to effectively utilize solar energy
throughout a broad range. Incorporating sensitizers is another
intriguing technique for increasing photocatalytic activity by
broadening light absorption to a larger wavelength range. Further-
more, COFs with various functional groups and p stacking
nanosheets [Fig. 19] serve as an excellent platform for the synthe-
sis of hybrid materials including various semiconductors. The for-
mation of COF-based hybrid photocatalysts is regarded as a
feasible and compelling strategy for improving photocatalytic
activity, with the benefits of increasing visible light absorption,
facilitating electron transfer between composites, and improving
the separation efficiency of photogenerated electron-hole pairs.

7.1.1. COFs for photocatalytic HER
Currently, for photocatalytic water splitting, only a limited

number of COF materials have been examined. Using rigorous
molecular engineering, Seki and his co-workers developed a num-
ber of 2D isoreticular COFs as shown in Fig. 20(a). To establish a
structure–property-activity relationship for COFs to identify key
factors for efficient photocatalytic H2 production,
Donor � acceptor (D � A) conjugation, torsional angles, and reac-
tion conditions were varied to realize the effect of light absorption,
electronic band position, exciton migration, charge carrier genera-
tion and transport, layer stacking, crystallinity, surface area, and
morphology over photocatalytic activity. As a result, the COFs
exhibited different photocatalytic H2 production under visible
light. Light absorption, charge carrier formation, and transport
erials and (b) photochemical Mechanism for H2 generation. Reproduced from Ref.



Fig. 20. (a) Chemical Structures of the Building Blocks along with Corresponding Molecular Lengths and Torsional Angles. (b) Time course for photocatalytic H2 production
under visible light (�400 nm) of all of the prepared COFs (20 mg COF, 1 wt% Pt, water � TEOA (4:1, 100 mL, pH 11). (c) Comparison of photocatalytic hydrogen evolution rates.
(d) EPR spectra of AntCOF150, TpCOF150 and BtCOF150 loaded with 1 wt% Pt under light and dark conditions. Reproduced from Ref. Ref. [243] with permission of the
American Chemical Society.

Fig. 19. Structures of some the reported COF building blocks; donors and acceptors; used for photocatalytic water splitting.
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were found to have a stronger effect on photocatalytic H2 evolution
than other parameters. Thus, in the presence of a low metallic Pt
(1 wt%) cocatalyst, BtCOF150 demonstrated the highest rate of H2

evolution [Fig. 20(b-d)] [243]. In the past few years, researchers
have been studying how different functional groups connected to
the backbone of COFs influence the effectiveness of photocatalytic
H2 evolution in recent years. Sun et al., have investigated the effect
of donating and withdrawing functional groups attached in the
backbone of COFs on the photocatalytic H2 evolution activity, by
synthesized a variety of ketoenamine-based COFs with the same
host framework as model system, including TpPa COF X (X = -H,
-(CH3)2, and NO2) [Fig. 21(a)]. They observed that the donating
group has a beneficial influence on photocatalytic activity, and that
electron donating groups can develop strong conjugations effect,
which can improve light absorption and charge carrier mobility,
hence boosting photocatalytic activity [Fig. 21(b)]. On the other
hand, the withdrawing group has a detrimental influence on
photocatalytic activity. TpPa COF (CH3)2 has an H2 evolution rate
of 8.33 mmolg-1h�1 and does not noticeably decrease after 30 h
of irradiation [Fig. 21(c)], which is approximately 6 times and 38
times greater than TpPa COF and TpPa COF NO2, respectively
[244]. The incorporation of halogen atoms into the acceptor moiety
of a donor–acceptor COF system might be a potentially beneficial
technique for increasing the photocatalytic capabilities of COFs.
Chen and his co-workers proposed photoactive benzothiadiazole
(BT) based COFs (BT-COFs) as a modular example due to the strong
electron-deficient acceptor unit of BT and the efficient intramolec-
ular charge transfer induced by the D-A alternating skeletons via
polycondensation of 4,40,40’,40’’-(pyrene- 1,3,6,8-tetrayl)tetrabenzal
dehyde (Py-CHO) with terphenyl based diamines (XTP-BT-NH2)
annulated with fluorinated, chlorinated or non-halogenated BT
units under solvothermal conditions [Fig. 21(d)]. Powder X-ray
diffraction measurements were used to investigate the crystallini-
ties of Py-XTP-BT-COFs as shown in Fig. 21(e) and (f). Py-ClTP-
Fig. 21. (a) Schematic illustration of the synthesis of TpPa COF X, (b) The photocatalytic H
routes of Py-XTP-BT-COFs under solvothermal conditions and Top view (left), side view
which indicate the armchair conformations of the central pyrene moieties. e), f) Experime
and Tauc plot of Py-HTP-BT-COF, Py-FTP-BT-COF and Py-ClTP-BT-COF, h) hydrogen evolu
Pt-cocatalyst, i) Time course stability of Py-HTP-BT-COF, Py-FTP-BT-COF and Py-ClTP-BT-
Sons.
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BTCOF demonstrated significantly higher photocatalytic H2 evolu-
tion rates (HER = 177.50 lmolh�1) than that of Py-FTP-BT-COF
(HER = 57.50 lmolh�1) and the non-halogenated Py-HTPBT-COF
(HER = 21.56 lmolh�1), suggested that the facilitated charge sepa-
ration and reduced energy barrier for H2 formation in these halo-
genated BT-COFs are the primary reasons accounting for the
enhanced photocatalytic performances [Fig. 21(g-i)]. Chlorine
modification at the photoactive benzothiadiazole moiety can sup-
press charge recombination more effectively and greatly lower
the energy barrier associated with the generation of H intermedi-
ate species (H*) on the COF surface [245]. Researchers have used
metal-based catalysts to increase the performance of COF-based
hydrogen evolution photocatalysts since it has been shown that
metal-based catalysts improve charge recombination in several
types of semiconductor-based photocatalysts. Metal-decorated
COFs have recently received more interest in hydrogen evolution.
Sun et al., synthesized a series of COF (TpPa-2) composite materials
modified with nickel hydroxide (Ni(OH)2-X%/TpPa-2), which show
the highly enhanced photocatalytic H2 evolution activity from the
original COF (Fig. 22(a)). In this work, nickel is used as a co-catalyst
which is an efficient material that improves charge separation and
visible light absorption. The photocatalytic hydrogen evolution
studies under visible light illumination demonstrate that the opti-
mal photocatalytic H2-evolution rate for Ni(OH)2–2.5 %/TpPa-2 is
up to 1895.99 lmolh-1g�1 [Fig. 22(b) and (c)]. The considerable
increase in the charge separation capabilities in this instance is
due to the coexistence of Ni(OH)2 and metallic Ni, which also
results in improved photocatalytic performance that is comparable
to the Pt co-catalyst [Fig. 22(d)] [246]. In another report, Deng et al.
constructed a covalent organic framework photocatalyst with a
neighboring hydroxyl group and an imine bond in each constitu-
tional unit to achieve high dispersion in situ photodeposition of
Pt clusters on the 2D COF surface layer (Fig. 22(e)). On the covalent
organic framework, the widespread platinum clusters reveal a con-
2 evolution activities and (c) The photocatalytic stability of TpPa COF X. d) Synthetic
(middle) and partial enlarged detail (right) of AA stacking mode of Py-ClTP-BT-COF,
ntal and simulated PXRD patterns of Py-FTP-BT-COF and Py-ClTP-BT-COF. g) UV–vis
tion rate of Py-HTP-BT-COF, Py-FTP-BT-COF and Py-ClTP-BT-COF with and without
COF for 48 h Reproduced from Ref. [244,245] with permission of the John Wiley and



Fig. 22. (a) Schematic synthesis a series of Ni(OH)2-X%/TpPa-2 composite materials. (b-c) Comparison of photocatalytic H2 evolution activity of series of Ni(OH)2-X%/TpPa-2
and TpPa-2. (d) The photocatalytic stability of Ni(OH)2–2.5%/TpPa-2 (e) Synthesis process and structure of PY-DHBD-COF. (f) Energy band positions of COFs. (g) Time
dependent hydrogen evolution for PY-DHBD-COF with different Pt loading amount. (h) Long-term hydrogen production for 3 wt% Pt loaded PY-DHBD-COF. Reproduced from
Ref. [246] with permission of the Elsevier.
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siderable active surface and substantially simplify the electron
transport. This study shows how to take full use of the designable
and customizable pore structure of a COF to create an effective
photocatalyst by controlling the deposition of photocatalytic co-
catalysts at the atomic level. The neighboring imine-N and regu-
23
larly spaced hydroxyl groups on the structural units help to pro-
vide the best adsorption sites for the Pt precursor, resulting in
the uniform in situ photodeposition of Pt co-catalysts at lengths
ranging from single atoms to tiny clusters and nanoparticles, con-
siderably enhancing the spatial charge transfer between the COF



Fig. 23. (a) Schematic of the synthetic process for the Ni12P5/TpPa-1-COF composite. (b) Photocatalytic hydrogen evolution efficiency of 12.5% Ni12P5/TpPa-1-COF under
different sacrificial systems. (c) Photocatalytic H2 evolution amount comparison for the series of Ni12P5/TpPa-1-COF composites under different times. (d) Photocatalytic H2

production rates for TpPa-1-COF and TpPa-1-COF composites containing different amounts of Ni12P5. (e) Schematic diagram for BPy2+-accelerated photocatalytic hydrogen
evolution from water splitting by virtue of electron-transfer effect. (f) 8-h HERs of Tp-BPy-COF and three quaternized Tp-nC/BPy2+-COFs (n = 2, 3, 4) with roughly 20 mol.% of
cyclic diquats. (g) Photocatalytic hydrogen generation with Tp-2C/BPy2+-COF (19.10 %) upon a 48 h visible irradiation (k > 420 nm). Reproduced from Ref. [247] with
permission of the John Wiley and Sons.

