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ARTICLE INFO ABSTRACT
Keywords: Carbon dioxide (CO2) emissions from human activities have raised atmospheric CO; levels to unsafe highs,
Covalent organic frameworks necessitating the development of technologies to capture and utilize this greenhouse gas. Photocatalytic con-

Photocatalytic reduction
Carbon dioxide
Sustainability

version of CO; into value-added chemicals and fuels using solar energy has attracted significant research interest
as a carbon capture and utilization approach. However, existing photocatalysts suffer from limitations such as
low efficiency, instability, and poor selectivity. Covalent organic frameworks (COFs) are an emerging class of
organic porous materials that show promise for photocatalytic CO2 reduction applications due to their tuneable
properties, high surface areas, and photochemical stability. This review provides an overview of recent advances
in the development of COF-based photocatalysts for improving the efficiency of solar-driven CO5 reduction. Key
strategies investigated include functional group incorporation, metal doping, and integration of cocatalyst
nanoparticles. Introducing polar functional groups and metal ions via doping has been demonstrated to enhance
CO, binding affinity and adsorption capacity within COF structures. The incorporation of noble metal cocatalysts
promotes efficient charge separation and transfer, improving photocatalytic activity. Experimental and
computational studies have provided insights into structure-activity relationships, linking photocatalytic per-
formance to factors such as pore size, crystallinity, functional group polarity, and electronic structure. Further
optimization of COF compositions, morphologies, and interfaces holds promise for realizing highly efficient and
durable photocatalytic systems for CO5 reduction. Realizing the full potential of COFs will require the devel-
opment of robust structure-property correlations to guide rational material design. With continued advances,
COFs may enable economically viable and sustainable technologies for converting CO2 emissions into valuable
chemicals and fuels using only sunlight as an energy input.

1. Introduction International Energy Agency (IEA), energy-related carbon dioxide (CO3)
emissions have increased and contributed to the largest annual emission

Increasing energy demand has initiated the global energy crisis and rise of 36.3 Gt in 2021. Under a conservative scenario known as stated
implicated households and global economies. According to the policies scenario (STEPS), it was estimated that the emission will reach a

* Corresponding author at: Materials and Metallurgy Research Group, James Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK
E-mail address: mohammad.khalid@glasgow.ac.uk (M. Khalid).
! Equal contributing authors.

https://doi.org/10.1016/j.ccr.2024.216167

Received 15 January 2024; Received in revised form 30 July 2024; Accepted 17 August 2024

Available online 29 August 2024

0010-8545/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:mohammad.khalid@glasgow.ac.uk
www.sciencedirect.com/science/journal/00108545
https://www.elsevier.com/locate/ccr
https://doi.org/10.1016/j.ccr.2024.216167
https://doi.org/10.1016/j.ccr.2024.216167
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2024.216167&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

C.I Yeo et al.

plateau of around 37 Gt before decreasing to 32 Gt in 2050. This would
lead to a 2.5 °C rise in global average temperature by 2100 and the
environment can be severely impacted by melting icebergs, rising sea
levels and species extinction [1]. Fossil fuels have been the main source
of CO2 emissions, so the current primary strategy for reducing CO,
emissions is utilizing clean energy sources such as solar, wind, hydro-
power and geothermal energy [2]. The largest increment in renewable
energy capacity to date has been achieved in 2022, with 295 GW of
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renewable energy addition and 83% of global power additions. Solar
power has accounted for 2/3 of the renewable energy addition [3]. It can
be further classified into concentrated solar power (CSP), photovoltaic
(PV) or concentrated solar photovoltaic (CPVT) systems [4]. However, it
was pointed out that these alternative sources are inconsistent, unpre-
dictable and depending on some variables such as timing, location, and
weather conditions [3]. These challenges have been the main barriers to
reducing CO; emissions via clean energy sources, as a continuous and
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Fig. 1. (a) Carbon neutral cycle. Reproduced with permission from [7]. (b) Number of publications related to “electrocatalytic carbon dioxide reduction” and
“photocatalytic carbon dioxide reduction” since 2010 and (c) Number of publications with the keywords “COFs” and “photocatalytic carbon dioxide reduction”.
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stable energy supply cannot be assured.

The existing challenges with renewable energy production have
sparked the interest to convert CO; into various useful end products such
as methane (CHy4), ethylene (CoH4), methanol (CH3OH), carbon mon-
oxide (CO), formaldehyde (HCHO), formic acid (HCOOH) and carbon
monoxide (CO) [5,6]. In an ideal carbon neutral cycle, as shown in Fig. 1
(a), the CO, emissions from households, industries and vehicles are
collected using various carbon capture and sequestration technologies
and converted into hydrocarbons for combustion or chemical pre-
cursors, thus forming an overall zero-carbon loop [7]. Generally, the
conversion of CO, can be categorized into biological, chemical,
reforming, inorganic transformations, electrochemical and photo-
catalytic processes [3]. Among these processes, electrochemical and
photocatalytic CO5 reduction reaction (CO2RR) have shown great po-
tential in converting the CO, efficiently.

Electrochemical CO2RR has the advantage of practical applicability,
where the CO2RR can be achieved under mild conditions by applying
electricity across two electrodes [7]. Fossil fuels have historically met a
substantial portion of electricity demand. However, recent trends indi-
cate a significant shift towards renewable energy sources such as wind
and hydropower for electricity generation. This transition is primarily
driven by the goal of reducing CO, emissions and mitigating climate
change impacts. By harnessing these cleaner energy alternatives, the
reduction in greenhouse gas emissions can be achieved, promoting a
more sustainable and environmentally friendly energy landscape [8].
Nevertheless, the electrocatalysts required are often cost-ineffective,
rare, high overpotentials, low selectivity and degraded over repeated
cycles [9,10]. Meanwhile, photocatalytic CO2RR has the advantage of
using only sunlight to initiate the CO, conversion process and alleviates
the use of chemicals or external energy, as in the case of electrochemical
CO2RR [11]. This might be the reason of more investigations have been
conducted on photocatalytic COoRR than electrocatalytic COoRR since
2010, according to statistics from Web of Science (Fig. 1(b)). However,
photocatalytic CO2RR also has the limitations of low catalytic effi-
ciencies, low selectivity of organic products, rapid recombination of
charge carriers, small working surface areas for CO, adsorption,
degradation over repeated cycles, cost ineffectiveness and not able to
absorb wavelengths in visible light spectrum due to larger bandgaps [1].
These limitations might be the main factor leading to a shift of research
focus towards the electrocatalytic CO2RR since 2019. In addition, the
gap between the number of publications has also increased by 88% since
then up to 2022. This has shown that emerging photocatalysts are ur-
gently required in order to commercialize the photocatalytic CO2RR
[12,13].

Recently, various studies using homogenous and heterogeneous
catalysts were extensively conducted for the photocatalytic CO;RR.
Homogenous catalysts have high photocatalytic activity and selectivity
for the desired end products. Still, they are not stable during extended
usage and are expensive as they are rare metals that are challenging to
separate and recover at the end of the photocatalytic process [14].
Meanwhile, heterogeneous catalysts can avoid the problems mentioned
above, but it has low catalytic activity [15]. Therefore, anchoring metal
catalysts on supports such as metal organic frameworks (MOFs) and
covalent organic frameworks (COFs) [16] yields single-site photo-
catalysts, offering viable alternatives. MOFs have been reported as
photocatalysts to produce CO or formate [17], while COFs have been
reported as photocatalysts to produce hydrogen. Using MOFs as model
materials to graft the single-site catalytic organometallics can be another
alternative for photocatalytic COoRR as it can hinder the catalyst
deactivation or undesired reactions by eliminating the involvement of
undesired dimeric species [15,18]. Meanwhile, COFs, such as materials
containing bipyridine, triazine and triformyl glucinol building blocks
[19], have received tremendous attention for the photocatalytic COoRR
since 2020, according to statistics of Web of Science (Fig. 1(c)). The
triazine functionality usually enhances photocatalytic activity by
increasing the charge separation efficiency during the photocatalysis
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process [19]. Compared to 2019, the number of publications in 2020
with the keywords “COFs” and “photocatalytic carbon dioxide reduc-
tion” has increased by 4.4 times.

In the last decade, the discussion on recent advancements in using
COFs for photocatalytic COoRR has been limited. A comprehensive
synthesis of synthetic methods and recent progress in COF-mediated
photocatalytic COoRR has been presented by You et al. [20]. This re-
view encompasses various aspects, including photocatalytic degrada-
tion, organic transformations via photocatalysis, CO2RR, and hydrogen
evolution reaction (HER) through water splitting. Simultaneously, Sar-
kar et al. [21] have extensively reported the recent progress of COFs
serving as heterogeneous catalysts for CO2RR through photochemical,
electrochemical, and photo-electrochemical methods. The review delves
into the physicochemical properties of COFs and their influence on
CO2RR selectivity, efficiency, and recyclability.

Moreover, a systematic examination of various COF types, applica-
tions, current trends, and future directions in the context of CO,RR has
been presented [22]. To address existing research gaps, a detailed
exploration of mechanisms, strategies for structure modification,
emerging advances, and a comparative analysis of COFs with other
photocatalysts is crucial. This review aims to comprehensively study and
scrutinize these aspects, providing insights into the current trajectory
and future prospects of COFs as photocatalysts for COoRR.

2. Properties of COFs

COFs are highly structured organic polymers with exceptional
porosity and offer a wide range of uses [23-25]. The covalent bonding
between building units of these materials is responsible for their stable
and well-organised structures [26,27]. Generally, COFs can exist in 2D
or 3D forms, rendering them promising in the fields of energy storage,
drug delivery, electronics, photonics, and sensor technologies, as dis-
cussed in the literature [24,28-32]. Beyond these applications, COFs
find utility in diverse areas, such as gas storage [33-37], separation
[37-40]1, sensing [41-43], and catalysis [44,45], to name a few.
Notably, COFs have emerged as significant contributors to photo-
catalytic CO; reduction, showcasing exceptional efficacy in converting
CO;, into valuable compounds like methane, methanol, or formic acid
utilizing solar energy [22,46-48]. This multifaceted functionality posi-
tions COFs as key materials in various scientific domains, underlining
their potential impact across a spectrum of applications. COFs are syn-
thesized through various reactions, such as Schiff-base condensation,
boronate ester formation, and imine condensation [49,50]. These re-
actions facilitate the direct linkage of monomers, resulting in the crea-
tion of extensive networks and diverse frameworks with periodic pores.
The fundamental building blocks of COFs are typically organic mole-
cules featuring different reactive sites, such as amines, aldehydes, and
boronic acids. These sites enable the formation of expanded 2D or 3D
networks, allowing for a wide range of structural and functional prop-
erties in the resulting COFs [30,51].

Two-dimensional (2D) COFs consist of layers of covalently bonded
organic molecules arranged in a planar fashion, resulting in highly or-
dered 2D sheets [52]. These layers are further interconnected through
n-n stacking interactions, which involve non-covalent forces arising from
the overlap of electron clouds in aromatic rings. This n-n stacking not
only stabilizes the structure but also creates well-defined channels and
periodic pores within the material. The precise arrangement of these 2D
layers enables a high degree of crystallinity, which is crucial for the
desirable properties of COFs [53]. Moreover, the planar structure of
these 2D COFs contributes exceptionally to their large specific surface
area where each layer formation gives the broad expanse of surface that
is easily accessible to the guest molecule, forming these materials a
viable candidate for the applications that rely on the surface interactions
like gas separation and storage respectively. Additionally, the increased
surface area boosts the capacity of materials to absorb these gases or
opens the other channel, which is formed by n-n stacking interactions
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that facilitate the ions diffusion of guest molecules across the channel
and structure [54,55]. This allows molecules to flow freely within the
COF, which is useful for processes like catalysis, where reactants must
effectively reach active sites. Another crucial feature of 2D COFs is their
effective charge transport. In addition to stabilizing the layers, the n-n
stacking interactions provide channels for electron mobility. This is
especially crucial for applications requiring effective charge separation
and transfer, such as electrical devices, photovoltaics, and photo-
catalysis. The stacked layers’ delocalized n-electrons have the highest
mobility, which modifies the conductivity of materials with overall
performance in different applications. Apart from these various features,
2D COFs’ structural adaptability enables tunability. Researchers can
modify the surface area, pore size, and electrical characteristics of the
COFs to fit different applications by selecting various building blocks.
The controlled synthesis of the COFs is made possible by the choosen of
covalent connections and the thoughtful design of the organic mono-
mers. The variety of possible applications can be increased by post-
synthetic alterations, which can also bring new or improved features
respectively.

In contrast, three-dimensional (3D) COFs are constructed from a 3D
network of interconnected pores, forming a robust and stable framework
[56]. These structures are assembled from organic molecules linked by
strong covalent bonds, resulting in an extensive network that spans all
three spatial dimensions. This comprehensive spatial arrangement cre-
ates a rigid architecture, endowing the material with high mechanical
and thermal stability. Due to their exceptional stability, 3D COFs are
particularly valuable for applications requiring long-term durability or
that will be exposed to harsh environmental conditions [57,58]. The
interconnected pores within 3D COFs possess unique properties that
significantly enhance their functionality. These pores offer a large sur-
face area, facilitating the easy adsorption of molecules. Furthermore, the
high porosity of 3D COFs makes them suitable for applications such as
gas storage, as they can contain substantial amounts of gas within their
structure. The uniform and well-defined pore diameters of 3D COFs also
enable selective adsorption, allowing for the separation of specific gases
or compounds from mixtures [59]. This selective capability is crucial in
applications like carbon capture, where COFs are used to selectively
capture CO5 while allowing other gases to pass through efficiently.

COFs exhibit unique properties that make them suitable for photo-
catalytic CO; reduction, including their ability to generate electron-hole
pairs and absorb light [60,61]. This capability is accomplished by
judiciously selecting particular building components that enable effec-
tive electron transmission. This functionality is achieved through the
strategic selection of building components that facilitate efficient elec-
tron transfer. COFs possess well-structured electrical systems that allow
them to produce electron and hole pairs upon light absorption. This
process involves the excitation of electrons from the VB to the CB,
resulting in the formation of electron-hole pairs.

The electrical structure of COFs, particularly their tunable bandgap
and conjugated systems, plays a significant role in the efficiency of
electron-hole pair generation and separation. Researchers can further
enhance charge separation by carefully selecting and designing building
blocks with appropriate electrical properties, potentially creating donor-
acceptor pairs or optimizing n-conjugation. This enhancement is vital for
improving the photocatalytic activity of COFs, as it allows for more
effective utilization of absorbed light energy to drive photocatalytic
reactions. The separation efficiency of electron-hole pairs can be further
improved by incorporating electron donor-acceptor components that
facilitate electron transfer [62]. Additionally, COFs feature a well-
defined periodic array of electron channels, and the z-conjugated
stacking supports efficient electron transport and promotes electronic
delocalization [62]. These attributes highlight the potential of COFs for
advanced COs reduction applications and enhance their overall perfor-
mance as a framework for photocatalytic processes.

Furthermore, the large surface area and the ability of COFs to sup-
port a high density of active sites make them exceptionally well-suited
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for photocatalytic CO, reduction [61]. The high surface area of COFs,
as a result of their porous structure, can be tailored through the selection
of building blocks or post-synthesis alterations [63]. Such tunability
enhances the adsorption of CO, molecules, facilitating their conversion
into valuable products [62,64]. Additionally, the outstanding chemical
and physical stability of COFs contributes to their durability and recy-
clability as photocatalysts [65-67]. Collectively, these properties po-
sition COFs as ideal candidates for photocatalytic CO; reduction.

3. Potential applications of COFs for photocatalytic CO»
reduction

There has been a rising interest in the increased CO2 adsorption ca-
pabilities of catalysts based on COFs in the field of scientific study. These
extraordinary materials, which are made up of porous structures pro-
duced by organic building blocks, have large surface areas and variable
pore diameters [68]. Because of these features, COFs are ideal for CO,
capture. Recent advances have aimed to refine COFs by including
functional groups or metal ions in their structures, resulting in catalysts
with increased CO, adsorption capacity and selectivity [69]. This
advancement offers enormous potential for tackling the pressing prob-
lem of climate change by reducing greenhouse gas emissions. The
improved COF catalysts not only feature increased adsorption efficiency
but also selectively collect CO5 from mixed gas streams. This differen-
tiating property is critical in extracting CO from industrial operations
and power plants, where the gas is often present in conjunction with
other molecules. Furthermore, the recyclability of these catalysts adds to
their attractiveness as possible instruments for constructing efficient and
sustainable carbon capture methods.

Improved CO, adsorption characteristics in COF-based catalysts have
far-reaching ramifications that go beyond theoretical considerations. It
opens the path for practical applications that may dramatically cut CO4
emissions while also easing the transition to a greener, more sustainable
future. Scientists and engineers are actively striving to solve the diffi-
culties presented by climate change by using the outstanding capabil-
ities of COFs, all while promoting a cleaner and healthier environment
for future generations. Due to their potential for sustainable energy
conversion, COFs have received a lot of interest in the context of pho-
tocatalytic CO5 reduction. Because of their adjustable features and
strong architectures, COFs provide a diverse platform for photocatalysis
[67]. The stability of COFs is critical in the search for effective and long-
lasting CO; reduction catalysts. These frameworks must endure harsh
conditions, including prolonged exposure to light, moisture, and reac-
tive intermediates. To enhance COF stability, researchers have
employed various strategies such as structural modifications, post-
synthetic treatments, and encapsulation techniques [70].

In this context, Monte Carlo simulation and density functional theory
(DFT) calculations were used to evaluate the effect of different func-
tional groups in COFs on CO3 sorption. The findings showed that the
interaction between COFs and CO, was critical at low pressures, but at
high pressures, COF pore diameters were the major determinant.
Functionalization significantly improved CO3 sorption selectivity over
Ny, CHy4, and Hy. At ambient temperature and 1 bar pressure, functional
groups such as —CHyNHj, —SOsH, —COOH, and —OCO(C H3),—COOH
showed increased CO, sorption capacities. The —SOsH functional group
emerged as the most viable choice for CO2 extraction from mixed gas
streams. These results shed light on the role of functional groups in CO,
sorption and provide useful insights for creating COFs with improved
CO, capture and separation capabilities [73]. Kang and colleagues
improved the efficacy of two COFs, namely NUS-3 and NUS-2, featuring
unique pore diameters and water resistance, by introducing poly(ether
imide) or PBI (polybenzimidazole) into mixed matrix membranes
(MMMs). Because of the excellent selective sorption power of the fillers
included inside the COFs, the resultant COFs separated CO5 from Hy
with remarkable efficiency [74]. In their study, Alahakoon and col-
leagues created azine-linked COFs and added aldehyde groups as
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functional moieties. These COFs have pore sizes of 1 nm and a surface
area of >1200 m? g~!. Remarkably, they demonstrated a high CO,
sorption capability, able to adsorb up to 20% of CO at the pressure of 1
atm and a temperature of 273 K. Furthermore, the researchers success-
fully created NH,-UiO-66@Br-COFs hybrids by establishing C—N co-
valent bonds through Schiff-base reactions, demonstrating an efficient
way for integrating the desired features of both N Hy-UiO-66 and Br-
COFs [75,76]. Copper nanoparticles (Cu-NPs) were successfully placed
into a 2D COF in a synthesis by Khatun et al. [77], resulting in a com-
posite material known as Cu-NPs@COF (Fig. 2 (a)). The copper loading
in the composite was found to be 8.26%. The synthesis of 2-oxazolidi-
nones utilizing a COy balloon in acetonitrile at 50 °C is shown in
Fig. 2 (b), which is aided by the presence of Cu-NPs@COF and 1,8-Dia-
zabicyclo[5.4.0]lundec-7-ene (DBU) base. The recyclability and reus-
ability of this hybrid material were further examined using 2-
oxazolidinones and benzimidazoles. Each catalytic test’s isolated Cu-
NPs@COF catalyst was used for six cycles of CO, coupling reactions,
confirming its maintained catalytic characteristics (Fig. 2 (c)). These
findings demonstrate the Cu-NPs@COF catalyst as an effective hetero-
geneous catalyst capable of retaining its performance over numerous
cycles, emphasizing the catalyst’s fine heterogeneous character
throughout the catalytic process.

Lyu and colleagues [72] investigated the synthesis of COF-609 and
subsequently incorporated aliphatic amine groups into it, creating COF-
609-Im. They further treated COF-609-Im with FeCls to produce COF-
609-THQ, Im. These three COFs were evaluated for their ability to
capture CO; from the air. EDS mapping confirmed a homogenous dis-
tribution of elements inside the COFs, with Cl and Im elements suc-
cessfully doped into COF-609-THQ, respectively (Fig. 2 (d)). The
existence of 1D channel-shaped porous structures was verified by PXRD
patterns (Fig. 2 (e)), and Ny adsorption-desorption isotherms revealed
that the highly porous structures of COF-609-Im allowed for N, acces-
sibility, but COF-609 and COF-609-THQ, Im did not (Fig. 2 (f)). Fig. 2 (g)
depicts the CO, adsorption isotherms of the three COFs. Notably,
despite having the highest surface area and porous structure, COF-609-
Im exhibited the lowest CO, adsorption performance. COF-609-THQ,
Im, on the other hand, demonstrated a higher adsorption ability than
COF-609-Im. This improvement was ascribed to the addition of amine
groups in the THQ linkage, which resulted in enhanced polarity. COF-
609 had the greatest CO5 adsorption ability, indicating that the chemi-
sorption interaction was more conducive for successful CO collection.
While prior research has described the integration of amine [78] or
hydroxyl [79] groups into COFs for COy capture, the study in [72]
stresses the need for robust chemisorption in CO5 capture by COFs. The
study also evaluated the sorption of HyO vapor on COF-609 and
discovered that the quantity of H,O absorption was sufficient to improve
CO4 capture (Fig. 2 (h)). This data implies that the humidity in the air
did not affect CO, chemisorption, emphasizing the robust nature of COF-
609 in preserving its CO5 capture capability. Ding and colleagues [80]
successfully produced 2D COFs and executed a modification method
employing acetate anions in their work. Through a strong interaction
between the acetate anion and CO,, the introduction of acetate anions
resulted in a significant improvement in CO; collection capacities. This
enhancement outperformed the performance of the unmodified pristine
2D COFs. The results of this study offered solid evidence for the use-
fulness of the channel-wall engineering technique in changing COFs to
reach extraordinary amounts of CO; collection. Sharma and colleagues
[81] synthesized COFs with slipped and eclipsed structures and tested
their performance in CO; collection and CO2/H; separation. The slip-
ping COFs had an impressive CO sorption capacity of 5.8 mol/kg and a
CO4/N; separation selectivity of 197 at 298 K at 1 bar pressure. These
levels much exceeded those observed in the eclipsed COFs. As a result,
the slipping COFs proved to be effective materials for CO5 collection and
separation from gas mixtures. Tz-COFs and Cz-COFs were also produced
utilizing benzobisthiazole and carbazole monomers, respectively [82].
These COFs exhibited outstanding CO5 adsorption capabilities, with Tz-
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COFs and Cz-COFs reaching 15% wt. and 11% wt., respectively.
Furthermore, they displayed great selectivity in extracting CO, from Ny
and demonstrated outstanding recyclability [82]. Liu et al. [83] created
a hydrazone-based COF with high porosity and a surface area of 1501
m~2 g~!. The COF was created by condensing 2,5-dimethoxy-tereph-
thalo-hydrazide with 1,3,5-triformyl-benzene using the solvothermal
process, resulting in a highly crystalline and chemically stable structure.
This COF material showed tremendous promise as a reusable photo-
catalyst for cross-dehydrogenative coupling reactions involving tetra-
hydroisoquinolines and nucleophiles. Under solvothermal conditions,
Zhi et al. [84] successfully synthesized COF-JLUS5 by condensing 1,3,5-
tris-(4-aminophenyl)triazine with 2,5-dimethoxyterephthaldehyde.
COF-JLUS exhibited remarkable properties, including a specific sur-
face area (SBET) of 1632 m~2 g_1 and a pore size of 2.7 nm. This COF
was then employed as a heterogeneous photocatalyst for facilitating
aerobic CeH functionalizations of N-aryltetrahydroisoquinolines. Wang
and colleagues [85] reported for the first time on the photocatalytic
properties of extremely stable COFs (LZU-190, LZU-191, and LZU-192)
based on benzoxazole. The incorporation of benzoxazole moieties into
these p-conjugated metal-free photocatalysts helped to stabilize the COF
structure, resulting in a considerable decrease in the optical band gap. As
a result, the materials were more sensitive to visible light. These COFs
were formed in a reversible/irreversible cascade, starting with the
reversible creation of imine bonds and ending with the irreversible
formation of benzoxazole rings. The use of irreversible benzoxazole
rings throughout the frameworks led to better stability of the synthe-
sized COFs over imine-linked COFs. Surprisingly, even under harsh
circumstances, these benzoxazole-based COFs displayed excellent sta-
bility. They preserved structural integrity after three days of boiling
water and exposure to pure trifluoroacetic acid, 9 M HCI, or NaOH,
demonstrating their toughness. These discoveries pave the way for the
practical implementation of these very stable COFs in a variety of pho-
tocatalytic processes.

