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As the ultimate carbon emission product of the combustion process, carbon dioxide (CO,) is a serious
environmental threat in increasing the global climate temperature through the greenhouse effect.
Porous heterogeneous catalysts have attracted much attention for carbon capture and in the recent
past; they have witnessed significant advancements in their design and implementation for the CO,
capture and conversion. In this context, covalent organic frameworks (COFs), a kind of porous crystalline
polymeric material, are mainly constructed by organic module units connected with strong covalent
bonds. COFs, possessing unique properties such as low-density, large specific surface area, high thermal
stability, and developed pore-structure and the long-range order, good crystallinity, and excellent
tunability of the monomer units find versatile applications ranging from adsorption and separation,
sensing, catalysis, optoelectronics, energy storage, and mass transport. In this review article, we discuss
the emerging developments in different types of covalent organic frameworks (COFs) as heterogeneous
catalysts for CO, reduction via photochemical, electrochemical, and photo coupled electrochemical
pathways. The physicochemical properties of COFs and their influence on the efficiency, selectivity, and
recyclability for CO, reduction are enlightened systematically. This review provides a concise report on
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DOI: 10.1039/d2ma00600f various types of COFs, current trends, their application in CO, reduction for the synthesis of fuels and
value-added fine chemicals, and future research directions for the deployment of COF catalysts in CO,

rsc.li/materials-advances capture and reduction.

of CO, in the atmosphere and ocean, which arises dramatically
due to anthropogenic actions and the risk of ecosystem
devastation." Population growth and industrial progress

1. Introduction

Currently, one of the greatest worldwide calamities is global
warming caused by the continuously increasing concentration contribute significantly to enhancing excessive CO, emissions
unprecedentedly due to the escalating rate of carbon-based fuel
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using effectual technologies or tactics.” To date, there are several
ways to reduce emitted CO, concentration in the atmosphere, for
instance, decreasing the amount of produced carbon-dioxide,
growing green carbon sinks e.g, plants, phytoplankton, and algae
carrying chloroplasts, and capturing and storing up CO,. To tackle
the hazardous problems of global climate change along with
sustainable energy shortage, it would be a more advantageous
approach to efficiently capture and transform atmospheric CO,
into useful carbon-based material or chemicals utilizing sustain-
able energy resources, forming a sustainable recycling system.*
CO, is non-toxic, renewable, inexpensive, and most abundant raw
C1 feedstocks and acts as a C1 building block for the synthesis of
various valuable chemicals with added economic value.* The
proper resolution to pacify our present demand and future energy
supply is the conversion of CO, into valuable carbonaceous
chemicals especially C1 and/or C2 products for example CO,
CH,, CH;OH, C,HsOH, and other hydrocarbon compounds.’
For this purpose, numerous catalytic systems and methods such
as hydrothermal, electrochemical, and photochemical methods
have been explored for the conversion of CO, to hydrocarbons
having high catalytic efficiency, long-standing chemical stability,
and non-toxicity, and low-cost materials. High temperature and
pressure are required for the hydrothermal reduction process,
which is energy intensive and expensive,® hence photochemical
and electrochemical methods are the most prominent and green
methods for CO, reduction, which shows a way for large-scale and
long-lasting energy storage.” Direct electrochemical CO, reduction
process is mainly achieved by changing parameters such as
electrolytes and redox potential whereas the photocatalytic pro-
cess is generally attributed to the slowest electron-hole recombi-
nation rate. In nature, the conversion of CO, occurs daily through
the photosynthesis process in green plants to balance the global
carbon/oxygen cycle. To retain this cycle mimicking of the natural
photosynthesis process, in 1979 a number of semiconductor
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materials (W03, CdS, TiO,, GaP, ZnO, and SiC) were investigated
for the photo-catalytic CO, reduction in water to generate metha-
nol, formic acid, formaldehyde and trace quantity of methane
by Honda and his group.® Then, modifying semiconductors a
number of photo/electrocatalytic systems have been studied so far
and the catalytic system having high CO, adsorption capacity,
good light absorbing ability, catalytic active sites, high selectivity,
etc. are the main requirements for chemical reduction of CO,. To
date emerging trends of heterogeneous porous materials, covalent
organic frameworks (COFs) performed as a versatile material,
which shows prominent contribution in the field of catalysis for
photo/electrocatalytic CO, reduction.” COFs, a series of covalently
connected porous networks, which exhibit high crystallinity,
porosity and a greater degree of modularity than several porous
compounds, are generally constructed using the dynamic covalent
chemistry theory.'® A variety of methods have been involved in the
preparation of COFs such as solvothermal,'" microwave-
assisted,'> mechanochemical,®® and vapor-assisted conversion."*
However, in COF synthetic chemistry, the solvothermal method is
the most well-known and usually utilized method. Owing to their
ordered structure, highly accessible surface area, large pores,
excellent thermal stability, predictable topologies, and tunable
functionalities, it is predictable that COFs offer an ideal platform
for adsorption, diffusion, and activation of CO, molecules.
Besides this, COFs ensure the uniform distribution and binding
of single metal active sites throughout their networks."> COFs have
been employed in plentiful applications for instance sensors,'® gas
storage,"”” gas separation,'® catalysis," energy storage,”® photo-
energy conversion,” electronics and optoelectronics.”> Research-
ers have focused on developing materials for photocatalysis and
electrocatalysis, and in this regard, COF materials for energy
conversion and energy storage are in high demand by converting
solar energy into chemical energy and fuel cells.”> Due to
n-conjugation and coherent band structures, COF helps in light-
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harvesting, which promotes absorption and utilization of
visible light during photocatalysis. Effective photo-induced
charge carrier separation and transfer, which are crucial in
photocatalysis, can be easily performed by adding functional
groups to the skeletons of COFs. Additionally, to further
improve the photocatalytic activity, COFs having a large surface
area and suitable pore size can enhance mass transference and
accommodate active molecules. COF-based materials for electro-
catalysis can successfully resolve the conductivity and activity
problems by adjustable molecular design and subsequent syn-
thetic techniques where the building blocks can be connected
via electron transmission channels, which can improve the
efficiency of electrocatalysis. Also, electrocatalytic performances
are enhanced by adding active sites, such as metal particles or
functional groups to the COFs’ frameworks. Therefore, crystal-
line COFs will be an idyllic model having outstanding potential
for studying and understanding the highly effective electrocata-
lytic as well as photocatalytic CO, reduction.

1.1. Covalent organic frameworks

Covalent organic frameworks (COFs) are one of the categories
of crystalline porous polymers where the monomer units are
linked by strong covalent bonds. So, by varying the monomer
units during their synthesis, COFs with desired functionalities,
such as different dimensions and properties, can be obtained.
COFs have gained huge attention from researchers all over the
world since their first discovery by Yaghi and his research group
in 2005."" The stability of COFs depends predominantly on
the rigid covalent network of the systems. The arrangement
and interaction between the layers of COFs are different for
different dimensions. Thus, it is important for a researcher to
understand the dimensions of the covalent organic framework.
By understanding this, one can properly describe the properties
of synthesized COFs. The dimensionality of COF depends on
the geometry and connective patterns of the pioneers. Chemists
have discovered the ability to form and control the covalent
bonds in zero dimensions.>* Further extension of the dimen-
sion of COFs from zero-dimensional to one dimension was
made possible by the polymer chemists. Dimensionality influ-
ences a lot of the functionalities of COFs, which change from
one dimension to the other.

e Topologically, covalent organic frameworks can be classi-
fied into 3 following categories.