Fig. 24. (a) Synthesis of the COFs studied in this work. Scheme of synthesis of TtaTfa, TtaTfa AC, TpaTfa, TpaTfa AC, TtaTpa, and TtaTpa AC. AC = ascorbic acid modification. (b)
Time course of photocatalytic H2 evolution for TtaTfa, TpaTfa, and TtaTpa using AC as SED (3 mg catalyst, 16 mL 0.1 M AC aqueous solution, 3 lL H2PtCl6 (8 wt%), k > 420 nm,
20 �C). Comparison of photocatalytic HER rates of the above COFs using (c) AC as SED and using (d) TEOA as SED (5 mg catalyst, 16 mL water, 2 mL TEOA, 5 lL H2PtCl6 (8 wt%),
k > 420 nm, 20 �C). Reproduced from Ref. [249] with permission of the John Wiley and Sons.
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and co-catalyst (Fig. 22(f-h)) [241]. In order to achieve visible-
light-driven water splitting, it is urgently necessary to investigate
the alternatives to the noble metal co-catalysts and create effective
noble-metal-free photocatalysts due to the disadvantages of high
cost, limited resources, and easy accumulation for the noble metal
co-catalysts (e.g., Pt, Au, Pd). The transition metal phosphides have
been demonstrated to be a form of prospective non-noble metal
co-catalysts and have the benefits of rich resources, numerous
active sites, good charge transfer, and adjustable structure among
other non-noble metal co-catalyst kinds. Ma et al. have success-
fully combined TpPa-1-COF with transition metal phosphide
(TMPs) via a direct solvothermal approach to create a series of
noble-metal-free photocatalysts called TMPs/TpPa-1-COF. The
Ni12P5/ TpPa-1-COF demonstrates the highest activity for solar-
driven water splitting and is equivalent to the Pt/TpPa-1-COF
because it has more reactive sites than Ni2P and CoP and lower
energy barriers for H2 production (Fig. 23a) [247]. Without the
using of a noble metal co-catalyst, the Ni12P5/TpPa-1-COF can
effectively convert water to H2 under visible light irradiation, with
an H2 production rate of up to 31.6 lmol h�1 (Fig. 23b-d). As well
known, electron-transfer mediators (ETMs) have a dual role in
accepting and donating electrons in a dynamic equilibrium, as well
as sustaining electron-transfer processes to improve reaction effi-
ciency. A post-synthetic approach to engineering the site-isolated
ETMmodules on a COF based on 2,20-bipyridine has been proposed
by Guo and co-workers (Fig. 23e). The distribution and content of
implanted diquat-ETMs are meticulously managed, resulting in the
advantageous site isolation arrangement. When compared to a
single-module COF and a COF/ETMcombination, the resultant
materials demonstrate an elevated hydrogen evolution rate
(346 lmolh�1) with long-term photocatalytic activity for H2 pro-
duction (Fig. 23(f, g)) and sustained performances because they
Fig. 25. (a) Schematic illustration of the synthesis of PMDA-COF, DHTA-COF, and TPAL
(c) H2 evolution rates of PMDA-COF, DHTA-COF, and TPAL-COF under visible light irradi
(3 wt%) as co-catalyst. The inset is the comparison of H2 evolution rate, (d) Typical time
20 h. Reproduced from Ref. [250] with permission of the Elsevier.
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combine photosensitizing units and ETMs into a single system.
They are individually immobilized on the various sites and segre-
gated from one another due to the combined impact of electro-
static repulsion and steric hinderance, which prevents the
production of stable -stacked cationic radicals during the electron
transfer process [248]. In 2021, Thomas and his co-workers inves-
tigated the impact of protonation on the efficiency of photocata-
lysts based on imine-COFs (Fig. 24a). In this work three 2D
imine-linked COFs were constructed. When using an acidic SED
(ascorbic acid), these imine COFs exhibit strong photocatalytic
HER reactivity (Fig. 24b), while very little H2 was generated in an
alkaline condition (TEOA as SED) (Fig. 24c). The protonation of
the imine linkage is responsible for the strong photocatalytic HER
activity of these COFs (Fig. 24d) [249]. Linkage chemistry fre-
quently impacts the chemical stability and electron transport of
COFs, which is crucial for photochemical reactions. Yan and his
team investigated the effect of different linkages on the HER activ-
ity using three COFs with the same triazine benzene as a junction
and phenyl as a connector, with different linkages monomer
(Fig. 25a). They were built as the imide-COF (PMDA-COF), imine-
COF (DHTA-COF), and imine-COF (TPAL-COF), respectively. Accord-
ing to photocatalysis studies, PMDA-COF has a HER activity of
435.6 lmol h� 1g�1, which is much greater than the HER activities
of DHTA-COF and TPAL-COF over a 20-hour exposure (Fig. 25b-d).
It’s worth mentioning, PMDA-COF is much better at separating
photogenerated charge and light-absorption intensity than
DHTA-COF and TPAL-COF based on their photochemical properties.
These results revealed that PMDA and TAPT differ in energy, which
forms a D-A heterostructure between them, allowing not only for
the modification of the electronic band structure but also for the
separation of reduction and oxidation sites. Furthermore, due to
hydrogen bonds formed between carbonyl groups and water mole-
-COF, (b) UV–vis diffuse reflectance spectra PMDA-COF, DHTA-COF, and TPAL-COF,
ation (k > 420 nm) using TEOA solution (10% in volume) as sacrificial agent and Pt
course of hydrogen production under visible light irradiation using PMDA-COF for
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cules in PMDA-COF, the photocatalytic reaction advances. There-
fore, inhibiting the combination of electrons and holes [250]. Inter-
estingly, the function of metal active sites in increased
photocatalytic performance for H2 evolution is not adequately dis-
cussed. Zhang et al. successfully synthesized a single-atom Pt
anchored on - ketoenamine-linked TpPa-1-COF with 2D structural
properties by integrating its microporous structure and unsatu-
rated coordination toward water splitting to H2 generation
(Fig. 26a). The enhanced photocatalytic performance for H2 evolu-
tion is attributed to excellent photogenerated charge separation
and migration, as well as well-dispersed active sites of single-
atom Pt
(Fig. 26b-d) [251]. Recently, construction of 2D COFs for heteroge-
neous photocatalysis has been carried out using porphyrin and its
derivatives, a class of conjugated macrocycles with distinctive pho-
tophysical and redox characteristics. The insertion of various metal
ions into porphyrin units can rationally modify their photophysical
and electrical characteristics, influencing the photocatalytic activ-
ity of related COFs. To investigate the structure–property-activity
link in photocatalytic HER at the molecular level, Wang et al., pre-
sented the planned synthesis and characterization of four isostruc-
tural porphyrinic 2D COFs, which have a broad pore surface and a
high crystallinity (Fig. 27a). It’s interesting to note that the photo-
Fig. 26. (a) Schematic illustration for the Preparation of Single-Atom Pt Anchored on TpP
per unit mass. (c) Photocatalytic H2 evolution bar chart of all samples with error bars. (d)
Ref. [251] with permission of the American Chemical Society.
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physical and electrical characteristics of the porphyrinic COFs may
be changed by adding various transition metals to the porphyrin
rings. These COFs demonstrated a variable rate of photocatalytic
hydrogen synthesis, which is mostly attributable to their molecu-
larly engineered charge-carrier dynamics. The amount of hydrogen
evolution of ZnPor-DEATH-COF has higher efficiency than
CoPor-DETH-COF and NiPorDETH-COF (Fig. 27b, c). Because the
ZnPor-DETHCOF holes can freely travel through the macrocycle-
on-macrocycle channel to the surface and transfer electrons
through the Zn � � � Zn chain, resulting in a long-time charge separa-
tion state (Fig. 27d) [252]. Many synthetic factors play an invisible
role in the crystallization of COFs, and the nature of the solvent is
one of the most influential. Chou et al. investigated the influence of
solvent polarity on the crystallinity of a COF synthesis product and
its effect on photocatalytic H2 evolution. According to PXRD, the
formation of crystalline COFs is substantially facilitated when a
highly polar organic solvent is used as the reaction medium. There-
fore, the ease with which the COFs crystallize depends on the sol-
vent’s polarity or capacity to act as a hydrogen bond donor. This is
due to the fact that the values of interaction energy (Ea) fall as the
polarity of the solvents increases, which speeds up crystal forma-
tion. Such increased crystallinity COFs may be advantageous for
improving hydrogen evolution rates when driven by visible light.
a-1-COF (Denoted as Pt1@TpPa-1). (b) Photocatalytic performance for H2 evolution
Photocatalytic performance for H2 evolution per unit surface area. Reproduced from



Fig. 27. (a) Schematic representation of the synthesis of MPor-DETH-COFs. (b) Time dependent H2 photogeneration using visible light for H2Por DETH-COF, CoPor-DETH-COF,
NiPor-DETH-COF and ZnPor-DETH-COF. (c) Long-term H2 production using visible light for ZnPor-DETH-COF for 120 h (recycled every 40 h for three times). (d) The isosurface
of the electron orbitals of blue VBM and magenta CBM (upper panel) and schematic illustrations of the hole-electron transport processes (lower panel) in MPor-DETH-COFs:
H2Por DETH-COF; CoPor-DETH-COF; NiPorDETH-COF, and ZnPor-DETH-COF. The balls in different colors represent different atoms: H, white; C, grey; N, blue; Co, olive green;
Ni, light blue; Zn, orange. Reproduced from Ref. [252] with permission of the Springer Nature.
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This study demonstrated that increasing the solvent polarity
increased the crystallinity as well as the thermal stability and pro-
duced highly crystalline COFs in a shorter period of time (30 min)
[253]. Various methods have been reported for the synthesis of
new types of COF/MOF materials. Zou et al. investigated the com-
27
bination of COF and MOF for enhanced hydrogen evolution reac-
tion activity using an in-situ ligand self-assembly technique
(Fig. 28a). The in situ modified bonds act as a route for the quick
transmission of photogenerated electrons without forming new
chemical bonds, in addition to acting as nucleation sites for the