Meanwhile, the physicochemical stability of COF connections plays a
crucial role in influencing the efficiency of the photocatalytic process. A
pertinent illustration is the remarkable stability exhibited by the ultra-
stable benzoxazole-linked LZU-191, which sustained long-term photo-
catalytic activity in the oxidative hydroxylation of aryl boronic acid. In
contrast, the imine-linked COF-LZU1 suffered structural degradation
during the reaction, attributed to the comparatively lower stability of
the imine linkage [85]. To optimize their photocatalytic activity, COFs
require well-defined structures with exceptional crystallinity, which
enhances charge separation/migration and pore accessibility. Achieving
these attributes depends on the use of precise synthetic techniques,
emphasizing the importance of appropriate methodologies in the design
and development of COFs with improved photocatalytic properties.
Recent advancements have enabled the synthesis of 2D COFs with high
crystallinity under diverse conditions, thanks to the “two in one”
approach that involves dual organic derivatization of building blocks
[86]. Another type of COF used as a photocatalyst is the 2D fully con-
jugated COFs based on C—C linkages. These COFs differ from others due
to the reduced reversibility of the C—C bonding process, leading to
slightly lower crystallinity [87]. However, they offer extraordinary
stability and efficient electron transport, which minimizes the loss of
excitation energy at nitrogen atoms caused by lone pair electrons. An
excellent case is the sp2 c-COF developed by Jiang and colleagues,
which represents a fully conjugated COF (Fig. 3 (a—c)). This COF
demonstrated remarkable chemical stability, maintaining its crystalline
structure even after a 7-day exposure to concentrated hydrochloric acid
(12 M) and aqueous sodium hydroxide solution (14 M).

Furthermore, when platinum was utilized as a co-catalyst and TEOA
was used as a sacrificial electron donor (>420 nm), it produced
hydrogen at a steady rate of 1360 mol g~* h™!. The amorphous sp? c-
CMP, on the other hand, only attained a hydrogen evolution rate of 140
mol g~! h™! [88]. To some degree, the difference in catalytic activity
between sp? and c-COF and amorphous sp?> ¢-CMP underlined the
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Fig. 3. (a) A visual representation of the synthetic process for sp%c-COF is provided. (b) The diagram depicts the synthesis of sp>c-COFERDN and highlights the
electron donor-acceptor pull-push effects on the 2D frameworks of sp>c-COFERDN. (c) The reconstructed 2D layers of sp’c-COF demonstrate outstanding conjugation
in both the x and y directions. (d) A schematic illustration showcases the photocatalytic HER occurring over spc-COF [87]. Reproduced through Copyright

© permission.

necessity of crystallinity for COFs utilized in photocatalysis. When
electron-deficient 3-ethylrhodanine (ERDN) was used as a final stage
group during the synthesis of sp?c-COF, the sp? c-COFERDN (Fig. 3 (d))
demonstrated a 1.6% higher hydrogen production rate of 2120 mol g~}
h~! with the same experimental conditions as the unmodified sp? c-COF
(1360 mol g~ h™h).

4. Mechanisms of photocatalytic CO; reduction by COFs

The photocatalytic reduction of CO2 using COFs is a complex process
and its mechanism can therefore be affected by structural variation of
COFs and other factors. Nevertheless, a general mechanism for the
photocatalytic reduction of CO5 using COFs can be deduced as follows:
(i) Light absorption and charge separation: COFs undergo electron
excitation in the n-conjugated system when exposed to light, resulting in
the formation of electron-hole pairs. Excited electrons (e™) are trans-
ported from the valence band (VB) to the conduction band (CB), while
holes (h™) remain in the VB. Later, e~ migrates to the surface of COF to
participate in CO, reduction. (ii) CO2 activation: CO, molecules are
adsorbed onto the COF surface and activated by forming a complex with
a surface functional group or defect. As linear CO, molecules are rela-
tively stable, hence a more negative redox potential is required for direct
photocatalytic CO, reduction. The CO, molecule adsorption on the
surface perturbs its linear structure, lowering COy LUMO levels and
activating the molecule, rendering it more reactive to reduction. (iii)
Reduction of CO5: The activated CO5 reacts with e~ on the COF surface
to form a radical intermediate, CO3~, that can be further reduced by

receiving another electron to form CO®~. Upon reaction with a proton
(HM), cO*™ readily reduced to CO and other products. (iv) Water (H20)
oxidation: The h™ generated during the light absorption process can also
participate in the reaction by oxidizing H»O adsorbed on the COF surface
to give oxygen (O2) and H'. (v) Recombination: Excited electrons and
holes can recombine instead of participating in COy reduction or HyO
oxidation, thereby diminishing the overall efficiency of the photo-
catalytic process. The exact mechanism of the photocatalytic reduction
of CO, using COFs remains elusive and forms a focused subject of
ongoing research. Multiple approaches are employed to enhance the
surface adsorption ability of COy molecules on the photocatalyst,
including incorporating surface defects, introducing a co-catalyst, and
widening the surface area, as discussed in the earlier section. In general,
three distinct mechanisms have been proposed for the photocatalytic
reduction of COy by COFs, as illustrated in Fig. 4. First, the effective
separation of photogenerated charge carriers—electrons and holes—is
essential, as their pathways determine their availability for CO5 reduc-
tion. Second, the presence of catalytic active sites within the COF
structure plays a vital role. These active sites, which may include
functional groups or metal centers, are vital in the activation and con-
version of CO, molecules. Lastly, the formation of heterojunctions is
considered, where integrating COFs with other semiconductors can
substantially improve charge separation and enhance the overall effi-
ciency of the photocatalytic process.
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4.1. Photogenerated charge carriers

The donor-acceptor approach, which involves incorporating
electron-donating and electron-accepting units as knots and linkers, has
been demonstrated as a reliable method for constructing photocatalytic
COFs [89]. In the usual photoexcitation scenario of COFs, electron-hole
pairs are generated upon sunlight exposure, initiating an electron
transfer process from the donor to the acceptor. This process creates a CB
electron at the acceptor site and a VB hole at the donor site. Subse-
quently, the excited electrons and holes undergo transfer within the COF
structure by hopping between donor and acceptor units, respectively.
The dispersion of these units within the COF lattice results in the for-
mation of numerous heterojunctions, thereby enhancing the charge
separation efficiency of the system.

Following the first study of COFs for the photocatalytic reduction of
CO4 contributed by Yadav et al. [90], elucidation of the mechanisms
involved in the photocatalytic reduction of CO, using COFs forms a focus
of current research as an initiative to improve and explore the oppor-
tunities to fully utilize the potential of COFs in this area. In 2018, Fu
et al. studied two azine-linked 2D COFs, namely ACOF-1 and N3—COF,
prepared from the condensation of hydrazine hydrate and 1,3,5-trifor-
mylbenzene (TFB) or 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (N3-
Ald), respectively [91]. The authors investigated the potential of these
materials as photocatalysts for the reduction of CO, with H,O under
visible light irradiation. The large HOMO-LUMO gap (HOMO = highest
occupied molecular orbital; LUMO = lowest unoccupied molecular
orbital) of either ACOF-1 or N3—COF allowed for CO5 reduction through
band gap excitation while enabling significant harvesting of the visible
light spectrum, see Fig. 5 (a) for the proposed photocatalytic reduction
mechanism. By associating the HOMO with charge-transfer sites for
holes, it was deduced that the azine moiety could facilitate efficient hole
quenching via hydrogen bonding interactions with HyO, whereas
excited electrons from the LUMO energy level could react with adsorbed
CO5, on the COFs surface to produce methanol as the main product, with
traces of Hy and O3 as by-products; the amount of CH3OH formed over
N3—COF is 13.7 pmol g™! in 24 h cf. approximately 8.6 pmol g~* for
ACOF-1, which is 1.6 times higher than that formed over g-CsN4 as
illustrated in Fig. 5 (b). To validate the proposed mechanism, various
characterization techniques were employed. For instance, UV-vis
diffuse reflectance spectra revealed that both ACOF-1 and N3-COF

absorb light in the ultraviolet and blue regions, with an absorption
edge at approximately 480-500 nm. This indicates an optical band gap
of about 2.6 eV, as calculated using the Kubelka-Munk equation.
Photocurrent measurements conducted under visible light irradiation (A
> 420 nm) provided evidence of the transfer of photogenerated carriers.
Additionally, CO reduction experiments carried out under visible light
irradiation confirmed the photocatalytic activity of the materials,
further supporting the proposed mechanism.

A highly stable dioxin-linked COF (HBC-TFPN) prepared using
2,3,10,11,18,19-hexahydroxy-cata-hexabenzo-coronene (HBC) and tet-
rafluorophthalonitrile (TFPN) as electron-donating and accepting
building units, as depicted in Fig. 5 (¢) for preparation procedure, was
reported with prominent photocatalytic activity in CO5 reduction [92].
The final material featured a wavy 2D lattice that directed the attach-
ment of successive layers in order to align the HBC and TFPN units for
efficient charge carrier transport. To study the mechanism of CO,
reduction, the researchers employed several sophisticated methods and
techniques. Theoretical calculations showed that the HOMO and LUMO
energy levels of HBC and TFPN suggest a type-II heterojunction align-
ment in the constructed COF. DFT calculations on HBC-TFPN revealed
that the spatial distribution of valence band maximum (VBM) and
conduction band minimum (CBM) facilitates charge separation after
excitation, aiding in efficient photocatalysis. In the study, HBC-TFPN
was subjected to visible light irradiation for 2 h with [Ru(bpy)s]Cl,
(bpy = 2,2-bipyridine) acting as photosensitizer and sodium ascorbate
as electron donor, and resulted in the formation of 15.4 pmol g~! of CO
and 1.4 pmol g~ ! of Hy as the main products. The photocatalytic CO,
reduction process is attributed to a photosensitized mechanism as it was
triggered by the excitation of [Ru(bpy)s]?*. As the CBM of HBC-TFPN
(—0.66 V vs normal hydrogen electrode (NHE)) is located between the
LUMO of [Ru(bpy)g,]2+ (—1.26 V NHE) and the equilibrium potential of
CO,/CO conversion (E(CO,/CO) = —0.53 V vs NHE), this enables the
CBM to readily accept the excited electron from [Ru(bpy)s]®*" and
transport it to COy. The updated energy level diagram of the photo-
catalytic COy reduction system is shown in Fig. 5 (d). It has been
observed that HBC-TFPN exhibits high activity in the reaction due to its
efficient charge carrier transport. The cyano group on the TFPN linker is
believed to be the active site for CO5 reduction, attributed to its strong
affinity for CO, and the localization of the accepted electron by HBC-
TFPN, as suggested by the spatial distribution of the CBM. Notably,
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photocurrent measurements under visible light irradiation reveal that
HBC-TFPN generates a rapid on/off photocurrent with a density of 300
nA cm ™2, indicating efficient kinetics of photogenerated charge carriers.

A recent study investigated the use of a p-ketoenamine-based COF,
TpBb-COF, as a photocatalyst for the conversion of CO; and H,0 into CO
and O, under visible-light irradiation without the use of photosensitizers
or sacrificial agents [93]. The results showed that at a CO; concentration
of 30%, TpBb-COF produced CO at a rate of 89.9 pmol g~! h™! at 80 °C,
surpassing the rate of 52.8 pmol g~! h™! observed in pure CO, (Fig. 5
(e)). The above suggests that low concentrations of CO, are more
favourable for the process. To gain insights into the mechanism of
photocatalytic CO3 reduction by TpBb-COF, updated quantum chemical
calculations were conducted. DFT was utilized to optimize the ground
state geometry of the TpBb-COF model. Following this, electrostatic
potential (ESP) and orbital composition analyses were performed. The
ESP analysis offered valuable information regarding the charge distri-
bution within the molecule, while the orbital composition analysis
elucidated the electronic transitions that occur upon light excitation.
Significantly, the orbital composition analysis identified electron
transfer from the benzothiazole ring to the cyclohexanetrione moiety
during excitation. Based on these findings, an intrinsic mechanism for
photocatalytic CO, reduction and H,O oxidation over TpBb-COF was
proposed, as depicted in Fig. 5 (f). When TpBb-COF is exposed to visible
light, it absorbs photons due to the appropriate band gap and becomes
excited. H,O is first adsorbed through a hydrogen bond, and the excited
electrons are transferred from the HOMO centre to the LUMO centre to
generate electron-hole pairs, which move to the active site that adsorbs
CO3. The CO; reacts with the adsorbed H0 to produce HO-HOCO,
which loses OH to form HOCO. HOCO then decomposes into CO and
OH. The catalytic system later obtains electrons from HoO and maintains
charge balance by oxidizing H,O using photogenerated holes. In the
absence of Hy0, however, the CO5 reduction efficiency of TpBb-COF is
extremely low. The authors suggest that TpBb-COF has a greater pref-
erence for the adsorption of HyO, thereby promoting the adsorption and
reduction of COs.

The motivation to design stable COFs that utilize H20 as a source of
hydrogen and electrons for converting CO: into valuable products
through photocatalysis led Yu et al. to develop COFs incorporating 4-
carboxyl-quinoline linkages [94]. The authors demonstrated that
modifying COFs with hydrophilic 4-carboxyl-quinoline linkages (QL-
COF) instead of imine linkages (LZU1-COF) enhanced their photo-
catalytic efficiency for CO5 reduction using HoO as an electron donor.
QL-COF exhibited a remarkable CO production rate of 156 pmol g~* h™1,
surpassing LZU1-COF by over sixfold (25 pmol g~! h™1). This superior
performance is attributed to the smaller band gap for QL-COF (2.20 eV)
compared to LZU1-COF (2.57 eV), as evidenced by their UV-vis diffuse
reflectance spectroscopy (DRS) spectra. This smaller band gap in QL-
COF, due to its fully conjugated structure, enhances light utilization in
the visible region, increasing the number of photogenerated carriers for
driving photocatalytic reactions. Photocurrent and EIS measurements
also confirmed superior charge separation in QL-COF (higher photo-
current, lower EIS resistance) compared to LZU1-COF. Additionally, PL
and TRFDS confirmed less charge recombination (weaker PL intensity)
and longer charge carrier lifetime (longer TRFDS) in QL-COF, indicating
more opportunities for photocatalysis. Additionally, the in situ diffuse
reflectance infrared spectroscopy (DRIS) performed revealed the COy
photoreduction pathway. Peaks confirmed the efficient capture of H,O
and CO, via -COOH and quinoline groups in QL-COF. Under irradiation,
new peaks indicated the formation of *COOH as the key intermediate.

The proposed mechanism for the photocatalytic reduction of CO,
with HyO over QL-COF, illustrated in Fig. 5 (g), involves the strong
binding interaction between hydrophilic -COOH groups and H2O mol-
ecules. When exposed to irradiation, an electron in QL-COF is excited
from the VB to the CB, leaving behind a h™ in the VB. The adsorbed H,0
molecule on QL-COF accepts the h* and produces a hydrogen ion (H")
and O,. Meanwhile, the adsorbed CO, molecule captures an H" and
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electron to form an intermediate, COOH*. COOH* then captures another
H*/e™ pair and undergoes dehydration to produce adsorbed CO, which
finally escapes from the surface of QL-COF, releasing free CO.
Comparing the reported featuring COFs photogenerated charge carriers’
mechanism, QL-COF is by far the most effective COF as shown in
Table 1. It exhibits superior photocatalytic performance at a CO pro-
duction rate of 156 pmol g~! h™! at a surface area of 209 m? g%, as
compared to other COFs that yield products such as CH3OH or CO within
a considerably narrower range of 8.6 to 89.9 pmol g =1 h™.

4.2. Catalytic active sites

The efficiency of photocatalytic CO reduction with COFs is limited
by rapid electron-hole recombination and the need for more active sites.
To address this, COFs with heteroatoms and unique microenvironments
can be used as functional platforms for anchoring metal complexes to
function as catalytically active sites. A bipyridine-based COF, namely
COF-TVBT-Bpy, was synthesized by condensing 2,4,6-tri(4-vinyl-
benzoyl)-s-triazine (TVBT) with 2,2"-bipyridine-5,5-diamine (Bpy-NHb),
and Co ion was anchored into COF to produce Co@COF-TVBT-Bpy as a
photocatalyst [95]. The marked decrease in PL intensity of Co@COF-
TVBT-Bpy and a substantially shorter average fluorescence lifetime (t
= 2.5 ns), when compared to COF-TVBT-Bpy (t = 6.5 ns), suggest that
the incorporation of Co ions effectively suppresses the recombination of
photogenerated electron-hole pairs. Having [Ru(bpy)3]Cle.6H20 as a
photosensitizer and triethanolamine (TEOA) as a sacrificial agent,
Co@COF-TVBT-Bpy showed remarkable performance in visible light-
driven reduction of CO. to syngas at a production rate of 2291.1
pmol g~* h™! and a CO/H, ratio of approximately 1:1, as shown in Fig. 6
(a). To elucidate the mechanism behind the enhanced photocatalytic
CO5 reduction of Co@COF-TVBT-Bpy compared to COF-TVBT-Bpy,
various advanced methods and techniques were employed. PL and
time-resolved fluorescence decay measurements indicated a significant
decrease in the recombination of light-induced electron-hole pairs
within Co@COF-TVBT-Bpy. This reduction in recombination leads to
more efficient charge utilization during the reduction process, contrib-
uting to its superior performance.

Further confirmation came from transient photocurrent response and
electrochemical impedance spectroscopy (EIS) measurements.
Co@COF-TVBT-Bpy exhibited a stronger photocurrent response and
lower impedance, indicating enhanced transfer of these charges. Addi-
tionally, in situ DRIFTS provided valuable insights into the interactions
of Co@COF-TVBT-Bpy with CO,. The formation of chemical species,
including carbonate species, formate, and a crucial intermediate
COOH*, was observed. The intensity of these peaks increased with
irradiation time, confirming the chemisorption of CO5 on the surface of
COFs. The electron transfer pathway during CO, reduction was also
studied via quantum chemical calculations. The calculations suggest a
specific sequence: photogenerated electrons first move from the TVBT
moiety to the Bpy-NHz moiety and then to the Co-active sites. These Co
sites then facilitate the reduction of both CO, and H,O molecules. The
mechanism is therefore proposed involving photogenerated electrons
moving from triazine and benzene ring-occupied (HOMO) to bipyridine
and Co centre-unoccupied (LUMO) orbitals. Initially, Co! receives
photoelectrons and turns into Co' species, which adsorbs CO, or H' at
the active site, and CO and Hj are generated through two hydrogenation
steps in distinctive pathways. In the first hydrogenation step, an inter-
mediate COOH* is generated, which is later converted to CO and HyO
through the second hydrogenation step, as depicted in Fig. 6 (b). On the
other hand, in the pathway of H, generation, Hy was generated through
the hydrogenation step and acceptance of photogenerated electrons.
Sacrificial agents play a crucial role in this system by consuming the
holes in the photosensitizer, thereby maintaining the charge balance
within the photocatalytic system.

In arecent study, Gong et al. [96] incorporated [Ru(bpy)a]ZJr into the
framework of cobalt porphyrin (Co-Por)-based COF (COF-Bpy-Co),
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Table 1
A summary of photocatalytic reduction of CO; utilizing COFs.
Catalyst Metal / Synergistic Material Additive(s) Products™ Surface Yield Ref.
Area
(m*g™)
Photogenerated charge carriers
CH30H 1.
ACOF-1 - - (H, and O,) 1053 8.6 pmol g~" in 24 h [91]
CH50H 1.
- — - . 91
N3 — COF (H, and 05) 1412 13.7 pmol g™ in 24 h [91]
[Ru(bpys]Cl, and sodium CO: 15.4 pmol g~*
HBC-TEPN B ascorbate €O and H 681 Hy: 1.4 pmol g tin2h 2]
89.9 umol g ' h!
(under photocatalytic condition of 30%
TpBb-COF - - ¢ 913.56 €02 [93]
(Ha)
52.8 pmol g~ h™?
(under pure CO3)
LZU1-COF - - CO (CHy) 172 25 ymol g 1 h? [94]
QL-COF - - CO (CH4) 209 156 pmol g ' h™? [94]
Catalytic Active Sites
Co@COF-TVBT- CO: 1132.7 pmol g h ™! -
Bpy Co [Ru(bpy)s]Cl,-6H,0 and TEOA CO and H, 342.8 Hy 1158.4 pmol g h-! [95]
COF-RuBpy-Co BIH and TEOA CO (H 488 2190 ymol g 'in 4 h 96
Py [Ru(bpy)a]>* (H) pmol g [96]
. . CO: 1270 pmol g~ ' h~!
Ni@TPHH-COF Ni [Ru(bpy)s]Cl; and TEOA CO and Hy 654 H,:10 pmol g~ h~? [97]
Cco 1
DQTP COF-Co Co [Ru(bpy)3]Cly-6H,0 and TEOA (HCOOH) 195.92 1020 pmol h™' g~ ! [98]
HCOOH 11
DQTP COF-Zn Zn [Ru(bpy)s]Cl2-6H20 and TEOA o) 345.57 152.5pmolh " g [98]
Co-PI-COF Co TEOA HCOO™ 22 50 pmol g ' h™? [99]
. . Cco 11
—COE- : 1
CoNi—COF-3 Co and Ni [Ru(bpy)s]Cl,-6H20 and TEOA (Hy and CH,) NA 2567 ymol g~* h [100]
LaNi-Phen/COF-5 La and Ni-phen BIH CO (Hy) 1326 608 pmol g’1 h! [101]
Ni-TpBpy Ni [Ru(bpy)s]Cl; and TEOA CO (Hyp) 580 4057 pmol g’1 in5h [102]
Fe SAS/Tr-COF Fe [Ru(bpy)s]Cly.6H,0 and TEOA co 528.14 980.3 pmol g ' h* [103]
L CO0: 10162 pmol g~ * h™!
COF-367-Co NSs Co [Ru(bpy)s]Cl, and ascorbic acid CO and Hy NA Hy: 2875 pmol g1 h~! [104]
Co/CTF-1 Co TEOA co NA 50 umol g ' h? [105]
TFBD-COF-Co-SA Co [Ru(bpy)s]Cl2-6H20 and TEOA CO (HCOO") 560.65 7400 pmol g’1 in5h [106]
Synergistic Effects of Different Components
PI-COF-TT [Ni(bpy)g]ZJr TEOA CO (Hy) 825 1933 pmol g’1 in4h [107]
L CO: 7.08 pmol g~ h~!
- - X 1
2D CN-COF 2D carbon nitride CO and CHy 45.91 CHy: 2.37 pmol g~ h™! [108]
85.8 pmol g~!
p-Gay03/COF B-Gaz03 - Cco 94.620 (max at 12% p-GaO3/COF) [109]
g-CsN; (NH)/COF  g-CsN, TEOA co 59.233 11.25 pmol h™* [110]
CO: 122.9 pmol g~*
CTF-1 Cs,AgBiBrg (CABB) - COand CHy - CHy: 34.4 pmol g~ [111]
(max for 10% CTF-1 composite)
TTCOF NH, — Ui0-66 (Zr) - CO (CHy) 900 6.56 pmol g1 h! [112]
Tp-Tta COF 101-TiO4 TEOA CO (Hy) - Production rate: 11.6 pmol h! [113]
TpPa-1 Reduced graphene oxide co 882.4 198.975 pmol g ' h~! [115]
(rGO)
: 19. lg'h!
TpPa-2-COF Bi»0,S TEOA COand CH, 52852 €0: 19.5 pmol g [114]

CH,4: 6.2 pmol g ' h™!

