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Porous carbon-based frameworks represent an emerging class of nanostructured materials with variable
crystallinity. In this family, a large number of bonding configurations lead to the growth of either
graphitic carbon nitride, amorphous covalent organic polymers, metal-organic frameworks or covalent
organic frameworks. The latter nanostructures have attracted a great deal of attention owing to their
porous crystalline character, originating from the linking of monomeric units by strong covalent bonds
for the development of extended conjugated networks. The simultaneous existence of the conjugation
and spatial separation of electron donor—acceptor moieties are critical factors for enhanced photo-
catalytic efficiency. In this review, we aim to summarize the diversity of covalent organic frameworks,
highlighting their different synthetic protocols, most importantly, giving rise to various building blocks
that interact with each other through diverse linkages, thereby forming novel architectures. Due to the
aforementioned structural and semiconductive properties, porous covalent organic frameworks exhibit
promising photocatalytic performance in the generation of reactive oxygen species. Our goal is to shed
some light on critical factors leading to the enhanced generation of either transient intermediates or
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neutral oxygen-containing substances. We have directed our discussion to the spatial separation of
electron donor—acceptor moieties within a carbon network and extracted some helpful data on the
DOI: 10.1039/d4ya00082j structure—activity relationship for hydrogen peroxide production. Furthermore, we have described recent

progress in the development of efficient photocatalytic systems for organic substance degradation using
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1. Introduction

In recent centuries, the exploitation of energy resources on our
planet by humankind has been focused on the hidden chemical
energy of fossil fuels. After centuries of exhaustive mining,
severe environmental issues have been raised due to the emis-
sion of greenhouse gases in the atmosphere, with global
warming being the main side-effect." Furthermore, wastewater
derived from industrial activities contains harmful pollutants,
such as organic dyes and ionic species. Modern society has
recently made efforts to diminish the utilization of fossil fuels.
Great necessity has been raised for harnessing the power of
sustainable energy resources. One such resource is solar
energy, which can be used for powering the planet.” In parallel,
photon energy can be converted and stored in the form of
chemical energy, a process which is highly associated with
environmental issues. The mechanistic scheme of photosynth-
esis is the best example to describe such kind of photoinduced
processes, where water is oxidized to oxygen gas. Through this
complex process, various transient intermediates participate
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and certain photo-adducts may be formed, even under dark
conditions. In recent decades, there have been numerous
attempts to develop multifunctional catalytic systems, which
could play the role of a photosensitizer in certain redox
processes.”® Specifically, such nanostructured materials
should present a semiconducting character. Although inor-
ganic semiconducting nanostructures have been primarily
assessed as solar energy harvesters and simultaneous photo-
catalytic systems,’> carbon-based nanostructures have recently
paved the way for energy conversion and related environmental
remediation applications.® The semiconducting character of
carbon-based nanostructures stems from their optimal conju-
gated network, which gives rise to enhanced charge carrier
delocalization. An additional structural advantage of a func-
tional photocatalyst is the engineered building of a homoge-
neous porosity profile within the lattice. Such sophisticated
development of porous carbon frameworks, along with their
tailored decoration with appropriate functionalities, can con-
tribute to the optimization of interfacial interactions between a
photosensitizer surface and any substrate. These interactions
are the basis to a wide range of energy conversion applications
including a variety of topics, such as hydrogen gas evolution,
carbon dioxide reduction, nitrogen fixation and oxidative/
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reductive transformations of substances.” The latter processes
are directly associated with the participation of reactive oxygen
species (ROS) formed through various redox reactions. Such
transients are vital components in mammalian and plant
processes, strongly associated with life itself.® In photocatalysis,
these oxygen-based intermediates are generated by the inter-
action of photoexcited semiconductors (catalytic system) and the
chemical environment.

In this context, a novel family of porous carbon-based
semiconducting architectures have been recently developed
and are considered as a hot field in photocatalysis. This family
contains nanostructured materials, such as graphitic carbon
nitride,” covalent organic polymers (COPs),">'" metal-organic
frameworks (MOFs)'?> and covalent organic frameworks
(COFs)."®' The latter nanostructures have drawn intense inter-
est due to their exceptional optical and carrier separation
properties. Built on covalent linkages between appropriate
monomers with variable symmetries, the obtained carbon
networks possess tuned porosity patterns, which ensures a
fairly high crystalline character. Moreover, the co-existence of
spatially separated chromophores, acquiring electron donor-
acceptor interactions, may play a vital role in the inhibition of
carrier recombination in the excitonic form and the subsequent
charge separation. In recent years, various synthetic approaches
have been proposed in order to engineer the band gap of a
carbon-based porous semiconductor to develop functional
heterojunctions as well as to integrate appropriate functional
groups into the carbon-based network as adsorption sites for any
substrate."®

Regarding photocatalytic processes in the liquid phase,
typical substrates may be either the dissolved oxygen gas, a
sacrificial agent or the medium itself (H,O). The abovemen-
tioned components, which participate in the redox reactions
with semiconductor’s electrons and holes, need to be strongly
adsorbed onto the photocatalyst lattice. The strong adsorption
of molecular oxygen onto a semiconducting photocatalyst is
critical due to the low solubility of O, gas in aqueous media.

Due to the exotic optical and structural properties of nano-
structured systems based on COFs, these carbon nanomaterials
have participated in numerous studies, spanning a wide range of
topics. Some excellent reviews and seminal works have recently
focused on the chemistry of COFs as well as the potential
applications of such systems. These involve the utilization of
covalent organic frameworks as functional components in diverse
catalytic applications,'®"” in energy storage,"®" in organic elec-
tronic devices,*>>* in gas storage,>” as porous adsorbents,”**” as
chemical® and fluorescent sensors, in thermocatalytic CO,
conversion,*® in photocatalytic evolution of oxygen,*”? in photo-
catalytic evolution of hydrogen,**~** in photocatalytic reduction of
C0,,*?7 in electrochemical energy conversion,**™° in nitrogen
fixation,** in photocatalytic organic synthesis**™** as well in the
photodegradation of pollutants.*®*”

In this review, first, we describe the fundamental principles
of photocatalytic processes towards the generation of reactive
oxygen species, involving either transients or neutral sub-
stances. Taking into account the vast literature in the field of
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porous carbon-based semiconducting architectures, this work
will not include carbon nitrides or metal-based frameworks but
will be limited only to carbon-based COFs, with variable crystal-
linity. A systematic introduction of synthetic methods and
structural motifs of COFs are presented. Then, the particular
advantages of COFs in photocatalysis are discussed. Further-
more, the photocatalytic applications of COF-based materials
are introduced in topics related to ROS-mediated hydrogen
peroxide evolution and degradation of organic substances in
aqueous environment. In particular, various approaches are
discussed in detail towards the revealing of structure-activity
relationship in photoactive COFs. Finally, a perspective on
unsolved challenges and research opportunities of COF-based
materials for photocatalytic applications is also presented.

2. Fundamentals of photocatalysis

2.1. General principles

When a semiconducting nanostructure interacts with light of
sufficient energy, electronic transitions take place.*® Specifically,
electrons migrate from the valence band (VB) to the empty
conduction band (CB) of the semiconductor. This photoinduced
process creates positive holes in the valence band and excited
electrons to the conduction band, respectively. It is critical for the
initially bound pair of charge carriers (exciton) to separate. This
charge separation will give rise to the evolution of various oxygen-
based transient intermediates through various redox processes
(Fig. 1). Thus, photon energy catalyses the generation of reactive
transients, which may subsequently decompose a pollutant in
oxidative conditions. Regarding the charge carriers, the positive
holes may participate in oxidative processes, whereas it is the
excited electrons in the reductive ones. In typical nanostructured
semiconductors, such as the inorganic ones, the fast charge
recombination process is the main drawback, which leads to
an appreciable decrease of the apparent quantum yield of redox
processes. This is mainly solved through the utilization of an
appropriate cocatalyst, a component which forms multiple het-
erojunctions with the main semiconductor.*® Actually, the coca-
talyst plays the role of an electron acceptor, and this is highly
correlated to its relatively large value of work function (e.g.,
metallic nanoparticles). As an additional scenario, the charge
carriers may be trapped in the defect sites of the semiconductor
lattice. Thus, all these major issues need to be taken into serious
consideration when an efficient photocatalytic system is to be
developed. For successful and efficient charge separation within
the lattice of a photocatalyst, the semiconducting nanostructure
should contain a conjugated network with spatially separated
electron donor and electron acceptor domains. This would drive
the process of recombination of the formed charge carriers to be
appreciably inhibited. Thus, a successful separation of electrons
and holes may be achieved. Beside the construction of a con-
jugated network with spatially decorated donor-acceptor moi-
eties, the structural defects should be in minimum content.
This implies that highly crystalline nanostructures may
facilitate charge transfer and minimize any charge trapping
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Fig. 1 Underlying mechanistic pathways of reactive oxygen species-mediated processes.

phenomena. Furthermore, the development of highly porous
frameworks may give rise to the rapid diffusion and adsorption
of substrates in the catalytic sites of the semiconductor surface.

The aforementioned characteristics are met in nanostruc-
tures, such as COFs.>® The latter porous components possess
a high photochemical stability due to the strong covalent
bonding of the monomer units, which gives rise to durable
nanostructures. Furthermore, the conjugated backbone in a
COF lattice plays a key role in the light harvesting of visible
spectrum wavelengths.