Fig. 28. (a) Schematic of B-CTF-Ti-MOF composite preparation process. (b) Photocatalytic H2 production over the as-obtained samples under simulated sunlight irradiation
without co-catalyst. (c) Recyclability of the H2 evolution over B-CTF-Ti-MOF and CTF-1/Ti-MOF irradiated under simulated sunlight. (d) Possible photocatalytic mechanism
for the H2 evolution reaction over B-CTF-Ti-MOF under light irradiation. Reproduced from Ref. [254] with permission of the Elsevier.
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production of Ti-MOF. A possible photocatalytic hydrogen genera-
tion reaction mechanism for B CTF-Ti-MOF has been proposed and
illustrated in Fig. 28b. When compared to the independently gen-
erated optical band gap (CTF-1/TiMOF) and its constituent compo-
nents, the resultant B-CTF-Ti-MOF exhibits better activity and
exceptional stability of hydrogen synthesis under simulated sun-
light irradiation (Fig. 28c, d) [254]. Yang et al., synthesis of a
cyano-containing COF (CYANO-COF) with ketene-cyano (D–A) pair
for photocatalytic HER (Fig. 29a). The presented cyano group
improves the optical properties (Fig. 29b, c). A significant thirtyfold
increase in the H2 evolution rate of CYANO-COF compared to BD-
COF demonstrated the promoting effect of cyano groups in HER
photocatalysis (Fig. 29d). CYANO-CON achieved an AQE of up to
82.6 % at 450 nm, superior to all reported polymer semiconductors
in photocatalytic HER so far (Fig. 29e-h). The high charge separa-
tion efficiency could be the main reason for the excellent HER pho-
tocatalytic activity of CYANO-CON as indicated by the
temperature-dependent PL spectroscopy and fs-TA spectroscopy
properties [255].
7.1.2. COF for photocatalytic OER
Based on topological techniques and first-principles computa-

tions, Yang et al., developed many experimentally viable 2D-COFs
capable of splitting water by visible light. By synthesizing certain
linkages and building blocks that have catalytic activity toward
either HER or OER. The chemical reaction potentials of H2/H+ and
O2/H2O, which are capable of photocatalytic water splitting, are
well matched by the locations of both CBM and VBM of nine 2D
COFs. This study not only fulfills the computational design and
28
experimental results of 2D COF photocatalysts for water splitting,
but also gives a path for constructing 2D process COFs as metal-
free, single-material photocatalysts for water splitting from func-
tional molecules under visible light (Fig. 30a-c) [256].
7.1.3. COF for photocatalytic overall water splitting
Photocatalytic overall water splitting has been identified as an

optimal and promising technique to realizing a sustainable energy
development plan that directly creates clean hydrogen (H2) and
oxygen (O2) from water using sun energy as a driving force. The
development of an efficient photocatalytic system for overall water
splitting generally involves significant obstacles. firstly, a suitable
bandgap is required to absorb the light. Second, large thermody-
namic functions are required for the O2 generation of multiple
electron and proton transfers. Finally, the photogenerated
electron-hole pairs must be efficiently separated and transferred
to redox-active sites. Jin et al. investigated an innovative polycon-
densation procedure based on benzylamine-functionalized
monomer to effectively manufacture crystalline CTFs and observed
that the base reagent has a substantial influence on the crystalline
structure of the CTFs. For the first time, CTF-HUST-A1 photocat-
alytic overall water splitting was obtained without the need of a
sacrificial agent. Photocatalytic overall water splitting is performed
by depositing dual co-catalysts in CTFHUST-A1, with H2 evolution
and O2 evolution rates of 25.4 lmolg-1h�1 and 12.9 lmolg-1h�1 in
pure water, respectively, without the need of a sacrificial agent
(Fig. 31a-f) [257]. Table 3 summarizes of properties and H2 evolu-
tion activity and quantum efficiency for COF-based photocatalytic
systems [241,243,245,246,249–254,257–261].



Fig. 29. (a) Synthesis of CYANO-COF and BD-COF. b Charge distribution in CYANO-COF structure. (b) UV–vis DRS spectra of BD-COF and CYANO-COF. (c) Schematic energy
band structures of BD-COF and CYANO-COF. (d) Time course of photocatalytic H2 production for different COFs and CONs. (e) Wavelength-dependent AQE of photocatalytic H2

production for CYANO-CON. (g) Cycling stability for CYANO-CON in photocatalytic H2 production. (h) AQE of HER for state-of-the-art representative COFs and conjugated
polymers. Reproduced from Ref. [255] with permission of the Springer Nature.
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8. COFs for electrocatalytic HER, OER, and overall water splitting

It has enormous potential for resolving the present energy crisis
and environmental issues by using electrocatalytic water splitting
to make hydrogen utilizing different renewable energy sources
(such as wind or solar energy, etc.) [262,263]. Two half-reactions
are involved: the oxygen evolution reaction (OER) at the anode
and the hydrogen evolution reaction (HER) at the cathode. Prospec-
tive earth-abundant metal-based electrocatalysts for water split-
ting would typically have the following characteristics: 1) High-
performance materials based on noble metals, 2) across a wide
pH range, good catalytic activity, 3) high durability and consistent
performance, 4) Eco-friendliness, 5) Cheap and abundant sources;
6) capabilities to incorporate both OER and HER in a cell [263,264].

8.1. COFs for electrocatalytic HER

A significant part of the water splitting process is composed of
two half-reactions, namely hydrogen evolution and oxygen evolu-
tion. These reactions have been studied and optimized separately
in many cases. Hydrogen and oxygen can be separated from water
by applying a thermodynamic voltage of 1.23 V (25 �C). It is gener-
ally necessary to apply a voltage exceeding the thermodynamic
potential due to existing resistances (such as solution and contact
29
resistances) and intrinsic activation barriers on electrodes. Overpo-
tential is a term used to describe the excess potential that is
needed. This overpotential must be decreased by using effective
and reliable catalysts to accomplish efficient water splitting. HER
electrocatalyst performance can also be evaluated by considering
its current density, Tafel slope, stability, and faradic efficiency, in
addition to the overpotential. A catalyst’s electrocatalytic activity
is determined by its current density. Various voltages are applied
to each sample to determine the current density, and then the cur-
rent density is normalized by the mass of the sample or the geo-
metric area of the electrode (mA mg�1). For comparison
purposes, the overpotential in HER at a current density of
10 mA cm�2 (expected for a 12.3 % efficient solar water-splitting
device) is intentionally provided to compare the activities of the
electrocatalysts. The Tafel plot depicts the relationship between
current density (j) and overpotential (g), and the Tafel equation
(g = b log(j) + a) is used to describe the linear portion of the Tafel
plot, where the linear slope b is defined as the Tafel slope, and the
values of b reflect the several catalytic mechanisms involved in
electrode reactions. A stability test is performed to determine
whether the HER catalyst is practical. Chronoamperometry and
chronopotentiometry measurements are employed for characteriz-
ing electrocatalytic stability.3 Using a ratio of the theoretical to the
experimental hydrogen production, the faradaic efficiency is calcu-



Fig. 30. (a) Schematic illustration of structure and design principles of 2D NL COFs for photocatalytic hydrogen and oxygen evolution. The photocatalytic water splitting
performance of I-TST for (b) H2 and (c) O2 evolution. Reproduced from Ref. [256] with permission of the American Chemical Society.
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lated, which describes the efficiency with which electrons are uti-
lized to produce hydrogen. In both acidic and alkaline solutions, as
shown in Table 4, the mechanism of the HER involves three steps.
Protons, water, dihydrogen, and their intermediates are adsorbed,
reduced, and desorbed on the catalyst surface during the H2 evolu-
tion process. During proton reduction, hydrogen is adsorption on
the catalyst surface (H*, where * represents an active site). Follow-
ing the combination of hydrogen, either a Heyrovsky process or the
Tafel process leads to the formation of molecule hydrogen. A nearly
zero DGH* indicates that an optimal HER catalyst is described by
the free energy of hydrogen adsorption, which is determined by
DFT calculations. Based on theoretical and experimental studies,
30
a platinum-based electrocatalyst is determined to be the most effi-
cient electrocatalyst for HER. Despite that, the high cost and scar-
city of platinum make it difficult for the metal to be widely used.
It is desirable to create HER electrocatalysts made of materials
found on Earth to produce hydrogen at a low cost [265–267]. Mate-
rials such as transition metal dichalcogenides [268,269], carbon-
based materials [270,271], single metal atom-doped materials
[272–274], and polymeric materials [275–277] have been studied
and applied for hydrogen production. In general, three active cen-
ters are found on COF-based electrocatalysts for the HER: N-dopant
heteroatoms, single atom sites (e.g., Pt), and MANAC hybrid struc-
tures obtained after carbonization. Recent reports suggest that



Fig. 31. a) Proposed mechanism for the synthesis of the triazine structure from benzylamine. b) Synthesis route of CTF-HUST-A1 from benzylamine-functionalized monomer
and amidine monomer. c) PXRD pattern of CTF-HUST-A1 synthesized in different base reagents after treating with supercritical CO2, CTF-HUST-A1-K2CO3 (black), CTF HUST-
A1-KOH (red), CTF-HUST-A1-EtOK (pink), CTF-HUST-A1-tBuOK (blue). d) HR-TEM image of CTF-HUST-A1-tBuOK with a scale bar of 20 nm. f) HR-TEM image of CTF-HUST-A1-
tBuOK with a scale bar of 5 nm (Inset: the FFT of CTF-HUST-A1-tBuOK). e) Time course of photocatalytic overall water splitting of CTF-HUST-A1-tBuOK under visible light
irradiation (k>420 nm) in pure water. f) Recyclability test of CTF-HUST-A1 sample in the photocatalytic overall water splitting. Reproduced from Ref. [257] with permission of
the John Wiley and Sons.
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Table 3
Summary of properties and H2 evolution activity and quantum efficiency for COF-based photocatalytic systems.

COF BET (m2g�1) Bg (eV) HER conditions HER (mmol g-1h�1) AQY (%) at 420 nm Ref.