" Bracketed products indicate by-products or appeared in trace amounts.

resulting in the formation of COF-RuBpy-Co, as shown in Fig. 6 (c). This
photosystem, in the presence of 1,3-dimethyl-1,3-dihydro-2-phenyl-2H-
benzimidazole (BIH) as a sacrificial electron donor (SED) and trietha-
nolamine (TEOA) as a proton acceptor for BIH*", exhibited significantly
improved CO; capture and photoreduction efficiency compared to a
physical mixture system. Fig. 6 (d) demonstrates that under 4 h of light
exposure, COF-RuBpy-Co yielded 2190 pmol g ! of CO with a selectivity
for CO generation over Hy at 75% and an evolution rate of 547 pmol g~}
h™!. The team employed a range of techniques to comprehensively
investigate the photocatalytic reduction mechanism of CO using COF-
RuBpy-Co. For instance, electrochemical tests and UV-vis DRS were
conducted to assess the feasibility of electron transfer between [Ru
(bpy)s]?* and Co-Por centers, including their oxidation potentials and
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band gaps. Differential pulse voltammetry (DPV) confirmed favourable
electron transfer from [Ru(bpy)e,]2+ to Co-Por units. Further insights
were gained through in situ X-ray photoelectron spectroscopy (XPS)
under light and dark conditions. Positive shifts in Ru 3p peaks and
negative shifts in Co 2p peaks indicated continuous electron acceptance
by Co(Il) centers from excited [Ru(bpy)s] 2+ DFT calculations corrobo-
rated this observation, revealing efficient charge transfer due to
favourable charge density distribution patterns and enhanced overlap
between molecular orbitals in COF-RuBpy-Co, as shown by the projected
density of states (PDOS).

Additionally, femtosecond transient absorption (TA) spectroscopy
highlighted the advantage of covalent coupling in COF-RuBpy-Co.
Compared to a physical mixture system, COF-RuBpy-Co displayed
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faster recovery of the ground-state bleaching (GSB) signal, signifying
optimized dynamic charge transfer. Luminescence studies with Ru
(bpy)sClz and increasing amounts of BIH and Co-Por confirmed reduc-
tive quenching of photoexcited Ru(bpy)sCl> by BIH. In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT) monitored
reaction intermediates during CO5 reduction. The presence of COO™ and
*COOH species was identified, revealing their role as key intermediates
in the process. Based on these observations, a reaction mechanism is
proposed, as illustrated in Fig. 6 (e). Initially, [Ru(bpy)z]2+ moieties
were stimulated and produced excited states [Ru(bpy)szy’]2+ (Ru-
PS*) when exposed to visible light. BIH then reductively quenched the
hole of the Ru-PS* to produce [Ru(bpy)szy’]+ (Ru-PS™) species and
BIH'. By accepting a proton from the BIH" species, TEOA generates the
Ble species and releases another electron to quench another Ru-PS*.
Following the transport of the photoexcited electrons from Ru-PS™ to the
Co-Por center via the n-conjugated skeleton of COF-RuBpy-Co, the CO:
activated by Co centers generated the intermediates COO~ and COOH*
before being reduced to CO.

Furthermore, a novel approach for direct photoreduction of COy
from flue gas using a layer of Ni?*-bonded hydrazone-COF
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(Ni@TPHHCOF) has been developed [97]. This system has demon-
strated high efficiency for converting flue gas (7% CO5) into syngas, with
a CO yield of 2.1 mol/kg h™! and a conversion efficiency of up to 672 L
kg~ h™! under ideal conditions. On the other hand, under conditions of
100% CO», the primary products detected are CO and Hy, with yields of
1270 and 10 pmol g~ h ™!, respectively, demonstrating a remarkable CO
selectivity of 99.2%. In this study, in situ infrared spectroscopy revealed
key steps in the photocatalytic mechanism, i.e. peaks corresponding to
adsorbed CO5 and reduction intermediates (*COOH and *CO) confirmed
their role in the process. Additionally, new peaks emerged, suggesting
an interaction between TEOA and the COF framework as well as in-
termediates, as revealed by the presence of a peak at ~3350 cm ™. DFT
calculations further supported these findings. The calculations showed
that TEOA interaction with Ni@TPHH-COF and intermediates signifi-
cantly reduced the Gibbs free energy (AG) for CO; activation, particu-
larly the rate-determining step (CO, — COOH). This suggests that TEOA
lowers the energy barrier and stabilizes intermediates, promoting effi-
cient CO, reduction.

On the other hand, Photocurrent measurements confirmed efficient
photogenerated charge carrier movement under light irradiation, while
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UV-Vis diffuse reflectance and Mott-Schottky spectra analysis provided
insights into the band structure and semiconducting behaviour of the
system. Notably, the catalytic activity exhibited a three-stage response
to varying CO2 concentrations. Combining photoelectric characteriza-
tion results with mechanistic studies suggested that the embedded Ni%*
acts as the active center, with CO, serving a dual role as both a
component of the catalytic active site and a reactant. This CO2-domi-
nated bifunctional photocatalytic site, composed of TEOA, CO,, and
Ni@TPHH-COF, significantly extends electron lifetime, stabilizes reac-
tion intermediates, and lowers the free energy barrier under diluted CO5
conditions.
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Lu and coworkers reported a series of transition metal ion (TMI)-
modified COFs, namely DQTP COF-M (M(II) = Co, Ni or Zn), prepared
based on a 2D anthraquinone-contained COF for electron transport and
CO4 adsorption [98]. They discovered that TMI can serve as active sites
in photocatalytic CO; reduction, and the different TMI types can modify
the reduced products. To investigate the intramolecular charge transfer
(ICT) behaviour of COFs, PL and time-resolved fluorescence decay
techniques were employed. The results indicated significant quenching
of PL intensity in DQTP COF-Co compared to DQTP COF, with further
reduction when TEOA was introduced. Particularly, the fluorescence life
expectancy decreased significantly with TEOA, suggesting suppression
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Fig. 7. (a) proposed “two-pathway” mechanisms for the photocatalytic reduction of CO, with DQTP COF-M, (b) the amount of format ions (HCOO ) generated as a
function of irradiation time over Co-PI-COF and PI-COF, along with a control experiment in the absence of a CO, source, (c) catalytic performance of photocatalytic
CO, reduction over CoNi—COF-3, Co — COF-3, Ni — COF-3, pure COF-3, and comparative samples, showcasing the evolution rates of CO and H, products, and (d)
proposed mechanism for the photocatalytic CO, reduction into CO over CoNi—COF-3 under visible light irradiation. Reproduced through Copyright © permission.
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of recombination of the excited state by incorporating Co active sites,
where electrons transfer from COF to Co(II) after photoexcitation, and
holes are scavenged by TEOA. A “two-pathway” mechanism was pro-
posed in the photocatalytic reduction of CO4 (Fig. 7 (a)): upon exposure
to visible light, [Ru(bpy)3]2+ (PS) undergoes excitation to form the
excited species [Ru(bpy)g,]2+ (PS*), resulting in the transfer of photo-
generated electrons to the DQTP COF-M, followed by the subsequent
delivery to the adsorbed CO2 molecules at the active site. The LUMO
level of CO4 decreases upon adsorption onto the transition metal centre,
leading to the formation of a highly reactive bent CO5 intermediate. The
activated CO3™~ intermediate follows two alternative pathways to yield
the final reductive products (HCOOH or CO) through either C—O bond
cleavage or proton adduct (COOH ™). The TEOA sacrificial electron do-
nors scavenge the produced holes in the photosensitizer, ensuring a
continuous supply of electrons to the DQTP COF-M for efficient photo-
catalytic CO2 reduction. The importance of the quinone oxygen atom in
immobilizing metal ions within DQTP COFs was further elucidated
through the examination of DATP COF (2,6-diaminoanthracene - 2,4,6-
triformylphloroglucinol COF), which shared a similar COF structure but
substituted 2,6-diaminoanthraquinone with 2,6-diaminoanthracene,
leading to a deficiency of suitable oxygen coordination sites within the
COFs and, consequently, a weak capacity for anchoring metal ions.

Furthermore, DFT calculations were performed to understand the
interaction between TMIs and the COF, focusing on Zn as a model. The
calculations identified the coordination of Zn with interlayer oxygen
atoms as the most stable interaction, reinforcing the experimental
findings that TMIs primarily anchor to quinone oxygen atoms within the
COF. In this study, the highest CO production rate of 1.02 x 10% pmol
g’l h™! (TON = 2.18 and TOF = 0.55 h™!) was observed in the case of
DQTP COF-Co, while DQTP COF-Zn demonstrated a marked selectivity
for formic acid generation (90% over CO) at a rate of 152.5 pmol g_1
h™!, with TON = 0.33 and TOF = 0.08 h™'. In the case of DQTP COF-Nj,
it is noteworthy that a nearly equal quantity of CO and HCOOH was
generated during the photocatalytic CO, reduction reaction, suggesting
that both of these pathways exhibit approximately equivalent likeli-
hoods for progression.

The improved photocatalytic efficiency in COF upon inclusion of
cobalt metal centre was also observed in PI-COF, composed of indigo
and metalloporphyrin building units [99]. Briefly, Co metal centres were
introduced into the material via post-synthetic metalation of the
porphyrin subunits. The material was then assessed for its potential to
catalyse the photoreduction of CO; into formate (HCOO™). The superior
performance of Co-PI-COF in comparison to PI-COF can be attributed to
several key factors, such as efficient separation of charge carriers, a
lower band gap, and robust CO; adsorption at the metal centres. Owing
to the above, Co-PICOF achieved a notable rate of 50 pmol g~* h™? of
HCOO™ generated. As shown in Fig. 7 (b), the amount of HCOO™ pro-
duced continuously increased, reaching 11 pmol in 6 h with an average
formation rate of 2 pmol h™'. To elucidate the mechanism of action in
the photocatalytic reduction of COjy, the study initially employed DFT
calculations to investigate the donor-acceptor properties and band gap
of the COF building blocks. Both the PI-COF and Co-PI-COF exhibited
low band dispersion. The PI-COF demonstrated a direct band gap of
0.88 eV with the valence band located on the porphyrin subunit and the
conduction band on the isoindigo building block. In contrast, the Co-PI-
COF, metallated with Co?" ions, had a smaller band gap of 0.56 eV.
Optical properties were explored using fluorescence spectroscopy,
showing that metallation in Co-PI-COF decreased the relative intensities
of the main emission peaks, indicating reduced charge-carrier recom-
bination. The fluorescence lifetime measurements revealed an increase
in the third term (t3) from 4.34 ns in the PI-COF to 6.79 ns in the Co-PI-
COF upon metallation. Photocatalytic performance was assessed by
conducting CO, photoreduction reactions using the Co-PI-COF as a
catalyst in a COg-saturated acetonitrile with TEOA. The product,
HCOO™, was quantified by ion chromatography, showing significant
photocatalytic activity. A mechanism of the catalytic process was
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therefore proposed wherein the porphyrins were first reductively
quenched upon visible-light absorption, resulting in the formation of the
excited CoTAPP*. The excited species then accepted electrons from
TEOA to form CoTAPP®~, which ultimately reduced CO- to formate at
the Co" centres. The Co" centres acted as both adsorption and activation
sites for the CO, molecules. In this process, the sacrificial electron donor
TEOA played a critical role in completing the photocatalytic cycle and
preventing charge recombination in the porphyrin subunits.

Wang and colleagues investigated the incorporation of atomically
dispersed dual-metal sites (Co®** and Ni%*") into the benzothiadiazole-
based COF matrix to enhance the photocatalytic performance of COF
[100]. The resulting CoNi—COF-3 showed a significantly improved CO
evolution rate of up to 2567 pmol g~! h™! with a selectivity of 92.2% for
photocatalytic CO; reduction (Fig. 7 (c)), using TEOA as the sacrificial
agent and [Ru(bpy)3]Cl,.6H,O as the photosensitizer (PS). The
enhanced activity was attributed to the cooperative contribution of Co
and Ni active sites. The physical mixture of Co — COF-3 and Ni — COF-3
gave a much lower catalytic activity than the CoNi—COF-3 species,
indicating that Co and Ni sites served as predominant catalytic centres.
The above is further supported by UV-vis DRS and Mott-Schottky plots,
which revealed that incorporating metals (Co and Ni) into the COF
structure red-shifted the light absorption edge and narrowed the band
gap (1.93-2.35 eV) compared to the pristine CoNi-COF-0. This indicates
enhanced visible light absorption and semiconducting behaviour,
making them suitable for CO, reduction. Notably, the energy band
structure diagram confirmed that the conductive band potentials were
appropriate for the reduction process. Further analysis focused on
charge transfer dynamics, which is crucial for efficient photocatalysis.
EIS identified CoNi-COF-3 as having the best charge transfer resistance,
indicated by the smallest semicircle in the Nyquist plot. This translates
to better separation and transport of charge carriers. Similarly, transient
photocurrent measurements showed the strongest photocurrent in CoNi-
COF-3, signifying significant electron accumulation due to improved
charge transfer. Finally, linear sweep voltammetry (LSV) tests in N3 and
CO, atmospheres confirmed the superior CO5 reduction capabilities of
CoNi-COF-3. It displayed the highest current densities in both environ-
ments, with a more significant drop in CO, compared to N,. This
observation indicates a preferential reduction of CO, over Hy evolution.
A proposed mechanism (Fig. 7 (d)) suggests that upon exposure to
visible light, the [Ru(bpy)g,]2+ (PS) is excited, leading to the formation of
[Ru(bpy)3]2+* (PS*). The excited molecule then transferred electrons to
carbonyl groups on COF-3, which led to the formation of [Ru(bpy)s;]>*
(PS™). The COF facilitated the acceptance and transfer of electrons to Co
active sites, which resulted in the reduction of Co™ to Co' species.
Adsorbed CO, on Co' species accepted electrons and protons, leading to
the formation of a radical CO; intermediate. This intermediate then
acquired a proton to form COOH intermediates, which later accepted a
proton and electron to form CO* and then desorbed from the catalysts.
CO4 molecules were mainly adsorbed on the Co sites due to their higher
adsorbed energy, which was crucial in inhibiting Hy formation. The
strong orbital interaction between Co and Ni atoms influenced the
electron distribution of the Co centre, which enhanced the activity of the
Co site. Integrating the CoNi—COF-3 with the Ru photosensitizer not
only effectively inhibited the recombination of photogenerated charge
carriers by providing electron transport pathways but also activated
inert CO, gas. Finally, TEOA donated one electron to reduce the Ru®*
(PS™) back to the initial Ru?t (PS), completing the catalytic cycle.

In a recent study, Zhou and coworkers fabricated an innovative
composite material by incorporating the lanthanum nickel phenan-
throline (LaNi-Phen) complex into a conjugated boronate-ester-linked
covalent organic framework (COF-5) to give LaNi-Phen/COF-5 [101].
The material was designed to enable efficient production and transfer of
photoinduced charges through the optically active (La site) and cata-
lytically active (Ni site) centres for photocarrier generation and highly
selective CO2-to-CO reduction. The study revealed the directional
charge transfer between La—Ni double-atomic sites, leading to



C.I Yeo et al.

decreased reaction energy barriers of COOH* intermediate and
enhanced CO3-to-CO conversion, achieving a 15.2 times enhancement of
the CO, reduction rate (605.8 pmol g~* h™') as compared to a bench-
mark COF colloid (39.9 pmol g~* h™!) and an improved CO selectivity
(98.2%) in the absence of photosensitizers. In this study, the catalytic
activity of LaNi-Phen/COF-5 for CO2 reduction was systematically
evaluated under simulated solar irradiation. Comparative analysis
showed that COF-5 colloid, La-Phen/COF-5, and Ni-Phen/COF-5
exhibited significantly lower catalytic activities, indicating the syner-
gistic effect of the combined La and Ni sites. In situ isotope-labeled
carbon dioxide (13C02) reduction experiments were conducted to
trace the origins of the CO, reduction products. Mass spectrometry
identified three signals, primarily corresponding to 13CO, confirming the
reduction of CO3 to CO. The reaction mechanism was further elucidated
using in situ infrared spectroscopy to analyze adsorbed CO on various
catalysts. The La—Ni dual-atom sites showed efficient CO adsorption,
facilitating electron transfer and enhancing photoelectric performance.
In situ XAFS measurements revealed changes in the oxidation states of
the active sites, indicating electron transfer from Ni to COy during
adsorption and activation. Dynamic monitoring of surface species and
intermediates using in situ DRIFTS identified key intermediates (e.g.,
CO5*, COOH*, and CO*) in the CO, reduction pathway, demonstrating
the role of LaNi-Phen in facilitating CO, adsorption and transformation.
The results obtained above led to the proposed process of photocatalytic
reduction which originates from the adsorption of CO, molecules on the
LaNi-Phen/COF-5 surface, followed by the reaction with H" and the
photogenerated electrons to form the intermediate COOH*, as shown in
Fig. 8 (@). The COOH* further lead to the appearance of CO*, and finally,
CO is desorbed from the catalyst surface. DFT calculations unveiled the
critical role of LaNi-Phen in the selective photoreduction of CO5 to CO,
whereby the appropriate electronic characteristics of the La—Ni dual-
atomic sites in LaNi-Phen/COF-5 are responsible for providing the
electrons for the CO, photoreduction. The HOMO energy level of LaNi-
Phen is predominantly situated on Ni-Phen, while the LUMO level is
situated on La-Phen, demonstrating that La-Phen is responsible for
generating the required driving force for electron migration from the
COF-5 colloid to the bimetallic La—Ni sites. In the system, the La atoms
act as the optically active centre and electron donor, continuously
supplying photogenerated electrons to the LaNi-Phen/COF-5 system,
while the COF-5 colloid acts as an electron bridge, directing to Ni atoms
for the CO, photoreduction. On the other hand, the Ni atoms serve as
functional catalytically active sites for the adsorption of activated CO,.
The charge transfer in the photocatalytic CO; reaction over LaNi-Phen/
COF-5 is illustrated in Fig. 8 (b).

A new 2,2-bipyridine-based COF was synthesized using 1,3,5-trifor-
mylphloroglucinol and 5,5-diamino-2,2"-bipyridine [102]. The COF was
incorporated with single Ni sites (Ni-TpBpy), and it showed excellent
activity in reducing CO to CO (4057 pumol g~! in a 5 h reaction) with
high selectivity (96%) over Hs evolution, as depicted in Fig. 8 (c). Even
at a reduced CO; partial pressure of 0.1 atm, the CO production selec-
tivity was still as high as 76%. The high activity and selectivity were
attributed to the synergistic effects of the single Ni catalytic sites and
TpBpy. The TpBpy acted as a host for CO; molecules and Ni catalytic
sites facilitated the activation of CO; and inhibited the competitive Hy
evolution. To gain mechanistic insight into the photocatalytic reduction
of CO, by Ni-TpBpy, CV was employed. The formation of Ni(bpy)3+ was
confirmed through the characteristic reduction waves observed upon
the successive addition of bpy ligand to Ni(ClO4), solution. The CVs of
the Ni complex in MeCN/H2O solution revealed two irreversible
reduction waves under both Ar and CO, atmospheres, corresponding to
the reduction of Ni ions from Ni to Ni' and Ni' to Ni’. The emergence of
a catalytic current under a CO, atmosphere after the Ni' to Ni° reduction
wave indicated the involvement of Ni® in the electrochemical reduction
of COZ.

On the other hand, comparative studies using Ni-loaded TpPa
(lacking bpy) and Ni-loaded TbBpy (lacking keto moieties) showed
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significantly lower activity compared to Ni-TpBpy, emphasizing the
importance of both bpy units and keto groups for efficient CO, reduc-
tion. Furthermore, DFT calculations identified CO, adsorption as the
rate-limiting step. The presence of the keto unit in TpBpy significantly
lowered the energy barrier for the key Ni-CO5 adduct formation, pro-
moting CO production. Additionally, CO, adsorption on Ni-TpBpy was
more favourable than on Co-TpBpy, explaining its superior performance.
Further calculations revealed a favourable pathway for CO production
involving protonation of the Ni-CO; adduct followed by steps with low
energy barriers. These findings suggest the suitability of Ni-TpBpy for
selective CO production. Briefly, the deduced mechanism involves the
excitation of the photosensitizer [Ru(bpy)s]*>" upon visible light irra-
diation. Subsequently, it leads to the transfer of electrons to reduce the
coordinated CO5 molecules on Ni-TpBpy. The affinity of CO2 on Ni sites
over H" was crucial for inhibiting H, formation. The coordinated CO5 in
COF-Ni-CO; exhibited a bending configuration, indicating that CO, was
activated by single Ni sites, as shown in Fig. 8 (d). The formation of a
hydrogen bond between COOH and the keto group promoted the sta-
bilization of the key intermediate, COF-Ni-CO2H, leading to enhanced
CO4 reduction. It was confirmed that the single Ni sites in TpBpy were
catalytic active sites to coordinate, activate, and reduce CO, molecules.
The TpBpy not only acted as a host for CO5 molecules and single Ni sites
but also contributed to the catalytic activity and selectivity of CO,
reduction, in agreement with experimental observations.