1.1.1. One-dimensional COFs. One-dimensional (1D) COFs
are mainly non-centrosymmetric linear crystalline polymers
and can be synthesized by entropy-driven haphazard packing
of organic chains, which mainly consist of one dimensionally-
confined covalently bonded linkages, and mainly non-covalent
interactions such as n-n interactions and hydrogen bonding.
They show high degrees of freedom in molecular packing with
enormously high anisotropy. A synthetic route for the prepara-
tion of novel 1D COF was recently depicted by Ziao Chen et al.
with high surface area and thermal stability [Fig. 1b].>> Recently,
Hai-Sen Xu et al. also successfully discovered a strategy to
construct 1D conjugated polymer and introduced labile metal
to this polymeric system, they constructed single-crystal-metallo-
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Fig. 1 Examples of the formation of covalent organic frameworks in
different dimensions. The schematic diagram for the production of (a)
and (b) 1D covalent organic framework, (c) 2D COF, and (d) 3D COF.
Adapted with permission from ref. 26. Copyright © 2020, The Author(s);
ref. 25. Copyright © 2020 American Chemical Society; ref. 37. © 2020
Elsevier B.V. All rights reserved; and ref. 47. Copyright © 2021 American
Chemical Society.

COFs [Fig. 1a].>® The linear chain of 1D COFs can also be
transformed into 2D through chronological reversible-
irreversible chemistries.”” In recent times, Li and his group
successfully constructed the heterojunction composite of 1D f
keto-enamine-based COF/2D g-C;N,.*® 1D COF/2D g-C3;N, acted
as an efficient photocatalyst where the photocatalytic activity was
basically enhanced due to visible-light adsorption capability of
1D B keto-enamine-based COF. Recently, Wang et al. constructed
an ultrathin self-standing 1D COF nanofluidic membrane
(denoted as BDA-TAM) having the ability to build an efficient
nanofluidic osmotic energy generator.”® As this, COF-based
nanofluidic membrane, contains negative surface charges, it
exhibits good selectivity towards cations and hence strong ionic
conductance. Furthermore, the extraordinary stability of BDA-
TAM extended across a wide range of saline solutions, temperatures,
and pH values. This research broadens the area of utilization for
self-standing 1D COF membranes, which can serve as a model for
the fabrication of highly efficient osmotic energy generators.

1.1.2. Two-dimensional COFs. In 2014, the research group
of Schliiter*® and King®' autonomously developed single crystals
of 2D polymers. Two-dimensional COFs (2D COFs) consist of
planar building blocks** where the planar sheets are generally
arranged in a face-to-face direction and the strong interaction of
n-n stacking present between contiguous layers present in 2D
COF helps mobilize charge throughout the layers.>® As such, it
shows high electron delocalization and switchable band gap
energy and that is why it plays a crucial role in electron
conduction.*® They are visible light responsive and show potential
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applications in processes involving photocatalytic activity, e.g. H,
evolution, solar energy transformation, etc.*® 2D COFs are highly
crystalline, physically and thermally stable with high surface area
porous polymers. In recent times, Yan et al. synthesized a newly
designed fluorinated 2D COF having greater surface area and low
band gap energy, which showed high photocatalytic activity
towards H, evolution, in comparison with non-fluorinated COF
[Fig. 1c].*” Mateo-Alonso’s group recently designed and synthe-
sized a high m-stacking order and extremely crystalline wavy
2D COF (Marta-COF-2) and studied its structural properties
to understand its charge transfer properties.*® Marta-COF-2
was constructed using distinctly shaped monomers such as
2,3,10,11,18,19-hexahydroxy-catahexabenzocoronene (HBC) and
benzene-1,4-diboronic acid (BDBA) using the so-called solvother-
mal method, which gives rise to wavy chair-like honeycomb lattice
structure [Fig. 2(I)]. Besides this, recently, Zhao and his group
explored a new simplistic way to synthesize 2D vinylene-based
COFs (named, BTH-1, 2, 3) with electron-withdrawing benzo-
bisthiazoles units through a versatile Knoevenagel polycondensa-
tion reaction.*® Under this newly discovered reaction state, three
novel completely sp®>-conjugated COFs having high BET surface
areas (644, 686, and 1140 m> g~ ' for BTH-1, BTH-2 and BTH-3,
respectively) were constructed. These conjugated COFs served as
acceptor moieties and showed semiconducting properties. It
should be noted that under visible light irradiation, BTH-3
COF with electron-riched group benzotrithiophene demon-
strated an impressive photocatalytic hydrogen evolution rate
(HER), 15.1 mmol h™"' g~*, which is significantly higher than

o<ty
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©:0H B(OMe);
on N N-dibutylformamide
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Fig. 2 A schematic representation of the formation of (I) wavy 2D COF
and () cubic 3D COF. Adapted with permission from ref. 38. Copyright ©
2021 Royal Society of Chemistry; ref. 48. Copyright © 2021 The Authors.
Published by American Chemical Society.
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those of BTH-1 (HER = 10.5 mmol h™" ¢g~') and BTH-2 (HER =
1.2 mmol h™" g™ "), because of the prolonged n-conjugation and
well-organized donor-acceptor (D-A) structure. This study first
offers a simple method for developing sp*-carbon conjugated
COFs, secondly, the completely conjugated D-A type of COFs
exhibit remarkable hydrogen evolution under the irradiation of
light, which will unquestionably advance COFs in photocatalysis.

1.1.3. Three-dimensional COFs. Three-dimensional (3D)
COFs are periodic arrangements of tetrahedron building
blocks.*® In 3D COFs, molecular building units are arranged
three-dimensionally into the framework, which facilitates open
sites in COFs.*" Noticeably, in comparison with 2D COFs, 3D
COFs show much greater and highly accessible Brunauer-
Emmett-Teller (BET) BET surface area, high crystallinity, thermal
stability, a greater extent of active reaction sites, and photo-
catalytic activity, which has attracted a number of researchers
recently. Based on these advantages, 3D COFs provide a signifi-
cant advantages in gas storage and separation applications.*>
Recently, Wang’s group developed bipyridine-linked 3D covalent
organic frameworks (COFs) produced by using a mixture of
tetrakis(4-aminophenyl)methane (TAPM), 2,2’-bipyridine-5,5'-
diamine (Bpy), and 4,4’-biphenyldicarboxaldehyde (BPDA) using
the solvothermal method.** Wang’s research group depicted the
preparation of 2D and 3D porphyrinic COF using same functional
moieties and illustrated their different functionalities and proper-
ties and when compared with 2D porphyrinic COF, 3D COF
showed better photocatalytic activity.** They also in recent times
reported the synthesis of a switchable 3D COF, which showed a
reversible transformation in the framework through redox path
maintaining its crystallinity and porosity.*> In recent times, 3D
thioether-based covalent organic frameworks (JUC-570 and
JUC-571) were developed by Zhang et al., which showed high
Hg”" uptake capacity from water.”® Recently, Wang’s group
reported the construction of a new highly crystalline porous 3D
covalent organic framework (FCOF-5) by using flexible building
blocks, which showed excellent breathing behavior, ie., upon
adsorption/desorption of vapors can undergo reversible expan-
sion/contraction [Fig. 1d].*” Very recently, Cooper and his group
developed a porous, crystalline and long-term ordered 3D COF
(SPB-COF-DBA) by assembling simple and synthetically accessible
square-planar cobalt(n) phthalocyanine (PcCo) units and tetra-
hedral spiroborate linkagesby[Fig. 2(I)].** The SPB-COF-DBA
exhibited everlasting porosity having cubic pores with a higher
BET surface area (1726 m> g~ '). The majority of the reported
lithium-ion-conducting COFs are 2D, in this regard, for the first
time three kinds of poly(ethylene glycol) (PEG)-functionalized
3D COFs (3D-COF-PEG2, 3D-COF-PEG3 and 3D-COF-PEG6) with
various lengths of PEG chains were effectively formed for ion
transport in diverse directions by Zhang’s group.*® By incorporat-
ing LiTFSI into the COFs, 3D-COF-PEG2-Li, 3D-COF-PEG3-Li, and
3D-COF-PEG6-Li were synthesized. Because the combining
actions of the fragment of the PEG chain and Li-ions are taken
into account, the LiTFSI incorporated 3D COF attained a high ion
conductivity of 3.6 x 10* S cm™" at 260 °C, which demonstrates
that PEG-based COFs are extremely safe as Li-ion polyelectrolytes
at high temperatures. This research added a novel approach to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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development of highly effective PEG-based COFs for future-
generation lithium-ion batteries.

e Based on structure, COFs are basically divided into the
following four categories.