TpPa COFTpPa COF
(CH3)2
TpPa COF NO2

541.71
348.88
162.93

2.09
2.06
1.92

10 mg COF, 50 mL PBS 100 mg SA, 3 %Pt 1.56
8.33
0.22

n.a
[258]

CTF
P-COF-1
5 % P-COF-1/CTF

455
973
497

2.63
2.30
2.52

20 mg catalysts, 50 mL H2O, 10 vol %TEOA 5.55
0.067
14.1

n.a [259]

PyTA-BC COF
PyTA-BC-Ph COF

520
1445

2.71
2.67

1 mg COF, H2O /MeOH, 0.1 M AA 1.183
0.417

1.46
1.83

[260]

Py-HTP-BT-COF
Py-ClTP-BT-COF
PyFTP-BT-COF

1841
1012
1016

2.25
2.36
2.34

20 mg COF, AA, 5 % Pt 1.08
2.88
8.88

n.a
8.45
n.a

[245]

CTF-HUST-A1 644 2.35 50 mg COF, TEOA 9.20 7.4 [257]
Ni(OH)2–2.5 %/TpPa-2 472.76 2.07 10 mg catalyst, PBS Buffer, SA 1.89 [246]
BtCOF150 554 2.1 20 mg COF, TEOA, 1 %Pt 0.75 0.20 [243]
Tp-2C/BPy2+-COF

(19.10 %)
1359 2.16 10 mg COF, 0.1 M AA, 3 wt% Pt 3.46 6.93 [248]

TtaTfa 1258 2.52 3 mg COF, AA, Pt 20.7 1.43 [249]
Tta-TP 961.68 1.73 5 mg catalyst, 0.1 M AA, 2.2 % Pt 6.28 0.64 [261]
PMDA-COF 2450.2 1.99 10 mg catalyst, TEOA, 3 %Pt 0.435 n.a [191]
3 % Pt1@TpPa-1 326 1.94 40 mg COF, PBS buffer, SA 99.86 0.38 [192]
H2Por-DETH-COF

CoPor-DETH-COF
NiPor-DETH-COF
ZnPor-DETH-COF

826
942
773
1020

1.77
1.88
1.82
1.88

2.5 mg COF, TEOA, Pt
0.080
0.025
0.211
0.413

n.a
n.an
.a
0.32

[193]

B-CTF
Ti-MOF
B-CTF/Ti-MOF

n.a
2.25
2.78
n.a

20 mg catalyst, TEOA, 3 %wt Pt 0.181
0.261
1.975

n.an
.a
4.76

[195]

CYANO-CON
CYANO-COF

356
559

2.17
2.17

20 mg COF, 0.1 M AA, 1 %wt Pt 134.200
60.850

82.6
n.a

[196]

PY-BPY-COF. 1893 2.28 10 mg catalyst, AA, 0.5 %wt Pt 16.980 n.a [181]

TpPa-1-COF 919 2.10
10mgCOF,AA,Ni12P5
10mgCOF, AA, Ni2P
10mgCOF, AA, CoP

3.160
1.132
0.215

n.a
n.an
.a

[188]

BT-PyBuOH COF
BT-CzEtOH COF

1669
100

2.36
2.70

1 mg COF, AA, Pt 11.285
4.546

4.88
2.41

[194]

Table 4
Acidic and alkaline mechanisms.

Acid Alkaline Tafel slope
Volmer * + H+ + e� ? H* * + H2O + e� ? H* + OH� b � 120 mV

dec�1

Heyrovsky H+ + e� + H* ? H2

+ *
H2O + e� + H* ? H2 +
OH� + *

b � 40 mV
dec�1

Tafel 2H* ? H2 + 2* 2H* ? H2 + 2* b � 30 mV
dec�1

Overall 2H+ + 2e� ? H2 2H2O + 2e� ? H2 + 2OH�
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COF-based electrocatalysts can boost the HER under acidic condi-
tions. Here, we outline recent developments of COF-tailored elec-
trocatalysts that are used in the HER process because of current
research. COF-tailored HER electrocatalysts are summarized in
Table 4.

8.1.1. Metal-free COFs for electrocatalytic HER
The advantage of advanced electrocatalysts can be attributed to

their reaction kinetics and overpotential values. With respect to
HER activity, noble metal-based materials generally exhibit a lower
overpotential than other transition metal-based materials; for
example, platinum (Pt) supported on carbon is regarded as the
most effective catalyst for HER those exhibits high electrocatalytic
performance. Nevertheless, its high cost makes this process unvi-
able [278]. Noteworthy efforts have been made in the past few dec-
ades toward identifying active transition metals such as Fe, Co, and
Ni that can be used in non-noble metal-based systems
[277,279,280]. The problem with these metals is that they are fre-
quently leached out of the matrixes, thereby rendering the electro-
catalytic system toxic. Metal-free electrocatalysts are a promising
32
solution to overcome the above challenge and facilitate an eco-
friendly method of producing high-purity clean energy. Generally,
an organic system that is electrochemically active exhibits proper-
ties such as a low band gap, functional groups with active proper-
ties, and electron conjugation with the electronic component. To
explore metal-free electrocatalysts, appropriately modulating
these features is challenging. Recent studies have reported on the
use of metal-free COF in HER by Bhunia et al. [281] Through a
solvothermal approach, they have developed a two-dimensional
quasi-dielectric COF (SB-PORPy-COF) (Fig. 32a) by reacting TAP
(5,10,15,20-tetrakis (4-aminophenyl)porphyrin) with TFFPy
(1,3,6,8-tetrakis (4-formylphenyl) pyrene). Porphyrin and pyrene
blocks are alternately occupied on the vertex positions of the 3D
triclinic crystal of this metal-free COF electrocatalyst, leading to a
large specific surface area (�869 m2/g) and superior stability. SB-
PORPy-COF demonstrated HER activity in an acid condition with
a significantly low onset overpotential of only 50 mV and Tafel
Slope of 116 mV dec-1, which is the lowest overpotential value
reported for various COF (Fig. 32b and c). It was also shown that
the prepared SB-PORPy-COF exhibited good high ability in acidic
conditions, exhibiting virtually no activity loss in terms of onset
potentials or current densities at different possibilities after a con-
tinuous 500 cycle test conducted under acidic conditions
(Fig. 32d). An additional study demonstrated the use of Schiff base
condensation to prepare metal-free COF with N-doped porphyrin
units (PAM (5,10,15,20-tetra(4-aminophenyl)-21H,23H-por
phyrin)) and Tp (triformyl phloroglucinol) for electrocatalytic
HER that has an area of 654 m2g�1 with a pore size of 1.6 Ao

(Fig. 33a and b). With an overpotential of only 250 mV at a proton
reduction current density of 10 mA cm�2 (Fig. 33c) and a Tafel
slope of 106 mV dec-1, the obtained porous TpPAM electrocatalyst



Fig. 32. a) Synthesis of 1,3,6,8-tetrakis(4-formylphenyl) pyrene (TFFPy)., Synthetic scheme of the imine based COF (SB-PORPy), Top view, and side view of AA (eclipsed)
stacking of SB-PORPy COF (gray, carbon; blue, nitrogen). b) Polarization curves for the hydrogen evolution reaction on bare GC (blue), Vulcan (red), and SB-PORPy-COF (black)
electrodes. c) Corresponding Tafel plot of SB-PORPy-COF electrode. d) Stability of SB-PORPy-COF catalysts. Reproduced from Ref [281] with permission of the American
Chemical Society.
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demonstrated considerable HER activity. After a continuous 1000
cycles test, the TpPAM also exhibited outstanding HER long-term
durability in operational conditions with a current density reten-
tion rate of 91 % (Fig. 33e). Furthermore, the lowest (DGH*) value
(model C, Fig. 33f). HER activity was also correlated with the
repeating structural unit (meso-tetra(4(benzylideneamino)phe
nyl)-porphyrin) of the TpPAM, as predicted by DFT-based theoret-
ical calculations. According to Fig. 33e, the DGH* value of the
repeating structural unit (0.08 eV) is slightly lower than that of
the Pt electrocatalyst (0.09 eV), thus proving that metal is free
TpPAM has a higher electrocatalytic efficiency than other
transition-metal HER catalysts [72]. The protonated porphyrin unit
grabbed one electron and converted it into a p-cation radical. It has
been revealed that the electrochemical study shows a chemically
reversible process. Since protons can be reversibly reduced, H2 is
produced (Fig. 33h) [268]. Based on existing synthesis methods,
thiophene-, bithiophene-, and triazine units were used to produce
both metal-free COFs (TTT-DTDA COF and TTT-BTDA COF) [282]
(Fig. 34a). These two COFs were synthesized by Fang et al [283]
and renamed JLNU-301 and JLNU-302 for narrative purposes. The
crystallinity and porosity of these materials were very high. A
thiophene- A thiophene-based structure also has high conductivity
and charge mobility, allowing the material to transfer electrons
rapidly during the HER, improving its electrocatalytic activity.
Thus, at a current density of 10 mA cm�2, the overpotentials are
33
136 and 91 mV, respectively, with small Tafel slopes of 110.55
and 103.88 mV dec-1 in alkaline media (Fig. 34b and c). JLNU-
COFs showed long-term stability in an alkaline medium after
3000 CV cycles (Fig. 34e and f). JLNU-COFs efficiently implement
HERs in solutions at all pH values. A density functional theory
(DFT) calculation supports the experimental identification
(Fig. 34d). Comparing the electrocatalytic performances of the
obtained materials, particularly the HER performance under alka-
line conditions, is superior to those reported previously for conju-
gated microporous polymers (CMPs) [284,285], COPs [268], MOFs
[286], and all metal-free carbon fibers [281,287,288]. In Fig. 35a,
C6-TRZ-TFP is synthesized by solvothermal polycondensation of
2-hydroxybenzene-1,3,5-tricarbaldehyde (TFP) and 4,40,400-(1,3,5-t
riazine-2,4,6-triyl)tris[(1,1-biphenyl)-4-amine] [289]. The C6-TRZ-
TFP exhibits considerable HER properties in electrochemical water
splitting, with a very low overpotential of 200 mV at a current den-
sity of 10 mA cm�2 and a small Tafel slope of 82 mV dec-1 in 0.5 m
aqueous H2SO4 (Fig. 35b and c). A density functional theory calcu-
lation indicates that electron-deficient carbon sites near nitrogen
atoms are more effective toward HER than those near oxygen
and nitrogen atoms (Fig. 35e and f). Tests of the durability of C6-
TRZ-TFP COF were conducted using chronopotentiometry at a cur-
rent density of 10 mA cm�2. Over 50 h of continuous operation, the
catalyst showed a very steady potentiometric curve with 94 %
operational retention of potential [Fig. 35d].



Fig. 33. a) Schematic diagram of the metal-free covalent organic polymer (TpPAM). b) N2 adsorption–desorption isotherm with PSD (inset). c) LSV plots of TpPAM, Pt/C, and
bare GC recorded at 1600 rpm in 0.5 M H2SO4. d) Tafel plots of TpPAM and Pt/C. e) LSV plots of TpPAM in its first and after 1000th cycles of test run. f) Calculated free-energy
diagram of HER for metal-free porphyrin (model A), 5,10,15,20-tetra(4-aminophenyl)-porphyrin (model B), meso-tetra(4-(benzylideneamino)pheny)-porphyrin (model C)
and Pt at the equilibrium potential. g) Volcano plot of log i0 vs DGH* for model C (red circle) and transition-metal catalysts (dark yellow circle). h) HER mechanism (step 1):
protonation of the porphyrin ring, (step 2): electron accumulation, (step 3): regeneration of the doubly charged porphyrin moiety, and (step 4): regeneration of the neutral
porphyrin ring and H2 evolution. Reproduced from Ref. [268] with permission of the American Chemical Society.