Ran and colleagues studied the photocatalytic reduction of CO, using
a triazine-based COF (SAS/Tr-COF) anchored with single-atom metal
sites, such as Fe, Co, Ni, Zn, Cu, Mn, and Ru, with a metal-
—nitrogen—chlorine bridging structure as depicted in Fig. 8 (e) [103].
Incorporating single metal atoms into the photocatalysts broadens the
light response range. It homogenizes atomic metal species, thereby
shortening the electron transfer distance and accelerating transfer dy-
namics to promote efficient COy reduction. Moreover, active metal
species, e.g. Fe, maximize atomic utilization and act as highly active
sites to activate CO, and generate stable intermediate configurations,
endowing Fe SAS/Tr-COF with exceptional photocatalytic performance.
Fig. 8 (f) demonstrated the superior CO5 photoreduction performance of
Fe SAS/Tr-COF photocatalyst compared to other derivatives studied.
The Fe SAS/Tr-COF photocatalyst, loaded with tuneable amounts of
atomic Fe species, achieved a remarkable CO generation rate of 980.3
pmol g~ h™! and a selectivity of 96.4% due to the synergistic effect of
the atomically dispersed metal sites and Tr-COF host, which reduces
reaction energy barriers for COOH* intermediate formation and pro-
motes CO5 adsorption and activation as well as CO desorption. The
reduction mechanism involves the participation of abundant metal
active sites of Fe SAS/Tr-COF photocatalysts, a Fe—N charge bridge, and
effective CO4 reduction to CO on the catalyst. Notably, Fe SAS/Tr-COFs
exhibited suppressed charge recombination compared to Tr-COFs, as
evidenced by lower photoluminescence intensity and longer lifetime.
This was further confirmed by increased charge separation and photo-
current density observed in surface photovoltage and photo-
electrochemical tests. Impedance spectroscopy revealed the fastest
interface charge transport in Fe SAS/Tr-COFs while femtosecond tran-
sient absorption spectroscopy showed faster decay kinetics in Fe SAS/Tr-
COFs, indicating accelerated electron-hole separation. DFT calculations
supported this by revealing efficient carrier migration from Tr-COFs to
Fe SAS via Fe—N channels. While In-situ DRIFTS confirmed the for-
mation of key intermediates (*COOH, *COz, *HCO3, and *CO) during
CO4 reduction. DFT calculations suggest Fe SAS/Tr-COFs undergo a
stepwise hydrogenation process for CO, conversion. Adsorbed *COq
reacts with protons to form *COOH, which further protonates to *CO.
The desorption of *CO or its protonation to *CHO determines the final
product. The presence of single Fe sites enhances CO5 adsorption, in-
termediate stabilization, and CO desorption, leading to selective CO
production. Hence, the proposed mechanism involves the following
steps: Firstly, the Fe SAS/Tr-COF photocatalysts containing atomically
dispersed Fe atoms provide numerous active sites for capturing CO5
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Fig. 8. (a) In-situ DRIFTS spectra collected in the region 1350-2070 cm ™ for the detection of reaction intermediates in CO, photoreduction over LaNi-Phen/COF-5
under subsequent light irradiation in the presence of H,O, (b) a schematic illustration of the charge transfer process in the photocatalytic CO, reaction over LaNi-
Phen/COF-5, (c) the photocatalytic evolution of CO and H, by Ni-TpBpy under varied CO, pressure conditions (1 atm and 0.1 atm, diluted with Ar, as indicated in the
inset) during a 2 h reaction, (d) a proposed reaction mechanism for the photoconversion of CO, into CO on Ni-TpBpy, (e) synthesis process of Fe single-atom sites
(SAS) incorporated into Tr-COFs, (f) incorporation of various metal ions into Tr-COFs for CO, photoreduction in a 1 h reaction, and (g) the reaction mechanism for
the photocatalytic conversion of CO, to CO over Fe SAS/Tr-COFs. (h) Proposed mechanism for the conversion of CO, to CO using photocatalysis over Fe SAS/Tr-
COFs. Reproduced through Copyright © permission.
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molecules efficiently (Fig. 8 (g)). Secondly, the formation of a Fe—N
charge bridge in Fe SAS/Tr-COFs facilitates rapid electron transfer from
Tr-COF units to atomically dispersed Fe centres, leading to long-lasting
carrier separation. This additional electron transfer pathway can further
improve the photocatalytic efficiency. Lastly, the absorbed CO5 can be
effectively reduced to produce CO on the Fe SAS/Tr-COF catalyst (Fig. 8
(h)).

In a study reported by Liu et al. on the ultrathin COF-367-Co NSs,
which were revealed to be 2D COFs, they exhibited remarkable photo-
catalytic activity for converting CO, to CO under visible light irradia-
tion. It gave a high CO production rate of 10,162 pmol g~! h™! with a
selectivity of around 78% [104]. The COF-367-Co NSs acted as hetero-
geneous catalysts with [Ru(bpy)3]Cls as the photosensitizer and ascorbic
acid (AA) as the electron donor. To elucidate the mechanism of action in
the photocatalytic reduction of CO, using COF-367-Co NSs, several
control experiments were conducted to reveal the critical roles of each
component in CO; photoreduction by COF-367-Co NSs. First, the
absence of COF-367-Co NSs led to negligible CO production, high-
lighting its role as a co-catalyst. Secondly, metal-free COF-367 NSs
displayed lower CO yield but higher Hy production compared to COF-
367-Co NSs, suggesting Co?' in CoPor sites as the active centers.
Thirdly, a physical mixture of COF-367 NSs and free Co?* ions also
exhibited lower activity, emphasizing the importance of Co and Ni
centers in CoPor for optimal performance. Additionally, the system only
produced Hy under Ny, confirming CO originates from CO,. Isotopic
labelling with 13CO, further supported this. Delving deeper into the
performance of COF-367-Co NSs, PL and ultrafast TA spectroscopy were
conducted. In the former, PL spectra revealed a decrease in the intensity
and lifetime of the photosensitizer at 606 nm when interacting with
COF-367-Co NSs. This suggests an efficient transfer of photogenerated
electrons. TA spectroscopy further confirmed these dynamics. Ru
(bpy)sCl, displayed a bleaching peak at 450 nm, indicating light exci-
tation. Adding the sacrificial agent AA resulted in a new absorption peak
at 500 nm, signifying reductive electron transfer. Notably, the TA
spectra of the complete system ((Ru(bpy)sCly, COF-367-Co NSs, and AA)
showed the formation of [CoPor]™ via electron transfer, strongly sup-
porting the proposed CO5 photoreduction mechanism as outlined below.
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In this study, it was proposed the Co atom served as the site for CO5
adsorption and an energy barrier of 0.47 eV associated with the for-
mation of the adsorbed intermediate COOH* obtained from DFT cal-
culations represents a potential limiting step in the reduction
mechanism; this energy barrier is sufficiently small to enable the reac-
tion to occur at room temperature. On the other hand, the energy barrier
for the hydrogen evolution reaction was measured to be 0.74 eV, which
is significantly higher than that for CO5 reduction. This result indicates
that COF-367-Co NSs exhibit high selectivity for COy reduction. The
proposed mechanism in Fig. 9 (a), revealed that under visible light
irradiation, the photosensitizer [Ru(bpy)g]zJr undergoes excitation, fol-
lowed by electron donation from AA to form [Ru(bpy)3]+. This species
subsequently donates an electron to COF-367-Co NSs, initiating the CO»-
to-CO conversion process on their surface. The large aspect ratio of the
2D COF-367-Co NSs yields an abundance of highly accessible active sites
on their surface, significantly contributing to their enhanced photo-
catalytic activity in CO5 reduction towards CO production.

Bi and coworkers revealed the improved photocatalytic efficiency of
cobalt-modified covalent triazine-based frameworks (Co/CTFs), with a
CO production rate of up to 50 pmol g ! h™!, which is 44 times higher
than the pristine counterpart [105]. This improvement is attributed to
the enhanced CO5 capture capacity, improved visible-light absorption,
and efficient charge transfer resulting from cobalt modification. The
photocatalytic performances of Co/CTFs were evaluated through the
photocatalytic reduction of CO5 using TEOA as a sacrificial agent. The
study reveals that these materials possess effective proton adsorption
sites functioning as Lewis base sites, which significantly enhance CO,
adsorption. The enhanced CO; adsorption in Co/CTF-1 is attributed to
the nitrogen-rich framework and the affinity of cobalt ions for CO2. To
understand the optical properties, UV-vis absorption spectroscopy was
used, showing that Co/CTF-1 samples had better visible light absorption
(450-700 nm) compared to CTF-1, indicating a strong host-guest
interaction between the metal and framework. On the other hand, the
PL emission intensity of Co/CTF-1 was significantly lower than that of
CTF-1, indicating reduced charge carrier recombination. This was
further supported by photoelectrochemical measurements, which
showed a decreased radius in Nyquist plots and increased transient
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Fig. 9. (a) Elucidates the proposed mechanisms involved in the photocatalytic conversion of CO, into CO for (a) COF-367-Co NSs and (b) Co/CTF-1 under visible
light, (c) the photocatalytic CO»-to-CO activities of TFBD-COF-Co-SA, TFBD-COF-Co, and TFBD-COF, highlighting their comparative performance, and (d) the
photocatalytic CO, reduction mechanism of TFBD-COF-Co-SA. Reproduced through Copyright © permission.
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photocurrent under visible light (A > 420 nm), suggesting improved
electrical conductivity and prolonged charge carrier lifetime. Electron
spin resonance (ESR) spectra of Co/CTF-1 also showed enhanced in-
tensities, indicating more unpaired electrons facilitating the photo-
reduction process. Additionally, isotope experiments with 3CO,
confirmed that the CO produced originated from COs reduction. A
proposed mechanism for the photocatalytic CO, conversion involves the
excitation of the photosensitizer [Ru(bpy)g]2+ and CTF-1 by visible
light, which generates photoinduced electron-hole pairs, as illustrated in
Fig. 9 (b). The electrons are then transferred to Co active site to form Co!
active species. CO2 molecules are adsorbed into CTFs and interact with
the photo reduced Co species to form the transition state Co-CO5, which
favours the fixation of CO; in the catalytic reaction. Therefore, intro-
ducing cobalt species into CTF-1 harvests more visible-light photons and
produces more photogenerated carriers than pristine CTF-1, which are
promptly transferred to Co active species. The adsorbed CO3 molecules
are then reduced to CO through a cascade of redox reactions. The
porosity of CTF-1 allows for the accommodation of photosensitizer,
sacrificial agent, and CO, molecules, which shortens the photoelectron
transport time and distance between CTF-1 and CO», thus promoting the
separation of electron-hole pairs and leads to enhancement of photo-
conversion efficiency.

Yang et al. reported the synthesis of a Schiff-base complex-decorated
COF for photocatalytic reduction of CO5 [106]. In their approach,
3,3,5,5-Tetraformyl-4,4"-biphenyldiol-COF (TFBD-COF) was incorpo-
rated with Co?* giving TFBD-COF-Co, which was then coordinated to
salicylideneaniline (SA) to produce TFBD-COF-Co-SA. Among the three
species evaluated, TFBD-COF-Co-SA exhibits comparatively better per-
formance than TFBD-COF-Co (4.1 times) with excellent photocatalytic
CO4 reduction activity and stability, with a CO2-to-CO reduction activity
of 7400 pmol g ! in 5 h and a 90% selectivity,as shown in Fig. 9 (). The
authors performed a series of experimental and theoretical techniques to
elucidate the mechanism of action of the photocatalytic reduction of
COs, which include room-temperature PL experiments on TFBD-COF-Co
and TFBD-COF-Co-SA in a CO»-degassed CH3CN solution containing Ru.
These experiments revealed that the quenching of the PS* was due to the
photocatalysts, and TFBD-COF-Co-SA showed more efficient photoex-
cited electron transfer from Ru compared to TFBD-COF-Co. This was
evident as the fluorescence emission intensities of Ru decreased more
significantly with TFBD-COF-Co-SA. On the other hand, EIS was used to
assess charge immigration efficiency, where TFBD-COF-Co-SA demon-
strated a smaller semicircular diameter on the Nyquist curves than
TFBD-COF-Co, indicating higher charge migration efficiency. Transient
photocurrent response characterizations further supported this, showing
a significantly higher response intensity for TFBD-COF-Co-SA, suggest-
ing improved separation of photogenerated charges. Additionally,
electron paramagnetic resonance (EPR) signals were stronger for TFBD-
COF-Co-SA, indicating that coordination of the SA ligand to Co*"
induced additional free electrons, which correlated with enhanced
photocatalytic activities. On top of the above, DFT calculations provided
deeper insights into the ligand effects on the Co?* centers during CO-
photoreduction. The energy pathways for CO,-to-CO reduction on these
models indicated that the coordination of two SA ligands in TFBD-COF-
Co-SA resulted in a lower energy barrier (0.69 eV) for the rate-limiting
step (*COOH formation) compared to TFBD-COF-Co (0.97 eV). The
findings suggest an enhanced CO production rate for TFBD-COF-Co-SA.
Charge analysis and density of states (DOS) calculations reveal that the
Co center in TFBD-COF-Co-SA exhibits stronger binding and increased
charge retention, primarily due to back-donation from the SA ligand.
This interaction facilitates a delocalized charge distribution, which in
turn boosts CO2 reduction activity. Cyclic voltammetry (CV) tests con-
ducted under both N3 and CO5 conditions further elucidate the photo-
catalytic mechanism. The CV results show a quasi-reversible redox
couple under Ny and an irreversible reduction wave peak under COs,
highlighting the Co™" transition as a key driver of CO, reduction. The
reduction potential observed was more negative than the CO5/CO
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reduction potential, thereby confirming the thermodynamic feasibility
of the process. Integrating these results, the proposed photocatalytic
mechanism involves the light excitation of the photosensitizer [Ru
(bpy)3]Cl2.6H20, followed by the oxidative quenching of PS* by TFBD-
COF-Co-SA, which drives the reduction of Co" to Co' species (Fig. 9 (d)).
The Co! intermediate then combines with CO, and accepts electrons and
protons to generate Co-COOH intermediates, which finally cleave the
C—OH bond to release CO. The formed PS* species are reduced to the
original PS by TEOA, completing the photocatalytic cycle.

4.3. Synergistic effects of different components

Efforts are being channelled to enhance the photocatalytic efficiency
of COFs by combining them with other materials. In a recent study, Chen
et al. demonstrated the improved photocatalytic activity of polyimide
COFs (PI-COFs) when paired with [Ni(bpy)g]2+ [107]. The single Ni
sites within the hexagonal pores of PI-COFs act as active sites for CO5
activation and conversion. PI-COFs not only host single Ni sites but also
generate and separate charge carriers. The optimized reaction condi-
tions resulted in the production of 1933 pmol g~ CO with 93% selec-
tivity over Hy in a 4 h reaction (Fig. 10 (a)) using the most prominent
species, PI-COF-TT, prepared from pyromellitic dianhydride (PMDA)
and 1,3,5-tris(4-aminophenyl)triazine (TAPT), in combination with [Ni
(bpy)s]?*. Notably, PI-COFs with direct impregnation of [Ni(bpy)s]**
showed significantly lower activity than those with in situ formed [Ni
(bpy)s]?*, as indicated by the catalytic performance measured in Fig. 10
(b). The assembly of Ni ions and the bpy ligand occurred within the
pores of PI-COFs, resulting in the uniform distribution of [Ni(bpy)g]2+ in
PI-COFs when in situ formed, while the direct impregnation method led
to inefficient catalytic activity due to the large molecular volume of [Ni
(bpy)3]®* that cannot diffuse effectively into the pores of PI-COFs. The
elucidation of the mechanism by which PI-COF-TT promotes CO,
reduction relies on various advanced techniques. Isotopic labeling with
13C0. confirmed that the product, CO, originates from CO: conversion.
UV-vis spectroscopy identified the active catalyst as [Ni(bpy)s]2+.
Additional analysis using NMR and HPLC confirmed the absence of
byproducts such as HCOOH or CHsOH, highlighting the selectivity of PI-
COF-TT towards CO production. Furthermore, a photochromic phe-
nomenon observed under irradiation, coupled with increased electron
paramagnetic resonance (EPR) signals upon light illumination, sug-
gested light-induced charge generation. The decrease in EPR signal in-
tensity for Ni@PI-COF-TT confirmed the interaction between PI-COF-TT
and [Ni(bpy)s]”. The control experiments conducted and further DFT
calculations suggested an initial period for collisional electron transfer
from the COF to Ni complexes, leading to the formation of active Ni sites.
The selectivity of CO2 reduction was therefore attributed to preferential
adsorption and activation on these Ni sites. Calculations showed a
stronger affinity of CO: towards [Ni(bpy)2]° compared to Hz0, facili-
tated by hydrogen bonding interactions with the PI unit. This selective
adsorption mechanism ultimately led to enhanced CO: reduction ac-
tivity and CO selectivity. Overall, the proposed mechanism for the se-
lective photoreduction of CO; over PI-COF-TT with molecular Ni
complexes, as shown in Fig. 10 (c), involves the photogeneration of
electron-hole pairs upon light illumination, reductive quenching of the
holes by TEOA, and subsequent transfer of photogenerated electrons to
the accommodated molecular [Ni(bpy)g]2+ complexes, which form [Ni
(bpy)2]° active sites that couple with CO; to produce CO. The open
channel of PI-COF-TT facilitates the processes of photogeneration of
molecular Ni active sites and the subsequent activation and conversion
of COo, while the strong adsorption affinity of PI-COF-TT for CO5 may
increase the local concentration of CO; in the channels, promoting the
formation of Ni-CO; adducts and facilitating the selective reduction of
COa.

A recent study reported the fabrication and performance evaluation
of a van der Waals heterojunction (vdWH) catalyst, namely 2D CN-COF,
which is a composite material made of two-dimensional carbon nitride
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(2D CN) and a triazine-based COF (COF-TD) [108]. In the study, Song
and coworkers explored the feasibility of the vdWH concept, which re-
lies on the interaction between two different semiconductors, to form a
type II heterojunction between the 2D CN and COF-TD (Figs. 10 (d) and
(£)). The assessment of 2D CN-COF for its photocatalytic activity in the
reduction of CO; to hydrocarbon fuels without the use of any solvents or
sacrificial agents revealed the composite exhibited improved efficiency
as compared to the 2D CN and COF-TD counterparts that produce CO
and methane (CHy4) as final gas products with low evolution rates. The
2D CN-COF composite reported CO and CHy4 evolution rates of 7.08
pmol g~ h™! and 2.37 pmol g~! h™, respectively, which were 9.2 and
3.3 times higher than those of 2D CN and COF-TD, respectively (Fig. 10
(e) for evaluation of photocatalytic performance of catalysts). The au-
thors attributed this improvement to the effective migration of photo-
induced electrons from the CB of 2D CN to the CB of COF-TD and the
transfer of holes on the VB of COF-TD to the VB of 2D CN. This spatial
separation of electrons and holes reduced the recombination rate of
electron-hole pairs, facilitating charge carrier migration. They employed
several techniques to investigate the ability of 2D CN-COF to promote
CO, reduction. UV-vis diffuse reflectance spectroscopy revealed that 2D
CN-COF absorbs a broader range of light wavelengths compared to
pristine 2D CN, indicating more efficient light utilization. This finding
was further corroborated by bandgap calculations, which showed a
narrower bandgap in 2D CN-COF. This narrower bandgap allows the
material to be activated by lower energy light, making the CO; reduction
process more energy-efficient. XPS valence band spectra provided
additional insights, showing that both 2D CN and 2D CN-COF possess
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valence band potentials suitable for water oxidation, and their con-
duction band potentials are negative enough to drive the conversion of
CO,, into various products.

Furthermore, the significant decrease in emission intensity observed
for 2D CN-COF via PL spectroscopy suggested a reduction in the
recombination of electron-hole pairs generated by light irradiation. This
reduction in recombination is likely to enhance photocatalytic activity,
as it allows for more efficient utilization of the generated charges, ulti-
mately leading to a more effective CO, reduction process. EIS and
transient photocurrent measurements were also employed to evaluate
charge transfer efficiency within the material. The lower arc radius and
higher photocurrent observed for 2D CN-COF compared to 2D CN
indicated superior charge transport and separation. Control experiments
evaluating the photocatalytic reduction activity of 2D CN-COF
confirmed that the carbonaceous products originated from CO2 and
not from surface contaminants on the catalyst. The experiments
demonstrated that light irradiation and the presence of electrons are
essential for the reaction to proceed, validating that the observed CO,
reduction is indeed a light-driven process that utilizes the photo-
generated charges within the 2D CN-COF composite. This study also
proposed a reaction mechanism for the photocatalytic reduction of CO,
in the 2D CN-COF composite, as illustrated in Fig. 10 (g). Under light
irradiation, the photo-induced electrons migrate from 2D CN to COF-TD,
while the holes on the VB of COF-TD transfer to the VB of 2D CN, thereby
realizing spatial separation, which remarkably reduces the recombina-
tion rate of electron-hole pairs and facilitates the charge carrier migra-
tion. The electrons in COF-TD then migrate to the active sites and react
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with adsorbed CO, and H to produce CO and CHy, while the holes in 2D
CN oxidize adsorbed H,O to give O, and H'. In short, the active sites in
2D CN and COF-TD work synergistically to catalyse the photoreduction
of CO; to hydrocarbon fuels with high efficiency.

In another study, a composite of wide bandgap p-Ga;O3 and narrow
bandgap COF was used as a photocatalyst to efficiently reduce CO5 to CO
under visible light irradiation [109]. Under visible light, the narrow
bandgap COF was excited to generate electrons in the CB and holes in
the VB. Meanwhile, the wide bandgap p-GayO3 served as an electron
transfer mediator without generating holes. This heterojunction facili-
tated the rapid transfer of photogenerated electrons from COF to
p-Gaz03, resulting in efficient solar energy utilization and effective CO2
reduction. Further investigations delved into the mechanistic aspects
underlying the enhanced photocatalytic performance. Controlled ex-
periments confirmed that $-GayO3 alone remained inactive under visible
light, showing the synergistic effect and essential role of the $-GaxOs/
COF heterojunction. Additionally, liquid-phase 'H NMR analysis
demonstrated 100% selectivity towards CO production, while in-situ FT-
IR spectroscopy identified intermediate CO, reduction products,
including monodentate and bidentate carbonates and bicarbonate spe-
cies. These findings were consistent with previous studies and supported
a proposed mechanism involving sequential steps from CO,* to COOH*
and ultimately CO*. Physicochemical analyses revealed COy adsorption
capacity and thermal desorption characteristics, confirming the influ-
ence of surface properties and heterojunction formation on catalytic
efficiency. Photophysical studies, including PL spectroscopy, transient
absorption spectra, photocurrent response, and EIS highlighted reduced
charge carrier recombination and improved transport efficiency in the
$-GagO3/COF composite compared to pure COF or p-GayO3 alone.

The proposed photocatalytic mechanism (Fig. 11 (a)) involves the
utilization of holes on the VB of the COF to generate Oz from HoO. This
process is characterized by a consumption ratio of electrons to holes of
1.2:1.The reduction of CO involved the generation of COy* from
adsorbed CO, under excitation light, followed by interaction with
adsorbed H»0 to form COOH* intermediates and finally protonation to
form CO* (COy — CO2* — COOH* — CO*). The B-Gay03/COF composite
overall exhibited outstanding photocatalytic COy reduction perfor-
mance with preeminent selectivity towards CO, and the optimal com-
posite had a CO yield 15.6 times higher than that of pure COF. By
varying the concentration of $-GayOs within the p-GapO3/COF com-
posites, a notable impact on the yield of CO production has been
observed. The range of CO yield extends from 5.5 pmol g "' h™! to 85.8
pmol g1 h™!, with the highest yield being achieved at a composition of
12% Gag03/COF, as shown in Fig. 11 (b). DFT analysis elucidated that
the superiority was attributed to the accelerated separation/transfer of
charge carriers and the electron transfer pathway. The p-GapO3/COF
system efficiently converted solar energy to fuel by hindering the
recombination of electron holes in a clean and efficient narrow-wide
bandgap heterojunction.