1.1.4. Boron-based COFs. Boron-based COFs are the first
category of COFs which were initially synthesized by Yaghi and
his groups in 2005.'" COFs containing a huge number of B
atoms are mainly constructed by boronate ester (C,O,B) or
boroxine (B;O;) condensation. But these boron-containing
COFs are not stable in moist air or in water and that is why
their utility as a catalyst or for many long-standing uses became
limited. Later, Zhang’s group prepared boron-rich COFs having
spiro-borate linkages, which displayed high thermal stability as
well as hydrolytic and oxidative stabilities.>® Boron-based COFs
show strong Lewis acidity that facilitates N, adsorption.”* Yan
and co-worker showed that electrochemical excitation of boron-
rich COFs led to the catalyst accessibility to N, and achieved NH;
synthesis by reduction under ambient conditions.”* Dong et al.
reported porous boron-containing covalent organic frameworks,
which exhibit strong ion adsorption ability and served as com-
petent additives for Li" ion transference number improvement of
the polymer electrolyte.>® In recent times, Zhang’s group pre-
pared and immobilized Boron-based COF onto the surface of a
capillary (COF-1@capillary column) and showed its application
towards electro chromatographic separation [Fig. 3a].>*

1.1.5. Triazine-based COFs. Covalent organic framework
(COF) is fabricated from triazine or nitrile-containing starting
material via the formation of covalent bonding.”® 1,3,5-
substituted triazine-based COF is more stable compared with
the 1,3,5 substituted benzene-based COF because of the greater
electron affinity of triazine than the benzene ring.>® Chemically
and thermally stable triazine-linked COFs show permanent
tunable porosity, specific surface area, high N contents, high
extraction efficiency towards some particular antibiotics, and
also acts as an interesting adsorbents for organic pollutants®’
and excellent photocatalysts in many chemical reactions.*®

Fig. 3 A schematic diagram for the development of (a) Boron-based COF
and (b) Triazine-based COF. Adapted with permission from ref. 54. Copy-
right © 2021 Elsevier B.V. All rights reserved; ref. 62. © 2021 Elsevier Ltd.
All rights reserved.
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In 2021, Dinari et al. effectively developed a triazine-based
MIL-101-NH,@COF for the elimination of dye-like acid blue 9
from the textile wastewater.>® By incorporating 2,4,6-triphenyl-
1,3,5-triazine, Dai et al. recently formed organic frameworks
(COFs) and established them as excellent photocathodes for H,
production.®® This work demonstrates that the crystalline donor-
acceptor COFs exhibited considerable applications towards water
splitting as highly efficient organic photoelectrodes. In 2020,
Afshari et al. synthesized a novel porous triazine ring-based
nanoneedle T-COF through a facile one-pot hydrothermal reac-
tion, which showed super absorptivity (adsorption capacity of
1826 mg g~ "), for the removal of the heavy metal ion Hg”* from
aqueous solutions®® and after that in recent times they also
adopted a triazine-linked FT-COF via the solvothermal method
to prosper the fire protection and mechanical characteristics of
thermoplastic polyurethane (TPU) [Fig. 3b].°* In 2022, among the
porous triazine COFs, COF (TS-COF) was synthesized and reported
by Wang et al. employing the condensation of monomer units
1,3,5-tris-(4-aminophenyl)triazine (TAPT) and squaric acid (SA)
under the solvothermal process. To study the electrochemical
activity, Au nanoparticles were incorporated at the surface of
TS-COF to develop AuNPs@TS-COF composite and further mod-
ification was carried out to constructAuNPs@TS-COF/RGO/GCE.**
It was found that the electrochemical performance was greatly
enhanced from TS-COF to AuUNPs@TS-COF and then to AUNPS@
TS-COF/RGO/GCE as the electrochemical sensors and this opened
a new way to use triazine-based COF for designing electrochemi-
cal sensors. At the same time, Kim et al. fabricated a rigid and
planar triazine-based Covalent Organic Frameworks (TACOF1) by
assembling the starting materials, 2,4,6-tris(4-formylphenyl)-1,3,5-
triazine (TFPT) and hydrazine monohydrate.** By direct carboni-
zation of TACOF1 in a nitrogen atmosphere, they formed
nitrogen-doped nanoporous carbon that contained a high surface
area (1194 m*> g~ "). The carbonized TACOF1 formed at 800 °C
showed good capacitive ability owing to its nitrogen-riched porous
framework structures. Liang et al. designed and prepared triazine-
based porous crystalline covalent organic framework COF-SQ,
which was further functionalized to generate quinoline-linked
COF termed COF-SQ-Ph.®® Functionalized COF-SQ-Ph acted as a
promising recipient and storage of sulphur and are being used as
electrode materials in Li-S batteries due to their unique extended
n-conjugated network. This study also promotes the large-scale
synthesis of functionalized triazine-based COF material. Meanwhile,
Zhang’s group showed the application of allyl-riched COF (ART-COF)
as a cathode host material for Li-S batteries.”® These studies
suggested a reasonable approach toward the development of exceed-
ingly stable and long-lasting Li-S batteries. Recently, the develop-
ment of porous and highly efficient covalent organic frameworks
(COFs) with large surface areas and low band gap energy have been
achieved using the so-called solvothermal methodology by Liu’s
group.®” The synthesized COFs (designated as TTA-TTB and TAPB-
TTB) possess donor-acceptor properties and thus serve as outstand-
ing photo-cathodes for the production of H, without using any
sacrificial electron donor or cocatalyst. It was noticed that TAPB-TTB
COF (110 A cm®) exhibit suggestively better visible-light-induced
photocurrent responses compared to TTA-TTB COF (35 A cm?).
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1.1.6. Imide-based COF. Imide-linked COFs were first
reported by Yan and his co-workers in 2014 through the
imidization reaction [18]. Imide-based COF materials with their
high-performance aromatic frameworks provide high thermal
stability as well as high porosity and surface area and they
exhibit wide applications in packing dye molecules and deliver
drugs,®® energy storage,”® photocatalysis,” etc.