W.-T. Chung, Islam M.A. Mekhemer, M.G. Mohamed et al. Coordination Chemistry Reviews 483 (2023) 215066
8.1.2. Metallic COFs for electrocatalytic HER
Due to their abundant redox states of metal centers, metallic

COFs are more likely to be used as HER electrocatalysts than
metal-free COFs. Porphyrin-based networks have been found to
contain many metal atoms that enhance HER performance. In
strong acidic media, Villagrán and co-workers reported electrocat-
alytic hydrogen generation using cobalt porphyrin-based COFs
[290]. The porous channels and exposed metalloporphyrin active
sites contribute to the high HER performance of the crystalline
polymer (deposited on FTO glass slides using silver glue). More-
over, the improved electrocatalytic efficiency of the HER compared
to the cobalt porphyrin monomer indicates that constructing an
extended conjugated system can improve the electrocatalytic effi-
34
ciency and confirms that crystallinity and well-ordered channels
within COFs contribute to the enhancement of electrocatalytic effi-
ciency. According to Babu et al. [291], octahydroxy decorated met-
alloporphyrin and squaric acid were used as building blocks and
metal-free catalysts for synthesizing 2D polymers linked by CAC
bonds. The best HER performance was found in a bimetallic (Co
and Ni) 2DP (2DP3A), which showed a Tafel slope of 74.1 mV dec�1

and a high FE of 97 %. A further advantage of COFs is that they can
be used as supports for the immobilization and stabilization of
small nanoparticles with HER catalysts [292,293]. As cross-
linkers, triazine (C3N3) units are used to synthesize covalent tri-
azine frameworks (CTFs) [294–303]. In the study by Hu et al.
[292], MoS2 nanoparticles were in situ grown into the 1D channel



Fig. 34. a) Synthesis and structures of JLNU-301 and JLNU-302 and SEM image of JLNU-301 and JLNU-302. b) HER performance characterization in 1.0 M KOH: (a) polarization
curves, (b) Tafel plots, (c) Nyquist plots, (d) chronopotentiometry plots for JLNU-COFs. (e) HER plots of JLNU-301 before and after 3000 cycles. (f) HER plots of JLNU-301 before
and after 3000 cycles. c) Calculated free energy diagrams for JLNU-COFs. Reproduced from Ref. [283] with permission of the Royal Chemical Society.

W.-T. Chung, Islam M.A. Mekhemer, M.G. Mohamed et al. Coordination Chemistry Reviews 483 (2023) 215066
arrays of CTFs (Fig. 36a). A study was conducted to determine the
influence of the amount of MoS2. It was demonstrated that
CTF@MoS2-5 (where 5 represents the mass ratio of CTFs]thin space
(1/6-em)]:[thin space (1/6-em)]MoS2) exhibit catalytic kinetics
with a voltage excess of 93 mV at 10 mA cm�2 (Fig. 36b). As shown
in Fig. 36c, the Tafel slope of 43 mV dec-1, which is close to that of a
benchmark catalyst (20 % Pt/C) and lower than that of CTFs or
MoS2 with different mass ratios. By stacking 2D in-plane porous
layers, crystalline 1D channel arrays were suggested to enhance
electron transmission, mass diffusion, and accessibility of MoS2
active sites during H2 evolution (Fig. 36). However, these COF-
based catalysts, as well as those based on non-noble metals, and
even metal-free catalysts, have lower electrocatalytic perfor-
mances than Pt-based systems and many other non-noble metals
HER systems. A significant bottleneck to achieving practical appli-
cation for large-scale H2 production is the poor conductivity and
low stability of COFs. Consequently, the development of stable
COFs should also be emphasized, along with new approaches to
ensure intimate contact with conducting supports to improve the
HER performance of COF-based electrocatalysts. The HER perfor-
mance of most metallic-COFs has been demonstrated in Table 5
[268,281,283,291,298,300,302,303].
35
8.2. COFs for electrocatalytic (OER)

OER is the second half reaction in the water splitting procedure,
including the four-electron transfer step, with slow kinetics and
extreme overpotential; thus, it is the major bottleneck for the over-
all water splitting and sustainable hydrogen production. Table 6
shows the suggested pathways for intermediates that generate
O2 during the OER producer, including OH*, OOH*, and O* under
the acidic and basic conditions [304]. As mentioned earlier, the
binding energies for the intermediates seek strong correlation,
especially for OOH* and OH*. The difficulty of the OER procedure
arises from the bond breaking of hydroxyl group (OAH), subse-
quent bond making for oxygen molecule (O@O), and the loss of
electrons from water molecules concerning the HER procedure
(Table 6). As with HER, pointers such as overpotential, Tafel slope,
efficiency, and Faradaic stability are commonly used to elucidate
the electrocatalytic performance of a given OER catalyst, which
are also crucial for understanding the OER mechanism. For
instance, the most common method to control and evaluate the
electrocatalytic performance of any electrocatalyst is the compar-
ison of its overpotential at a current density equal to 10 mA cm�2

with benchmark materials. The Tafel slope is another critical



Fig. 35. a) Synthesis of C6-TRZ-TFP COF starting from 2-hydroxybenzene-1,3,5-tricarbaldehyde (TFP) and 4,40 ,40 0-(1,3,5-triazine-2,4,6-triyl)tris[(1,1-biphenyl)-4-amine] (C6-
TRZ-TRIAMINE). b) LSV polarization plot of the C6-TRZ-TFP COF, 20% Pt/C and blank GCE at a scan rate of 5 mVs�1. c) Tafel plots of the C6-TRZ-TFP COF and 20% Pt/C. (c)
Exchange current density plot of C6-TRZ-TFP COF. d) Chronopotentiometry measurement shows the stability of C6-TRZ-TFP COF. e) Free energy plots of HER on unique sites. f)
Model structure showing the selected sites for H-atom adsorption. Gray, blue, red, and white spheres represent carbon, nitrogen, oxygen and hydrogen, respectively.
Reproduced from Ref. [289] with permission of the John Wiley and Sons.

Fig. 36. a) The formation process of CTFs@MoS2. and schematic structure of crystal 1D channel arrays derived from 2D in-plane porous layer stackingits electrocatalytic HER.
b) LSV of CTFs@MoS2 for HER catalysis in 0.5 M H2SO4, compared to those of other materials such as Pt/C (green), pure CTFs (black), MoS2 (rose red) and CTF@MoS2-X with
different mass ratios. c) Tafel slope of all catalysts calculated from LSVs. Reproduced from Ref. [292] with permission of the Royal Chemical Society.
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Table 5
Reported cofs for electrocatalytic her.

Electrocatalysts Electrolyte g@10 mA cm�2 (mV) Tafel slope (mV dec�1) Stability Ref.

SB-PORPy-COF 0.5 M H2SO4 200@1 mA cm�2 116 500 cycles [281]
JLNU-301 1.0 M KOH 136 110.55 3000 cycles [283]
JLNU-302 1.0 M KOH 91 103.88 3000 cycles
C-Fe,Co-COF 1.0 M KOH 330 100 – [298]
TpPAM 0.5 M H2SO4 250 106 5 h [268]
Co-2DP(5) 1 M KOH 367@1 mA cm�2 126 – [299]
COP 1 M KOH 425 202 – [300]
CoCOP 310 161 7000 s
2DP1 0.1 M H2SO4 314 156.1 12 h [291]
2DP2 287 262.2 12 h
2DP3A 105 74.1 12 h
2DP1 + 2DP2 518 436.1 –
FCoP@CNT 0.5 M H2SO4 576@1 mA cm�2 126 7 h [302]
CoSAs/PTF-400 0.5 M H2SO4 188 104 – [303]
CoSAs/PTF-500 58 91 –
CoSAs/PTF-600 94 50 10 h

Table 6
Mechanisms of OER in acidic and alkaline mediums.

Half reaction In acidic solution In alkaline solution

Anode
reaction

2O ? O2 + 4H+ + 4e� 4OH� ? 2O2 + 2H2O + 4e�

Mechanisms * + H2O ? OH* + H+ + e� * + OH� ? OH* + e�

OH* ? O* + H+ + e� OH* + OH� ? O* + H2O + e�

2O* ? 2* + O2 2O* ? 2* + O2

O* + H2O ? OOH* + H+ +
e�

O* + OH� ? OOH* + e�

OOH* ? * + O2 + H+ + e� OOH* + OH� ? * +
O2 + H2O + e�

Where * stands for an active site on the electrocatalyst surface.

Fig. 37. a) Synthesis of PD-CTF, b) Synthesis of EPOP and Its Carbon Composites, c) O
performance of EPOP and its carbon composites toward OER. (d) LSV; (e) Tafel plots in 0.1
MDPI and American Chemical Society.
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parameter used to judge the activity of the OER process, which is
defined as the relationship between the current density and over-
potential (i.e., number of involved electrons in the electrocatalytic
reaction). Predictably, a slighter Tafel slope is estimated to suggest
decent electrocatalytic kinetics of an OER catalyst. As a result, any
small change in the overpotential affords a quick increase in the
current density value. Because OER operates at a high applied volt-
age (V), chemical stability is a crucial consideration when evaluat-
ing the degradation of OER catalysts. Some parameters are
normally used to assess electrocatalyst stability, such as chemical
composition, crystallinity, micro- and macro-scale morphology,
and electrochemical performance. Noble metal oxides such as
RuO2 and IrO2 are considered as the most satisfactory OER cata-
ER in 1 M KOH, red –PD-CTF/GC electrode, black- GC electrode, Electrochemical
M KOH solution at 2 mV/s. Reproduced from Ref. [312,313] with permission of the



Fig. 38. (a) Synthesis of Co-TpBpy-COF, b) Synthesis of CoxFe1-x@COF-TB; c) LSV profiles of Co-TpBpy before and after 1000 cycles from 0.6 V to 1.8 V in a phosphate buffer
(pH 7.0). Inset: An enlarged view of the LSV profile. d) (a) LSV curves toward OER of COF–TB, CoxFe1–x@COF–TB (x = 0, 0.25, 0.5, 0.75, 1); (b) Tafel slopes of the prepared
materials. Reproduced from Ref. [314,317] with permission American Chemical Society and MDPI.
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lysts, despite limitations such as high cost and unavailability. So,
enormous efforts have been taken to design and create low-cost
alternative electrocatalysts, such as single-atom systems
[305,306], transition metal oxides and their derivatives [307–
309], and carbon-based materials [310,311].