Prompted by the fact that exfoliating bulk g-CsN4 into ultrathin
nanosheets would be beneficial to both the exposure of active sites and
optimization of electronic structure, a 2D/2D heterojunction photo-
catalyst, g-C3sN4 (NH)/COF, was developed by coupling defective g-C3Ny4
nanosheets (g-C3N4 (NH)) with Tp-Tta COF [110]. This composite
exhibited enhanced photocatalytic performance for CO5 reduction due
to its effective interface contact area and optimized electronic structure.
The presence of nitrogen vacancies in g-C3N4 widened the Fermi level
gap between g-C3N4 (NH) and Tp-Tta COF, promoting the recombina-
tion of invalid photogenerated carriers through an S-scheme pathway.
The vdW heterostructure interface accelerated the transfer of photo-
generated charges, preventing the deactivation of oxygen vacancies in g-
C3N4 (NH)/COF and providing much higher photocatalytic activity and
stability. The above is supported by several methods conducted to
investigate charge separation and transfer efficiency, including PL,
transient photocurrent, and EIS. The results obtained showed that the g-
C3Ny4 (NH) exhibited weaker PL intensity compared to g-C3Ny4, and the
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PL of g-C3N4 (NH)/COF was almost completely quenched, indicating
enhanced charge separation efficiency. On the other hand, transient
photocurrent responses showed that g-C3N4 (NH)/COF had a 4.7- and
1.6-times higher response than g-C3sN4 and g-CsN4 (NH), respectively.
The EIS spectra revealed a much smaller radius for g-C3N4 (NH)/COF,
implying lower interfacial charge transfer resistance. These findings
demonstrated that coupling Tp-Tta COF with g-C3N4 (NH) forms a vdW
heterojunction that promotes photogenerated carrier separation and
accelerates interfacial charge transfer, enhancing the photocatalytic
reduction of CO,. The mechanism of this process involves the sponta-
neous migration of electrons from g-C3N4 (NH) to Tp-Tta COF upon
contact, resulting in charge rearrangement, the establishment of a built-
in electric field at the interfaces of g-C3N4 (NH) and Tp-Tta COF, and the
transfer of electrons along an S-scheme path under visible light irradi-
ation. This photocatalyst exhibited a stable and highly selective CO
(90.4%) generation rate of 11.25 pmol h™! under visible light irradia-
tion, which was 45-fold and 15-fold higher than that of g-C3N4 and g-
C3N4/COF, respectively. Fig. 11 (c) depicts that the pristine g-C3N4 ex-
hibits a relatively low CO yield rate, amounting to only 0.25 pmol h™!,
attributed to the rapid charge recombination process. However, intro-
ducing nitrogen vacancies onto the g-CsN4 structure has proven highly
effective in significantly enhancing the photocatalytic performance for
CO4 reduction. Fig. 11 (d) shows that g-C3N4 (NH)/COF demonstrates
superior CO selectivity (90.4%) compared to g-CsN4 (NH) (74.5%),
indicating enhanced CO; to CO conversion on g-C3N4 (NH)/COF.

Zhang et al. developed a novel hybrid photocatalyst (CABB/CTF-1)
by using electrostatic self-assembly of CsyAgBiBrg (CABB) and CTF-1
[111]. This was achieved through Coulomb electrostatic attraction be-
tween the two semiconductors and the nitrogen sites in CTF-1, allowing
efficient interfacial contact, as depicted in Fig. 11 (e). The resulting
strong interaction between the NSs facilitated interfacial charge transfer
and created an S-scheme heterojunction. This effectively promoted
charge separation and produced CO and CH4 as the main carbonous
product. To elucidate the interaction of Cs;AgBiBrg and CTF-1 for CO,
reduction, the authors employed several techniques, including XPS,
which revealed electron transfer from Cs,AgBiBrg to CTF-1, thereby
suggesting an internal electric field and an S-scheme heterojunction
formation. Electron spin resonance (ESR) confirmed this S-scheme by
detecting radicals indicative of the electron transfer direction. This
heterojunction improved charge separation, as shown by increased
photocurrent and reduced luminescence in transient and photo-
luminescence studies. Finally, CO5 adsorption analysis highlighted the
importance of the porous structure of CTF-1 in enhancing CO, uptake
and overall photocatalytic performance. During photocatalysis, efficient
charge separation led to the accumulation of electrons in the CB of
CsyAgBiBrg and the VB of CTF-1, both contributing to the CO; reduction
reaction. Conversely, the electrons in the CB of CTF-1 and the holes in
the VB of CsyAgBiBrg were effectively eliminated via an S-scheme
pathway facilitated by internal electric fields, band bending, and
Coulomb interaction. The CTF-1 component of the hybrid also possessed
a unique porous structure, providing strong CO5 adsorption capacity and
facilitating the subsequent CO; reduction reaction. The resulting CABB/
CTF-1 hybrid exhibited a significantly enhanced photocatalytic activity,
with the highest total product yield of 157.3 pmol g * (122.9 pmol g~!
for CO and 34.4 pmol g~! for CH,) and with the CABB/CTF-1 hybrid
with 10% CTF-1 has the highest CO, photoreduction performance, as
shown in Figs. 11 (f) and (g).

In a recent report, an olefin-linked COF denoted as TTCOF, was
prepared from the reaction of 2,4,6-trimethyl-1,3,5-triazine (TMT) and
1,3,5-tris(4-formylphenyl)-triazine (TFPT) as monomers [112]. The
integration of TTCOF with NHy — UiO-66 (Zr) (NUZ), a representative
octahedral MOF as well as an n-type semiconductor, resulted in the
formation of an olefin (C=C) linked COF (TTCOF)/NH, — UiO-66 (Zr)
(NUZ) (TTCOF/NUZ) S-type heterojunction for the evaluation of CO5
photoreduction efficiency. The 15% TTCOF/NUZ photocatalyst
demonstrated superior performance in converting CO2 to CO in the
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absence of a cocatalyst or sacrificial agent, yielding CO at a rate of 6.56
pmol g~ h™!, which is 4.4 times higher than that of pristine TTCOF and
5 times higher than NUZ, as shown in Fig. 12 (a). In the study, XPS was
employed to investigate the elemental composition and chemical states
within TTCOF, NUZ, and their composites to understand their CO,
reduction mechanism. High-resolution spectra revealed changes in
binding energies, suggesting electron transfer between the materials.
Additionally, BET surface area analysis indicated more active sites for
photocatalysis in the 15% TTCOF/NUZ composite. Further character-
izations such as UV-vis DRS, PL spectroscopy, and photoelectrochemical
tests examined optical and electrochemical properties. These techniques
showed enhanced light absorption, increased photocurrent density, and

(b)
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reduced charge carrier recombination, particularly in 15% TTCOF/NUZ.
Time-resolved TAS measured longer lifetimes of photogenerated carriers
in the hybrid materials, leading to improved photocatalytic efficiency.
To gain deeper mechanistic insights, Mott-Schottky plots, EPR spec-
troscopy, and in situ FTIR were employed. Mott-Schottky analysis
confirmed the n-type nature of both materials, while EPR spectra
revealed an S-scheme charge transfer route within the 15% TTCOF/NUZ
heterojunction. Finally, in situ FTIR identified intermediate products,
providing clues about the CO; reduction pathway to CO. It was postu-
lated that the charge transfer process over the TTCOF/NUZ hetero-
junction followed the S-scheme route, as illustrated in Fig. 12 (b).
Initially, the CB potential of TTCOF was higher than that of NUZ,
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resulting in energy band bending upon contact. Later, after contact be-
tween TTCOF and NUZ, electrons in TTCOF tend to transfer to NUZ until
the Fermi level is balanced, creating an internal electric field (IEF) at the
TTCOF/NUZ interface with direction from TTCOF to NUZ. Under light
irradiation, the photocatalysts are excited, generating electron-hole
pairs. The photoexcited electrons of NUZ then quickly reorganize with
the holes of TTCOF, facilitated by the IEF and band bending, resulting in
the formation of a typical S-scheme heterojunction. This route allows
TTCOF-CB to accumulate photogenerated electrons while NUZ-VB ac-
cumulates holes, resulting in hybrid materials with robust redox abili-
ties. The photoreduction of COy to CO over TTCOF/NUZ
heterostructures follows the proposed reaction pathways: COz —» CO5 —
HCOOH* —» CO* — CO.

An and colleagues investigated the impact of contact facets on the
activity of heterostructures for CO5 photoreduction of TiO,/Tp-Tta COF
S-scheme heterojunction prepared from the self-assembly imine-linked
COF built from Tta and 1,3,5-triformylphloroglucinol (Tp) onto faceted
TiOg [113]. The facet engineering of T-101/3% COF S-scheme hetero-
junctions unveiled a CO; reduction rate of 11.6 pmol h™!, which was
14.5 times higher than that of pristine 101-TiO», and feature a better CO
selectivity at 95% as compared to T-001,/3% COF (60%) and T-101 + 3%
COF (75%), as depicted in Fig. 12 (c). For a better understanding of the
underlying mechanisms of photocatalytic CO, reduction, UV-vis diffuse
reflectance spectroscopy was employed and Tauc plots revealed the light
absorption properties and bandgaps of the materials. Tp-Tta COF
exhibited superior light absorption across the visible spectrum
compared to T-001 and T-101, leading to enhanced light utilization.
Bandgap calculations showed a narrower bandgap for Tp-Tta COF (1.68
eV) compared to T-001 (3.28 eV) and T-101 (3.22 eV). Mott-Schottky
measurements, on the other hand, provided insights into the elec-
tronic band positions. The data suggested that electron transfer between
Tp-Tta COF and TiO5 could potentially follow either an S-scheme or type
IT heterojunction, promoting efficient charge separation for CO; reduc-
tion. Electron paramagnetic resonance (EPR) analysis using DMPO as a
trapping agent confirmed the generation of ‘OH. The presence of these
radicals in T-001 and T-101 under light irradiation indicated their
ability to produce oxidizing species. However, Tp-Tta COF alone did not
generate -OH due to its high hole potential energy.

Notably, the EPR signals were more pronounced in TiOy/Tp-Tta COF
heterostructures compared to TiO alone, supporting efficient charge
transfer and the S-scheme mechanism. The mechanism of interfacial
charge transfer and the formation of S-scheme heterojunction in T-101/
COF composite was summarized as follows: The difference in Fermi level
between T-101 and Tp-Tta COF led to the spontaneous transfer of
electrons from the CB of Tp-Tta COF to T-101, resulting in equalization
of their Fermi levels. As a result, Tp-Tta COF became positively charged,
while T-101 became negatively charged. This charge redistribution
induced the formation of an IEF and band edge bending at the interface.
Under illumination, both T-101 and COF were excited into their CB. Due
to coulombic forces generated by the IEF and band bending, photoin-
duced electrons in the CB of T-101 recombined with photoinduced holes
in the VB of COF produced photogenerated electrons with strong
reduction ability.

Inspired by the exceptional properties of graphene and its de-
rivatives, Gopalakrishnan and coworkers sought to enhance CO;
reduction by minimizing the recombination of photogenerated carriers.
Their approach focused on improving CO, adsorption and activation,
enhancing light absorption, and increasing photostability [115]. They
constructed a keto-enamine COF incorporated with varying concentra-
tions of reduced graphene oxide, denoted as rGOy@TpPa-1 (x = 5%,
10%, 15%, and 20%), to improve charge separation and enhance the
efficiency of CO2 photoreduction. The rGO;5@TpPa-1 nanocomposite
demonstrated exceptional photocatalytic efficiency for CO» reduction
under visible light irradiation, producing CO at a rate of approximately
200 pmol g~ h~! with a selectivity of 89%. This selectivity was 1.57 and
6.97 times higher than the bare COF and rGO counterparts, respectively.
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To confirm that the produced CO originated from the photocatalytic
process, the authors employed carbon isotopic measurements using GC-
IRMS; the presence of the dominant 3CO, peak confirmed that the
evolved CO stemmed directly from the CO; reduction reaction.
Furthermore, control experiments lacking the cocatalyst or sacrificial
agent also showed reduced or no CO formation, highlighting their ne-
cessity for forming active sites and removing holes during the photore-
duction process. Photoelectrochemical studies provided valuable
insights into the redox properties and reaction mechanism. Transient
photocurrent responses under visible light showed a significant
enhancement in rGO15@TpPa-1 compared to bare TpPa-1. This in-
dicates improved photogenerated carrier density due to strong light
absorption and reduced recombination rates within the composite ma-
terial. EIS further revealed better electron mobility within
rGO15@TpPa-1. Additionally, Mott-Schottky plots provided informa-
tion about the LUMO energy levels of the material. These analyses
confirmed the n-type semiconductor characteristics and appropriate
redox potentials essential for the CO, reduction process. PL spectra and
time-resolved PL decay data were analysed to understand charge carrier
dynamics. The reduced PL intensity and shorter excited electron lifetime
observed in rGO15@TpPa-1 suggest efficient electron transfer and
reduced recombination. This ultimately translates to enhanced photo-
catalytic activity for CO5 reduction. As shown in Fig. 12 (d), the authors
proposed a possible mechanism for the photocatalytic reduction of CO2
to CO. In the study, cocatalyst [Co(bpy)s]?* acts as an aqueous electron
mediator, promoting intramolecular charge transfer. Upon visible light
exposure, TpPa-1 COF becomes excited and generates electrons, which
migrate to rGO and then to [Co(bpy)3]2+, reducing it to [Co(bpy)3]+’
which then reacts with CO5 to form the transition-state intermediate [Co
(bpy)3CO2]™ via 11-CO; coordination., followed by electron transfer to
form [Co(bpy)g(Coz)_]+. The electron transfer from Co' to CO5 in [Co
(bpy)3(CO2) "1™ leads to the formation of [Co(bpy)3(CO2) 1" and the
subsequent protonation and reduction in successive steps generate CO
and [Co(bpy)s]®*. In this hybrid heterogeneous photocatalyst, the Co
sites act as catalytic active sites, effectively coordinating and activating
CO molecules. rGO anchored onto TpPa-1 serves as a host for effective
CO4 adsorption, contributing to enhanced catalytic activity and selec-
tivity towards COy reduction. The holes created in the HOMO of TpPa-1
oxidize TEOA to TEOA™.

A recent study demonstrated the use of BiO,S nanosheets to
enhance the separation efficiency of photogenerated carriers in COF
[114]. To achieve this, TpPa-2-COF was grown in situ on Bi0»S nano-
sheets to form a p-n heterojunction, BiO2S@TpPa-2-COF-15, through
covalent bonding. The resulting hybrid material exhibited improved and
maximum photocatalytic activity for COy reduction at the ratio of
Biy0,S: TpPa-2-COF = 15%, with a CO yield of 19.5 pmol g1 h™!. This
represents a significant increase of 66.8 and 3.96 times compared to
pure TpPa-2-COF and Bi;05S, respectively, as depicted in Fig. 12 (e). To
elucidate the mechanism of the photocatalytic reduction of COy of
Bis02S@TpPa-2-COF composites, key characterizations were per-
formed, including the Tauc curve, which indicated that the band gap
widths of TpPa-2-COF and Bi;0»S were 1.37 and 2.07 eV, respectively.
Additionally, the Mott-Schottky curve was used to determine the posi-
tions of the conduction bands of these materials. XPS valence band
spectra of both TpPa-2-COF and Bi2O,S were obtained, and the energy
band positions were analysed, confirming the formation of a p-n heter-
ojunction. Bi2O3S exhibited low stability due to its narrow band gap and
easy recombination of photo-generated electron-hole pairs; however,
the B/C-15 composite demonstrated good photocatalytic stability and
prevented the mixing of photogenerated carriers. The enhanced photo-
catalytic CO3 reduction observed in the p-n heterojunction of Bis0,S and
TpPa-2-COF is attributed to the following mechanism: Initially, the
Fermi energy level of TpPa-2-COF is higher compared to that of Bi»0,S,
as illustrated in Fig. 12 (f). Upon interaction, electrons migrate from
TpPa-2-COF to the surface of Bi;O2S. This charge transfer results in the
alignment of the Fermi energy levels at the interface, thereby
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establishing a balanced p-n junction. This redistribution of charge
created an inner electric field that flowed directionally from TpPa-2-COF
to Bi0,S, resulting in the formation of an enclosed charge area at the
junction of the two materials. The energy bands of TpPa-2-COF and
Biy05S were then bent up and down to attain thermodynamic and ki-
netic equilibrium. In the presence of visible light, photogenerated
electrons were stimulated from the VB of Bi;O5S and TpPa-2-COF to
their conduction bands. To promote electron-hole separation, a signifi-
cant number of electrons were concentrated in the VB of TpPa-2-COF,
and the IEF facilitated their transfer to the VB of Bi;02S where they
recombined with the holes generated by light excitation. This resulted in
the conversion of CO2 to CO and CH4 through the action of electrons
enriched in the CB of Bi;O,S, while the holes accumulated in the VB of
TpPa-2-COF were eliminated by the sacrificial agent TEOA. Table 1
summarises the photocatalytic reduction of CO5 utilizing COFs as pho-
tocatalysts, as discussed in this section. An evaluation of the effective-
ness of the three pathways discussed above will be addressed in the
subsequent section.

5. Mechanistic comparison of photocatalytic reduction of CO5 in
COFs

Understanding the underlying mechanism of photocatalytic COy
reduction in COFs is crucial for designing more efficient COF materials.
Although the goal of reducing CO3 is common to different reduction
mechanisms, the differences between them are worth noting to optimize
the design of COFs. In one mechanism, COFs rely solely on their intrinsic
properties to generate photogenerated charge carriers and promote
electron transfer for catalytic activity upon light absorption. Meanwhile,
incorporating catalytic active sites by introducing metal ions such as Ni
[100], Cu [103], and Co [106] into the COF structure can significantly
enhance photocatalytic activity. The active sites create additional redox
centres, leading to a higher density of active sites, and facilitate charge
separation and transfer, improving catalytic efficiency. The metal ions in
the active sites act as electron donors and acceptors, promoting transfer
of photogenerated charge carriers to CO, molecules, ultimately pro-
ducing reduced CO3 products such as CO and/or CHy.

Furthermore, active sites can enhance COF stability under photo-
catalytic conditions by acting as anchoring points to stabilize the COF
structure and prevent degradation of the framework during photo-
catalysis, which is critical for sustained catalytic performance.
Compared to the mechanism based on photogenerated charge carriers,
the mechanism involving catalytic active sites provides an alternative
pathway for CO5 reduction that is not solely dependent on charge sep-
aration and transfer efficiency. This can be particularly advantageous
under conditions where the photoexcited charge carriers are limited,
such as in low-light environments or when the COF has a low light ab-
sorption capacity.

Researchers have also explored synergistic materials to create het-
erojunctions to enhance the photocatalytic activity of COFs. This
approach involves combining COFs with other materials, such as metal
oxides, graphene, and MOF, to form heterojunctions that improve the
separation and transfer of photogenerated charge carriers. While
incorporating catalytic active sites into COFs has proven effective in
enhancing CO; reduction by promoting active intermediate formation
and increasing COy adsorption, the use of heterojunctions has shown
more versatility in achieving high photocatalytic activity with a wider
range of materials and in optimizing band structure and charge transfer
properties. Specifically, heterojunctions contribute to the better sepa-
ration of photogenerated charge carriers and facilitate the transfer of
electrons and holes to the CO, reduction sites.

The analysis of the three mechanistic pathways discussed in the
earlier section reveals distinct characteristics. As shown in Table 1,
majority of reactions employing photogenerated charge carriers do not
use additives and predominantly result in the formation of CO and
CH3OH as the primary products, with the reported yields for these major
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products being <156 pmol g~ h™1. On the other hand, when catalytic
active sites are incorporated into the COFs, a noticeable enhancement in
production yield becomes evident. For instance, Co@COF-TVBT-Bpy
attains a remarkable 1132.7 pmol g~* h™! of CO and 1158.4 pmol
g~ ! h™! of H, production upon inclusion of a Co active site. Similarly,
COF-367-Co NSs with a Co active site also exhibit a notably high CO
production rate of 10,162 pmol g~* h™!, with a selectivity of approxi-
mately 78%, implying the significance of Co in enhancing the photo-
catalytic reduction performance of COFs. It is worth highlighting that
the combination of Co and Ni within CoNi—COF-3 gives rise to the
substantial CO production rate of 2567 pmol g~! h™}, emphasizing the
synergistic effects that can be harnessed when these metal elements are
used in tandem. When employing catalytic active sites for photocatalytic
reduction study of COFs, [Ru(bpy)s]Cly commonly serves as a photo-
sensitizer and TEOA is frequently used as a proton acceptor. The pho-
tocatalytic products obtained from this approach primarily consist of CO
and are often accompanied by trace amounts of Hp. In some cases,
HCOOH is produced as the major product. Comparatively, the utiliza-
tion of synergistic materials such as [Ni(bpy)g]”, when paired with PI-
COF-TT, results in a notable CO production rate of 1933 pmol g ! in a 4
h reaction. While this surpasses the yields observed for photogenerated
charge carriers, other COFs, combined with synergistic components
listed in Table 1, give rise to a photocatalytic production rate below 200
umol g1 h™L. Therefore, it is essential to highlight that the introduction
of catalytic active sites stands out as a particularly effective strategy for
enhancing the photocatalytic efficiency of COFs among the three
approaches.

In addition to the differences between the approaches outlined, it is
important to consider their respective drawbacks. For instance, while
catalytic active sites can enhance electron transfer rates and boost CO4
conversion efficiency, they are susceptible to deactivation over time.
This deactivation can result from issues such as metal leaching or the
aggregation of catalytic particles. In contrast, heterojunctions can
enhance the separation and transfer of charge carriers to CO5 reduction
sites, but the stability and compatibility of the heterojunction materials
may limit their efficacy.