As stated above, two general redox schemes take place after
the electron-hole separation step. These lead to the generation
of reactive oxygen species (ROS), which eventually participate in
the photocatalytic degradation of a pollutant. The first scheme
involves the participation of excited electrons in reductive
processes. The driving force for the reductive activity of a
semiconductor stems from the energy difference between its
conduction band level and the corresponding reduction
potential of a specific half reaction. Specifically, the conduction
band level should be higher (more negative potential) than the
one of a half reaction. Typical electron acceptors, such as
dissolved oxygen gas, may be reduced by either a one-, two-,
three- or four-electron mechanism. The experimental evidence
that O, molecules behave as an efficient electron trap towards
the formation of superoxide anion (one-electron reduction)
comes from ESR measurements at low temperature (77 K). It
was found that the intensity of the electron spin resonance
(ESR) signal of trapped electrons was decreased in the presence
of dissolved oxygen gas.”

714 | Energy Adv., 2024, 3, 712-740

In total, the stepwise reduction of oxygen gas may deliver
superoxide anion (0,°), hydrogen peroxide (H,0,), hydroxy
radical (*OH) and water, respectively. As clearly seen, the hydro-
gen peroxide photo-adduct is generated via a two-electron
reduction of oxygen gas. An additional pathway for H,O, evolu-
tion involves the so-called disproportionation. This is actually a
reaction between O,*~, HOO® and water, yielding H,0,, O, and
OH.>? All the aforementioned ROS, except water, demonstrate a
highly oxidative character, leading to the appreciable degrada-
tion of a pollutant through the so-called advanced oxidation
processes (AOPs). In the ideal case of mineralization, the organic
pollutant may be quantitatively converted to carbon dioxide
and water.

Beside oxygen gas, other electron acceptors may take part in
the reductive processes. The latter may lead to the generation of
fuel substances, such as the reduction of protons to molecular
hydrogen as well as the reduction of CO, to methane.>?
Alternatively, chemical transformations may take place through
the reductive path, such as the photoreduction of nitroarenes
to aniline derivatives®® and the conversion of harmful metal
cations to a different oxidation state. A typical example of the
latter case is the reduction of Cr(vi) to Cr(m).>>

On the other hand, the second scheme involves oxidative
processes taking place in the valence band of the semiconduct-
ing photocatalyst. Positive holes may oxidize water molecules
of the reaction medium. The stepwise hole-oxidation of water
results in the generation of hydroxy radical (*OH), hydrogen
peroxide (H,0,), superoxide anion radical (O,* ), and singlet
oxygen ('0,), respectively.’ Regarding a one-hole oxidative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process, the interaction of a water molecule with a positive hole
results in the generation of a hydroxy radical and a proton.
From a thermodynamic aspect, it is noted here that the energy
level of singlet oxygen is higher than the one of superoxide anion
radical; thus, the most probable pathway for the formation of
O, excited state involves the energy transfer between the
excited semiconducting photocatalyst and the ground state
molecular oxygen.

Alternative hole scavengers are the so-called sacrificial
agents, which demonstrate an electron donor character. Such
substances may be low molecular weight organic/inorganic
species, polymeric substances such as biomass as well as the
pollutant itself.>® Regarding the feasibility of the half reactions,
leading to the photogeneration of the abovementioned ROS,
these may be favoured in specific pH ranges.'” In alkaline
environments, the relatively high concentration of hydroxy
anions may lead to the formation of hydroxy radicals by one-
hole oxidation mechanism. This specific pathway for hydroxy
radical formation would not be favoured in acidic media.
Beside the effect of acid-base equilibrium, thermodynamic
aspects govern the driving force for oxidative processes. In an
analogous rule as in the case of reductive processes, the valence
band level of the semiconductor should be lower than the
oxidation potential of a specific half reaction. It is noted here
that both reductive and oxidative processes need to take place
simultaneously in order for the photocatalytic activity to be
optimal. The advantage of the electron/hole-mediated photo-
catalysis is that the approach generates a wide range of ROS for
advanced oxidation processes. It is quite clear that such inter-
mediates may be classified as either transients with short
lifetime or neutral molecules.

Beside the direct interaction of molecular substances with
either electrons or holes, there is an alternative pathway that
involves energy transfer between the excited semiconductor
and a substrate. This process belongs to the family of photo-
sensitization, which leads to the generation of an excited state
of a substrate. The more reactive excited species is able to react
with another substrate and subsequently result in efficient
chemical transformations. The excitation of molecular oxygen
from its ground state (triplet multiplicity) to the corresponding
singlet excited state ('0,) is a typical example of ROS generation
by energy transfer mechanism. The advantage of the latter
mechanistic scheme is that it permits the occurrence of redox
reactions, which do not take place due to unfavourable
reduction/oxidation potentials of specific half reactions from
the thermodynamic point of view.

2.2. ROS detection techniques

Due to the short lifetime of the reactive oxygen species, it is
quite difficult to detect them by steady-state techniques. Thus,
the monitoring of such transients may take place either at low
temperatures (77 K) or by indirect approach (radical trapping
etc.). Certain techniques have demonstrated drawbacks for the
detection of ROS. For example, the utilization of UV-Vis absorp-
tion spectroscopy does not provide safe quantitative data due to
the low values of absorption coefficient of the corresponding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ROS.* The main physicochemical characterization techniques
of ROS widely utilized in the photocatalytic studies of porous
COFs are described in the following section.

2.2.1. Superoxide radical anion detection. The transient
intermediate, originated from the interaction of molecular
oxygen with conduction band electron, may be detected in
the aqueous environment by the ESR technique.®” Specifically,
a spin-trapping probe, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) is used and the formed adduct is suggested to be
DMPO-0OOH, which is not considered as a stable adduct.
The latter was found to decompose to DMPO-OH within a
matter of a couple of minutes.’® In general, it has been
observed that the qualitative detection of the superoxide radical
anion is not feasible for the whole range of the studied
photocatalytic systems.

2.2.2. Hydrogen peroxide (H,0,) detection. Hydrogen per-
oxide may be generated either through the two-electron
reduction of oxygen gas or the two-hole oxidation of water.
Among the main ROS, H,O, is the only oxidant that is not
considered as a transient intermediate. The most utilized
detection methods are based on the evolution or disappearance
of colours in liquid media, which are assigned to chemical
substances reacting with H,0,. The evolution of solution
coloration is mostly recorded by UV-Vis absorption spectro-
scopy. The so-called ‘“iodide method” relies to the redox
reaction between iodide ions and H,O,. This reaction yields
molecular iodine (I;7), and the evolution of the coloured
adduct is recorded by following the absorption peak at
360 nm.* Alternatively, the interaction of H,0, with tetravalent
titanium cations yields yellow-coloured complexes. The quanti-
tative determination of the latter species is monitored by the
evolution of absorption at 410 nm.®® A similar decolouration
method is based on the reaction between H,0, and KMnO, in
acidic water. The KMnO, solution is purple in colour. As it is
added to the H,O, solution, it reacts with the peroxide to
produce colourless Mn** cations, and thus the solution colour
will fade away. When all the peroxide has been consumed, the
last drop of potassium permanganate that is added will keep its
colour. The endpoint of the titration is the point at which the
last drop of KMnO, added to the solution causes it to turn
pink.®" Analogously, yellow-coloured tetravalent cerium cations
have been used as a titrant for H,0,. The inorganic species are
converted to the colourless Ce*", and the absorption at 313 nm
is monitored for quantitative analysis.*?

2.2.3. Hydroxy radical (*OH) detection. In comparison with
the other ROS, hydroxy radicals demonstrate the highest reac-
tivity towards the oxidative degradation of organic substances.
The corresponding rate constants range between 10° and
10" M~ s7', values which imply diffusion-controlled pro-
cesses. A typical approach for the detection of the transient
radical is spin trapping and subsequent characterization of the
adduct by ESR. The probe DMPO has been widely used as a spin
trapping agent of hydroxy radicals, yielding stable DMPO-OH
nitroxide radicals.® It is noted here that one has to be cautious
about the safe assignment of the indirect detection of hydroxy
radical by ESR. The very same oxygen-centered radical (DMPO-
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OH adduct) is formed after the reaction of DMPO agent with
superoxide radical anion (see above).

Besides ESR trapping experiments, absorption spectroscopy
has been used in order to monitor the rates of hydroxy radical
formation. Various chemical reactions of transient and organic
substances have been studied, such as the decolouration of
p-nitrosodimethylaniline (Apna at 440 nm)®* as well as the
oxidation of 1,5-diphenyl carbazide to 1,5-diphenyl carbazone
(Amax at 560 nm).*> However, the possibility of the involvement
of trapped holes via the oxidation of the aforementioned
substances should not be ruled out.