8.2.1. Metal-free COFs for electrocatalytic (OER)
The electrocatalytic activity of metal-free COFs for the OER pro-

cess is generally small; this may be attributed to the limited active
site and lack of electrical conductivity. Kathiresan et al. [312]
reported a type of covalent triazine framework (CTFs), which is
based on 1,4-phenylenediamine (PD-CTF) via the reaction of cya-
nuric chloride and 1,4-phenylenediamine in a basic environment
(Fig. 37a). The PD-CTF gives rise to low electrocatalytic perfor-
mance with an onset potential of + 1108 mV (vs Ag/AgCl) for the
38
OER under alkaline conditions. The presence of triazine moiety
causes electrocatalytic activity for this material (PD-CTF) because
the N-doped sites are one of the most critical factors for any mate-
rial to work as an electrocatalyst, as mentioned above. There are
many trials to enhance the catalytic activity via the post-
carbonization phenomenon to solve this dilemma for the metal-
free COFs, mainly based on CTFs. In another study, the porous CTFs
were prepared by the cyanuric chloride reaction with ethylene dia-
mine and then carbonized at different temperatures, including 600,
700, and 800 �C, respectively (Fig. 37b) [313]. The carbonized
porous-COF showed a significant increase in OER catalytic activity
concerning the original COF. The results proved that the
carbonized-COF at 700 �C, which was coated on carbon paper,
demonstrated an onset potential of 1.527 V and an overpotential
of 297 mV to achieve a 10 mA cm�2 current density and low Tafel



Fig. 40. a) Formation of Co-MPPy-1, b) N2 adsorption/desorption isotherm and NLDFT pore size distribution (inset), c) LSV of Co-MPPy-1 (red line) and control catalyst (blue
line) in 1 M NaOH solution at the scan rate of 2 mV/s. d) Tafel slope of Co-MPPy-1. Reproduced from Ref. [323] with permission American Chemical Society.

Fig. 39. a) Schematic representation of macro-TpBpy fabrication in the presence of PSs and it’s OER, b) a) OER polarization curves and (c) corresponding Tafel plots for macro-
TpBpy, macro-TpBpy-Co, TpBpy-Co, and a commercial RuO2 catalyst, d) Chronopotentiometry test of macro-TpBpy-Co and RuO2 catalysts at a constant current density of
10 mA cm–2. Inset: OER polarization plots of macro-TpBpy-Co before and after 40 000 s. Reproduced from Ref. [61] with permission American Chemical Society.
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Table 7
Comparison of the reported OER catalytic performance of COFs and other catalysts.

Electrocatalysts Electrolyte g10

(mV)
Tafel slope
(mV dec�1)

Refs

CoNP-PTCOF 0.1 M KOH 450 – [333]
Ag/Ag2O@MCOF(Co) 1.0 M KOH 260 48 [334]
COF-Ni(OH)2 0.1 M KOH 487 89.3 [335]
COF-Co(OH)2 91.4 0.1 M KOH 402 91.4 [335]
2D-Co-MOF 74 1.0 M KOH 263 74 [336]
COF-TpDb-Tz-Co 1.0 M KOH 390 82 [337]
Co@COF-Pyr 1.0 M KOH 450 100 [338]
Co0.75Fe0.25@COF–TB 1.0 M KOH 331 88 [320]
Co0.5 V0.5@COF–SO3 1.0 M KOH 318 [318]
Ni0.5Fe0.5@COF-SO3 1.0 M KOH 308 83 [339]
Co@NACA800 1.0 M KOH 350 99 [340]
COF-366-Co@CNT 1.0 M KOH 358 62 [341]
C4-SHz COF 1.0 M KOH 320 39 [342]
macro-TpBpy-Co 0.1 M KOH 380 54 [61]
Ni/Fe-COF@CNT900 0.1 M KOH 320 61 [343]
Co-MPPy-1 1.0 M NaOH 420 58 [323]
CoS2-NiCo2S4/NSG 1.0 M KOH 272 62.8 [344]
Fe3C-Co/NC 1.0 M KOH 340 – [345]
FeCo(1:3)@SNC 1.0 M KOH 288 40 [325]

Fig. 41. a) Synthetic approach for the formation of a BDT-ETTA COF. b, c) SEM images (cross-section) of thick BDT-ETTA film grown on ITO substrates by oriented thin film and
EPD methods, respectively. d) Absorbance spectrum of a BDT-ETTA thin film on ITO with a photograph of a representative sample masked with a PFTE adhesive tape (inset).
e) Linear sweep voltammograms of BDT-ETTA films on ITO performed in the dark (black) and under AM 1.5 illumination through the substrate (red), f) PEC linear sweep
voltammograms of electrodes coated with BDT-ETTA COF as a dense and oriented film, a 3 lm thick film prepared by EPD. Reproduced from Ref. [349,350] with permission
American Chemical Society.
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slope up to 76 mVdec-1 (Fig. 37d and e). interestingly, the car-
bonized COF at a high current density of 300 mA cm�2, showed a
low overpotential of 580 mV; this opens the horizon to understand
the improvement of some of the metal-based OER electrocatalysts.
8.2.2. Metallic COF for electrocatalytic (OER)
Covalent organic frameworks are considered attractive materi-

als for many applications, including catalysis, sorption, separation,
and sensing. As a result, this category provides an excellent plat-
form for OER electrocatalysts because it possesses inherently
well-designated frameworks as a good active site and can be
40
manipulated to the required criteria for the electrocatalyst applica-
tion. All of these serve to advance a better consideration of the
mechanism of this multielectron transfer reaction. Recently, many
scientists and chemists mentioned the role of metal-complexation
in the COFs structures based on bipyridine, porphyrin, and triazine
structures to explain how the integration of metal atoms within
the COFs network will enhance the OER electrocatalytic activity.
These metalized COFs may be potential OER electrocatalysts by
using the numerous readily available metal active sites on the
exceptional surface areas and the mass-transfer routes offered by
the pores. In 2016, Banerjee’s group synthesized the Co-TpBpy-



Fig. 42. a) Scheme of the synthesis of g-C18N3-COF and g-C33N3-COF by Knoevenagel condensation. b) Band gap determined from the Kubelka–Munk-transformed reflectance
spectra. c) Top view: SEM micrograph of g-C18N3-COF film, representing the surface morphology. The inset is a cross-section SEM micrograph, showing a uniform film
thickness. d) Chopped photocurrent density vs time recorded on g-C18N3-COF and g-C33N3-COF film at 0.4 V vs RHE. e) Linear sweep voltammograms of g-C18N3-COF film on
ITO performed in the dark (black) and under visible light illumination (red). Reproduced from Ref. [351] with permission American Chemical Society.
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COF by keto-enamine condensation between 1,3,5-
trifomylphloroglucinol (Tp) and 2,20-bipyridine-5,50-diamine
(Bpy) and coordinated the resultant TpBpy-COF with cobalt ion
leads to the abundant of cobalt-nitrogen (Co-N) active site with
high surface area reached to�450 m2/g, mimicking metal–bipyri-
dine molecular structures [314–316] (Fig. 38a). The electrocat-
alytic measurements for this COF revealed that under neutral
conditions, a good OER performance with an overpotential of
�520 mV at 10 mA cm�2 and good stability with a similar polariza-
tion curve retention after 1000 scans from 0.6 V to 1.8 V (vs RHE)
were obtained (Fig. 38c). Ongoing the importance of bipyridyl moi-
ety for the OER process, Chen and his coworkers fabricated a series
of bimetallic-based COF (CoxFe1-x@COF–TB) with different ratios
[317]. The pristine COF was prepared by the solvothermal method
for the previous monomer (Tp and Bpy) but in different solvents,
including the mesitylene and dioxane, as depicted in Fig. 38a and
b. As well the COF-TB modified by Fe and Co individually but the
bimetallic-COF, especially, Co0.75Fe0.25@COF–TB gave a high
performance for OER. This COF showed a lower overpotential of
331 mV at 10 mA cm�2 in a 1 M KOH solution and excellent stabil-
ity with a Tafel slope equal to 88 mVdec-1compared to the other
materials (Fig. 38d and e). Interestingly, Gao et al. [318] reported
an effective cation-exchange strategy to develop flexible and
robust Co/V-incorporated bimetallic COF with optimized formula
Co0.5 V0.5@COF-SO3 to present a good overpotential reached to
300 mV cm�2 and high stability. Integrating the strong electronic
effect of the bimetallic system with COFs networks such as Co/V-
COF and Co/Fe-COF helped improve OER electrocatalytic activity.
Any electrocatalytic process requires mass transfer for electrolyte
molecules, ions, gas molecules, etc. On the one hand, COF micro-
or tiny mesopores enhance a surface area, but they might be too
small to guarantee unobstructed mass transfer across the pore sys-
41
tem. The injection of extra mesopores or macropores into COFs to
design hierarchical porosities is thought to be an effective tech-
nique to promote mass movement via COFs. Polystyrene spheres
(PSs) were used as a hard template to create COFs with hierarchical
pore architectures [61] (Fig. 39a). The advantage of increased
macroporosity was exhibited using macro/microporous Co-
coordinated bipyridine-COFs (macro-TpBpy-Co) as OER catalysts.
Macro-TpBpy, TpBpy-Co, and commercialized RuO2 electrocat-
alytic activities were examined using the identical mass loading
of 0.25 mg/cm2 (geometrical area). In contrast to macro-TpBpy,
TpBpy-Co, and some other reported Co-cation-based catalysts,
macro-TpBpy-Co only needs an overpotential of 380 mV to the
reversible hydrogen electrode (RHE) to produce an anodic current
density of 10 mAcm�2 (Fig. 39b). Both macro-TpBpy-Co and
TpBpy-Co had a lower linear slope in the comparable Tafel slope
of 54 mV/dec and 58 mV/dec, respectively than macro-TpBpy
(339 mV/dec) and RuO2 (79 mV/dec), implying better reaction
kinetics in the OER operation (Fig. 39c). It worth mentioning, the
chronopotentiometry test was established at current density
10 mV cm�2 to show the excellent stability for macro-TpBpy-Co
after OER procedure which reached to 10 h in alkaline media
(0.1 M KOH) without any notable difference respect with the orig-
inal one (Fig. 39d). One of the first substances to be examined for
noble metal-free OER was metal porphyrins because of their
four-coordinated (metal-N4) [291,319,320]. The porphyrin struc-
ture, integrating high- and low-valent metal ions (Co2+, Ni2+, Fe2+,
etc.), was explicitly made for oxidizing and reducing catalytic
cycles [321,322]. As a result, Porphyrin- integrated COFs have been
developed as an OER electrocatalyst. The Suzuki CAC cross-coupled
reaction’s production of a new Co(II) Por-/pyrene-based conjugated
microporous polymer (Co-MPPy-1) demonstrated by Bhattacharya
[323] (Fig. 40a). The obtained Co-MPPy-1 exhibited a significant