6. Different strategies used to enhance the performance of COFs
for CO4

6.1. Doping

The doping strategy in COFs aims to enhance the CO, reduction
process. By introducing specific dopants into the COF structure, re-
searchers seek to improve its catalytic activity and selectivity towards
CO4 reduction reactions. These dopants can be metals, metal ions, or
other functional groups interacting with COF molecules and altering
their electronic properties [117]. The goal is to create COFs with higher
efficiency and selectivity for converting COy into valuable products,
such as fuels or chemical feedstocks. Zhu et al. [118] offered several
techniques for introducing lithium (Li) metal into Covalent Organic
Framework-102 (COF-102), a porous material recognized for its enor-
mous surface area and low density, in recent research. Charge exchange,
O-Li* dipolar interaction, and O-Li 4+ chemical bonding were among the
strategies used. The results showed that dipole doping was the most
effective method for improving CO, adsorption performance. Further-
more, the researchers substituted the COF-102 ligands with extended
aromatic moieties such as diphenyl and pyrene. They studied CO, and
CH4 adsorption capability as well as COy/CHjy selectivity using ligand-
modified COF-102. In addition, Zheng et al. [116] did research in
which they produced a membrane employing chemically doped mel-
amine (Me) in a COF termed TpPa. The TpPa COF is generated via the
interfacial polymerization of monomers of 1,3,5-triformylphlorogluci-
nol (Tp) and p-phenylenediamine (Pa) (Fig. 13 (a)). Adding the mel-
amine monomer may change the composition and surface features of the
pores in the TpPa COF membrane, resulting in increased hydrogen
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purification capabilities. Surprisingly, the melamine-doped TpPa COF
(TpPaMe COF) membrane has a separation factor of 12.7 for the Hy/COo
gas combination and a hydrogen permeance of 727 GPU. This contrasts
sharply with the undoped TpPa membrane, which has a smaller sepa-
ration factor (7.5) and gas permeance (618 GPU). Furthermore, the
TpPaMe COF membrane exhibits outstanding operational stability,
exceeding the performance threshold established by Robeson in 2008 for
Hy/CO3 separation, as shown in Fig. 13 (b). Long-term performance data
for Hy and CO,, separation, illustrated in Fig. 13 (¢), further confirms the
membrane’s comparative stability [116]. Kang et al. [119] made an
unexpected finding on CO, sorption employing metal ion (Fe>*, Cr®*, or
In®)-doped Schiff-base two-dimensional (2D) COFs, specifically Py-1P,
Py-TT, and Py-Py. Their study revealed that these doped COFs exhibited
distinct CO; sorption isotherms, characterized by one or more tuneable
hysteresis stages. Notably, the ion-doped Py-1P COF’s CO» adsorption
capacity increased by 89.5% compared to the undoped Py-1P COF. This
unique CO5 sorption process provides a promising and simple method
for increasing the CO» capture capacity of COF-based adsorbents. These
results provide important insights for advancing chemistry to enhance
CO>, collection and conversion processes. The CO; capture properties of
2D squaraine-bridged covalent organic polymers (SQ-COPs) are inves-
tigated in a study utilizing first-principles calculations and grand ca-
nonical Monte Carlo (GCMC) simulations. These SQ-COPs possess
precisely oriented open oxygen sites in the squaric-acid unit, which are
doped with Li atoms quantitatively. The research findings reveal that
due to the strong affinity between Li atoms and squaraine units within
SQ-COPs, the gas adsorption capacity of Li-doped SQ-COPs (SQ-COP-Li)
is significantly increased, reaching three times that of pristine SQ-COPs.
The presence of Li—O bonds between squaraine units and Li atoms en-
hances the electrostatic interaction between the framework and CO,
molecules. Consequently, the adsorption capacity of COz in SQ-COP-Li
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demonstrates exceptional performance, reaching extraordinarily high
values of 83.4 mmol g’1 at 298 K and 100 bar for 1-Li (SQ-COP-1-Li) and
202.0 mmol g*1 for 3-Li (SQ-COP-3-Li). These results indicate that the
CO9 uptake of 3-Li surpasses the best-performing three-dimensional
covalent organic framework (COF-05) materials reported to date and
even exceeds the capacities of MOF-177 and IRMOF-10, with the uptake
being twice as high [120]. Stegbauer et al. [121] provide AB-COF and
ATFG-COF, two structurally similar azine-linked COFs. These COFs are
built of 1,3,5-triformyl benzene and 1,3,5-triformylphloroglucinol, as
well as hydrazine building units. By deliberately engineering the
chemical properties of the pore walls, the sorption characteristics of
these COFs may be accurately tuned. The researchers show that the
COFs’ CO3 sorption performance may be tailored through polarity en-
gineering. In both equilibrium (sorption isotherm) and kinetic circum-
stances, the more polar ATFG-COF showed significant CO5 uptake at low
pressures (1 bar) (flow TGA, breakthrough). The apolar AB-COF, on the
other hand, exhibits extraordinarily strong CO5 over N-2 selectivity
(IAST: 88). Furthermore, metal salts such as lithium and zinc acetate
were incorporated into the pore walls of both COFs. At 273 K, the zinc-
doped AB-COF has a high CO, uptake of 4.68 mmol g !. These results
emphasize the possibility of precisely tailoring the sorption capabilities
of COFs by modifying the chemical composition of the pore walls.
Additionally, incorporating metal dopants offers a promising avenue for
enhancing CO; capture efficiency in COFs. Such progress is crucial for
advancing the development of effective catalysts and materials aimed at
reducing carbon emissions and improving sustainable CO, capture and
conversion technologies.

6.2. Cocatalytic strategy

The cocatalytic technique has emerged as a potential option for
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improving the performance of COFs for CO, reduction. Synergistic ef-
fects may be produced by integrating cocatalysts into COF-based pho-
tocatalytic systems, resulting in increased catalytic activity and
selectivity. Platinum (Pt) is a frequent cocatalyst utilized in COF-based
CO; reduction because it acts as a co-catalyst for the HER. Pt nano-
particles may be placed on COF surfaces, creating active sites for HER
and allowing for efficient electron transmission. This cocatalytic system
improves the overall CO, reduction process by encouraging COy con-
version to useful compounds like formate or methane. In addition,
additional cocatalysts, such as metal oxides or metal sulfides, have been
investigated to promote certain chemical pathways or charge separation
[122,123]. These cocatalysts may operate as electron acceptors or do-
nors, enabling charge carrier transfer and decreasing recombination,
boosting the overall efficiency of COF-based photocatalysis. The coca-
talytic method allows for tremendous flexibility in modifying the pa-
rameters of the COF photocatalyst and enhancing its efficacy for COy
reduction [124]. Researchers may develop COF-based systems with
better catalytic activity, improved stability, and more selectivity by
carefully choosing and adding appropriate cocatalysts, opening the path

CO, Adduct
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for efficient and sustainable CO5 conversion technologies.

In contrast, Yang et al. [125] introduced a novel 2D COF that in-
corporates a rhenium (Re) complex, resulting in a hybrid catalyst with
inherent light absorption and charge separation (CS) properties. The
researchers demonstrate that this hybrid catalyst displays remarkable
efficiency in reducing CO5 to form CO under visible light illumination.
Notably, the catalyst exhibits high selectivity (98%) and outperforms its
homogeneous Re counterpart in terms of activity. By incorporating the
Re complex within the COF framework, the hybrid catalyst combines
intrinsic light absorption and CS capabilities, leading to enhanced per-
formance in CO; reduction (Fig. 14 (a)-(d)). Gopalakrishnan et al. [126]
developed a unique method for producing a composite material by
combining a hollow nano spherical keto-enamine TpPa-1 COF using
single-atom Co-1 T-MoS; (TpPa-1/Co-1 T-MoSy). This combination has
various favourable features, including an appropriate band edge po-
tential and improved charge separation, which significantly increases
CO; photoreduction efficiency under visible light exposure. The pho-
tocatalytic CO5 reduction efficiency of the TpPa-1/Co-1 T-MoS, nano-
composite is outstanding, generating about 196 mol g~ h™! of CO with

TEOA*-(Re-COF)

Fig. 14. (a) The process of synthesising COF and Re-COF is carried out. (b) A perspective from the side and (c) the unit cell structure of COF with AA stacking are
presented. (d) The proposed catalytic mechanism for reducing CO, is depicted [125]. Reproduced through Copyright © permission.
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a high selectivity of 93%. In contrast, the CO production rates of the bare
TpPa-1 and Co-1 T-MoSy components are roughly 1.23 and 1.6 times
lower, respectively, than the TpPa-1/Co-1 T-MoS; composite. This
demonstrates that the TpPa-1 COF and Co-1 T-MoS; have a considerable
cumulative impact in improving the specificity and effectiveness of CO4
photoreduction to CO. The creation of the TpPa-1/Co-1 T-MoSy com-
posite demonstrated the potential for synergistic interactions between
COF and their transition metal dichalcogenide equivalents to signifi-
cantly improve CO, photocatalytic conversion.

6.3. Surface modification

Surface modification is critical in improving COF overall CO,
reduction efficacy. Key strategies for improving CO, emission reductions
through surface alteration include: (i) incorporating additional catalytic
sites into the COF structure [127]. Metal nanoparticles, metal com-
plexes, and functional groups can act as active sites for CO5 reduction
processes. For example, silver, gold, and copper nanoparticles are
commonly used as catalytic sites due to their large surface areas and
unique catalytic properties at the nanoscale. These features enhance
their ability to activate and reduce CO, effectively [128,129]. These
nanoparticles also possess high surface energy, which creates numerous
reactive sites that enhance CO; adsorption and activation. Once COs is
captured, it undergoes various reduction processes, resulting in valuable
compounds such as methanol, formic acid, and methane [130]. More-
over, it is crucial for these NPs to handle redox events during the cata-
lytic process, as these events significantly influence their activity and
stability. Metal complexes play a pivotal role in catalysis within COFs.
Typically, these complexes consist of a metal core bonded with organic
ligands. The metal center facilitates the active sites for CO2 activation
and adsorption, while the ligands regulate the electrical properties and
enhance the stability of the metal complex [131,132]. Additionally, the
presence of these catalytic sites improves CO; adsorption and activation,
resulting in more efficient conversion. (ii) Electron-donating compounds
such as amines or hydroxyl groups may be functionalized on the surface
of COFs [133]. Among them, amines, carboxylates, and hydroxyl groups
can be used as catalytic sites in the COF structure. These groups can
connect with COz molecules using a variety of methods, including
hydrogen bonding, electrostatic interactions, and chemical bonding.
Amines, for example, can react with CO, to create carbamate in-
termediates, which facilitates their activation and subsequent reduction.
These functional groups can also boost the electron density surrounding
the COF framework, allowing for more efficient electron transfer during
the reduction process. These groups boost the electron density of the
COF structure, allowing it to interact more effectively with CO3 mole-
cules. This adjustment improves CO, adsorption capability and speeds
up the following reduction process. (iii) Surface modification might
include the incorporation of redox-active moieties into the COF struc-
ture. These moieties may undergo reversible redox reactions, allowing
for COy reduction through electrochemistry [134]. However, intro-
ducing redox-active functionalities into COF structures is a promising
method for improving their ability to eliminate CO; by electrochemical
route [135]. Redox-active moieties are molecular entities or functional
groups capable of reversible oxidation and reduction methods [136].
When incorporated into COFs, these molecular functionalities work as
active electron transfer sites, advancing COy conversion. Whereas the
insertion of redox-active moieties in COFs may act in various functions.
Initially, these moieties can act as localized locations for CO2 adsorption
and activation. Whilst the electrochemical potential of the redox-active
centers can be tailored to accommodate the redox potential necessary
for CO, reduction, enabling efficient catalysis and highly selective spe-
cific processes [137,138]. Furthermore, organic radicals, metal-organic
complexes, and conjugated polymers, like can serve as redox-active
centers when embedded in COFs. These redox active moieties can
absorb electrons from an external circuit during the reduction mecha-
nism, permitting CO3 to be transformed into products such as methane,
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carbon monoxide, or formic acid, respectively [139]. Adding more
redox-active sites makes the COF more efficient in converting CO> to
desired products. (iv) During CO, reduction processes, COFs can expe-
rience degradation or loss of structural integrity. To mitigate these is-
sues, surface modification strategies may include applying protective
coatings, functionalizing with stabilizing agents, or employing interfa-
cial engineering techniques. These approaches aim to prevent structural
collapse and chemical deterioration of the COFs. (v) Surface modifica-
tion can improve COF porosity and surface area [140]. Increased surface
area means more active sites for CO. adsorption, while increased
porosity means effective diffusion and transport of reactants and prod-
ucts within the COF structure. These improvements enable COFs to more
efficiently absorb, activate, and selectively reduce CO,, thereby
advancing CO5 capture and conversion technologies.

7. Structural linkage variation in COFs

COFs are commonly categorized based on the covalent bonds formed
during synthesis or the constituent building blocks (Fig. 15 and Table 2).
These classifications include imine-linked, B-keto-enamine-linked,
azine-linked, and conjugated-linked COFs, delineated by the specific
type of covalent bond established during their synthesis. On the other
hand, triazine- and porphyrin-based COFs are classified according to
their building block component. These various categories facilitate the
customisation of the structure and properties of COFs to specific appli-
cations, making them highly adaptable materials.

7.1. Imine-linked COFs

In principle, imine-linked COFs are generated via a condensation
synthesis process in which carbonyl-containing aldehydes and ketones
react with primary amine precursors to produce imine bonds (-C=N-)
[182]. Imine bonds in COFs promote a strong affinity for CO,, thereby
allowing for better CO, absorption [183,184]. Furthermore, imine
bonds are exceptionally stable under mild conditions, contributing to
the overall stability of the synthesized COFs [184]. Even though imine
bonds are susceptible to rehydration and subsequent disintegration
under acidic conditions [70], the extended conjugated structure of
imine-linked COFs allows for efficient light absorption and the forma-
tion of electron-hole pairs [182]. Considering the aforementioned ben-
efits offered by imine bonds, this type of COFs remains of interest for
photocatalytic CO5 reduction under mild conditions.

Two of the imine-linked COFs, TpPa and TpPa-SOsH with chemical
structures shown in Fig. 16 (a), stand out prominently in their enhanced
photocatalytic CO; reduction performance. Under identical conditions,
the absence of CO yielded no CO production in the COFs (Fig. 16 (b)).
However, when subjected to photocatalysis without the presence of COq,
the COFs exhibited remarkably low photocatalytic activity. In a more
detailed comparison, after 4 h of simulated sunlight irradiation, the CO
yields with TpPa-SO3sH and TpPa were identified at 416.61 and 380.68
mmol g~! (Fig. 16 (c)), respectively. This significant increase in CO yield
with metalation highlights the efficacy of incorporating -SOsH sub-
stituents into synthetic materials’ monomers. Moreover, the introduc-
tion of —-SO3H substituents not only enhances the CO5 photoreduction
efficiency but also contributes to the overall stability of the photo-
catalyst. The photodegradation efficiency of TpPa-SOsH showed no
significant change, and after two reaction cycles, it maintained a con-
stant CO yield (Fig. 16 (d) and (e)). This result indicates the exceptional
photocatalytic stability of TpPa-SO3H.

7.2. p-keto-enamine-linked COFs

The tautomerization of an imine bond in the presence of enol func-
tional groups results in the formation of p-keto-enamine-linked COFs.
When compared to imine-linked COFs, p-keto-enamine linkages (-C
(=0)-C=C-NH-) are more chemically stable as a result of this transition
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Fig. 15. Categorization of reported COFs with photocatalytic CO, reduction functionality.

[141]. The observed improved stability is achieved by the presence of
fB-keto-enamine linkages, thereby preventing the hydrolysis of the imine
bond back to amine and carbonyl compounds [110,151,181,185]. Given
their excellent stability, p-keto-enamine-linked COFs are highly sought-
after for photocatalytic CO, reduction applications because they can act
as reliable and persistent photocatalysts.

The series of p-keto-enamine-linked TpBD-X COFs, where X
(OCHs)s, Ho, (CH3)2, and (NOy),, exhibit notable photocatalytic activity
in the reduction of CO, to formic acid (HCOOH). The chemical struc-
tures of these COFs are illustrated in Fig. 17 (a). This process is distinctly
demonstrated by the absence of a photocatalyst or in the dark, empha-
sizing the true photocatalytic behaviour. Among the various TpBD-X
COFs, TpBD-Hy, TpBD-(OCH3s),, and TpBD-(CH3s), emerge as standout
performers, showcasing significantly higher photocatalytic activities of
45.7, 108.3 and 86.3 pmol g’1 hl, respectively (Fig. 17 (b)). In
contrast, TpBD-(NO,), exhibits a relatively lower photocatalytic activity
of 22.2 pmol g~ h™! under visible-light irradiation. This variance in
performance highlights the impact of the specific functional groups on
the ability of COFs to catalyse CO5 reduction. Furthermore, the stability
and reproducibility of TpBD-(OCH3s), as an illustrative example were
investigated through a series of five-run and 30 h experiments, as
demonstrated in Fig. 17 (¢) and (d). The photocatalyst demonstrates a
consistent and reproducible activity across successive runs, highlighting
its durability in the CO2 reduction system. This stability is further sup-
ported by the lack of discernible differences in various analytical mea-
surements, including TGA patterns, as shown in Fig. 17 (e), between the
fresh and used catalyst samples. Such uniformity indicates the superior
stability and reusability of TpBD-(OCHgs)2 during the reaction. The
electron-donating ability of substituent groups in the TpBD framework
follows an order of -OCH3 > —-CH3 > —-H > —-NO,. This observation leads
to the conclusion that an electron-donating substituent group in the
TpBD framework significantly enhances the photocatalytic reduction of
CO by improving the photogenerated charge, contributing to the
overall efficacy of the process. In essence, the metalation of COFs in-
troduces not only enhanced photocatalytic activity but also stability and
reproducibility, paving the way for more efficient and sustainable CO2
reduction strategies.

7.3. Agine-linked COFs

Azine-linked COFs are highly porous materials formed from the
condensation of hydrazine and aldehyde-containing building blocks via
covalent bonds [162,186]. The distinctive properties of these COFs are
closely related to the nitrogen-rich azine linkages that increase the ef-
ficiency in capturing CO,. Furthermore, including a conjugated system

28

in these frameworks facilitates effective electron delocalization and
improved exciton separation [91]. However, similar to imine bonds,
azine bonds may be susceptible to hydrolysis. This should be carefully
considered in the design of COFs to prepare highly stable and durable
azine-linked COFs.

ACOF-1 (Fig. 18 (a)) and N3—COF (Fig. 18 (b)) are examples of COFs
that effectively transform CO; into valuable CH3OH in the gas phase.
The outcomes of their experiments are truly remarkable: over 24 h of
photo irradiation, N3—COF exhibited an impressive CH3OH yield of
13.7 pmol g%, significantly outperforming ACOF-1, which yielded 8.8
pmol g’1 (Fig. 18 (c)). In addition, both ACOF-1 and N3—COF proved to
be superior to gC3N4, which generated 4.8 pmol g~ ! of CH30H within
the same time frame. This disparity in the performance of N3—COF and
ACOF-1 can be attributed to their higher adsorption affinity, owing to
their azine-based COF structure, facilitating more efficient CO2 con-
version. Even when faced with reduced CO, concentrations, as low as
1% and diluted by nitrogen, N3s—COF continued to exhibit remarkable
results, with a yield of 9.9 pmol g~ CH30H (Fig. 18 (d)), demonstrating
the exceptional selective adsorption capabilities of the catalysts. More-
over, the eco-friendly aspect of these catalysts shines through their
reusability, as evidenced by a five-run cycling test (Fig. 18 (e-f)).
Although there was a slight decrease in CH30OH production during the
initial two cycles, the recyclability of the catalyst was unmistakably
confirmed, offering a sustainable approach to CO reduction.

7.4. Olefin-linked COFs

Knoevenagel or Aldol condensation processes are commonly
employed to prepare olefin-linked covalent organic frameworks (COFs)
[187-190]. These reactions culminate in forming olefin bonds, essential
for endowing olefin-linked COFs with distinctive characteristics.
Notably, these COFs exhibit excellent chemical stability, facilitating
them to tolerate severe conditions and maintain structural integrity over
long periods [19,187,191]. Aside from their structural stability, olefin-
linked COFs have a n-conjugated system within their structure that fa-
cilitates the efficient delocalization of n-electrons [179,192], resulting in
better charge transfer and light absorption [54,55]. The enhanced light
harvesting capacity of these COFs is especially beneficial for photo-
catalytic COy reduction, as efficient light utilization is essential for
optimal CO, conversion into useful substances. However, It is important
to note that the synthesis of olefin-linked COFs is challenging because it
requires precise control over the formation of olefin bonds [150].
Despite this limitation, the notable stability and elevated photocatalytic
capabilities of olefin-linked COFs make them highly appealing for a
variety of applications. More research and development are necessary to
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Classification of COFs based on linkages and building blocks. Color code: H (green), C (grey), N (blue), O (red), S (yellow), Cl (purple), Br (oliver), Co (brown), Ni
(pink), Cu (orange), Ru (teal) and Zn (light blue).
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COFs Category Linkage Building Block Ref Performance
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COFs Category Linkage Building Block Ref Performance
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Triazine-based

CO production

COFs Category Linkage Building Block Ref Performance
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COFs Category Linkage Building Block Ref Performance
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COFs Category Linkage Building Block Ref Performance
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Triazine-based

COFs Category Linkage Building Block Ref Performance
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Imine-linked, _ 30 pmol g1 h™! cO
COF TTilanzinlel:lb:sed 1 \ /_\[ - _} _\ 31 73] prozI:c()tithn
¢
33
. / J
COF-TVBT-Bpy Imine-linked, __\_ [95] No CO, reduction
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Triazine-based

COFs Category Linkage Building Block Ref Performance
1 1
Y. XYY e
Lo / /ﬁ)\})/\x 1p-1
Imine-linked, 102.7 pmol g~ " h
CT-COF Triazine-based _\_ ! [ 174 CO production
YY <3y ’
ANAS /
\ a2t a'
1 1
YY. XY
. / YYYY ] o
HB.TAPT Im'1ne'-11nked, _\_ \1/} - [175] 7.4 pmo.lg h™' co
Triazine-based \? )} . production
AN
1 1
wf\r \[/‘\T/ § 1 P
» / Y XX
LCOF Im.me'-hnked, ——\_ "‘\T’“\T/‘ \T 11761 N/A
Triazine-based e o .
i )
/‘\T/‘\ /\T,t\
1 _ 1 P |
\T/\ \T/‘)\ P 1p-1
9019 1 h
Imine-linked, / /})Q/L\‘ HCOOpHm:ng
JNM-2 Triazine-based —\_ P P [145] 835 pmol g~ h™! CO
::[/::[\ \T production
N A N
/“\T/ /1\T/
Y Y
/ /\Tm/\t | 65.7 pmol g ' h™?
Imine-linked, HCOOH and 30.5
PDA-TTA Trissine based —\_ /‘\T/ [146] pmol g bt co
\\[/"\T/ \T /L\ production
/
I
Imine-linked, , h 653 pmol g~
TPBD-COF Triazine-based —_\_ } j}«.} 7 >ﬁ’> ).3/ [163] CO production
L LW
/
T
Imine-linked, / y}l\ | 951 pmol g~ !
TPPD-COF Triazine-based _\_ } ,j}-ﬁ 7 \T/\T/ [163] CO production
A AN
LAY
1 1
\I/}/ \Tﬁ/
/b\
R / /} /.)/L\T b4 11,1
Tr-COF Imine-linked, ——-g\_ [103] 37.7 pmol g~ h™" CO
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COFs Category Linkage Building Block Ref Performance
1 1
\T/‘\T/ \T/*\T/
/ “Y* Qﬁ/\ 141 TON MeOH,
Imine-linked, 42 TON HCOOH, and
TRITER-2 Triazine-based _\_ AN ) % )» / v 21 TON HCOH
:t[ :I\ — _> j._ production
A b
W/I\T/ \T/lw/
/ /}/Q)\TA 82 pmol g~' h™' CO
Imine-linked, production,
Tz-TTA COF T —_‘\_ )@ . v L78] 0.2 umol g~ h~* CH,
:‘Tw/‘\ _})"::\}. ‘OQW__‘}_ production
\T/I\T/ \T)\T/ ! B ,1\1/
N-acylhydrazone- /j /‘})YL\}
H-COF linked, " [176] N/A
Triazine-based — \(/k 7 \1)\[
|
Yy
/ -~ ! L
Olefin-linked, ) 382.0 umol g ' h!
BTE-TBD-COF Triazine-based > \ )ﬁ/ 179l CO production
)\I»* \T/\\\)\(
/\‘/\ /W)\
I 3 ) o
/ v
Olefin-linked, AN 109.8 pmol g ' h™!
TFPB-COF Triazine-based > \ /‘} 179l CO production
Y
/‘\[/"\
\W)\{ } L
1 A~
g P e
e -’ Y IA
3o 5t
Por-CTF Triazine'-linked, ):?' j\ [180] 0.21 pn{ol g th'co
Porphyrin-based ’ /\/S /\’ : | production
A Ly YOy
} —{ﬁ K’J\ AN
M i 2 /‘W
e YY . YY
b
p-keto-enamine- \\[ * ﬁ & _
TpTta linked, /‘W \ /‘\ [181] 3.5 pmo.l h™co
production

Triazine-based

-\T»
P

address the synthesis issues to exploit the full potential of these materials
in a variety of areas.