2.2.4. Singlet oxygen ('0,) detection. Cyclic aliphatic
amines have been widely used for the trapping of singlet oxygen
species. The resulting nitrogen oxide radical species are then
characterized by ESR spectroscopy. Specifically, the reaction
of singlet oxygen with 4-hydroxy-2,2,6,6-tetramethylpiperidine
(HTMP) results in the formation of a stable nitroxide radical,
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL).®®
Analogous piperidine derivatives have been widely used in
photocatalytic studies. It is noted here that the TEMPOL radical
is not considered as a signature product for the exclusive
assignment of singlet oxygen species. Other ROS, or even
positive holes, have been shown to react with hindered amines
and yield nitroxide radicals.®”

The time-dependent generation of singlet oxygen has also
been monitored by UV-Vis spectroscopy. Upon the photo-
irradiation of a photocatalytic system in the presence of an
oligonuclear hydrocarbon label (9,10-dimethylanthracene), the
monitoring of its 375 nm peak indirectly shows the rate of
endoperoxide formation.®®* Analogous endoperoxides may be
formed through the reaction of singlet oxygen with either furan
or a-terpinene derivatives. In the former case, a typical probe
for the detection of 'O, species was 1,3-diphenylisobenzofuran
(DPBF).”° The reaction between the two components forms
an unstable peroxide that decomposes into colourless 1,2-
dibenzoylbenzene. By monitoring the spectral changes during
the photoinduced generation of singlet oxygen, quantitative
data may be extracted. Specifically, the absorption of furan
derivative at 420 nm was diminished, whereas clear isosbestic
points suggest the generation of an organic adduct absorbed in
the UV region (benzene derivative).

When using terpinene as the quencher, ascaridole photo-
adducts are expected to form through the trapping reaction.”
The conversion of a-terpinene was followed by the drop in the
absorption intensity of its UV band at 267 nm.

All the aforementioned cases belong to the family of
chemical quenching. This means that oxygen molecules are
consumed towards the formation of a photo-adduct. There are
also physical quenchers of singlet oxygen species. In physical
quenching, no oxygen molecules are consumed. The only
physical process is the deactivation of the excited species.
Singlet oxygen may be regarded as an electrophile and thus
may interact with species carrying charged heteroatoms. To
identify the role of singlet oxygen in photocatalytic processes,
sodium azide has been used as a physical quencher of the O,
excited state.”
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3. COFs synthetic principles

COFs represent a class of polymer-like systems that combine
both covalent bonding and non-covalent interactions in a well-
defined structure, presenting periodic multi-angular frames
and highly-ordered pores.”® Due to their higher binding energy
through covalent bonding, COFs present superior stability than
the corresponding similar frameworks, i.e., MOFs. The more
stable the covalent linkage, the more crystalline and stable the
COF. A proper selection of building blocks as precursors allows
the design of COFs with specific chemical and physical proper-
ties and predictable structures following definite topologies
and architectures (Fig. 2).”*7°

Following the basic principles of reticular chemistry, two-
dimensional hexagonal COFs with variable pore sizes are designed
by the combination of monomers with variable symmetry
patterns. Specifically, functional COFs have been shown to grow
by the condensation of either C;- and Cs;-type monomers, Cs-
and C,-, C; and C;-, as well as by the self-condensation of three
C,-symmetric monomers (Fig. 2a). Likewise, the combinations
of either C,- and C4- type monomers or C,- and Cy-ones lead
to symmetric tetragonal COFs, and the same architecture
achieved by the triple-component condensation of
the above-mentioned combinations with a C;-symmetry monomer
(Fig. 2b). Triangular architectures were designed by the
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Fig. 2 Illustrative topology diagrams of common 2D and 3D-COFs.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00082j

Open Access Article. Published on 28 February 2024. Downloaded on 03/09/2024 8:44:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

combination of Cs and C,-monomers (Fig. 2c), while rhombic
architectures come from the condensation of C;- and C,-
monomers (Fig. 2d). More sophisticated two-dimensional, dual-
pore, kagome-shaped COFs were proposed by combining
asymmetric C,- and Cytype monomers and Ci;- and C,-
monomers (Fig. 2e). In order to obtain three dimensional COFs,
at least one monomer has to follow a non-planar architecture
(Fig. 2f). Overall, the topology diagrams offer scientists the ability
to predesign and predict a great plethora of COF structures.

The most important factor towards high-quality COFs is to
control both nucleation and growth procedures. It is believed
that the reversible formation of covalent bonds, the so called
“dynamic covalent chemistry”, is the key to the construction of
high-quality crystalline COFs, allowing the generation of highly
ordered frameworks through self-healing.”” In this context,
numerous reversible reactions were utilized in COF synthesis,
starting from the highly reversible self-condensation of phenyl
boronic acids or the reversible reaction between phenylboronic
acid and catechols (Fig. 3a). The corresponding boroxine and
boronate linkages were found to present limited stability,
especially in acidic or basic conditions. On the other hand,
COFs with carbon-nitrogen linkages, in the form of imine
(Fig. 3b), imide and amide bonding, presented much higher
stability and crystallinity. Recently, the more robust C=C
linked COFs gained increased interest of scientists due to their
higher chemical and thermal stability (Fig. 3e).

“Dynamic covalent chemistry” approach has been successfully
utilized in the reversible condensation between 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin (TAPP-2H) and the semiconductor 5,5'-(2,5-
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Fig. 3 Typical covalent linkage reactions for COF synthesis.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

bis(2-ethylhexyl)-3,6-diox0-2,3,5,6 tetrahydropyrrolo[3,4-c|pyrrole-1,4-
diyl)dithiophene-2-carbaldehyde (DPP-1) under solvothermal condi-
tions. It was surprisingly found that DPP-TAPP-COF crystallites
agglomerate and self-organize to a unique microtubular structure,
representing a nanotube, with an outer diameter of approximately
300 nm (Fig. 4).”®

Later on, a comprehensive study by Xiong et al.”® revealed
that amorphous non-porous polymers, which were prepared at
room temperature from 1,3,5-tris(4-aminophenyl)benzene
(TAPB) and benzene-1,3,5-tricarbaldehyde (BTCA), could
undergo structural transformation after aging at higher tem-
peratures. The resulting distinct hollow structures presented
uniformly spherical morphology, which was highly dependent
on the aging temperature, aging time and solvent. Several COFs
with different linkages and tunable morphology have been
produced following this strategy.

3.1. General synthetic protocols of COF construction

Although it has been almost 20 years since the first reference to
porous COFs,”® there is still a strong debate as to whether
appropriate synthetic protocols have been developed towards
highly crystalline stable materials. As it is already mentioned,
COFs are polymer-like materials; therefore, the nucleation and
growth procedures play a critical role in their final structure
and may determine their properties. In this context, the reac-
tion conditions like time, temperature, pressure, the presence
or absence of solvents and/or catalysts, and even the concen-
tration of building blocks as starting materials are decisive in
the quality of the final material.

The most common procedure for the fabrication of COFs
relates to conventional solvothermal conditions, including the
reaction of the monomers in sealed vessels under vacuum, at
high temperatures (100-180 °C) for several days (3-5 days). The
structure and the properties of the as-prepared COFs are highly
dependent on various parameters, such as temperature, time,
and solvent medium.

Mechanochemistry is another important synthetic method
that has been widely used in organic and materials chemistry,
based on the direct absorption of mechanical energy by the
reactants. Usually, it includes the grinding of solid reactants
in the absence or with a minimal amount of liquid solvent.
In comparison to the aforementioned solvothermal synthesis,
this method avoids any additional heating and a large amount
of solvent, thus being characterized as an environment-friendly
and cost-effective synthetic procedure. In the field of COFs,
mechanochemical synthesis was first introduced by Banerjee
and co-workers,®® who proposed a rapid, solvent-free procedure
by grinding 1,3,5-triformylphloroglucinol (TFP) and p-phenyl-
enediamine (PA) or 2,5-dimethyl-1,4-phenylenediamine (MPA)
or benzidine (BD) in a mortar with pestle to produce COF-TpPa-
1 or COF-TpPa-2 or COF-TpBD, respectively. Although the
as-prepared COFs presented increased chemical and thermal
stability, however, their crystallinity and surface area were
rather low.

Sonothermal procedures represent a milder alternative of
solvothermal methods in COF synthesis. Yang et al.®* have
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Fig. 4 Agglomeration of small DPP-TAPP-COF crystallites and tube formation by reversible imine condensations. Adapted with permission from ref. 78.

Copyright 2018 Wiley.

introduced sonochemistry in the synthesis of boroxine-based
COFs, reducing the reaction time from 3 days to 1 h, while the
reaction took place at atmospheric pressure. More recently,
Zhao et al.® utilized sonochemistry to produce highly crystal-
line imine-based COFs in aqueous acidic conditions in the
absence of any organic solvents and in less than 60 minutes.
Their method was successfully tested in seven (7) already
known COF derivatives, indicating improved crystallinity and
porosity compared to COFs produced by solvothermal
conditions.

Another approach relates to the combination of sonochem-
istry and ion induction, leading to amorphous materials. In this
context, acridine-3,6-diamine (Acr) and 1,3,5-triformylbenzene
(TFB) were ultrasonicated in acetic acid, and the resulting
homogeneous solution was subsequently added to a solution
of sodium chloride, magnesium chloride, or zinc nitrate to
afford Acr-TFB-Na, Acr-TFB-Zn, and Acr-TFB-Mg amorphous
precipitates, respectively.®* It was observed that by increasing
he ion concentration, the particle size of the as-prepared
materials was smaller. It was observed that the pore size of
the zinc- and magnesium-coordinated frameworks Acr-TFB-Zn
and Acr-TFB-Mg was 3.06 nm and 3.41 nm, respectively, while
the salt-based Acr-TFB-Na was found to be much larger at
9.58 nm. Despite their amorphous character, these novel cova-
lent organic polymer-like materials present efficient and repro-
ducible photocatalytic activity in methylene blue degradation
via superoxide radical anion generation.