Recently, Nagai and his research group proposed a synthesis
route of four redox-active mesoporous polyimide (PI) based
COFs [Fig. 4a].”" DFT study and XRD analysis of the synthesized
COFs revealed that the imide bonds form at an angle with one
another, which minimizes the pore width and extends the
pore walls. Recently, under a high-temperature solvothermal
method, highly crystalline 2D imine-based COF was achieved
with uniform porosity by Liu and co-workers.”” In this work,
COF was used as a support for Ru** and the Cryst-2D-PMPI-Ru
exhibited high electrocatalytic performance and stability.
Recently, Zhao et al. reported the construction of two polyimide-
based covalent organic frameworks in a green way without using
any organic solvent and both COF (COF-1 and COF-2) showed
outstanding fluorescence sensing properties for a variety of metal
ions and distinctive antibiotics.”® Liu’s group recently reported a
2D polyimide-based COF (PI-NT COF), which was prepared via a
simplistic optimized solvothermal process on indium tin oxide-
coated glass substrate.”* This PI-NT COF exhibited highly ordered
crystalline, tunable thickness, and smooth surface, and owing to
the inherent charge-transfer properties of 2D COF films, it showed
excellent potential in high-performance data storage devices with
low inaccuracy, high conformity, and stability. Maschita et al.
proposed a new path for the synthesis of polyimide-linked COFs
in 2020.”° In this work, they developed crystalline and porous
COFs via the ionothermal process in ZnCl, and eutectic salt
mixtures and this method diminished the reaction time surpris-
ingly compared to that of a typical solvothermal process and
occurred without using any environmentally harmful solvents or
catalyst. Recently, Maschita et al. prepared a series of stable,
long-range crystalline porous imide-linked covalent organic

o S EY

Fig. 4 Schematic route of preparation of (a) polyimide-based COFs,
(b) porphyrin-based imine-linked COF and (c) hydrazone-based imine-
linked COF. Adapted with permission from ref. 71. Copyright © 2021
American Chemical Society; ref. 83. Copyright © 2021 Royal Society of
Chemistry; ref. 87. © 2020 Elsevier B.V. All rights reserved.
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frameworks (TAPA-PMDA-COF, TAPB PMDA-COF, and TAPE-
PMDA-COF) following a green environmentally friendly approach
using alcohol-supported hydrothermal polymerization method
(aaHTP) permitted to obtain a new class of imide-based COFs
by avoiding the toxic solvents.”® Synthesis of imide-linked TAPA-
PMDA-COF, TAPB PMDA-COF, and TAPE-PMDA-COF was formed
by the transformation of imine-linked COFs via linkage substitu-
tion. Additionally, Kim’s group successfully synthesized porous
crystalline polyimide-linked COFs (PICs) via geomimetic hydro-
thermal reaction conditions. They also established that the PICs
possessed exceptional redox-active properties along with high
surface area and served as a promising anode material in Li-ion
batteries.””

1.1.7. Imine-linked COF. In 2009, Yaghi and co-workers
successfully constructed a different class of covalent organic
framework based on the dynamic covalent chemistry that
mainly contained distinct -C=N- bonds and acquired 3D
five-fold interpenetrating diamond-like structure.”® Presently,
the synthesis of imine-based COFs can be divided into two groups.
One method is a condensation reaction between aldehyde and
amine ie., the Schiff base type of reaction’® and the other is a
co-condensation reaction between an aldehyde and hydrazides.*
In other words, imine-based COFs gain much better crystallinity
and structural regularity in comparison with other COFs as well
as they possess much higher thermal and chemical stability
compared to boron-based COFs. Also, 2D porous imine-linked
COF membranes performed well in the C,Hs/CH, separation with
high selectivity.®' Recently, Zamora and co-workers demonstrated
a three-step process to prepare 2D imine-based COF aerogels
having low densities and excellent porosities and showing out-
standing adsorption capability.**

The study of the photocatalytic behavior of 2D imine-linked
COFs has recently attracted much attention from researchers.
Feng et al. reported the photocatalytic activity of porphyrin-
based imine-linked COF (Por-COF) in the presence of (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) [Fig. 4b].%* It was found
that the presence of TEMPO enhanced the photocatalytic effi-
ciency of Por-COF in the aerobic oxidation of sulfides selectively
under visible light irradiation because of the supportive photo-
catalysis amongst Por-COF and the redox mediator, TEMPO. In
the report of Chen’s group, a porphyrin-based imine-linked
covalent organic framework (TPE-Por-4) was constructed success-
fully by the condensation of the 5,10,15,20-tetra-(4-aminophenyl)
porphyrin (Por-4) and 4,4’,4”,4’""-(ethane-1,1,2,2-tetrayl) tetraben-
zaldehyde (TPE) monomers following solvothermal conditions.*!
The suspension of the TPE-Por-4 exhibited exceptional fluores-
cence properties and a noticeable response to pH variations,
ordering from 2 to 4 was observed. Imine-based covalent organic
frameworks can act as a support material for metal ions through
‘N’ and ‘O’ sites present in it and the formed ‘metal ion-based
COF’ can provide catalytic activity for a selective organic transfor-
mation. Gao’s group recently developed Cu(i)}-immobilized-COF
TpBpy-Cu) wherein TpBpy is an imine-linked porous COF
containing N, N, and N, O chelating sites.*> Cu(1)-TpBpyCOF
proved to be an efficient catalyst because of the synergy effect
between COF and Cu(y) sites for the terminal alkyne carboxylation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reaction under 1 atmosphere of CO, pressure and 60 °C. Four
isostructural porphyrinic 2D COFs were constructed and char-
acterized and their photocatalytic activity for H, production
from water was determined by Chen et al.®® Further, by the
amalgamation of different metal ions at the surface of the
COF’s porphyrin units, photophysical and electronics proper-
ties of the COFs can be adjusted.

Hydrazone-linked COFs show structural variety, are synthe-
tically accessible and extremely high thermal and chemical
stability, and contain a copious number of N atoms, which
facilitates the adsorption of gas molecules. A recent report
by Amini and co-workers provided a synthetic route for the
formation of hydrazone-based 2D COF by a condensation
reaction between 2,4,6-tris(p-formylphenoxy)-1,3,5-triazine and
oxalyl dihydrazide under the solvothermal approach [Fig. 4c].*”
This obtained imine-linked hydrazone-based COF was highly
stable in boiling water or even in a strongly acidic medium and
provides a large BET surface area with high CO, uptake ability.
Recently, Ahmed et al illustrated the construction of a novel
hydrazone based highly crystalline, and chemically stable cova-
lent organic framework (TFPB-DHTH COF) via solvothermal
analysis using 1,3,5-tris(4-formylphenyl)benzene (TFPB) and
2,5-dihydroxyterephthalohydrazide (DHTH) as starting materials.®®
Recently, Zhang and co-workers similarly established the synthesis
of a new stable covalent organic framework (Tfpa-Mth COF) via the
condensation (Schiff base) reaction involving tris(4-formylphenyl)
amine (Tfpa) and a chiral hydrazide (Mth).* Tfpa-Mth COF
achieved fluorescence property due to its uniformly distributed
surface and thick films and acted as a potential fluorescent sensor
for the recognition of Fe (III) ions. A recent finding from S. Wu et al.
showed that a well-ordered two-dimensional hydrazone-linked
crystalline porphyrinic COF, Por-DETH-COF, was congregated from
5,10,15,20-tetrakis (4-benzaldehyde) porphyrin (p-Por-CHO) and
2,5-diethoxyterephthalohydrazide (DETH), followed by a study of
its excellent photocatalytic activity assessed with the oxidation of
benzyl amines to the selectively for imines in the presence of air
and red-light irradiation.®® Along this line C. Zhang, Y. Dong, and
co-workers utilized a quintessential bicarbazoleusing as the major
building block units and hydrazone as the linkers to synthesize a
2D COF (CZ-DHZ-COF) and showed that CZ-DHZ-COF generates
intense cyan colour emission in its solid state.”* The as-synthesized
powder-like CZ-DHZ-COF exhibited fast fluorescence response with
weak and red-shifted fluorescence towards acid vapor; besides this,
the liquid obtained by suspending CZ-DHZ-COF showed precise
identification for Fe(m) ions with excellent fluorescence quenching.
Hence, CZ-DHZ-COF would act as a decent applicant for fluores-
cence sensing to distinguish Fe(ur) ions and acid vapor, also used in
versatile applications for fluorescence sensing.