Fig. 43. a) Schematic illustration of the synthesis of TPB-MeOTP nanoplates (TPB-MeOTP-NP) and nanospheres (TPB-MeOTP-NS). Structural representation of TPB-MeOTP
COF and photographs of the TPB-MeOTP-NP and TPB-MeOTP-NS colloids with a concentration of 4.5 mg mL–1 in acetonitrile. b) Schematic of the optimized hydrogen
evolution COF photocathode layer arrangement. (c) Energy levels of the components in the photocathode vs vacuum and normal hydrogen electrode (NHE), including CuSCN,
P3HT, TPB-MeOTP, and SnO2. The energy levels of SnO2 and H2/H+ were adapted at pH 4.2 given their Nernstian behavior. d) LSV of TPB-MeOTP-NP, P3HT, and P3HT/TPB-
MeOTP-NP photocathodes in 0.5 M Eu3+ aqueous electrolytes. Reproduced from Ref. [352] with permission American Chemical Society.
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Brunauer-Emmett-Teller surface area of 501 m2/g, as shown by the
N2 volumetric adsorption/desorption measurement (Fig. 40b).
With a Tafel slope value of 58 mVdec-1 and a low overpotential
of 420 mV at 10 mA cm2, Co-MPPy-1 demonstrated good electro-
catalytic activity towards OER (Fig. 40c). The Co(II) Por- (donor)
and pyrene (acceptor) electronic interaction and faster intramolec-
ular charge transfer was demonstrated by the DFT calculation for
Co-MPPy-1 [323]. A metallophthalocyanine-based COF (CoCMP)
gives rise to a small onset potential of 1.57 V and a low Tafel slope
of 87 mV dec-1 as a promising OER electrocatalyst. The long-term
durability of CoCMP was investigated using chronoamperometry
and 1000 cycles of LSV, and the findings revealed that CoCMP pre-
served a consistent catalytic performance without the leaching of
Co(II) ions [324]. Mo and his co-workers [325] synthesized a
bimetallic-integrated triazine-COF (FeCo(1:3)@SNC) and examined
for OER process, with low overpotential (g10 = 288 mV) and Tafel
slope (40 mV dec-1) in alkaline media. Moreover, the phenolic-
linked 2D COF-C4N showed a good OER process with low overpo-
tential of 349 mV at current density of 10 mV cm�2 and Tafel slope
(64 mV dec�1) [326].
8.3. COFs for electrocatalytic overall water splitting

The oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER) have attracted much attention due to their utmost
importance for clean and renewable energy applications
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[327–331]. It is thus highly desirable to develop new cost-effective
OER/HER electrocatalysts with ideal activity, stability, and selectiv-
ity [327–331]. Two feasible strategies can be employed to achieve
the goal: (1) using cheaper and earth-abundantmetals; (2) reducing
the loading number of preciousmetals tomaximize their utilization
efficiency. As emerging versatile nanomaterials, covalent–organic
frameworks (COFs) can serve as OER/HER electrocatalysts, but their
potential remains underexplored mainly thus far. In 2020, a bifunc-
tional Co(II) Por-based covalent organic polymer (CoCOP) was pre-
pared by a Schiff base reaction and showed excellent
electrocatalytic activities both in HER and OER [242]. The resultant
CoCOP achieved low overpotentials for both HER
(310 mV@10 mA cm � 2) and OER (350 mV@10 mA cm � 2) in
1 M KOH. The excellent HER&OER performances for CoCOP could
be attributed to the large surface area and the synergistic effect
between Co(II) Por- moieties and the C@N bonds. Compared to
Por-based COFs for electrocatalytic OER, the research on Pc-based
COF is rarely reported. Ji et al. [332] described the COF-366-Co as a
first-principles calculations to investigate the electrocatalytic per-
formances of fifteen two-dimensional (2D) M�COFs (M = Sc–Zn,
Ru, Rh, Pd, Ag, Ir) containing various metalloporphyrin active cen-
ters. The results reveal that all theM�COFsbear fully exposed, atom-
ically dispersed, thermodynamically and electrochemically stable
metal sites, as requiredby the ideal single-atomcatalysts. According
to the thermodynamic calculations, the Co-COF and Ir-COF are per-
fectOER catalystswith rather low theoretical overpotentials (gOER:



Fig. 44. a) Formation of TTA-TTB and TAPB-TTB-COFs based on imine linkage, b) Schematic illustration of the effective separation between excited e� and h+ for TAPB-TTB
COF, c) (LSV) curves of TTA-TTB COF (black curve) and TAPB-TTB COF photoelectrodes (red curve), respectively, in 0.2 m Na2SO4 aqueous solution (pH = 7) with and without
visible light (> 420 nm); d) Photocurrent of COFs at 0 V versus RHE upon on/off visible light irradiation, e) The current–time (i–t) curves for TAPB-TTB COF photoanode under
visible light irradiation (> 420 nm). Reproduced from Ref. [353] with permission the John Wiley and Sons.
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0.38 and 0.34 V). The Mn-COF, Fe-COF, and Rh-COF are also promis-
ing for theOER (gOER: 0.62, 0.57 and 0.51 V). Their excellent perfor-
mances stem from the suitable metal d bands, which cause optimal
bindings for all the key intermediate species along the reactionpath-
way. The current work not only finds several 2D-COFs as promising
electrocatalysts, but also elucidates their exact structure–activity
relationship, which is useful for the rational design of more single-
atom catalysts. Table 7 presents the comparison of the reported
OER catalytic performance of COFs and other catalysts [333–345].

8.4. COFs for photoelectrochemical water splitting

A new technique has been developed combining photocatalysis
and electrolysis, called photoelectrochemical phenomena. Hydro-
gen can be produced cleanly and sustainably through photoelec-
trochemical water splitting (PEC) under visible light irradiation.
In both the HER and OER processes, the electrons are transferred
between different electrodes as in electrolysis, but a source of
energy is obtained from sunlight, as in photocatalysis. Hydrogen
and oxygen are produced by incident sunlight on the semiconduc-
tor surfaces of both half cells, and the products are directly sepa-
rated and stored. Compared to the other approaches mentioned
above, the design of this system is anticipated to result in reduced
product cross-contamination, minimal energy losses and fabrica-
tion costs, and reduced manufacturing time [246]. Photo-
electrolysis for large-scale hydrogen production is currently hin-
dered by low yields (below 5 % solar-to-hydrogen efficiency),
which means that additional research is needed to make this tech-
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nology economically feasible, both on materials and mechanistic
understanding. It is important to note that each technology should
be studied and optimized separately to fulfill the specific needs of a
specific application. In an ideal scenario, semiconductor surfaces
would exhibit catalytic activity, which would otherwise require a
cocatalyst. A 1.5–2.4 eV bandgap can be postulated for the optimal
bandgap for electron transfer processes at the solid-electrolyte
interface if the kinetic overpotentials are considered. Based on
the Shockley-Queisser limit, experimental and theoretical studies
predicted that a single optimal absorber would yield
12.6 mA cm-2 of maximum photocurrent density (with a 2.23 eV
optical band gap and a 1.0 V assumed loss per photon) and that
incident photons would convert 15 % into hydrogen at their max-
imum efficiency [25,346–352]. The greatest solar-to-hydrogen effi-
ciency of tandem cells with a photoanode and a photocathode is
29.7 %. For optical band gaps of 1.6 and 0.95 eV for top and bottom
cell electrodes, respectively. PEC water splitting could be applied to
industrial applications if such efficiency and long-term stability
can be achieved. A photoelectrochemical approach was used by
Bein and his colleagues [349] to study the first COF utilized for
water splitting in 2017. As a light-absorbing material, this COF
was synthesized by Schiff-base condensation of four coordinate
knots (1,10,2,20-tetra-p-aminophenylethylene, ETTA) and two coor-
dinate linkers (benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxalde
hyde (BDT)) (Fig. 41a), grown as an oriented film on transparent,
conducting substrates [350]. Based on the results of the analysis,
ETTA-BDT-COF is suitable for PCE applications, including efficient
light harvesting, stable positioning, and suitable band positions