Microwave-assisted procedures were employed in the synth-
esis of COFs to drastically reduce the reaction times without
increasing the required energy consumption while, at the same
time, affording high yield rates. Wei and co-workers®! applied
microwave-assisted techniques to prepare TpPA-COF, which
was already synthesized from TFP and PA by conventional
solvothermal and mechanochemical procedures. It was found
that this method resulted in materials with superior properties
in terms of crystallinity, porosity and stability compared with
both other methods, allowing the as-prepared material to be
effectively used for CO, storage.

In another approach, the use of light energy seemed to
accelerate the reversible imine-condensation reaction, leading
to COFs with high crystallinity. It was found that the reaction
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between 1,2,4,5-benzenetetramine (BTA) and hexaketocyclohex-
ane (HCH) was advanced timely when the mixture was
irradiated by simulated sunlight (200-2500 nm wavelength) in
the presence of catalytic amounts of water and acetic acid.®®
The hcc-COFs prepared by this method were organized in a
highly uniform and atomically thin structure with high elec-
trical conductivity. Overall, it seems that modern synthetic
approaches such as sonochemical and light-assisted methods
are gaining increased interest in COF synthesis, while the
traditional solvothermal approach still predominates.

3.2. Linkages

It is already mentioned that the porous COFs were prepared via
the covalent bonding of sp*conjugated monomers carrying
characteristic moieties. The choice of appropriate organic
moieties and the corresponding linkages is quite important
in order to achieve the desirable structure, porosity and sym-
metry of the resulting materials. In this context, the selection of
photoactive components allows the construction of photore-
sponsive COFs, which can be effectively used in visible light-
driven catalytic reactions. The key factor making a COF an
attractive platform in photocatalysis is its conjugated structure
and the formation of suitable channels that allow the undis-
rupted transfer of electrons, holes, and even molecules, while at
the same time they prevent the fast recombination of charges.
The presence of donor-acceptor and light-harvesting building
blocks, including conjugated polyaromatic compounds, por-
phyrins, and triazines, further allows the fine-tuning of their
optical and electronic properties.®®®” A great drawback that
limits COFs’ excessive usage in practical applications is that
most of the reported COFs are not isolated as single crystals but
in the form of microcrystalline powder with several internal
defect sites in their lattice, which are responsible for increased
trapping phenomena. In this context, various linkage-types
have been proposed in the synthesis of COFs towards this
direction, and the most important will be discussed below.
3.2.1. Boron-linked COFs. Boron-linked COFs are prepared
via the self-condensation reaction of substituted boronic acids
under solvothermal conditions. Although boron-linked COFs
show high crystallinity and easily designable porosity, however,
both boronate-ester and boroxine bonding configurations are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sensitive in either aqueous environments or protic solvent
media; therefore, they are not preferred as photocatalysts.

Dichtel and co-workers®® reported a significant development
in the synthesis of 2D COF single crystals by introducing a two-
step procedure, separating nucleation from the growth proce-
dure. This was achieved by including acetonitrile in 80% vol in
the mixture of the reaction solvents (1,4-dioxane and mesity-
lene) used in the solvothermal condensation reaction between
1,4-phenylenebis(boronic acid) (PBBA) and 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP). This co-solvent system,
along with a slow-rate initial mixing of the two monomers,
resulted in a colloidal suspension of COF nanoparticles, which
acted as the seeding core for the further growth of the COF
system. Transient absorption spectroscopy verified the well-
defined structure of this material by showing a three-fold
signal-to-noise enhancement compared to polycrystallite mate-
rials obtained under traditional solvothermal conditions.

3.2.2. Imine-linked COFs. An imine-linked COF is usually
formed from the reaction of an amine and an aldehyde in
acidic conditions. Xu et al.®® proposed a crystalline and meso-
porous imine-based COF with enhanced stability, incorporating
TAPB and dimethoxyterepthaldehyde (DMTA) via a condensation
reaction. The presence of electron-donating methoxy-groups
further enforced the interlayer interactions in the COF due to
the delocalization of the lone-pair from the oxygen to the phenyl
groups, thus achieving better stabilization and crystallinity of the
final TPB-DMTP-COF. It should be emphasized that these COFs
present thermal stability up to 400 °C and a remarkable chemical
stability in the presence of various solvents and strong acidic and
basic aqueous solutions. Moreover, TPB-DMTP-COF was readily
available for post-functionalization without affecting its crystal-
linity and porosity.

Following a similar acid-catalysed solvothermal procedure,
Wang et al.”® proposed a benzodifuran-based donor-acceptor
COF. In this context, the electron-rich 4,40-(benzo[1,2-b:4,5-
bo]difuran-4,8-diyl)dibenzaldehyde (BDF-CHO) and the electron-
deficient tris-(4-aminophenyl)triazine (TAPT) were reacted in a
mixture of 0-DCB/n-BuOH/3M acetic acid (5/15/2) in a sealed tube
at 120 °C for 3 days to afford BDF-TAPT-COF. In addition to
thermal and chemical stability, the as-obtained BDF-TAPT-COF
presents high crystallinity and large porosity as well as an
adsorption band with a maximum at ca. 460 nm, which is red-
shifted compared with the starting materials due to electron
push-pull interactions.

In another approach, Yaghi and co-workers® suggested a
new porous COF carrying free carboxylic groups, which was
readily available for further post-synthetic modification. This
COF prepared from p-terphenyl-2’,5'-dicarboxylic acid-4,4"-
dicarboxaldehyde (3P-COOH) and 1,1,2,2-tetraphenylethene
(4PE) under typical solvothermal conditions proved an ideal
platform for further amidation with secondary amines, ester-
ification and thioesterification reactions, leading to a plethora
of potential pollutant adsorbents.

With the same idea, a photosensitive highly stable and
crystalline COF, as an effective photocatalyst for generating
ROS, was reported. Taking advantage of the high photoactive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties of triphenylamine (TPA), Li et al.®> first prepared a
multiple junction amine component, namely, hexakis(4-
aminophenyl)-cyclotriphosphazene (HACP), in order to ensure
an increased density of the photoactive moieties in the frame-
work. Subsequently, HACP reacted under typical solvothermal
conditions with 4,4’,4"-nitrilotrisbenzaldehyde (NTBA), a multi-
aldehyde precursor to form CPTPA-COF.

In the same context, two-dimensional porphyrin-based
donor-acceptor type COFs were prepared for selective organic
transformations. Following the well-established Schiff-base
condensation under solvothermal conditions, the electron-
rich TAPP-2H reacted effectively with three different electron-
deficient aldehydes, specifically, a bi-carbazole-based (BTTZ), a
poly-phenyl (FBQD) and a pyrazine-based (PTBC) tetra-
aldehyde, forming highly crystalline BTTZ-Por COF, FBQD-Por
COF and PTBC-Por COF, respectively, as proved by theoretical
and X-ray diffraction measurements.’® All these COFs showed
efficient charge separation under visible light irradiation, with
PTBC-Por COF presenting the best optoelectronic properties as
it showed stronger absorption intensity and a longer carrier
lifetime (1.12 ns).

An imine-linked single-layer porphyrin-based framework
(COF-420) with internal electronic heterojunctions was fabri-
cated through a Schiff-based condensation between TAPP-2H
and 5,10,15,20-tetrakis(4-formylphenyl)porphyrin (TFPP), which
took place on an Au(111) substrate under ultra-high vacuum.®*
This novel approach includes, first, the thermal evaporation
(340 °C) and deposition of TFPP onto Au surface, followed by
the deposition of TAPP-2H at 330 °C and subsequent annealing
of the mixed layers at 180 °C for 45 minutes to complete the
condensation reaction. The design of this process leads to a
material with square lattice topology, where the cores have
identical chemical composition, but they are electrically asym-
metric due to the orientation of imine linkages, as proved by
scanning tunneling microscopy (STM) (Fig. 5). This asymmetry
causes the spatial separation of the conduction band and the
valence band onto different distinct sublattices, thus enhancing
the optoelectronic properties of the COF-420 material.

Two imine-based 2-dimensional chiral COFs (CCOF-1 and
CCOF-2) were synthesized from the condensation reaction of 4,4'-
diaminodiphenylmethane (4,4’-DADPM) with tetraaryl-1,3-
dioxolane-4,5-dimethanols TTA and TTPA, respectively, under
solvothermal conditions and used as efficient heterogeneous
catalysts after treatment with Ti(Oi-Pr),.°> The unique propeller-
like configuration of the dioxolane moieties combined with the
angular conformation of DADPM provided to the as-prepared
CCOFs heterojunctions enhanced the flexibility, which also affects
their overall porosity.