Amide-based COFs show vast potential in diverse practical
applications because of their high stability and crystallinity of
the porous polyamide structural moiety. But due to the lack of
proper synthetic approaches, very few amide-linked COFs have
been reported till now. Yaghi and his co-workers, first in 2016,
reported two amide-based COFs via the oxidation of the imine
linkages of the imine-based COF using an oxidizing agent,
sodium chlorite.®® Just a while ago, similar to that one reported

© 2022 The Author(s). Published by the Royal Society of Chemistry
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by Yaghi’s group, amide-linked highly porous crystalline COF
was synthesized using KHSO; as an oxidant by rapid conversion
from the imine-linked framework into amide-linked framework
under green reaction condition.”® Later in 2020, Yan’s group
designed and constructed an irreversible amine-based COF
termed as JNU-1, which exhibited good stability, excellent
selectivity, extraordinary fast kinetics and high-absorbance
capacity for gold recovery.”® The building block exchange
(BBE) tactic was involved for the construction of JNU-1 COF.
Due to its intrinsic linkage and the presence of functional
groups, COF is irreversible and hence leads to the ultrafast
recovery of gold selectively. Far ahead, Yang and his group
synthesized a novel 2D amide-linked covalent organic frame-
work (COF-TM), wherein COF acted as a support for Pd(u) ion in
Pd@COF-TM.”® The synthesized Pd@COF-TM showed out-
standing catalytic activity for Suzuki-Miyaura coupling reaction,
it also was demonstrated that the heterogeneous catalyst
Pd@COF-TM exhibited high durability and high recyclability
up to nine consecutive cycles. In recent times, Ma et al
synthesized amide-linked 2D COF (COF-JLU19) with electron
donor-acceptor structural properties with inherent porosity,
high specific BET surface area, good stability along with
brilliant photoelectric property [Fig. 5(I)].°® COF-JLU19 showed
excellent photocatalytic activity and good recyclability using
water as a medium under metal-free conditions and visible
light irradiation. They also prepared an amide-linked COF-
JLU19 electrospinning membrane and photocatalytic activity
with recyclability towards the photodegradation action of
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Fig. 5 A schematic representation for the construction of (I) amide-based
COFs, (II) aryl amine-based imine-linked COF. Adapted with permission
from ref. 96. Copyright © 2021 Dalian Institute of Chemical Physics, the
Chinese Academy of Sciences. Published by Elsevier B.V. All rights
reserved; ref. 99. © 2021 Wiley-VCH GmbH.
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Rhodamine B (RhB) in H,O under sunlight irradiation was
studied. Das et al. recently applied the strategy of incorporating
new functional groups like amide and hydrazide into the COF
material in order to improve their porosity, stability, and crystal-
linity by the formation of inter and intralayer H-bonding.®” Thus,
they effectively constructed three triazine-based amide-hydrazide
linked COFs named as CON, CONN, and CONNCO and also
showed that these COFs have luminescent properties with fasci-
nating fluorescence on-off different pH-responsive for scavenging
of protons from an aqueous solution.

Again, another triazine-based two new photoactive 2D COFs
of imine and amide-linkages (COF-JLU32 and COF-JLU33) have
been recently reported by Liu’s group and their photocatalytic
experiment for the preparation of a-trifluoromethylated ketones
was tested.”® Mainly, amide-linked COF-JLU33, a metal-free catalyst,
exhibited efficient photocatalytic activity as well as good recyclability
related to the other reported heterogeneous catalysts.

For the first time, Chen and his group recently evaluated an
efficient strategy to develop a new aryl amine-linkage for the
synthesis of COFs, which enriched the COFs with other tailored
characteristics along with the present building blocks, and thus
modified the COFs with required functions [Fig. 5b].°° The group
successfully prepared two aryl-linked COFS AAm-TPB and AAm-Py
having hcb and sql topologies, respectively, with better stability as

Table 1 Relationship between structure and physical properties of COFs
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well as a highly conjugated network and they also explored their
pseudocapacitive energy storage capacity and AAm-TPB COF
exceptionally exhibited the highest capacitance of 271 F g *
among the other reported COF-based electrode material.

The variation in physical properties with the structure of
the COF is illustrated in Table 1, from which we can observe
that using triazine as a monomer unit, the textural property
of the COF is enhanced. Moreover, due to the presence of
more N atoms in the structure, it has been established that
highly polar and N-rich Lewis-base groups can facilitate the
adsorption and activation of carbon dioxide. On the other
hand, from Table 2, it is easy to notice that the majority of
reports found in the literature dedicated to COF-based cata-
lytic CO2RR are based on the formation of hybrid materials
in which the semiconductor COF is combined with a differ-
ent metal or other conductive materials. As a result, fine-
tuning of various parameters like appropriate monomer
units for the hybrid materials, the physical hetero-junction
created between both hybrid materials, relative molar ratios,
or the specific location of the dopant onto the catalyst,
involved in the formation of a heterogeneous nanohybrid,
could have an impact on the electronic structure of the COF
and also on its active sites and thus different catalytic
properties of the materials has been noticed.

Type of COF Monomer units Synthesis process Physical properties Ref.
Boron based 1,4-Benzene diboronic acid (BDBA) Static solvothermal S-COF-1: Sgpr = 690 m? g7, Vi = 0.47 cm® g * 53
COFs method
Solvothermal method ~ H-COF-1@5: Sger = 717 m* g%, Vigea = 0.46 cm® g *
H-COF-1@10: Sggr = 812 m* g ', Vipra = 0.48 cm® g~
Ionic conductivity (H-COF-1@10 > H-COF-1@5 >
S-COF-1)
Crystallinity (S-COF-1 > H-COF-1@5 > H-COF-1@10)
Triazine-based  4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline Solvothermal method  TTA-TTB COF: Sggr = 1592 m? g™, pore size = 2.2 nm, 67
COFs (TTA) and 4,4',4"-(1,3,5-triazine-2,4,6- Viotal = 1.08 ecm® g, band gap = 2.67 eV
triyl)tribenzaldehyde (TTB)
1,3,5-tris(4-aminophenyl)benzene (TAPB) Solvothermal method  TAPB-TTB COF: Sggr = 932 m? g~ *, pore size = 2.19 nm,

and 4,4',4"-(1,3,5-triazine-2,4,6-
triyl)tribenzaldehyde (TTB)
2,4,6-tris(4-aminophenyl)-benzene
(TAPB) and perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA)
2,4,6-tris(4-aminophenyl)-benzene
(TAPB) and pyromellitic dianhydride
(PMDA)

Imidebased COF

Imine linked 1,3,5-triformylphloroglucinol (Tp) and  Solvothermal
COF 2,2’-bipyridine-5,5’-diamine (Bpyda)

Hydrazone- 2,4,6-tris(p-formylphenoxy)-1,3,5-triazine Solvothermal
linked COF and oxalyl dihydrazide

Triazine-based Solvothermal
imine linked

COFs

1,3,5-tris-(4-aminophenyl)triazine (TAPT)
and benzo[1,2-b:3,4-b":5,6-
b"trithiophene-2,5,8-tricarbaldehyde
(BTT)

Triazine-based ~ TPT/OH COF (imine-linked COF)

amide linked

COFs framework into an
amide-linked
framework

8070 | Mater. Adv, 2022, 3, 8063-8080

Tonothermal method

Tonothermal method

Irreversible conversion
from the imine-linked

Viotal = 0.65 cm® g, band gap = 2.43 eV

TAPB-PTCDA-COF: Sppr = 1250 m® g~ ', Pore width = 75
31 A, highly crystalline

TAPB-PMDA-COF: Sy = 460 m? g~ *, pore width =29 A,
highly crystalline

method  TpBpy: Sger = 1480 m” g™, CO, adsorption capacity = 85
66.8 cm® g~ !