BTE-TBP-COF and TFPB-COF were synthesized through a base-
promoted aldol condensation reaction (Fig. 19 (a)), introducing 2,4,6-
trimethyl-s-triazine (TMT) and 4,4",4"-(benzene-1,3,5-triyltris(ethyne-
2,1-diyl))tribenzaldehyde (BTE-TBD) or 2,4,6-tris(4-formylphenyl)-
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1,3,5-benzene (TFPB), respectively. The study aimed to investigate the
photocatalytic activity of COFs by varying the degree of n-conjugation.
The resulting COFs were characterized using CP/MAS '3C NMR and
FTIR, revealing sp>-carbon resonances and distinctive vibrational peaks
associated with olefin bonds. Pawley refinement of PXRD patterns
confirmed the structural details of the COFs and the introduction of
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ethynyl moieties into the n-conjugation system was validated by diffuse
reflectance and X-ray photoelectron spectrometry, providing a control-
lable means to modulate the conjugation degree within the aromatic
framework. The olefin-linked sp®c-COFs exhibited high thermal stabil-
ity, as demonstrated by thermogravimetry analysis. Fig. 19 (b) shows
the mass spectrum of '3CO obtained from the photocatalytic COy
reduction under *CO, atmosphere using BTE-TBD-COF. Photocatalytic
CO4, reduction experiments showed that both BTE-TBP-COF and TFPB-
COF are good in the reduction and yielding CO with rates of 382.03
and 109.80 pmol g’1 h! (Fig. 19 (c) and (d)), respectively, under light
irradiation in the wavelength range of 320 to 780 nm. Furthermore, the
chemical stability of BTE-TBD-COF was well-preserved throughout the
catalysis process, as confirmed by XRD patterns, FT-IR spectra, and
UV-vis DRS results. Remarkably, the catalytic performance remained as
high as 96% even after three cycles (Fig. 19 (e)), demonstrating the
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durability and efficiency of this COF in photocatalytic COy reduction.

7.5. Amide-linked COFs

The incorporation of amide bonds in amide-linked COFs that connect
the building blocks renders these materials unique properties and po-
tential applications. Surprisingly, the development of synthesis methods
for this class of COFs has been scarce, leading to limited studies in this
domain [22]. Nevertheless, recent work has highlighted the relevance of
amide-linked COFs in this application and illustrated their potential
capabilities in photocatalytic CO5 reduction [161]. A two-step proced-
ure is generally used to create amide-linked COFs. Imine-linked COFs
are initially formed and then oxidised to produce the required amide-
linked COFs [193-195]. The COF framework can incorporate amide
bonds using this traditional method. Particularly noteworthy is the
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recent investigation into an alternate one-step technique using liquid
nitrogen to directly synthesie amide-linked COFs [196]. Although this
innovative method streamlines and expedites synthesis, it is critical to
recognise the additional cryogenic dangers connected to working with
liquid nitrogen.

Amide-linked COFs demonstrate exceptional chemical stability in
various solvent environments, making them suitable for vast applica-
tions [193]. This inherent stability safeguards its structural integrity and
allows it to endure various reactions and environmental factors. How-
ever, there are several significant downsides to using amide-linked
COFs. The lengthy reaction times required for their synthesis present a
considerable obstacle. In addition, high pressures and temperatures are
frequently needed in the preparation, which introduces complexity and
raises energy expenses. Additionally, the yield of the final product is
typically low, which hinders practical scalability [194]. Overcoming

39

these obstacles is crucial to fully exploiting the potential of amide-linked
COFs in various applications.

The CoPor-RuN3 COF, a remarkable representative, exhibits an
average CO/CH, yield of 37.1/1.57 pmol g~' h™!, showcasing an
exceptional total photoactivity of 86.8 pmol g~ h™!, being 25.5 and 4.5
times higher than the individual CoPor and RuN3 monomers, respec-
tively (Fig. 20 (a) and (b)). Crucially, in the absence of the photo-
catalyst, CO2 gas, or visible light illumination, no observable reduction
product of CO is detected, implying that the CO/CHy yields result from
the photoreduction of CO,. The stability of CoPor-RuN3 is a key high-
light, evidenced by the investigation involving four consecutive runs,
each lasting 3 h under A > 400 nm light irradiation. The cumulative CO/
CH,4 yields reveal a mere 5.4% deactivation after these four runs,
showcasing excellent photostability. Furthermore, the post-cycling
analysis confirms the durability of CoPor-RuNs. The FESEM image of



C.I Yeo et al.

(@)

&

~

Methanol (umolyg)

() 15
— 104
o
E
3
&
< 59
[}
s
0 T T T T T
1 2 3 4 5
Run

Coordination Chemistry Reviews 521 (2024) 216167

(b)
el <%
':I;' -‘:‘«
w82 ~4, 22 2
T v, LA,
3 “yleai . \‘vg Y .-,.,-.:,x:, W0
L8 @ 0o8 e
54 o4,
v:zzf. »":
A ped
coh, s
\.:I:‘X:x“" ‘:‘;’:x.l"
N Py 's".-':x R A e L
r‘;:;«,\ Ty
b b
3% X%
ES ES
15
@ [ g-CN, -
[ ]ACOF-1
-?é 124 [_JNy-COF
o 1
E
2 °
©
s 64
]
Q
=
34
0- T T T
1% 10% 100%
CO, Concentration
3
s
2
] Used N,-COF
(=4
]
=
Fresh N,-COF

10 20 40 50

30
20 (degree)

Fig. 18. Structures of (a) ACOF-1 and (b) N3-COF. (c) Amount of the CH30H produced as a function of irradiation time using g-C3N4, ACOF-1 or N3 — COF as
photocatalyst. (d) Effects of CO, concentration on the photocatalytic performance of gC3N4, ACOF-1 or N3 — COF under visible light irradiation. (e) Reusability of N3-
COF in the photocatalytic reduction of CO, upon visible light irradiation. (f) XRD patterns of the fresh (black) and used N3-COF after the 5th run photocatalytic
reaction (red). Reproduced through Copyright © permission. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

the COF after the cycling test indicates no discernible change in
morphology and microstructure as compared to its original state
(Figs. 20 (c) and (d)). Additionally, the high-resolution XPS spectra
(Fig. 20 (e-i)) of the recovered CoPor-RuNj after a 12 h illumination
closely resembles that of the fresh counterpart. These findings collec-
tively affirm the potential of amide-linked COFs, particularly exempli-
fied by CoPor-RuNs3, for prolonged and robust photocatalytic
applications, rendering them promising candidates for addressing the
challenges of CO, reduction.

7.6. Dioxin- and 4-carboxyquinoline-linked COFs

Two additional types of covalent organic frameworks that have been
mentioned in relation to photocatalytic CO5 reduction are those that are
dioxin-linked and 4-carboxylquinoline-linked. Due to the formation of
robust linkages with ring structures, these frameworks are renowned for
their remarkable stability. It is important to note that these COFs are
rarely discussed, implying their limited exploration in the field. In the
former, the dioxin-linked COFs are prepared from the reaction of
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2,3,10,11,18,19-hexahydroxy-cata-hexabenzo-coronene and tetra-
fluorophthalonitrile. Based on the concept of electron donation and
acceptance, the building blocks were selected to enhance the photo-
catalytic activity of the COFs. Despite being one of the strongest links in
COFs, generating dioxin-linked COFs is a challenging process [92].

On the other hand, the previously mentioned 4-carboxylquinoline-
linked COFs are produced by the Doebner reaction, which involves the
interaction of 1,3,5-triformylbenzene with 1,4-diaminobenzene in the
presence of glacial acetic acid. The presence of integrated hetero-
aromatic rings in the COFs greatly enhances their structural robustness
[94]. Furthermore, the stability of the linkage is promoted by the
multicomponent structure [197]. Similar to that of dioxin-linked COFs,
synthesising 4-carboxylquinoline-linked COFs is equally challenging
and has restricted their application in other aspects.

LZU1-COF and QL-COF emerge as promising contenders (Fig. 21
(a)), demonstrating significant prowess in photocatalytic reduction of
CO». These catalysts exhibit remarkable photocatalytic activities, con-
verting COy into CO as the primary product, accompanied by trace
amounts of CHy, as validated by the analysis of the GC spectrum (Fig. 21
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(b) and (c)). Among the two, QL-COF exhibits significantly superior
photocatalytic performance, achieving a CO production rate of 156
mmol g~} h™!, which is six times higher than the 25 mmol g% h™!
achieved by LZU1-COF (Fig. 21 (d)). This superior performance of QL-
COF can be attributed to its enhanced capabilities in capturing H,0
and COo, coupled with superior carrier transfer efficiency. Additionally,
the CO; photoreduction capacity of QL-COF exceeds that of traditional
photocatalysts such as g-C3Ny4 and TiO», as illustrated in Fig. 21 (e) with
the reported data.

7.7. Triagine-based COFs

Triazine-based COFs can be synthesized via various techniques,
including Friedel-Crafts alkylation, amidine-based polycondensation,

41

and trimerization of nitrile-containing building blocks [198-200]. These
methods lead to synthesising triazine-containing COFs, which exhibit
beneficial features. For example, triazine-based COFs are nitrogen-rich,
facilitating effective COy trapping within their porous frameworks
[174,201,202]. Triazine-based COFs are potentially useful in carbon
capture and storage (CCS) applications due to the presence of nitrogen
atoms that improve carbon dioxide adsorption and retention.
Furthermore, given that the triazine moiety has a high electron af-
finity, it is an effective electron-accepting group within the COF struc-
ture [62,203,204]. In conjunction with the COF’s fully conjugated
building block, this property increases electron mobility within the
material [159,174,205]. Electron transport efficiency is critical for
various applications, including photocatalytic processes. On top of the
above, triazine-based COFs demonstrate excellent chemical stability,
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ensuring their long-term functionality and durability. These COFs can
tolerate sturdy chemical conditions [203,206], making them suitable for
a wide range of applications requiring degradation and corrosion
resistance.

The preparation of 2 N-COF, 1 N-COF, and 0 N-COF (Fig. 22 (a))
involves the polycondensation of amine and aldehyde monomers and
strategically manipulates the triazine moiety in the aforementioned
COFs. Specifically, 2 N-COF incorporates both amine and aldehyde re-
actants containing triazine, while 1 N-COF is crafted with only amine
monomers featuring triazine, and 0 N-COF omits the triazine moiety
altogether. The investigation aims to establish the relationship between
triazine content in COFs and the implications on CO, adsorption (Fig. 22
(b)). The 2 N-COF, featuring triazine in both amine and aldehyde re-
actants, exhibits the highest CO5 uptake at 25 °C, showcasing the direct
correlation between triazine concentration and adsorption capacity. The
concentration of HOMO orbital on triazine and benzene moieties, as
illustrated in Fig. 22 (c), offers insights into the role of triazine as an
electron donor. Incorporating electron acceptors, such as imine moi-
eties, enhances electron delocalization within the material, paving the
way for improved performance.

The 2 N-COF exhibited a notable reduction rate of 310 pmol g~ h™!,
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surpassing its counterparts, with 1 N-COF showing a rate of 98 pmol g~
h~!, and 0 N-COF displaying no reduction activity, as depicted in Fig. 22
(d). Additional confirmation was derived from experiments conducted
under dark conditions, revealing the absence of CO5 reduction in 2 N-
COF. This observation emphasizes the critical role of triazine in pro-
moting photocatalytic processes, as illustrated in Fig. 22 (e). Notably, 2
N-COF can endure 16 cycles of 4 h photocatalysis processes. It maintains
high stability, as confirmed by PXRD and FTIR analyses, although the
CO production rate experiences a slight drop to 287 pmol g~* h™! after
cycling experiments.

7.8. Porphyrin-based COFs

COFs based on porphyrin comprised of a porphyrin component
capable of forming covalent bonds with other building blocks such as
imine [171], amide [161], triazine [180], etc. The electron donor or
acceptor properties of the porphyrin component vary in accordance with
its interactions with other framework components. When an electron
donor component is present, porphyrin serves as an electron acceptor
[166]. When combined with an electron acceptor component, porphyrin
can act as an electron donor [207]. The COF environment strongly
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influences the donor-acceptor nature of porphyrin in COFs, and this
characteristic enables the development of a robust electron transport
system, which improves the COF’s overall performance.

On the other hand, the coordinated metal ion within the porphyrin
unit is capable of functioning as a catalytic active site, allowing for a
diverse spectrum of catalytic processes [165]. The judicious selection of
metal ions for coordination in porphyrin-based COFs enables delicate
control over the photophysical and electrical properties of the materials,
allowing for the production of COFs with tailored functionality [208].
The porphyrin component of the COF structure may also function as a
photosensitizer, thereby increasing the efficiency of energy transfer
processes and allowing for more effective light harvesting [168].
Porphyrin-based COFs are emerging as highly promising materials for
photocatalytic CO, reduction. Their enhanced light absorption and en-
ergy conversion capabilities significantly boost the efficiency of CO2
conversion processes.

The introduction of Co" and Co™ that coordinated 5,10,15,20-tetra
(4-aminophenyl)-porphyrins, resulting in COF-367-Co' and COF-367-
col (¢ ig. 23 (a)), has proven to be a noteworthy advancement. These
cobalt-coordinated COFs, synthesized through a condensation reaction
between the Co-porphyrin and 4,4"-biphenyldicarboxaldehyde, present
a compelling model for investigating the impact of the spinning state of
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metal centre on photocatalytic CO5 reduction performance. When sub-
jected to photoirradiation, both COF-367-Co'' and COF-367-Co'" exhibit
the capability to reduce CO, to HCOOH, CO, and CHy. COF-367-Co!
demonstrates a reduction rate of 48.6 + 9.25 pmol g~ h™! for HCOOH,
16.5 + 1.88 pmol g ' h™! for CO, and 12.8 + 1.88 pmol g~ h™! for CH,.
On the other hand, COF-367-Co™ exhibits a distinct reduction pattern
with rates of 93.0 + 4.63 pmol g~ h™! for HCOOH, 5.5 + 0.88 pmol g
h~! for CO, and 10.1 + 1.12 pmol g~! h™! for CH4. This observed
variation in reduction rates is attributed to the different spin states of Co
coordination. The spin state of Co plays a pivotal role in influencing the
reduction activity. COF-367-Co", with its spin state, produces a higher
yield of CO and CHj4, while COF-367-Co™, with a distinct spin state,
yields higher amounts of HCOOH compared to its counterpart. The
interaction of CO, and HCOOH with Co and Co™ differs, primarily
influenced by the spin state, as depicted in Fig. 23 (b). Notably, COF-
367-Co™"! involves fewer orbitals in the catalysis process, rendering the
release of HCOOH comparatively easier. This observation is further
substantiated by the calculated potential energy (Fig. 23 (c)).
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8. Approaches for enhanced photocatalytic CO, reduction of
COF via structural and property modification

Photocatalytic CO5 reduction utilizing COFs has considerable po-
tential in tackling climate change concerns, but several crucial param-
eters govern its effectiveness. To begin, efficient CO; capture is vital for
ensuring an adequate supply of reactant molecules for the reduction
process [209,210]. Furthermore, the light-absorbing capability of COFs
plays a vital role in generating photoelectrons, which are required for
catalytic activity [211]. Effective separation of electron-hole pairs is also
required to reduce recombination and maximize reactive species avail-
ability [212]. Other manipulating factors, such as rapid electron trans-
port within COFs, are essential for efficient electron delivery to catalytic
active sites and optimum reduction processes [96,213,214]. In addition,
for the requisite reduction processes to occur, well-defined catalytic
active sites inside COFs are essential [101]. Finally, COF stability is
critical for ensuring longevity and resistance to degradation under
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particular operating circumstances [19]. The full potential of photo-
catalytic COy reduction utilizing COFs can be exploited by fully com-
prehending and optimizing these parameters, paving the path for
sustainable and effective conversion of carbon dioxide into value-added
products. The following discussion offers insight into approaches to
tailoring COFs with improved photocatalytic performance.
Considering the factors mentioned above, several solutions can be
employed to generate COFs with optimized photocatalytic performance.
By carefully selecting linkages and building units, one tactic entails
rationally modifying COF structure and attributes [168]. With this
method, porosity can be altered to enhance CO; affinity [210], stimulate
the separation and formation of electron-hole pairs in an effective
manner [215,216], and expedite electron transfers [211,217]. Addi-
tional catalytic sites may be provided by including COFs with greater
surface areas or by integrating a porphyrin component, both of which
may improve overall photocatalytic activity [218]. Another successful
strategy is the incorporation of desired derivatives into building blocks
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Copyright © permission.

of COFs. Numerous studies have shown that derivative position sub-
stantially impacts photocatalytic activity. This method allows for precise
band gap tuning of the material [148,154,163], which improves
photoelectron generation and light absorption [148,154]. Therefore, the
photocatalytic activity of COFs can be optimized, unleashing their
greater potential for effective CO, removal through photocatalytic
mechanisms.

Metalation is another well-established method for improving COF
photoreduction performance (Table 3). Within the COF framework,
there are two strategies to accomplish the aforementioned. The first
approach involves coordination chemistry at the porphyrin component,
which uses accessible coordination vacancies. As previously mentioned,
the metal ion employed in coordination greatly impacts the photo-
physical and electronic properties of COFs, consequently influencing the
intended catalytic performance [208]. The second method involves
coordinating the metal onto the open ligating atoms of the frameworks,
such as bipyridine. These approaches enable reliable light absorption
control by coordinating a photosensitizer, resulting in better separation
of electron-hole pairs [96]. The coordinated metal ion can also modulate
the coordinating electron deficiency of the building block and alter the
flow of delocalized electrons [223-225]. Furthermore, metal ions can
serve as catalytic active sites to enhance the overall efficiency of COFs in
CO5 reduction [103,226].

M@COF-TVBT-Bpy represents a series of COFs that leverage a met-
alation approach to enhance their functionality. In comparison to the
pristine COF (Fig. 24 (a)), which lacks any anchored metal, metalated
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COFs exhibit remarkable advantages. For instance, Co@COF-TVBT-Bpy
(Fig. 24 (b)) demonstrates significantly improved production rates of CO
at 1835.3 mmol g~! h™}, highlighting the catalytic capability imparted
by metal incorporation. Similarly, Ni@COF-TVBT-Bpy showcases a
substantial generation of CO at 1141.9 mmol g~! h™!, underlining the
efficiency gained through metalation. Moreover, the introduction of
various metal ions (Cu, Zn, Mn) in M@COF-TVBT-Bpy results in
adjustable catalytic activity, influencing the selectivity of CO production
within the range of 48.4% to 64.8%, as demonstrated in Fig. 24 (¢). This
variability shows the significant role played by metal active sites in
dictating the outcome of the CO; reduction process. Contrastingly, the
pristine COF-TVBT-Bpy, lacking efficient active sites within its frame-
work, exhibits almost negligible activity in CO production. The metal
ions anchored in COF-TVBT-Bpy not only act as catalytic centres for CO5
conversion but also enable the regulation of the syngas ratio by adjusting
the type of metal ion. The absence of either CO; or light irradiation
results in a limited reduction of CO, as illustrated in Fig. 24 (d),
emphasizing the interdependence of these factors in the photocatalytic
conversion process. Control experiments further confirm the indis-
pensability of CO, light irradiation, photocatalyst, and photosensitizer
for efficient syngas production (Fig. 24 (e)). Moreover, the exceptional
reusability of Co@COF-TVBT-Bpy is demonstrated through five succes-
sive cycling experiments (Fig. 24 (f)), which show no notable decline in
photocatalytic activity. This highlights the enhanced stability and
durability of metalated COFs, demonstrating their effectiveness in the
photocatalytic reduction of CO,. Consequently, this reinforces their
potential as promising catalysts for sustainable energy conversion
applications.

Finally, post-synthetic alteration is an effective method for tailoring
the chemical environment of COFs, hence improving their structure and
photocatalytic properties [227-229]. Through post-synthetic modifica-
tion, functional groups containing nitrogen or oxygen can be included to
enhance the CO; affinity of COFs, resulting in better CO5 trapping within
their cavities for effective photoreduction [72]. Furthermore, post-
synthetic modifications are implemented to improve the stability of
COFs. Converting the imine bond to an amide bond is one effective
approach for mitigating hydrolysis in high humidity conditions
[194,230]. These post-synthetic alterations are critical for fine-tuning
COFs, allowing for greater CO, capture and improved stability and
facilitating successful photocatalysis.

9. Factors affecting the photocatalytic activity of COFs for COy
reduction

It is essential to comprehend the elements that impact the photo-
catalytic capability of COFs in reducing COy to produce prominent
materials for sustainable development. Several factors affect the per-
formance of COFs in this process, including their structure and compo-
sition, incorporation of metal ions as catalytic sites, and selection of co-
catalysts, among others. This section aims to provide an understanding
of these factors that can enhance the photocatalytic efficiency of COFs. A
fundamental principle modulating the photocatalytic activity of COFs is
the bandgap of the material. COFs with a narrow bandgap efficiently
absorb visible light, leading to enhanced photocatalytic activity, while
those with a wide bandgap absorb UV light, resulting in lower photo-
catalytic activity. Thus, tuning the bandgap is a critical factor in
enhancing the photocatalytic performance of COFs.

The structure and composition of the COF also play a crucial role in
its photocatalytic performance. The choice of donor and acceptor units,
as well as the type of covalent linkage used to assemble the framework,
can influence its electronic properties and surface area. A recent study
showed that N-acylhydrazone-linked COFs (H-COF) that contain a tri-
phenylamine donor and a triphenyl-1,3,5-triazine acceptor and incor-
porated Ni ions into the framework produced H-COF-Ni that exhibited
higher photocatalytic activity for CO, reduction than their imine-linked
counterparts due to the stronger affinity between CO2 molecules and Ni
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Metalation of COFs for desired functionality. Color code: H (green), C (grey), N (blue), O (red), S (yellow), Cl (purple), Br (oliver), Co (brown), Ni (pink), Cu (orange),
Mo (blue-grey), Ru (teal), Re (lime) and Fe (gold).