Two novel triazine-based imine-linked COFs, namely, NL-
COF-1 and NL-COF-2, were synthesized from 4,4’,4"-((1,3,5-
triazine-2,4,6-triyl)tris(oxy))trianiline (TTT-NH,) and 1,3,5-
tris(p-formylphenyl)benzene (TFPB) and 1,3,5-tris(p-formyl-m-
fluorophenyl)benzene (TFFBP), respectively, through a typical
Schiff-base condensation reaction.”® These COFs show
acceptable crystallinity in spite of the presence of their
flexible triangular building blocks and uniform channels with
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(a) Schematic representation of the synthesis of COF-420 from the molecular precursors TAPP and TFPP. (b) Representative large-scale STM

topographic image of COF-420 on Au(111) (sample bias Vs = 0.8 V, tunnel current /; = 10 pA). (c) Close-up STM image of COF-420 with the chemical
structure overlaid in the top-right corner (Vs = 0.8 V, I = 10 pA). Adapted with permission from ref. 94. Copyright 2019 Wiley.

elasticity and adaptability, making them suitable for high
iodine capture.

3.2.3. p-ketoenamine-linked COFs. The
linkage, constructed via an enol-imine to keto-amine tautomer-
ism, ensures the structural stability and verifies a better photo-
catalytic activity for the as-prepared COFs. Pachfule et al.®’
reported the synthesis of new highly porous and chemically
stable acetylene (-C=C-) and diacetylene (-C=C-C=C-)-based
B-ketoenamine COFs via an acid-catalysed solvothermal reaction
between TFP and 4,4'-(ethyne-1,2-diyl)dianiline (EDDA) and 4,4'-
(buta-1,3-diyne-1,4-diyl)dianiline (BDDA), respectively. It seems that
the keto-enol tautomerization due to ketoamine formation is
responsible for the chemical stability in these materials. However,
the crystallinity of TFB-BDDA is highly dependent on the reaction
time, especially for the diacetylene-based analogues. The best
crystallinity for TFB-BDDA was achieved by a 4-day solvothermal
reaction, while these materials showed long-term (10 h) hydrogen
evolution under visible light irradiation.

Another TFP-based photoactive COF, wherein 1,3,5-triazine-
2,4,6-triamine (Tt) plays the role of the electron acceptor build-
ing block, was proposed.®® The planar and conjugated structure
of Tt enhanced the visible light absorption and charge separa-
tion and in connection with TFP as an efficient electron donor,
the resulting two-dimensional conjugated TFP-Tt-COF
exhibited exceptional photocatalytic activity towards oxidative
coupling in air. However, TFP-Tt-COF suffered from low crys-
tallinity due to the low electron density on the amine group of
Tt, which reduced the reversible character of the condensation
reaction and the corresponding COF’s self-correction.

In another approach, a series of ketoenamine-linked COFs
were prepared from TFP and several aromatic amines at
ambient conditions with the aid of imidazolium-based ionic
liquid as the solvent.”® This ionothermal method avoided the
harsh conditions of the typical solvothermal procedure as it
took place in an open vessel at lower temperatures, while at the
same time, the ionic liquid acted both as a solvent and as a
recyclable catalyst. The as-prepared COFs presented similar,

B-ketoenamine
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though slightly inferior, properties compared to the corres-
ponding ones prepared by the solvothermal method.

Xiong et al.'®® suggested three B-ketoenamine-linked COFs
with different linker lengths, which were synthesized with TFP
as one component and 1,4-benzenediamine, 4,4’-biphenyldi-
amine, and 4,4”-p-terphenyldiamine, respectively, as the second
component. It was found that the increase of the linker length
broadens the optical bandgap of the COFs, allowing them to
activate O, to superoxide anion radical.

The same researchers proposed an anthraquinone-based
COF constructed from TFP and 2,6-diaminoanthraquinone
(AQ) through a typical solvothermal synthesis.'”" TFPAQ-COF
presented one of the highest BET surface areas reported for
B-ketoenamine-linked COFs, while at the same time possessed
a broad absorption range, making it an ideal candidate for the
selective photocatalytic oxidation of amines.

Highly crystalline and robust ketoenamine-based COFs were
prepared following a synthetic protocol that separates the crystal-
lization from the growth process in a similar approach as per
Dichtel’s suggestion for boron-based COFs.*® In this case, Zhang
et al.'®® suggested that pre-organized urea-based COFs, as already
prepared by a vacuum-free solvothermal procedure from 1,1'-(1,4-
phenylene)diurea with TFP,'® can reconstruct to the corres-
ponding ketoenamine-based COF following a temperature and
solvent-controlled protocol. These reconstructed COFs (RC-COFs)
present enhanced crystallinity, increased BET surface area and
narrow pore size distribution compared either to their urea-based
COFs (Urea-COF-1) precursors or to the same ketoenamine COFs
prepared by a direct solvothermal protocol (DP-COF-1) (Fig. 6).

3.2.4. C=C linked COFs. Another important class in this
family includes the C—C linked COFs, which are prepared
mainly following an acid- or base-catalysed aldol condensation
reaction. These COFs are characterized by the presence of
strong, irreversible and fully-conjugated sp® hybridized C=C
bonding, ensuring high chemical stability, tunable porosity,
high crystallinity and efficient n-electron delocalization, which
is desirable in photocatalytic applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) and (b) Simulated and experimental PXRD patterns for urea—COF-1 (a) and RC-COF-1 (b). (c) Comparison of PXRD patterns for RC-COF-1

synthesized by the reconstruction protocol and DP-COF-1 synthesized by direct polymerization. (d). Nitrogen adsorption isotherm (filled symbols) and
desorption isotherm (open symbols) for RC—COF-1, DP-COF-1 and urea—COF-1 recorded at 77.3 K; (e) SEM image of RC-COF-1. Scale bar, 1 um. (f)
HRTEM image of RC-COF-1. Insets show the FFT pattern taken from the regions highlighted by the dashed-line squares and the corresponding filtered
inverse FFT image. Scale bars, 50 nm (main image); 10 nm (inset). Adapted with permission from ref. 102. Copyright 2022 Springer Nature.

Vinylene-bridged COFs were prepared via a typical aldol
condensation reaction from tricyanomesitylene and a series
of aromatic multi-aldehydes, namely, 4,4”-diformyl-p-terphenyl
(DFPTP), 4,4’-diformyl-1,1’-biphenyl (DFBP), or 1,3,5-tris-(4-
formylphenyl)benzene (TFPB).'°* The electron-withdrawing
cyano-group facilitated the reaction between the acidic methyl
groups of tricyanomesitylene and the aldehyde groups, thus
resulting in crystalline fully-conjugated COF-p-3Ph, COF-p-2Ph,

and COF-m-3Ph, respectively. The reactions took place under
solvothermal conditions in the presence of secondary amines
(piperidine, dimethylamine) as the base catalysts. According
to their nitrogen sorption isotherms, only COF-m-3Ph pre-
sented a microporous structure while the other two vinylene-
bridged COFs showed a mesoporous structure. TEM images
indicated the honeycomb-like structure of the as-prepared
COFs (Fig. 7).

BN et 22 A 3 i

Fig. 7 (a) TEM image of COF-p-3Ph. (b) Enlarged view of a selected area in the panel (a). The structural model is overlapped on the top. (c) TEM image of
COF-p-3Ph from a different area, showing 1D channels with a width of 3 nm. (d) Illustrative structure of COF-p-3Ph. Adapted with permission from ref.

104. Copyright 2019 American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Energy Adv., 2024, 3, 712-740 | 721


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00082j

Open Access Article. Published on 28 February 2024. Downloaded on 03/09/2024 8:44:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

In a similar approach, another vinylene-bridged COF was
prepared under solvothermal conditions using 6,14-bis(4-
formyl-2,6-dimethylphenyl)dibenzo[#i, stJovalene (DBOV-CHO)
and 3,5-dicyano-2,4,6-trimethylpyridine (DCTMP) as building
blocks and piperidine as the base catalyst.'> This high crystal-
line nanographene-based DBOV-COF showed strong light-
harvesting ability and high charge-carrier mobility, which
allowed its usage as an efficient photocatalyst in the hydroxyla-
tion of several arylboronic acids.

Following a different synthetic approach, Pastoetter et a
proposed the synthesis of two fully conjugated vinylene-based
COFs (PPQV1 and PPQV2) through a Horner-Wadsworth-
Emmons reaction between 2,3,8,9,14,15-hexa(4-formylphenyl)-
diquinoxalino[2,3-a:2’,3'-c]phenazine and 1,4-bis(diethylphos-
phonomethyl)benzene or 4,4’-bis(diethylphosphono methyl)bi-
phenyl, respectively. The observed low optical energy band gap
for the two COFs due to their planar conjugation resulted
in increased m-delocalization, making these materials ideal
catalysts in photoelectrochemical hydrogen evolution reactions.

Yaghi and co-workers'®” proposed an unsubstituted olefin-
based COF from the reaction of 2,4,6-trimethyl-1,3,5-triazine
(TMT) with 4,4’-biphenyldicarbaldehyde (BPDA) under typical
solvothermal conditions. The as-prepared COF-701 showed
remarkable chemical stability over Bronsted and Lewis acids,
bases and organolithium reagents and thermal stability up to
400 °C. COF-701 was successfully utilized as a scaffold to hold a
strong Lewis catalyst like BF;OEt, and participated effectively in
acid-catalysed organic transformations.