TpBpy-Cu: Sger = 460 m* g~ ', CO, adsorption

capacity = 47.2 em® g~ !

Crystallinity (TpBpy > TpBpy-Cu)

TPT/OH COF: Sggr = 424 m” g ', CO, capture capa- 87
city = 0.9 mmol g™, highly chemically stable

COF-JLU32: Sgpr = 1501 m” g, Viopa = 0.707 cm® g7, 98
highly crystalline, optical band gap energy (E;) =

2.46 eV

method

method

COF-JLU33: Sppr = 1148 m* g, Viora = 0.701 cm® g7, 98
highly crystalline, optical band gap energy (E,) =

2.37 eV

Crystallinity (COF-JLU 33 > COF-JLU32)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 COFs and their composites for CO, reduction
Surface
Catalyst area (m”> g~') Process Product Yield Ref.
COF 432 Photo-reduction Carbon monoxide (CO) 18.7 (TON) 102
COF 521 Photo-reduction CO & O, (trace amount CH,, H,) 102.7 mol g ' h™* (CO) & 103
51.3 pmol g~ h™" (0,)
COF 421.64 Photo-reduction HCOOH and HCHO 0.027 mole HCOOH, 0.96 mole HCHO 104
COF 571.6 Photo-reduction Cco 54 (TON)/17.93 mmol g ' 105
COF 843.8 Photo-reduction CO, H,, O, 295.2 pmolg ™! 106
DQTP COF-Co 195.92 Photo-reduction CO 1.02 x 103 pmol h™' g™* 107
DQTP COF-Zn 345.57 Photo-reduction HCOOH 152.5 pmol h™ ' g™* 107
COF/[Ir-ppy] 137.9 Photo-reduction Co 88.6 umol h™* g * 108
Re-Bpy-sp2c-COF 323 Photo-reduction co 1400 mmol g~ ' h™! 109
PdIn@N3-COF 100.46 Photo-reduction MeOH (74%), CH;CH,OH (26%) 798 umol g~ 110
COF-3 1010 Photo-reduction Formic acid (HCOOH) 170 pmol 111
COF-4 1660 Photo-reduction HCOOH 226.3 pmol 111
3.0 wt.% Ru/TpPa-1 385 Photo-reduction Formic acid (HCOOH) 108.8 pmol g ' h™! 112
TpBD-H, 535 Photo-reduction Formic acid (HCOOH) 45.7 umol g ' h™* 113
TpBD-(CH3), 406 Photo-reduction Formic acid (HCOOH) 86.3 umol g ' h™" 113
TpBD-(OCH3;), 388 Photo-reduction Formic acid (HCOOH) 108.3 pmol g h™* 113
TpBD-(NO,), 259 Photo-reduction Formic acid (HCOOH) 22.2 umol g ' h™* 113
COF-TVBT-PA 198.4 Photo-reduction co 70.8 pmol g~ 114
COFbpyMn 1601 Electro-reduction Carbon monoxide (CO) TON = 5800 115
Co-mNCc¢op 1985 Electro-reduction Carbon monoxide (CO) FEco = 81% 116
Fe-mNCgor — Electro-reduction CcO FEco = >90% 116
Ni-mNCCOF — Electro-reduction CcO FEco = >95% 116
AAn-COF-Cu (NF) 161 Electro-reduction CH, FEcu, = 77% 117
OH-AAn-COF-Cu (HT) 470 Electro-reduction CH, FEch, = 61% 117
2D TT-Por(Co)-COF 748 Electro-reduction CcO FEco = 91.4% 118
NiPc-COF 358 Electro-reduction CO FEco = 99.1% 119
TTF-Por(Co)-COF 888 Electro-reduction co FEco = 95% 120
Co-TTCOF 481 Electro-reduction CcO FEco = 99.7% 121
CoPc-PI-COF-1 181 Electro-reduction CcO FEco = 97% 122
CoPc-PI-COF-2 291 Electro-reduction CO FEco = 96% 122
TAPP(Co0)-B18C6-COF 942 Electro-reduction CO FEco = 93.3% TOF = 1267 h™?! 123
TAPP(H2)-B18C6- COF 906 Electro-reduction Co FEco = 86% 123
CoPc-PDQ-COF 762 Electro-reduction CcO TOF= 11412 h™* 124
COF-366-(0OMe),Co@CNT 196 Electro-reduction CcO FEco = 93.6% 125
NiPc¢/CoPc-TFPN COF 252.375 Electro-reduction CO FEco = 99.8% 126
NiPc/CoPc-TFPN COF 252.375 Photo-electroreduction CO FEco ~ 100% 126
Cu@[OH]-H,P-COF/CF 895 Photo-electroreduction CH;O0H, CH;CH,OH, 5352 M g " h! 127
CH,0CHj;, CH;CH(OH),

NAHN-Tp 137.9 Photo-reduction CO 88.6 pmol h™* 128
CoPc-PI-COF-1 181 Electro-reduction CcO FEco = 97% 129
CoPc-PI-COF-1 291 Electro-reduction CO FEco = 96% 129
CoPc-PI-COF-3 415 Electro-reduction CcO FEco = 96% 130
H,Pc-PI-COF-3 320 Electro-reduction CO FEco = 21% 130
3D-Por (Co/H)-COF 922 Electro-reduction Cco FEco = 92.4% TOF = 4610 h™* 131
Re-TpBpy — Photo-reduction co 19.6 pmol g~ ' h™* 132
MWCNT-Por-COF-Co — Electro-reduction CO FEco = 99.3% 133
MWCNT-Por-COF-Cu — Electro-reduction CH, FEcy, = 71.2% 134

2. Application

2.1. CO, reduction

CO, + 8H" + 8¢~ — CH, + 2H,0

2CO, + 8H,0 + 12~ — C,H, + 120H"

The reactions involved in the CO, reduction process are shown

below:

CO, + 2H" + 2¢” - HCOOH

CO, + 2H" + 2e” — CO + H,0

CO, + 4H" + 4e” - C + 2H,0

CO, + 4H" + 4~ —» HCHO + H,0

CO, + 6H" + 6e” — CH;0H + H,0

2C0O, + 9H,0 + 12 — C,HsOH + 120H

2.1.1.