Fig. 45. a) Formation of TFBB–TAT and TFBB–TAB COFs, b) Polarization plots of the developed photocathodes under the dark and illumination, c) long term photostability of
COF based photocathodes, d) PEC hydrogen production profile of the developed photocathodes Reproduced from Ref. [354] with permission Royal Chemical Society.
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(Fig. 41d). PECs can generate HERs at 1.0 V vs reversible hydrogen
electrodes (RHE), with currents as high as 1.5 lA cm�2 at 0.2 V vs
RHE. A thicker (500 nm) film with a less homogeneous orientation
showed a higher current density at 0.3 V than RHE, indicating a
potential improvement in PEC performance of COF films
(Fig. 41e). Electrophoretic deposition (EPD) was used recently to
deposit ETTA-DBT-COF on FTO substrates to increase their activity
by altering the coating method and layer thickness. It was found
that the pristine BDT-ETTA COF film exhibited a photocurrent
onset at 0.25 V vs RHE and a high photocurrent density (21.1 lA
cm�2) at 0.1 V vs RHE, a value 19 times higher than the earlier
value for oriented thin BDT-ETTA-COF films [349] (Fig. 41f). Using
the Knoevenagel condensation approach, Shice et al. [351] synthe-
sized two new 2D covalent organic frameworks (COFs) together
with unsubstituted carbon–carbon double bonds by activating
the methyl carbons of a 2,4,6-trimethyl-1,3,5-triazine monomer.
It has been demonstrated that this method is generalizable by
forming two COFs from linear or trigonal aldehydes, termed g-
C18N3-COF and g-C33N3-COF, respectively (Fig. 42a). It is revealed
that their honeycomb-like porous structures are stacked vertically
and have a large surface area. It is important to note that both
above mentioned COFs exhibit semiconducting properties, includ-
ing the ability to harvest visible light with a suitable band gap,
charge separation ability, and photocatalytic activity, which are
effective for a good performance of photoelectrochemical pro-
cesses (Fig. 42b). They enable assembling into microfibrillar mor-
phologies (Fig. 42c), allowing for the fabrication of thin films in
micrometer thickness without additives (Fig. 42c). Fig. 42d shows
that, at 0.3 V vs RHE, the cathodic photocurrent of g-C18N3-COF
was 25 lA cm�2, about three times greater than that of g-C33N3-
COF (8 lA cm�2), indicating that the separation of charge carriers
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in g-C18N3-COF is more efficient. At 0.2 V versus RHE, the g-
C18N3-COF film demonstrated a photocurrent of up to 45 lA
cm�2 and rapid interfacial charge transfer (Fig. 42e). Yao et al.
[352] describe the creation and use of colloidal COF nanoplates
as photocathodes for solar hydrogen evolution. COF nanoparticles
exhibit shape anisotropic growth, which can be attributed to a
preference for growth in the direction of interlayer stacking, by
analyzing their structure, morphology, nucleation behavior, and
growth kinetics. The TPB-MeOTP-NP colloidal COF nanoplates
show excellent colloidal stability for 10 months. Examining the
growth mechanism of terephthalaldehyde linkers suggests that
methoxy functionalization and self-assembly play an important
role in forming nanoplate particles. MeOTP’s self-assembly proper-
ties in acetonitrile are shown by PFG NMR analysis, enabling a
template-induced crystallization of TPB-MeOTP and high-yield col-
loid formation (Fig. 43a). TPB-MeOTP-NP yields a highly homoge-
neous, thick, and smooth nanofilm compared to TPB-MeOTP-NS.
As a result of illumination, photocathodic currents flow through
photoelectrodes made from TPB-MeOTP colloids and are used to
reduce Eu3+ in PEC. The Von of COF photocathodes was shifted
from + 0.59 V to + 1.03 V RHE by introducing CuSCN nanowires
as HTL and a P3HT/TPB-MeOTP-NP heterojunction to suppress
charge carrier recombination (Fig. 43d). The Jph at + 0.7 V RHE
can also reach 21 lA CM-2 cm�2 with excellent stability over
30 min continuous illumination. The COF photocathode was opti-
mized to produce an exceptionally positive Von of + 1.06 V RHE
for PEC hydrogen evolution when combined with a SnO2

electron-collecting layer and a Pt HER catalyst layer (Fig. 43b). Fur-
thermore, Jph remained stable for 2 h, among the best results of
classical semiconductor photocathodes. Because only a limited
number of semiconductor materials with Von > +1V RHE have been
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created so far, our results point to COFs being a promising candi-
date for use as a new generation of polymeric semiconductors for
photoelectrodes. We are gaining a better understanding of how
to prepare high-quality nanofilms and design photoelectrodes in
this report, thus allowing us to use COFs in next-generation semi-
conductor devices by revealing the subtleties of photoelectrode
preparation and the interplay between individual components. In
Fig. 44a, two covalent organic frameworks (COFs) incorporating
2,4,6-triphenyl-1,3,5-triazine have been demonstrated to be excel-
lent photocathodes to produce hydrogen. A significant increase in
visible-light photocurrent of TAPB-TTB COF at zero voltage versus
a reversible hydrogen electrode (RHE) at 0 V is obtained by adding
2,4,6-triphenylbenene to create donor/acceptor pairs within COF
by inserting 2,4,6-triphenylbenene to properly create donor/accep-
tor pairs within COF. There is no need for organic sacrificial agents
and metal cocatalysts (>420 nm) (Fig. 44b and c). Based on a dura-
bility test (Fig. 44e), TAPB-TTB COF maintained its photocurrent
for>1200 s. By combining intramolecular donors and acceptors,
the narrowed bandgap enhances photocurrent density. It can be
seen in (Fig. 44b) that TAPB-TTB COF exhibits distinct distributions
of excited electrons and holes, resulting in more efficient electron-
hole separation and dissociation. Due to the smaller bandgap and
stronger donor–acceptor interaction, TAPB-TTB COF has a much
better photoelectrochemical performance. A high-efficiency
organic photoelectrode for water splitting was developed using
crystalline donor–acceptor COFs in this study [353]. 2-D TFBB–
TAT and TFBB–TAB COFs were prepared by using condensation
between 1,3,5-tris(4-formylbiphenyl)benzene (TFBB), 2,4,6-tris(4-
aminophenyl)-1,3,5-triazine (TAT) and 2,4,6-tris(4-aminophenyl)-
benzene (TAB) yields crystalline, respectively (Fig. 45a). The cova-
lent organic framework (COF), which shows promise as an ideal
photo absorber due to the combination of efficient light harvesting
sites with a suitable band gap and catalytic sites for the HER was
described. The TFBB–TAT containing photocathode delivers a cur-
rent density of 4.32 mA cm�2, which was found to be much supe-
rior to that of the TFBB–TAB based counterpart. The higher
cathodic current density achieved with the TFBB–TAT photocath-
ode reflects its potential for water reduction under visible light
illumination. The prepared triazine containing TFBB–TAT COF
shows better photoelectrochemical (PEC) water splitting and
chemical stability compared to the non-triazine based TFBB–TAB
COF (Fig. 45b and c) [354]. The designed photocathode shows con-
siderable retention of photocurrent density after 180 min of oper-
ation under visible light illumination (Fig. 45c). The TFBB–TAT
based photocathode offers a hydrogen production capacity of
137 lmol cm�2 after 180 min of PEC operation. Moreover, the
hydrogen production capacity of the TFBB–TAT electrode is shown
to be 7.6 times higher than that of the TFBB–TAB electrode
(Fig. 45d). It was found that condensation of 1,3,5-tris(4-formylbi
phenyl)benzene (TFBB), 2,4,6-tris(4-aminophenyl)-1,3,5-triazine
(TAT) and 2,4,6-tris(4-aminophenyl)-benzene (TAB) yielded crys-
talline COFs, TFBB–TAT and TFBB–TAB, respectively (Fig. 45a).
Due to the combination of efficient light-harvesting sites, a suitable
band gap, and catalytic sites for HER, the covalent organic frame-
work (COF) appears promising as an ideal photo-absorbing mate-
rial. It was found that the photocathode containing TFBB-TAT
delivers a much higher current density than its TFBB-TAB-based
counterpart, which delivers 3.47 lA cm�2. Under visible light illu-
mination, TFBB–TAT photocathodes can achieve greater cathodic
current density. In comparison with the non-triazine-based TFBB-
TAB COF, the triazine-containing TFBB-TAT COF shows better pho-
toelectrochemical (PEC) water splitting and chemical stability
(Fig. 45c). Despite 180 min of exposure to visible light, the
designed photocathode retains considerable photocurrent density.
TFBB-TAT-based photocathodes can produce 137 mol of hydrogen
per square meter after 180 min of PEC operation. A further differ-
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ence between the TFBB–TAT electrode and the TFBB–TAB electrode
appears to be that the TFBB–TAT electrode produces hydrogen at a
rate seven times greater than that of the TFBB–TAB electrode
(Fig. 45d) [354].
9. Conclusion

In this review, we overview and summarize the five hydrogen
production routes by using MOFs/COFs and the derived catalysts.
As for hydrogen production by using Metal-organic frameworks
(MOFs) and MOF-derived catalysts, they are divided into two
routes in this review: (1) the steam reforming reaction, and (2)
the dry reforming reaction. When it comes to MOF materials with
overwhelming catalytic activity in reforming reactions compared
to conventional catalysts, though an unprecedented advancement
has been accomplished over decades, we have to admit that there
are still some limitations we need to overcome for future works.
Regarding the obstacles that we are facing to recycling catalysts
in the future, thermal and chemical stability problems of MOF
materials hamper the development of large-scale catalytic utiliza-
tion. Although we have already witnessed the progress of MOF
materials by modifying them with several treatments (i.e., the
introduction of other supports, the addition of promoters, pyroly-
sis, and the calcination process), there is still room for improve-
ment for researchers to explore. First of all, a mature and stable
synthesis method for future scale-up manufacturing must be
researched in order to meet commercial requests. Moreover, the
deep investigations on the morphological and characteristic trans-
formation of MOF materials during the heat treatments should be
analyzed to get a further look at MOF-derived materials. Lastly,
although many experts dedicated themselves to hydrogen produc-
tion research, few works published non-thermal reactions for MOF
catalysis, namely the plasma-assisted reaction we introduced
before. This review also exhibits a prospective research direction
in the hydrogen production by using MOF-based catalysts by using
non-thermal processes. Since Yaghi and co-workers discovered
COFs in 2005, various COFs have been designed and synthesized,
targeting versatile applications. COFs’ well-defined structure,
porosity, and surface area can benefit energy conversion and stor-
age applications. COFs have several advantages over other typical
materials. At first, it is very structurally controlled compared to
carbon- and graphene-based materials. A material with defined
chemical structures, tuneable pore sizes, and structures and low
densities can be prepared by selecting appropriate building blocks
and linkage motifs. Enhanced pseudocapacitive performance in
supercapacitors or reversible processes rechargeable batteries
can be achieved through metal-coordinating moieties in COFs. Fur-
thermore, 100 % covalent connections may enable enhanced
charge transport compared to MOFs, which is often problematic.
In addition to providing a comprehensive understanding of the
underlying photochemical and/or electrochemical reactions, COFs
offer an excellent opportunity to study optimal systems of active
sites. COF-based photocatalysts and/or electrocatalysts can be
designed using various building blocks and molecular designs with
precise, controllable active sites. It is possible to gain new insight
into structure–function relationships in the photo and/or electro-
chemical devices using advanced in situ/in operand characteriza-
tion techniques and computational tools, which can be applied
more effectively to crystalline materials than to amorphous or
ill-defined materials.
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