More recently, Lei et al'®® used TMT and 1,2-di(4’-
formylphenyl)acetylene (L-PH-A-CHO) to prepare an alkyne
containing COF, COF-TMT-A. Despite the relatively low specific
surface area (221 m” g~ %), the presence of the alkyne group and
the conjugated m-electron character of COF-TMT-A optimized
its electronic band structure, and the fluorescence lifetime was
measured as 4.499 ns. COF-TMT-A showed improved selectivity
and photocatalytic activity in CO, reduction.

At the same period, another fully sp*carbon conjugated
COF was prepared under typical solvothermal conditions
via the condensation of 1,3,6,8-tetrakis(p-formylphenyl)-pyrene
(TFPPy) with 2,2'-(2/,5'-difluoro-[1,1’ : 4’,1"-terphenyl]-4,4"-diyl)-
diacetonitrile (FTPDAN).'® The as-prepared Py-FTP-COF pre-
sented high crystallinity, thermal stability and a carrier lifetime
of 3.72 ns, which is considered efficient for charge separation
phenomena.

3.2.5. Miscellaneous linkages. A novel material based on
the covalent combination of two two-dimensional COFs was
prepared following a mechanochemical procedure. In a first
step, PTO-COF, carrying free aldehyde groups, was prepared
through a sub-stoichiometric solvothermal reaction from TFPPy
and TMT."® Subsequently, PTO-COF was ball-milled in the
presence of TFP and Tt and p-toluenesulfonic acid to afford
TpMa-CON as the ultrathin nanosheet, which was characterized
by the covalent linkage between the free aldehydes of PTO-COF
and amino groups in melamine. The as-prepared TpMa-CON
presented improved optical and electrical properties and
proved to have great potential in the photocatalytic degradation
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of antibiotics through superoxide radical generation
mechanism.

A new series of aza-based COFs (Hex-Aza-COFs) was reported
via solvothermal condensation between hexaketocyclohexane
and 1,2,4,5-tetraminobenzoquinone or 2,3,6,7-tetraamine-
phenazine, respectively.''* Although this kind of 2D-COFs are
fully aromatized, however, they showed moderate crystallinity
due to the interlayer charge repulsion of the polarized nitrogen
atoms, which prohibits long-range n-n stacking. Additionally,
Hex-Aza-COF showed low BET surface area (124 m” g~ '), while
at the same time, they showed high capacitance values when
used as negative electrodes in asymmetric supercapacitors.
Besides its electrochemical properties, the phenazine-based
COF represented an electron donor-acceptor system with
visible-light absorption ability and a strong emission band at
522 nm with an average lifetime of 4.6 ns, making it an efficient
heterogeneous photocatalyst for the oxidative [3+2] cycloaddi-
tion of phenols with olefins.'"?

The widely used COF building blocks TAPB and DMTA were
incorporated with diethyl phosphite in a simultaneous
3-component reaction at room temperature to construct an o-
aminophosphonate-linked COF."*® Under the same conditions,
the more sophisticated TAPP-2H was utilized to afford APCOF-
1, which proved to be useful in heavy metal ion removal, while
at the same time it showed solar-powered bactericidal activity.
One of the most important advantages of this synthetic
approach was that it could take place at the gram scale.

More recently, the well-established photocatalytic multi-
component-based polymerization, known as Petasis reaction,
has been successfully utilized for COF synthesis.''* The first
COF, synthesized under these conditions, namely, Cy-N3-COF,
included 1,3,5-tris(4-formyl-phenyl) triazine, hydrazine, and
potassium cyclohexyltrifluoroborate as the components, and
the reaction took place in the presence of [Ir(dtbbpy)-(ppy).]|PFs,
acetic acid, and anhydrous 1,4-dioxane under blue LED irradia-
tion for 24 h at ambient conditions. A series of porous crystal-
line COFs have been also synthesized following the same
strategy by the condensation of potassium cyclohexyltrifluor-
oborate with different aldehydes and hydrazines or amines or
hydrazides. The as-prepared COFs are expected to be efficient
photocatalysts for the visible light-driven oxidative hydroxyla-
tion of arylboronic acids.

A solvent-free KCl-catalysed cyclotrimerization of carboni-
trile monomers, namely, 1,4-dicyanobenzene (DCB), 1,3,5-
tricyanobenzene (TCB) and 4,4’-dicyano-1,1’-biphenyl (DCBP),
was reported, resulting in triazine-based 2D-polymers.’*® The
KClI planar lattice played the role of a scaffold that adsorbs
the carbonitrile monomers and was subsequently distorted,
thus gradually activating the cyano-groups allowing the cyano-
cyclotrimerization reaction and finally the formation of a
triazine ring. The as-prepared covalent triazine framework
nanosheets (CTF-NSs) exhibit a remarkable photocatalytic
hydrogen evolution rate and water splitting ability, and they
might also be prepared at the gram scale.

A new and unpresented type of covalent organic frameworks
bearing a nitrone linkage was prepared under solvothermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions from the condensation of multi-nitroso arenes, such as
1,3,5-tris(4-nitroso) benzene (TPB-3NO) and 1,3,5-tris-{4-nitroso-
(1,1-biphenyl-4-yl)benzene (TBPB-3NO), with 1,1'{(2,5-dimethoxy-
1,4-phenylene)bis(methylene)]bis[pyridinium] ~ (BPS).'*® These
nitrone-based COFs present moderate crystallinity and good
chemical stability after immersion in water and various organic
solvents (ethanol, DMF, DMSO) but they proved to be unstable in
strong acidic or basic conditions.

Overall, the recent literature suggests that COFs bearing
chromophores in the form of fully extended conjugated sys-
tems such as porphyrins,”®°*°* anthracenes,"'*" and pyrenes,"*°
connected through robust linkages as imine bonds or carbon-
carbon double bonds, are the most potential candidates in
photocatalytic ROS-mediated applications. Table 1 summarizes
the most important porous covalent organic frameworks
divided by their linkage type as well as their structure and
porosity parameters.

4. ROS generation and detection in
COF-based photocatalytic systems
4.1. Transient intermediates

It is well-established that the oxidative activity of semiconducting
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oxygen species. The latter intermediates may be generated by
either energy- or electron transfer-related processes. A typical ROS,
generated by energy transfer process, is singlet oxygen (‘0,).
Regarding the electron transfer- mediated reactions, ROS were
shown to form through stepwise redox processes. These may
involve the reduction of dissolved oxygen gas as well as the
oxidation of water.

The oxidative path may also take place using a sacrificial
agent. Thus, superoxide radical anion and hydroxy radicals may
be formed, simultaneously. Furthermore, the neutral molecule
of hydrogen peroxide may be generated either by two-electron
reduction or two-hole oxidation mechanism.

COFs have been used as functional photocatalysts towards
the generation of singlet oxygen by energy transfer processes.
In the seminal work of Jiang and co-workers,""” a squaraine-
linked porphyrin-based COF with a unique zigzag structure
towards a distorted tetragonal architecture with a pore size of
2.1 nm was proposed. This material proved to be an excellent
photocatalyst for the generation of singlet oxygen due to the
presence of squaraine-linkage, which allows an extended
resonance conjugation between the porphyrin and squaraine
moieties.

Two years later, the same research group''® proposed the
combination of 2,5-dihydroxyterephthalaldehyde (DHTA) and

materials is mainly assessed by the extent of formation of reactive  5,10,15,20-tetrakis(4’-tetraphenylamino)porphyrin  derivative
Table 1 BET surface area and pore size of representative porous carbon-based organic frameworks of different linkage types

a/a COF Linkage type BET surface area (m* g~ ") Pore size (nm) Ref.
1 TPB-DMTP-COF Imine-linked 2105 3.26 89
2 BDF-TAPT-COF Imine-linked 998 2.3 90
3 CPTPA-COF Imine-linked — 1.45 92
4 BTTZ-Por COF Imine-linked 2678.2 1.93 93
5 FBQD-Por COF Imine-linked 2067.9 1.68-2.22 93
6 PTBC-Por COF Imine-linked 2793.6 1.61-2.20 93
7 CCOF-1 Imine-linked 266 1.02 95
8 CCOF-2 Imine-linked 335 1.06 95
9 NL-COF-1 Imine-linked 797 2.24 96
10 NL-COF-2 Imine-linked 1061 2.18 96
11 TFP-EDDA-COF Ketoenamine-linked 523 3.0. 97
12 TFP-BDDA-COF Ketoenamine-linked 758 3.4 97
13 TFP-Tt-COF Ketoenamine-linked — 1.41 98
14 TFP-PA-COF Ketoenamine-linked 446 1.2 99
15 TFP-MPA-COF Ketoenamine-linked 604 1.2 99
16 TFP-Azo-COF Ketoenamine-linked 809 2.6 99
17 TFP-AHAN-COF Ketoenamine-linked 363 1.8 99
18 TFPPA-COF Ketoenamine-linked 837 1.2 100
19 TFPBD-COF Ketoenamine-linked 483 1.3 100
20 TFPDT-COF Ketoenamine-linked 871 2.3 100
21 TFPAQ-COF Ketoenamine-linked 1023 1.2 101
22 RC-COF-1 Ketoenamine-linked 1712 1.6 102
23 COF-p—3Ph C—C-linked 963 3.0 104
24 COF-p-2Ph C—C-linked 1036 2.2 104
25 COF-m-3Ph C—C-linked 1231 1.7 104
26 DBOV-COF C—C-linked 581 1.9 105
27 PPQV1 C—C-linked 440 0.77/1.38 106
28 PPQV2 C—C-linked 100 0.88/1.45 106
29 COF-701 C—C-linked 1366 1.14 107
30 COF-TMT-A C—C-linked 221 1.4 108
31 Py-FTP-COF C—C-linked 1780 2.54 109
32 APCOF-1 a-Aminophosphonate-linked 689 1.3 113
33 Cy-N3-COF Hydrazine-linked 788 1.98 114
34 CTF-NSs Triazine-based 304 1.1 115
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(MP; M = Cu, H,, and Ni) for the construction of 2D COFs,
locked by H-bonding interactions between adjacent hydroxy
moieties, at variable population.