Electrocatalytic CO, reduction (ECR). The electro-

reduction of CO, using different types of COF catalysts is shown
in Table 2. Generally, a wide range of metal particles and metal
oxide-based catalysts are used for the reduction of carbon
dioxide.'® Electrochemical Reduction of CO, using hetero-
geneous solid catalysts is affected by the interaction between
the adsorbed CO, molecule at the surface of catalysts, electrons,
and protons. Mainly three fundamental steps are involved in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the electro-catalytic CO, reduction reaction: (i) CO, molecule
adsorption at the surface of catalyst; (ii) sharing of electron and
proton between catalyst and CO,; (iii) the desorption of products
(Fig. 6). The first step is the most crucial step for operating the
whole reaction and achieving products. By sharing electrons,
CO, is transformed into CO, radical anion species. Depending
on the type of the catalyst, different types of reaction pathways or
grouping of two or more reaction steps can lead to the formation
of a wide range of products by CO, reduction. Electrochemical
reactions occur in the liquid phase, so protons remain free to
react. If the catalyst has a weak capability of absorbing CO
intermediate, then CO is obtained as a major product via the
formation of the COOH* intermediate followed by the addition
of one electron and proton. Catalysts with pi electrons can
improve the absorption of CO,* "~ radical and thus inhibit further
reduction of CO,*", consequential in the formation of formate
through the protonation method. The production of the
liquid fuel CH3O0H is mainly achieved via the CH3;O inter-
mediate from CO, followed by protonation. Under the elec-
trochemical environment dimerization of two carbon radical
anions give rise to the synthesis of C, products (such as C,Hy,
and C,H;OH). The production of hydrocarbons, as well as
CH, and C,H,, is achieved due to the transformation of the
adsorbed CO to *CHO via the hydrogenation process and
further hydrogenation is not possible because CHOH is
thermodynamically unstable.'® Formations of CH, from
CO, are generally 8 electron processes and occur at high
potential. Therefore, a variety of side products e.g., ethane,
hydrogen, CO, formate, etc. are obtained because of the
applied high potential, and thus selectivity of CH, synthesis
becomes low. From Table 2, based on the reported literature,
it is observed that metal-based (e.g., Fe, Cu, and Co) COFs are
more efficient for the electrocatalytic reduction of CO,, and
selectively CH, or CO is obtained as a product, ie., the
efficiency of electrocatalytic reactions is increased signifi-
cantly in the presence of metal particles.

2.1.2. Photocatalytic CO, reduction (PCR). The photore-
duction of CO, involving a variety of COF-based catalysts is
illustrated in Table 2, from which it can be observed that the
noble metal Re-complex combined with COF materials proved
to be an excellent photocatalyst and exhibited outstanding
efficiency in the photocatalytic reduction of CO,. Re-Bpy-sp2c-
COF catalyst prepared by Cooper’s group in 2019, showed
1400 mmol g~* h™" CO production from CO, with up to 86%
selectivity.'® They demonstrated that tethering molecular
catalysts—a complex of rhenium, [Re(bpy)(CO);Cl] along with
a crystalline covalent organic framework (COF) offered a het-
erogeneous photocatalyst, which exhibited strong absorption of
light in the visible region, a high-affinity CO,-binding and
eventually an enhanced catalytic performance beyond its homo-
geneous Re counterpart. The bipyridine sites on the COF
permitted the Re complex to be ligated into a completely
p-conjugated backbone, which is chemically stable and pro-
motes light harvesting.

For the photocatalytic reduction of CO,, metal-impregnated
COF-based materials and hybrid COF catalyst systems coupled

8072 | Mater. Adv, 2022, 3, 8063-8080
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with homogeneous metal-complex possess better activity
compared to pure COFs. This activity enrichment was mainly
endorsed by the presence of transition-metal elements,
which usually facilitate excellent CO, adsorption with high-
catalytic capability or have the capacity to significantly
intensify photo-induced charge generation and enhance the
charge-transfer process. It is noticeable from the preceding
existing literature, that both only COF and metal-based COFs
are reported for the reduction of CO, to C; as well as C,
products based on the physical and chemical properties of
different types of COFs (Table 2).

In 2019, the group created the world’s first metalated COF
material for heterogeneous photocatalytic CO, reduction.®”
DMA (N,N-dimethylacetamide)/1,3,5-trimethylbenze/acetic acid
mixed solvent was mixed with 2,6-diaminoanthraquinone (DQ)
and 2,4,6-triformylphloroglucinol (TP), which was then heated
at 120 °C/72 h. CO and HCOOH were synthesized using the
metalated COFs. Fig. 7 depicts the reaction mechanism sche-
matically. Metal coordinating sites via anthraquinone O atoms
were abundant in the as-prepared 2D-anthraquinone-based
DQTP-COF. To incorporate the Co(u) ion into the COF structure,
the aqueous solution was sonicated, followed by heating with
cobalt salt. Under visible-light irradiation (4 > 420 nm) sensi-
tized by Ru(u) salt and employing TEOA as a sacrificial electron
donor, the as-prepared DQTP-COF-Co catalyst demonstrated
promising CO, reduction capability. The as-prepared metalated
catalyst produced CO at a rate of 1.02 x 10> umol g " h™},
which was significantly greater than non-metalated DQTP-COF,
DQTP-Ni-COF, and DQTP-Zn-COF samples. CO had moderate
selectivity over H, (59.4 percent). When the Zn(u) ion was
loaded into the DQTP-COF structure, however, HCOOH was
produced with a selectivity of up to 90% and a formation rate
of 152.5 umol g~* h™". For this distinguishing selectivity, the
scientists postulated a ‘“two-pathway” mechanism. The two
pathways forming either HCOOH or CO share the same
intermediate, i.e., M-COOH. When the coordination environ-
ment for COOH was electron-rich, the C-O bond was prone to
cleavage, forming CO product, whereas when the coordina-
tion environment was electron-deficient, HCOOH forma-
tion was facilitated via the proton-coupled-electron-transfer
process (PCET), which bypassed the C-O cleavage
pathway. CO was the predominant product because CO is
an excellent-electron donor, whereas the - electron acceptor
metal centre in Zn-based COF would encourage the synthesis
of HCOOH. The generation rates of CO and HCOOH were
nearly comparable for Ni-COF, which was neither electron-
rich nor deficient. Lan’s research was the first to use
metalated-COF as a heterogeneous photocatalyst for the
reduction of CO,.

Huang et al. applied a viable strategy for the conversion of
CO, into C,/C, alcohols, expanding the field of artificial
photosynthesis.'*® Different composites of PdxIny@N3-COF
where x:y = 1:0, 0:1, 1:2, 1:1, 2:1 were easily constructed
using bimetallic PdIn nanoclusters enclosed in a photoactive
COF (N3-COF). The resultant PAIn@N3-COF showed remarkable
photoactivity for CO, reduction along with H,O oxidation into

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The proposed reaction mechanism of production of mainly C;
products by electrochemical CO, reduction. Adapted from ref. 100.
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DQTP-COF-M (M = Zn, Ni, and Co). Adapted from ref. 107. © 2019 Elsevier
B.V. All rights reserved.

CH;0H (74%) and CH3CH,OH (26%) with a total yield of
798 mol g~ . The synergy in both the bimetallic NCs and the
cluster@N3-COF assisted significantly in the interfacial charge
transfer and C-C coupling, resulting in good photoactivity for
CO, reduction to C,/C, alcohols. In order to better understand
the C-C coupling, in situ FTIR studies were performed during the
photoreduction of CO, and a possible reaction mechanism was
also predicted by predicting the surface molecules produced
during photocatalysis.

You et al. demonstrated a heterogeneous photocatalytic
system based on an iridium complex (Ir-ppy) and hydrazone-
based COF (NAHN-Tp), which acts as a photosensitizer and can
absorb visible light energy.'*® The formed 2D hydrazone-based
COF synthesized from 1,3,5-triformylphloroglucinol (Tp) and
N-amino-4-hydrazino-1,8-naphthalimide (NAHN) and com-
bined with NAHN-Tp(Ir-ppy) took part in the photochemical
CO, reduction to CO [Fig. 8].