COF Type Coordination component Functionality Ref Performance
o
Imine-linked % 1200 pmol g ' h™! CO and
H,PReBpy-COF ’ lyti i i 168
oPReBpy-COF  p  ohyrin-based \ Catalytic active site B8] 447 umol g~* h-' HCOOH production
Re-Bpy-sp2c- . . Lo “13-1 .
COF Olefin-linked Catalytic active site [19] 1040 pmol g~* h™" CO production
Enhanced electron-holes
- separation; 1,1 .
Re-CTF-py Triazine based enhanced charge transfer; [160]  353.05 pmol g~ h™" CO production
catalytic active site
[ ]
Re-TpBpy p-keto-enamine-linked > }\ Catalytic active site [155] N/A
i
Ru-CTF Triazine-based > Catalytic active site [219] 2090 pmol g~* h™! HCOO™ production
$
W3
ey Enhanced electron-holes
Conjugated-based, }y [ separation; 1 .
ZnPor@Re Porphyrin-based 2 enhanced charge transfer; (2201 66.2 mmol g™ CO production
J‘ & catalytic active site
\7 / ) /
mine-linked. triazine- — Enhanced electron-holes
Mn-TTA-COF ’ ® separation; [172] 1.7 mmol g~! CO production
based \?
Enhanced charge transfer
3
® == Enhanced electron-holes 6.19 umol g~ h™! CO, 3.57 pmol g !
Mo-COF p-keto-enamine-linked separation; [156] h~! CyH, and 1.08 pmol g ' h™! CH,
enhanced CO, affinity production
/ /
Enhanced electron-holes
Co@COFTVBT- Imine-linked, triazine- — separation; 1.1 .
Bpy based enhanced charge transfer; 1951 1835 pmol g™ h™" CO production
catalytic active site
e
Ni-TpBpy p-keto-enamine-linked Catalytic active site [155] N/A
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COF Type

Coordination component

Functionality Ref

Performance

Sp2c-COFdpy-

Olefin-linked
Co

Co-TPTG¢ p-keto-enamine-linked

Cd-Bpy-COF
Cu-Bpy-COF
Zn-Bpy-COF
Ni-Bpy-COF
Co-Bpy-COF

Imine-linked,
Triazine-based

Imine-linked,

Fe SAS/Tr-COF 1 jazine-based

Imine-linked,

COF-RuBpy-Co Porphyrin-based

Imine-lined,

Cu-COF Triazine-based
oorpra b ramieines
TFBD-COF-Co Imine-linked

TFSB ; -COF-Co- Imine-linked

Y

3T
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Enhanced charge transfer [150]

Enhanced electron-holes

separation; e
221

enhanced charge transfer; 2211

catalytic active site

Catalytic active site [222]

enhanced charge transfer [103]

Photosensitizer [96]

Catalytic a(':tive site; ) [173]

enhanced light absorption

Catalytic active site [181]

Catalytic active site; [106]

enhanced charge transfer

Catalytic active site; [106]

enhanced charge transfer

1.00 mmol g~! h™! CO production

14,641 pmol g~! h~! CO production

17.5 pmol g~* h™! CO and
1.6 umol g ! h™! CH, production
* Cu-Bpy-COF

980.3 pmol g~ h™! CO production

547 pmol g~* h™! CO production

206 pmol g~ h™! CO production

37.3 pmol h™! CO production

1804 pmol h™! CO production

7400 pmol g~! h™! CO production

(continued on next page)
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Table 3 (continued)

COF Type Coordination component Functionality Ref Performance

Enhanced electron-holes
I-COF-Ni Imine-linked \ & ! separation; [176] 1960 pmol g~ CO production in 2 h
’ﬂ enhanced charge transfer

Enhanced electron-holes
H-COF-Ni N-acylhydrazone-lined 7{1 /. separation; [176] 2312 pmol g~* h™! CO production
enhanced charge transfer

7
/
Enhanced electron-holes
USNF?;-H(CH’ i\ilr-lz]i(ce):ilhydrazone- >} Py separation; catalytic active [149] 22,130 pmol g~ h™! Co production
site

@-cCuorNi

N-acylhydrazone- Enhanced electron-holes 3120 ymol g

USTB-12(Ni) linked }iI /. separation; catalytic active [149] €O production
site

/
Ni-TP-CON p-keto-enamine-linked \‘(/b\w Enhanced selectivity of CO, [157] 4361 pmol g h~! GO production
/. towards Ny

}—o
)’ > } Enhanced electron-holes

HB-TAPT+Co 'Irrfil:ei::;g;e d “\ separation; [175] 19.6 pmol g~* h™! CO production
z =K —¢ enhanced charge transfer

7 e 1 Enhanced electron-holes 11
. . g St — - . . . 10.37 pmol g~ h™" CO and
DATP COF-M p-keto-enamine-linked rt‘ :i];aratwn, catalytic active [98] 8.72 ymol g~ h~! HCOOH production
. =Co, Ni, Zn

(continued on next page)
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COF Type Coordination component

Functionality Ref Performance

DQTP COF-M p-keto-enamine-linked

CoNi-COF-3 p-keto-enamine-linked

Co: 1200 pmol g~ h™! CO;
Zn: 152.5 pmol g~ h~! HCOOH
production

Enhanced electron-holes
separation;
catalytic active site

[98]

Catalytic active site;

11 .
enhanced charge transfer 2567 pmol g~ h" €O production

[100]

sites enabled by the linkage microenvironment [176]. The study
revealed the crucial role of N-acylhydrazone linkage in stabilizing Ni
ions in H-COF-Ni and creating the active species, Ni-bpy adduct, formed
by adding bpy. The adduct was cooperatively stabilized by H-COF-Ni,
resulting in higher photocatalytic activity for CO, reduction compared
to the imine linkage in the imine-linked counterpart (I-COF-Ni).

Porosity and surface area are other critical factors to consider in the
design of COFs for photocatalytic CO3 reduction. A highly porous COF
can provide more active sites for CO adsorption and increase the gas
diffusion rate, leading to higher CO, reduction efficiency. The surface
area of COFs also plays a critical role in photocatalytic activity since it
determines the number of active sites available for catalysis. A COF with
a high surface area exhibited a higher CO5 reduction rate than a COF
with a low surface area due to increased active sites for catalysis. Pre-
vious studies have also demonstrated that combining COFs with other
photocatalysts, such as g-C3N4 [110], significantly enhances the pho-
tocatalytic activity for COy reduction due to efficient electron-hole
separation, facilitated separation of photogenerated electron-hole
pairs, and the presence of additional redox centres.

By better understanding the factors that influence the photocatalytic
activity of COFs, researchers can tailor the structure and composition of
COFs to enhance their performance for CO; reduction. This can lead to
the development of more efficient and sustainable methods for con-
verting CO; into useful chemicals, essential for mitigating the effects of
climate change and transitioning towards a more sustainable future.
Fig. 25 presents an overview of the mechanism and factors influencing
the photocatalytic reduction of CO2 using COFs.

10. Comparison of COFs with other photocatalysts for CO5
reduction

While COFs have shown tremendous promise as photocatalysts for
CO4, reduction, it is critical to comprehend the benefits of alternatives.
Due to their potential for CO, reduction, alternative photocatalysts such
as metal oxides, metal-organic frameworks (MOFs), and quantum dots
have received much attention (Fig. 26). These materials offer distinct
advantages that may improve the efficiency and selectivity of the
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photocatalytic CO, reduction process. Hence, it is essential to evaluate
the advantages of these alternative photocatalysts over COFs, as well as
any potential limitations associated with their use.

Among these, metal oxides, such as TiOz, WOs3, ZnO, Cup0, and
CeO,, offer substantial advantages as CO. reduction photocatalysts.
These materials presented exceptional performance in driving the CO»
conversion process, rendering them ideal for this application [231].
Furthermore, metal oxides are inexpensive, long-lasting, and efficient,
making them economically viable for large-scale implementation [232].
Nevertheless, there are some limitations associated with its use. One
such constraint is the occurrence of photo-corrosion, which can result in
the oxidation or reduction of semiconductors or active metal centres,
leading to reduced photocatalytic activity [233]. Another example in-
cludes the insufficiently negative electron flat-band potential of TiO5 to
reduce CO,, thereby impeding the CO, conversion efficiency effectively
[234].

MOFs and COFs share similarities as porous materials with tuneable
structures and properties. The key distinction, however, is the presence
of metal in MOFs that provides prospective benefits for photocatalytic
CO; reduction. Incorporating judiciously selected metals during MOF
synthesis permits light absorption properties and active reduction sites,
resulting in improved photocatalytic performance [235]. Nonetheless,
the presence of metals imposes some constraints. For instance, the dative
bond in MOFs is weaker than covalent bonds, which can affect the
material’s overall stability [236].

Compared to COFs, quantum dots (QDs) offer numerous benefits in
photocatalytic COy reduction. For instance, QDs exhibit remarkable
turnover numbers, as exemplified by a reported CulnS; QD system with
a turnover number over 80,000 for CO, reduction to CO [237]. The
above implied their outstanding catalytic effectiveness and capability
for significant CO, conversion. Secondly, excellent light absorption
across a wide spectrum of wavelengths is a property of QDs that renders
it possible for them to harness more solar energy during the photo-
catalytic process [238]. Compared to COFs, their greater photocatalytic
activity results from their greater light absorption. In addition, the
tunability of QDs enables precise control over their size and composi-
tion, enabling the optimisation of their photocatalytic characteristics for
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Fig. 24. Chemical structures of (a) COF-TVBT-Bpy and (b) Co@COF-TVBT-Bpy. (c) Photocatalytic performances of M@COF-TVBT-Bpy (M = Co/Ni/Cu/Zn/Mn). (d)
Photocatalytic CO, reduction under various reaction conditions. (e) Effect of incident light wavelength on the photocatalytic performance of Co@COF-TVBT-Bpy and
(f) Reusability test of Co@COF-TVBT-Bpy in photocatalytic reaction. Reproduced through Copyright © permission.

particular applications [239,240]. Nevertheless, it is crucial to identify
the limitations of QDs. The potential toxicity of QDs containing heavy
metals like cadmium or lead is one of the major issues [241,242]. Due to
the possible risks to the environment and human health associated with
these metals, it is imperative to handle QD-based photocatalysts care-
fully. Additionally, QDs are susceptible to stability issues, including
oxidation and degradation, which can significantly diminish their pho-
tocatalytic activity over time [243]. The stability issues must be over-
come to ensure the long-term performance and practical applicability of
QD-based photocatalytic materials.

On the other hand, COFs offer several beneficial properties over the
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aforementioned materials. For instance, COFs feature well-defined
porous structures, similar to MOFs, that facilitate the efficient trap-
ping of CO5. Moreover, the porosity of COFs can be carefully tuned to
accommodate more CO,. Meanwhile, COFs demonstrate noteworthy
stability and resistance to light-induced degradation due to their cova-
lent bonding framework, which enables their use in a wide range of
light-driven applications, including photocatalysis and solar energy
conversion. Unlike QDs, COFs pose minimal environmental impact
because they are non-toxic materials. However, there are some draw-
backs to using COFs, such as having a relatively lower capacity for light
absorption than the materials previously discussed, which may reduce
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Fig. 25. Overview of the mechanism(s) and factors influencing the photocatalytic reduction of CO5 using COFs.

Metal Oxide

(9@

Fig. 26. Selected materials for photocatalytic CO, reduction.

their photocatalytic effectiveness. To overcome this limitation, the
incorporation of a photosensitizer is often employed.

The synergistic effect of combining COFs and other photocatalytic
materials holds significant promise. This approach enables the devel-
opment of photocatalytic systems that are both highly effective and
specifically engineered to address climate-related issues. By integrating
COFs with complementing materials, limitations are eliminated, and
new opportunities are made possible. For instance, combining
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semiconductor materials like metal oxides or quantum dots with the
high porosity and adjustable architectures of COFs for improved CO»y
capture, charge separation, and solar energy utilization. The integration
of COFs with cocatalysts or photosensitizers may also optimize light
absorption, electron transfer, and targeted chemical transformation.
Synergistic strategies, therefore, offer opportunities for the design of
hybrid systems that demonstrate robust stability, catalytic selectivity,
and surface modification capabilities, thereby paving the door for long-
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term CO5 reduction and a low-carbon future.
11. Challenges and future directions

While COFs show great promise as photocatalysts for CO, conver-
sion, several key challenges must be addressed to harness their potential
fully. Foremost is improving the long-term photostability and structural
integrity of COFs under the reactive conditions required for COy
reduction. Exposure to oxidative radicals, high temperatures, and other
harsh reaction environments can degrade the covalent organic frame-
works over time, limiting their reusability. Strategies to enhance sta-
bility, such as incorporating more robust linkages or protective coatings,
are active areas of research. Optimizing CO, adsorption and activation
on the COF surface is another critical hurdle. Many COFs exhibit hy-
drophobicity or lack sufficient interaction sites, resulting in poor affinity
for CO, molecules. Tailoring the pore structure, functionality, and sur-
face chemistry can improve CO; capture and subsequent activation for
conversion. Integrating appropriate cocatalysts or catalyst supports with
COFs may also facilitate this process.

Scaling up COF synthesis for large-scale photocatalytic applications
remains a significant challenge. The complex, multi-step synthesis
techniques used to produce high-quality COFs in the lab are difficult to
translate to consistent, cost-effective manufacturing. Developing scal-
able fabrication methods is necessary to move COF photocatalysts from
the research stage to real-world implementation. Additionally,
expanding the light absorption capabilities of COFs beyond the current
UV-visible range is important to maximize utilization of the solar
spectrum. Incorporating light-harvesting chromophores or forming
heterostructures with other light-absorbing materials could enhance
broadband light harvesting. Improving charge carrier separation and
transport within COF frameworks is another area requiring further
research to boost overall photocatalytic performance.

Overcoming these challenges will require continued interdisci-
plinary collaboration among materials scientists, chemists, engineers,
and catalysis experts. Innovative solutions combining tailored COF
design, advanced characterization, and reactor engineering will pave
the way for transformative photocatalytic CO5 conversion technologies.
With sustained progress, COFs hold great promise to play a pivotal role
in developing sustainable approaches to climate change mitigation and
renewable chemical production.

11.1. Future research direction on COFs for photocatalytic COz reduction

Future research areas in COFs for photocatalytic CO2 reduction
include the integration of functional moieties into COFs. The potential of
this approach is detailed in the following section.

11.1.1. Functional moieties for improved catalytic activity

Incorporating functional moieties into COFs can significantly
improve their catalytic performance for COy reduction. Functional
groups, such as amines, carboxylates, or metal centers, serve as active
sites for the adsorption, activation, and conversion of CO,. Their pres-
ence enhances selectivity, reaction kinetics, and overall efficiency of the
reduction process. Future research should focus on exploring various
functional groups and optimizing their spatial arrangement within the
COF structure to maximize catalytic activity. Functional moieties can be
integrated into the COF framework to form covalent bonds or create
active sites, thereby facilitating enhanced charge transfer and efficient
coupling of intermediate species during CO5 reduction. Investigating the
precise placement and density of these moieties is crucial for optimizing
catalytic performance and improving photocatalytic efficiency. More-
over, the introduction of certain functional groups can alter the redox
properties of COFs, which is essential for efficient electron transport in
photocatalysis. Incorporating redox-active molecules, such as metal
complexes or organic chromophores, can optimize redox potentials and
electron transfer pathways, thereby boosting photocatalytic COq
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reduction. Additionally, functional moieties can modify the surface
characteristics of COFs to improve CO adsorption capacity. By adding
groups with a high affinity for CO,, researchers can enhance the
accessibility of COy molecules to active sites within the COF structure,
leading to improved photocatalytic performance. Functional groups can
also be covalently bonded to the COF framework, creating active sites
that facilitate efficient charge transfer and intermediate species
coupling. Future studies should aim to fine-tune the placement and
density of functional moieties to optimize photocatalytic CO5 reduction.
Furthermore, incorporating diverse functional moieties may enable
sequential and multi-step catalytic processes, allowing COFs to pro-
gressively reduce COy to value-added products. Developing multi-
functional COFs capable of performing multiple catalytic processes
simultaneously is a promising research direction for enhancing the ef-
ficiency and selectivity of photocatalytic CO5 reduction. Overall, inte-
grating functional moieties into COFs represents a promising strategy for
advancing photocatalytic CO, reduction, potentially leading to the
development of highly efficient COF-based photocatalysts essential for
effective COy conversion and climate change mitigation.

11.1.2. Designing COFs with tailored properties

Developing COFs with tailored properties through rational design
and synthesis will be critical for future advancements in their applica-
tion as photocatalysts for CO, reduction. Targeted efforts to engineer
COFs with precise pore sizes, surface chemistries, and light absorption
characteristics have the potential to significantly improve their photo-
catalytic efficiency. For instance, incorporating photo-responsive chro-
mophores or widening absorption spectra could enhance light
harvesting. In addition, modifying framework structures to increase
charge carrier mobility and conductivity may enable more efficient
charge separation and transport. A key research focus will be the tar-
geted development of COFs with structural properties optimized spe-
cifically for photocatalytic CO; transformation. This involves
experimenting with variable building blocks, linkers, and synthetic
protocols to synthesize COFs featuring customized pore networks, sur-
face areas, crystal structures, and accessible active sites.

Another important consideration is fine-tuning the band structure
through rational functionalization to promote effective photoexcited
charge transfer during CO» conversion. = This can be achieved by
incorporating functional groups or chromophores that modulate energy
levels within the COF framework, thus expanding the spectrum of light
absorption and improving CO» conversion efficiency and solar energy
utilization. Similarly, improving the stability and durability of COFs
under photocatalytic conditions is critical for their practical application.
Future research should focus on strategies to enhance COF stability, such
as investigating novel linkages or incorporating functional groups that
promote robustness. Additionally, methods to minimize degradation
and maintain catalytic activity over extended operation periods will be
essential for realizing the long-term application of COFs in photo-
catalytic CO; reduction.

Furthermore, the development of advanced characterization tech-
niques will also be critical in understanding the structure-function re-
lationships in COFs for photocatalytic CO, reduction. Employing
methods like in situ spectroscopy, time-resolved spectroscopy, and
advanced microscopy will provide valuable insights into the photo-
catalytic mechanisms, charge dynamics, and surface properties of COFs.
These techniques are crucial for optimizing COF properties and
designing more efficient photocatalysts.

11.1.3. Developing new synthetic approaches for COFs

Computational modelling and data-driven methodologies will play
an increasingly important role in advancing new synthetic strategies for
COFs. Future research should leverage computational techniques to
inform the design of innovative building blocks, predict COF structures,
optimize synthesis conditions, and investigate structure-property re-
lationships. Additionally, data-driven approaches, including machine
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learning and high-throughput screening, offer the potential to signifi-
cantly expedite the discovery of new COFs with enhanced photocatalytic
CO;, reduction capabilities.

Post-synthetic alterations are a flexible method for adding func-
tionality and improving the features of COFs. Future studies should
concentrate on creating novel post-synthetic modification approaches to
improve COF features important to photocatalytic CO, reduction. Sur-
face functionalization, doping, and guest molecule inclusion are exam-
ples of such techniques. These alterations can add active sites, improve
CO4 adsorption, or improve charge transfer characteristics, all of which
improve COF photocatalytic activity. Moreover, green and scalable
synthesis techniques for COFs are an important future focus. Conven-
tional COF synthesis often relies on harsh reaction conditions and toxic
solvents. Future investigations should prioritize the development of
more environmentally friendly and sustainable approaches, including
solvent-free or solvent-reduced processes, microwave-assisted synthesis,
and the use of non-toxic solvents. Efforts should also be directed toward
establishing scalable synthesis techniques that can produce COFs in
large quantities, which would significantly enhance their practical
application in photocatalytic CO2 reduction.

Furthermore, advancing COF synthesis will require the exploration
of novel building blocks and linkers. This involves the design and syn-
thesis of new organic compounds that can serve as building blocks for
COF assembly. By introducing diverse and functionalized building
blocks, researchers can expand the structural diversity and properties of
COFs, enabling precise tuning of their photocatalytic activity for CO5
reduction. Similarly, the development of new linkers with varying sizes,
geometries, and functionalities will facilitate the creation of COFs with
unique architectures and enhanced features.

Controlling the growth and crystallinity of COFs is also essential for
optimizing their photocatalytic performance. Future research should
focus on developing innovative synthetic methodologies, such as
template-directed or seed-mediated approaches, that offer precise con-
trol over the growth process. These methods hold promise for producing
well-defined and highly crystalline COF structures with superior pho-
tocatalytic activity. Furthermore, advances in understanding COF
nucleation and growth mechanisms will enable the design of synthetic
strategies that yield COFs with specific sizes, shapes, and orientations,
further enhancing their practical applicability in environmental and
energy-related fields.

12. Potential impact of COFs on sustainable solutions for
mitigating climate change

COFs hold significant promise for contributing to long-term climate
change mitigation strategies. Their potential impact on addressing this
global challenge can be explored through several key applications:

One of the most promising uses of COFs is as CO2 reduction photo-
catalysts. COFs can transform CO; into useful chemicals or fuels by
capturing solar energy, lowering greenhouse gas emissions, and
increasing the use of COs as a resource. This technique provides a sus-
tainable and renewable alternative to typical energy-intensive proced-
ures and feedstocks derived from fossil fuels. COFs can be used for CCS,
an important technique for reducing CO, emissions from industrial ac-
tivities. COFs with large surface areas and customized adsorption
characteristics can absorb COj selectively from flue gas streams or other
emission sources. The gathered CO, may subsequently be stored un-
derground or converted into useful goods, reducing its environmental
influence. In addition, COFs can also be used to power energy storage
and conversion devices. The unique porous architectures and custom-
izable features of COF can improve energy storage capacity, charge/
discharge rates, and cycle stability when integrated into energy storage
devices such as batteries or supercapacitors. COFs can also be used in
energy conversion devices such as fuel cells or solar cells to improve
energy conversion and utilization.

Beyond energy and emissions technologies, COFs can also help with
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long-term water treatment and purification solutions. Because of their
porous architecture and affinity for certain contaminants, they are
excellent for applications such as water filtration, desalination, and
pollutant and heavy metal removal. COFs can be used as adsorbents,
catalytic supports, or membrane materials, providing novel and sus-
tainable alternatives to clean water generation. Additionally, their large
surface areas, well-defined architectures, and tunable functionalities
make COFs excellent candidates for catalytic applications. They can
serve as catalysts or catalyst supports in environmentally friendly and
energy-efficient chemical reactions, leading to reduced energy con-
sumption, waste production, and environmental impact.

COFs also exhibit unique structural and chemical characteristics
make them ideal candidates for constructing sensors for detecting
greenhouse gases. They can be functionalized to interact with gases such
as COy, methane (CHy), or nitrous oxide (N20). Incorporating COFs into
sensor devices makes monitoring and measuring greenhouse gas emis-
sions feasible, allowing for targeted mitigation techniques and emissions
reduction initiatives. Leveraging the capabilities of COFs could
contribute to a more sustainable, low-carbon future, addressing climate
change and reducing dependence on non-renewable resources.

13. Conclusion

The review provides valuable insights into the promising yet still
developing application of COFs for photocatalytic CO, reduction. COFs
display desirable characteristics including high porosity, structural
tunability and stability. However, major technological challenges sur-
rounding photocatalyst robustness, efficient CO, uptake and activation,
reactor design at scale, and scalable synthesis must still be addressed.
Researchers have explored strategies to enhance COF resilience, surface
properties for CO, adsorption, and mass transfer via reactor optimiza-
tion. Efforts have also focused on developing scalable synthesis and
boosting CO2 binding affinity. Post-synthetic functionalization offers a
way to optimize COF structure-function relationships and photocatalytic
activity. While COFs demonstrate prospective solutions for curbing
greenhouse gas emissions by solar-driven CO, transformations, further
cross-disciplinary advancements are needed to resolve stability, reaction
kinetics, process integration and scalability issues. Structural engineer-
ing approaches may also help to gain photophysical properties critical
for COy photoreduction. With continued progress in COF design and
interdisciplinary collaborations, these promising materials could
potentially enable practical, solar-powered CO; recycling in the future.
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