The excitation of the copper-based COF under 500 nm
visible light resulted in the efficient generation of singlet
oxygen. The latter species was detected using DPBF as a probe.
The reaction of the aforementioned ROS with the furan deri-
vative forms an unstable peroxide that decomposes into (col-
ourless) 1,2-dibenzoylbenzene. By monitoring the spectral
changes during the photoinduced generation of singlet oxygen,
it was observed that the absorption of furan derivative at
420 nm was diminished, whereas clear isosbestic points
suggested the generation of an organic adduct absorbing in
the UV region (benzene derivative) (Fig. 8a). Yet, the metal-free
framework was found to be the most efficient photocatalyst
towards the evolution of the 'O, species. It was observed that
the furan derivative (50 pM) was quantitatively diminished
within a time period of about 200 min using the protonated
porphyrin-based COF (Fig. 8b). The photocatalytic activity of
the COFs was directly correlated with the content of H-bonding
functionalities, leading to intralayer docking interactions.

Analogously, 3D porphyrin-based COFs have been prepared
by the condensation of tetra(p-aminophenyl)methane (TAPM) and
5,10,15,20-tetrakis(4-benzaldehyde)porphyrin  (M: H,, Cu)."*
Upon the photoirradiation (4 = 500 nm) of the H,-porphyrin-
based COF in the presence of an appropriate label (9,10-
dimethylanthracene), the authors have indirectly monitored the
time-dependent generation of singlet oxygen by UV-Vis spectro-
scopy. By following the absorption of the 375 nm peak of the label,
it was found that almost 99% of the starting concentration of
anthracene derivative (10> M) was quenched within 90 min. On
the contrary, the copper-porphyrin-based COF was comparatively
inactive towards the generation of singlet oxygen since the
anthracene probe concentration dropped to half its value after
12 hours photoirradiation. The poor photosensitizing effect was
ascribed to the presence of paramagnetic metal ion within the
porphyrin structure.

Using an analogous porphyrin-quinoline-based framework,
the singlet oxygen-mediated dissociation of organic substances
has been studied. Specifically, the aerobic C-C cleavage of
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Fig. 8 (a) Absorption spectral changes of DPBF in the presence of the Cu-
based COF. (b) Effect of different COFs (0.1 mg) on the reaction (black: Cu-
based COF; blue: Ni-based COF; red: metal-free COF). Adapted with
permission from ref. 118. Copyright 2015 American Chemical Society.
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cycloalkanone derivatives was demonstrated by Van Der Voort’s
group.”® The combination of ESR measurements as well as
scavenging experiments with 1,3-diphenylisobenzofuran probe
confirmed the involvement of the aforementioned ROS to the
mechanistic scheme. The utilization of 2,2,6,6-tetramethyl-1-
piperidine N-oxide (TEMPO) as an ESR trapping agent gave rise
to a triplet peak signal with 1:1:1 intensity ratio. This implied
the generation of singlet oxygen species. This was strongly
supported by UV-Vis absorption spectroscopy data using the
abovementioned furan derivative, which possesses an absorp-
tion maximum at about 412 nm. It was observed that a 70 uM
scavenger concentration was fully converted to its colourless
photoadduct within a time period of 6 min. These results
suggested that singlet oxygen was the main ROS, which cata-
lysed the oxidative cleavage of cycloalkanone derivatives.

Beside using furan derivatives as optical probes for singlet
oxygen detection, o-terpinene was used as an alternative trap-
ping substance. The cyclic diene may be oxidized by singlet
oxygen, giving rise to variable yields of ascaridole photoadduct
(Fig. 9a). Xiao and co-workers'*! have developed a functional
carbon framework, consisting of pyrene and electron-deficient
thiadiazole moieties (Py-Td COF).

The high crystallinity was assessed by powder X-ray diffrac-
tion technique (pXRD) (Fig. 9b), with the most intense peaks
observed between 3 and 6 degrees, approximately. There was a
striking similarity between the experimental and the calculated
patterns. A graphic view of the framework demonstrated an A-A
stacking mode (Fig. 9c). The homogeneity of the material was
examined by SEM imaging (inset in Fig. 8b), demonstrating
aggregate structures of irregular polyhedral nanostructures. It
was expected that maximum donor-acceptor contrast between
the structural units would give rise to enhanced photocatalytic
activity. After the calculation of ascaridole yields by 'H-NMR
spectroscopy, it was observed that the highest value was esti-
mated for the crystalline Py-Td COF. Its amorphous counter-
part demonstrated an appreciably lower ascaridole yield, about
60% of that estimated in the case of crystalline framework.

It is noted here that the Xiang group developed an analogous
pyrene-quinoline-bridged COF, which demonstrated different
photocatalytic activity."** The authors observed that the super-
oxide radical anion was the sole mediator towards a wide range
of photoreactions, such as the syntheses of either 2,4,6-
triphenylpyridines, benzimidazole, or sulfoxide derivatives.
The detection of the transient species took place through the
utilization of an ESR trapping agent (DMPO probe) as well as
p-benzoquinone. Regarding the latter case, the main product of
the photoinduced reaction between p-benzoquinone and O,*~
is hydroquinone (H,Q). Both substances were quantitatively
monitored through high-pressure liquid chromatography
technique.

Han et al'®® have developed a functional COF by the
condensation of diamine- and triformyl-substituted aromatic
monomers. The photocatalytic activity of the COF material was
assessed for its potential to oxidatively convert benzylamine to
imine. To investigate the reaction mechanism, the imine yields
of the main photocatalytic reaction were followed in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Conversion of terpinene to ascaridole. (b) Experimental and calculated pXRD patterns. Inset: SEM image of Py-Td (scale bar, 1 pm). (c)

Graphical view of the AA-stacking mode of Py—Td (gray, C; blue, N; yellow, S; white, H). Adapted with permission from ref. 121. Copyright 2020 Elsevier.

presence of certain scavengers for each of the reactive oxygen
species. Specifically, p-benzoquinone has been widely used as
an efficient scavenger for superoxide radical anion, a transient
species that is originated by the interaction of photogenerated
electron (at the photosensitizer conduction band) with the
oxygen molecules. Analogously, an oxalate salt was used as an
efficient hole scavenger. In both cases, the benzylamine con-
version was appreciably diminished, implying the participation
of the abovementioned transients in the mechanistic scheme of
oxidative reaction. ESR measurements using DMPO trapping
agent further supported the involvement of superoxide anion
radical transient.

The involvement of superoxide radical anion in oxidative
mechanistic schemes may be alternatively verified using a
scavenger of photogenerated electron, such as AgNO;.'**

Regarding the molecular oxygen activation process, related
studies have shown that this may be regulated with the appro-
priate chemical decoration of the carbon framework. The Jiang
group developed porphyrin-based frameworks through the
hydrothermal treatment of DHTA and 5,10,15,20-tetrakis(4-
aminophenyl)-21H, 23H-porphine derivatives (Tph-M; M = Ni
and Zn)."”® It was found that the Zn>"-based porphyrinic ring
selectively led to energy transfer processes, thus giving rise to
singlet oxygen generation. On the contrary, the Ni**-based

framework accelerated exciton dissociation towards the for-
mation of isolated carriers and the subsequent generation of
superoxide radical anion species (Fig. 10).

Using the model reaction of photosensitized terpinene
oxidation, the authors observed adjustable selectivity regarding
the composition of the photoadducts. Specifically, under iden-
tical visible light irradiation conditions, the utilization of
DhaTph-Zn resulted in the conversion of terpinene to ascari-
dole, whereas DhaTph-Ni selectively produced p-cymene. To
further support the selective oxygen activation mechanism, the
authors performed oxidation experiments in benzidine deriva-
tives. The involvement of 'O, in the DhaTph-Zn-mediated
photocatalytic reaction was proved through the utilization of
carotene as an appropriate scavenger of the aforementioned
ROS. The organic quencher completely suppressed the conver-
sion of benzidine derivatives. The activation of molecular oxygen
and the subsequent generation of energy transfer-mediated
species was also observed in the metal-free DhaTph.'*®

As stated previously, the DMPO probe has been used as an
ESR trapping agent for the detection of superoxide radical anion.
The very same probe has been also used for the monitoring of
hydroxy radicals through the recording of DMPO-*OH adduct by
the ESR technique.'®”**® In an analogous study of Cheng and co-
workers,'* an imine-linked framework was covalently decorated

CHO

Fig. 10 Synthesis and crystal structure of DhaTph—M (M = Zn and Ni) with selective oxygen activation to either singlet oxygen or superoxide radical
under visible light irradiation. EnT: energy transfer. PET: photoinduced electron transfer. Adapted with permission from ref. 125. Copyright 2020 American

Chemical Society.
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(a) Surface photovoltage spectra of TpPa-1-COF, a-Fe,O3/TpPa-1-COF, TpPa-1-COF/FeP-PC and FCF-3 hybrid. (b) and (c) DMPO spin-trapping

EPR spectra of a-Fe,Oz, FeP-PC, TpPa-1-COF and FCF-3. (d) Proposed mechanistic scheme of redox reactions in the hybrid. Adapted with permission

from ref. 129. Copyright 2022 Elsevier.

with both iron oxide and iron phosphide nanostructures. The
synergetic effect of the dual cocatalyst was critical towards the
efficient charge carrier separation. This was directly demonstrated
by surface photovoltage spectroscopy (Fig. 11a). DMPO spin-
trapping experiments under visible light irradiation demonstrated
that both superoxide and hydroxy radical transient intermediates
were formed in the case of the three-component hybrid (Fig. 11b
and c). An indirect proof for efficient charge transfer in the
formed heterojunctions was the enhanced intensity for each of
the ESR spectra of the hybrid when compared with the corres-
ponding ESR spectra of the parent components. According to the
ESR data, a Z-scheme type mechanistic pathway was suggested to
lead to efficient water splitting, with the iron phosphide compo-
nent being the reduction catalytic site (Fig. 11d).