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Z-scheme electron transfer during CO, reduction using a NAHN-
Tp and [Ir-ppyl. Adapted from ref. 128. © 2020 Published by Elsevier Inc.

2.1.3. Photo-electrocatalytic CO, reduction (PCER). For the
first time, Lan’s group published dioxin-linked metallophthalo-
cyanine covalent organic frameworks as photo-coupled CO,
reduction electrocatalysts in 2020."?® In this study, they designed
a series of crystalline and stable dioxin-linked metallophthalo-
cyanine covalent organic frameworks (MPc-TFPN COF, M = Ni,
Co, Zn), among which NiPc/CoPc-TFPN COF showed excellent
activity for CO, reduction when coupled with light compared to a
dark environment. The reaction mechanism was also studied by
DFT, which revealed that an external light field can improve the
electron transfer to the adsorbed CO, in phthalocyanine COFs
leading to the favorable CO,. DFT calculation results indicated
that in the COF systems, the N atom in the phthalocyanine
ligand plays a major role in adsorbing and activating CO,. The
free energy change for CO, adsorption on the central metal in
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Fig. 9 (a) Mechanism and DFT calculations. (a) A comparison of the
relative adsorption energy for the first step of ECR (* + CO, + 2H* +
2e” - *CO, + 2H* + 2e7) on the metal site (red) and nitrogen site (blue) on
MPc-TFPN COF, (b) the free energy diagrams for CO, reduction to CO on
MPc-TFPN COF (Note that the symbols in brackets represent the reaction
sites). The rate-determining step and the corresponding free energy on
each COFs are indicated, (c) schematic representation of the excited states
of NiPc-TFPN COF. Adapted from ref. 126. © 2020 Wiley-VCH GmbH.
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the NiPc-TFPN COF and CoPc-TFPN COF is substantially higher
than the N site (NM, which means N in MPc, which is high-
lighted with blue background in Fig. 9a). Hence, according to the
minimum energy principle, CO, molecules have a tendency to be
adsorbed as well as activated on NM atoms in the first step of
ECRie (*+CO,+2H" +2e~ — *CO, +2H" + 2e") on these two
catalysts. To understand the effect of light on the ECR, the
electronic properties of S; and T; excited states for the COF
catalysts were examined. The NiPc-TFPN COF was first excited
from S, to S; state upon light irradiation, followed by transforming
to T1 state through intersystem crossing (Fig. 9c). The energy gap
between SO and S1 was found to be 2.05 eV, and the optical
transition energy of the T1 state was discovered to be 0.80 eV
(vs. ground state), showing that the phthalocyanine COF catalysts
will be driven to a higher energy-excited state under light irradia-
tion. The free energy change is reduced from the T; excited state to
the active centre compared to the ground state, which leads to the
beneficial activation of CO, to *COOH. This is how they explained
the inherent reason why NiPc-TFPN COF showed better PECR
activity than ECR. Some of the studies on photo-electrochemical
reduction of CO, are shown in Table 2.

A while back, Jing’s group first demonstrated Cu@por-
phyrin-COFs nanorods by a solvothermal technique, which
served as an effective photoelectrocatalyst for producing C;-Cs
products such as CH3;OH, CH;CH,OH, CH;CH(OH), and
CH;COCH; with apparent faradaic efficiency (AFE) of 452.75%
by CO, reduction." The incorporation of Cu by electrodeposi-
tion on the surface of porphyrin-COFs is believed to considerably
boost the rate of charge transfer by protons harvesting and
outstanding absorption of light, thus favoring the C-C coupling
process. Besides this, the presence of organic linkers bearing
—-OH groups would increase the stability of COFs by benefiting
the development of intermolecular hydrogen bonds that enhance
the reaction activity of CO, reduction. However, some of the
studies on photo-electrochemical CO, reduction are shown in
Table 2, which suggests that these findings pave the path for
designing innovative and highly active photoelectrocatalysts for
effective PEC CO, reduction. PCER can explore a new strategy
toward the reduction of CO, in the near future as there are hardly
any reported experiments explored in this field yet.

3. Shortcomings of COFs

The synthesis of a broad range of COFs mainly depends on the
involved reversible reactions, which generate a significant
drawback associated with the chemical stability of the COFs.
During this reversible COF formation process, water is produced
as a by-product, which boosts the reaction in the backward
direction. As a result, the decomposition of COFs occurs, which
restricts the employment of COFs in rational industrial applica-
tions along with other spacious utilizations such as gas storage,
sensors, and catalysis. Hence, the development of COFs having
greater stability in aqueous and organic conditions serves as a
driving factor in this field of research. In order to develop stable
COFs, many academic disciplines give huge efforts to rational
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design and synthesis of COFs, which can maintain their porosity
and crystallinity under harsh environmental conditions."**
For the production of stable COFs, two methods have been
established until now, firstly, using stable organic linkers and
the second one is to form intramolecular and interlayer hydro-
gen bonds.'*

One of the main disadvantages of COFs for electrochemical
applications is their poor electrical conductivity even though
COFs exhibit a large surface area. Considering the existence of
active sites present in the COF framework, a specific charge-
transport route is required for effective electrocatalytic activities.
By using the right building blocks and synthetic methods or by
the assimilation of extremely conductive units (such as thio-
phene and thieno-thiophene derivatives) into the COF frame-
work, this intrinsic drawback can be overcome.'*®

4. Future scope and conclusions

In conclusion, covalent organic frameworks (COFs) are parti-
cularly promising CO, reduction catalysts for next-generation
applications. They have multiple advantages over traditional
heterogeneous catalysts such as metal-oxide, noble-metal plas-
monic inorganic semiconductors, and inorganic-organic
hybrid MOF-based catalysts. COFs are composed of organic
moieties and non-metal elements; therefore, the COF’s mono-
mer units are low-cost and more readily available than metal-
containing inorganic catalysts and MOFs. The electronic and
steric factors in COF can be tuned conveniently using different
monomer units, which allow us to modify the structure of COF,
which are more suitable for CO, adsorption and reduction reac-
tions. As shown in Table 2, most of the reported literature
dedicated to COF-based catalytic CO,RR is focused on the devel-
opment of hybrid materials, which combine semiconductor COF
with various metals or other conductive materials. In this way,
fine-tuning the various parameters involved in the construction of
a heterogeneous nanohybrid, for instance, heterojunction formed
between both molecular units, their corresponding molar ratios,
or the precise site of the dopant on the catalyst, could have an
impact on both the electronic structure of the COF and its active
sites, and thus, are the important factors in determining the
catalytic properties. Comparatively, low reaction yields that pre-
sently impede more advancements in this arena can be improved
through the logical regulation of such factors. Even though COFs
as CO, reduction catalysts have multiple advantages, there are still
many spaces to address some challenges, which need to be
resolved in this area of research. Primarily, the use of the SARS
in the photocatalytic CO, reduction reaction is severely con-
strained by the ambiguity of the COF structure. Secondly, the
significant difficulty in generating a great sufficient 2D COF
single-crystal for typical X-ray single-crystal diffraction character-
ization continues to limit the construction of 2D COFs for a variety
of applications, including catalytic CO, reduction. In spite of the
fact that photo-coupled electrochemical reduction is a promising
method for CO, reduction, the PCER method is poorly explored
using COFs as heterogeneous catalysts. On the other hand, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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major issue is the reaction mechanism, which must be decoded
soon so that we could design more effective COFs for CO,
reduction. Therefore, if the above-addressed issues are properly
addressed COFs-based materials can contribute immensely as
CO, reduction catalysts to achieve sustainable energy and environ-
ment in the future.
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