The simultaneous participation of both 'O, and superoxide
radical anion in COF-related photocatalytic processes was
demonstrated in recent studies. The monitoring of these tran-
sients was assessed by ESR through trapping experiments with
TEMPO and DMPO, respectively. The transients were involved
in reactions such as the photocatalytic reduction of uranium(vi)

726 | Energy Adv., 2024, 3, 712-740

in natural seawater'*® as well as the synthesis of multi-
31 In the latter case, the authors performed
additional trapping/quenching experiments using benzoqui-
none (superoxide radical anion scavenger) and sodium azide
(singlet oxygen scavenger). All the supportive data strongly
demonstrated the synergetic effect of the abovementioned
ROS in the synthesis of multi-substituted olefins.

The indirect detection of superoxide radical anion may be
achieved in triphenylamine-derived carbon frameworks.'*> The
irradiation of such materials in the solid state under oxygen
atmosphere and subsequent ESR analysis afforded the spec-
trum of the triphenylamine radical cation. The authors sug-
gested that the excited triphenylamine chromophore interacts
with ground state oxygen and yields the charge-transfer
adducts, namely, the triphenylamine radical cation and the
superoxide radical anion.

substituted olefins.

4.2. Photocatalytic H,O, evolution

As stated previously, hydrogen peroxide formation may take
place either by two-electron oxygen reduction or by two-hole

© 2024 The Author(s). Published by the Royal Society of Chemistry
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water oxidation mechanistic paths (Fig. 1). During the last three
years or so, COF-assisted H,O, photosynthesis has been thor-
oughly studied and discussed."**'** In the seminal work of Xu
and co-workers,*** it was shown that beyond the two-electron
oxygen reduction mechanistic scheme, the direct formation of
H,0, was also accomplished via the elusive two-electron water
oxidation process. Specifically, the authors developed covalent
triazine frameworks (CTFs) modified with either acetylene or
diacetylene moieties. The frameworks were prepared through
the trimerization of 1,4-dibenzonitrile monomers, bearing the
aforementioned unsaturated units. The extended conjugated
network in the diacetylene-modified CTF resulted in red-shifted
absorption up to about 850 nm.

The exfoliated acetylene-bearing CTF nanosheets (thickness
< 10 nm) exhibited high H,0, production rates via both the
aforementioned redox pathways under visible light irradiation

(a)

View Article Online

Energy Advances

(A > 420 nm). Exfoliated nanosheets of the diacetylene-
containing framework in an O,-saturated aqueous environment
exhibited a H,0, production rate of about 97 pmol g~* h™ ™.
Using NalO; as a sacrificial electron acceptor in inert atmo-
sphere, the authors have demonstrated the appreciable for-
mation of H,O, for either acetylene- or diacetylene-modified
CTFs (89 umol g~' h™'). This implied the involvement of the
water oxidation path in the photoinduced formation of per-
oxide adduct. It is noted that in the absence of acetylene
moieties in the backbone of CTF, H,O, may be exclusively
generated by two-electron oxygen reduction.

Almost at the same time period, Van Der Voort and
co-workers'*® developed crystalline frameworks via the con-
densation of C, amino-modified and C, carboxaldehyde-
modified aromatic monomers. Using ethanol as the hole sca-
venger, the proposed COFs demonstrated H,O, production
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Fig. 12 (a) Schematic synthetic protocol towards COF-TpHt together with its molecular structure and photograph of the powder product. (b) SEM

imaging. (c) TEM imaging. (d) Experimental and simulated XRD patterns of COF-TpHt together with its structural refinement. Adapted with permission

from ref. 137. Copyright 2023 Elsevier.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Energy Adv., 2024, 3, 712-740 | 727


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00082j

Open Access Article. Published on 28 February 2024. Downloaded on 03/09/2024 8:44:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

rates of about 97 £+ 10 umol g~' h™' through the oxygen
reduction pathway.

Subsequent works have achieved pronounced progress towards
the development of efficient photocatalytic systems. Specifically,
Li and co-workers™®” have successfully integrated active heptazine
moieties with aromatic linkers, both being trifunctional, through
the condensation reaction between amine and aldehyde func-
tions. The reaction took place in DMSO within a sealed glass tube
at 120 °C (Fig. 12a). The formed keto-amine crosslinks were found
to strongly contribute to the extension of the conjugated network
and the subsequent absorption shift to the whole window of the
visible spectrum. A fibrous morphology with abundant voids was
demonstrated by electron microscopy (Fig. 12b and c). The mean
diameter of the fiber-like structures was about 50 nm. Two main
diffraction peaks at 7.8° and 27.7° were assigned to the (100) and
(002) crystallographic planes, respectively (Fig. 12d). Photocatalytic
H,0, evolution was assessed in the presence of benzyl alcohol
as the sacrificial agent under visible light irradiation. Under
the same conditions, the COF-TpHt sample was about
50 times more efficient than the reference C;N,. The H,0,
production rate for the porous carbon framework was
estimated to be 11986 umol g~' h™', much higher than the
ones of analogous frameworks. Using an optimized photocata-
lyst content (0.25 g L"), the peroxide rate was further increased
to 23148 pmol g ' h™'. The apparent quantum efficiency
at 420 nm (Ana of photocatalyst absorption spectrum) was
calculated to be as high as 38%, clearly reflecting the dimin-
ished electron-hole recombination phenomena and enhanced
charge separation. Scavenging experiments have clearly demon-
strated the involvement of superoxide radical anion as the
predominant intermediate regarding the oxygen reduction
to H,0,.

Unprecedented hydrogen peroxide rate was achieved in the
work of Gu and co-workers."*® The authors have developed
protonation-induced dispersable porous frameworks by the tri-
merization of a photoactive benzonitrile derivative. The resulting
protonated triazine moieties were found to induce the enhanced
dispersability of the polymer framework in triflic acid. Under
optimized conditions, the triazine-based photocatalyst yielded a
peroxide rate up to 23700 pumol g~ ' h™" using 10 v/~w% benzyl
alcohol as a hole sacrificial agent. The apparent quantum
efficiency at 450 nm was calculated to be as high as 11.3%. It
is noted that the oxidation adduct, benzaldehyde, has been
suggested to promote the auto-photocatalytic oxidation of aro-
matic alcohol, producing large quantities of H,0,.**

A sophisticated strategy was developed by the Wang group in
order to engineer the polarization of COF frameworks.'*® The
authors integrated highly polar ionic liquid-type functionalities
on the backbone of the COF lattice. The ionic network was
prepared by the condensation of a triformyl-modified aromatic
monomer with diimidium bromide under microwave conditions.
The presence of ionic moieties gave rise to enhanced dielectric
constant value, which is related to polarization contributions
within the lattice. The successful charge carrier separation
resulted in a H,0, production rate of 10000 pmol ¢~ * h™" via
both reductive and oxidative mechanistic paths. The ionic COF
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demonstrated a photocatalytic activity of about 7 times higher
than the corresponding one of neutral COF counterparts.

A different synthetic strategy was utilized by Zheng and co-
workers at room temperature conditions.*' The authors
adopted a liquid crystal-directed production of crystalline fra-
meworks. Specifically, the liquid crystal medium consisted of
Triton X-100 surfactant, n-decyl alcohol and water in a certain
composition. In the aforementioned medium, a trifunctional
amine-terminated triazine monomer was crosslinked with a
bifunctional formyl-modified arene. Beside using aldehyde-
modified arenes of the C, symmetry, trifunctional linkers were
also used such as tris-formyl modified triazine (C; symmetry).
Highly crystalline frameworks were grown within the lamellar
liquid crystal phase region. The highest crystallinity was
achieved when the ratio of Triton X-100, n-decyl alcohol and
water was 25%, 10%, and 65%, respectively. Regarding the
morphology of the porous structure, electron imaging showed
entangled ribbons with a width of about 50 nm. In the presence
of ethanol as the hole scavenger, the optimized porous COF
demonstrated a H,0, production ra