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Abstract: Harnessing solar energy and converting it into renewable fuels by chemical processes,
such as water splitting and carbon dioxide (CO,) reduction, is a highly promising yet challenging
strategy to mitigate the effects arising from the global energy crisis and serious environmental
concerns. In recent years, covalent organic framework (COF)-based materials have gained substantial
research interest because of their diversified architecture, tunable composition, large surface area,
and high thermal and chemical stability. Their tunable band structure and significant light absorption
with higher charge separation efficiency of photoinduced carriers make them suitable candidates
for photocatalytic applications in hydrogen (Hj;) generation, CO, conversion, and various organic
transformation reactions. In this article, we describe the recent progress in the topology design and
synthesis method of COF-based nanomaterials by elucidating the structure-property correlations
for photocatalytic hydrogen generation and CO, reduction applications. The effect of using various
kinds of 2D and 3D COFs and strategies to control the morphology and enhance the photocatalytic
activity is also summarized. Finally, the key challenges and perspectives in the field are highlighted
for the future development of highly efficient COF-based photocatalysts.

Keywords: covalent organic frameworks; photocatalysis; CO, reduction and water splitting

1. Introduction

Covalent organic frameworks (COFs) are a new emerging class of porous and crys-
talline materials, which are made of organic groups linked together via robust covalent
bonds [1-3]. The periodic arrangement of organic polymers is formed through imine, hy-
drazone, ketoenamine, and azine bond linkages. The first report on the synthesis of COFs
by the condensation of boronic acid to form a boroxine-based framework was reported by
Yaghi et al. in 2005 [4]. Since then, COFs have received significant attention and the rapid
development in the design of crystalline porous materials has recently become an attractive
field of research [5-13]. Figure 1 illustrates the timeline and several approaches for the
synthesis of COF materials [14]. They can be constructed by using various building blocks
to form two- or three-dimensional frameworks with structural tunability, following the
reticular chemistry principle [10,12,13,15,16]. The two-dimensional (2D) COFs are formed
by the stacking of atomic layers into overlapping layers through n—m interactions and
extending these networks into three-dimensional arrangements results in 3D COFs [17].
Figure 2 displays the topology diagram to construct several types of 2D and 3D COFs
with different linkers and knots, details of principles and strategies can be referred to in
a recently reported review article [18]. The precise and predictable structures of COFs
enable the understanding of their structure-property relationships [19,20]. They offer a
platform for designing ordered organic structures, which are capable of displaying excellent
performances in catalysis [21-23], gas storage [24,25], and ion conduction [26,27].
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Figure 1. Synthesis strategies and timeline of development of COF materials. Reproduced with
permission from reference [14]. Copyright 2021, Elsevier.

COFs display special characteristics when compared with traditional porous ma-
terials such as mesoporous silica [28,29], metal organic frameworks (MOFs) [30] and
zeolites [31-33]. The tunable porous structure of COFs can display even superior reaction
yields in comparison to the other semiconductor based photocatalysts such as graphitic
carbon nitride (g-C3Ny) [34,35]. In 2008, Jiang et al. reported the semiconducting behavior
of boronic ester-based terephthalaldehyde (Tp)-COF along with the photocurrent measure-
ments in the self-condensation of ppy-COF (ppy; pyrenediboronic acid) [36]. It has been
reported that the pore wall can serve as reaction sites for the faster immigration of charge
carriers under light irradiation conditions. The advantages of using COFs as photocatalysts
materials are; (i) easy tunability of band structure and morphology by incorporating vari-
ous building blocks; (ii) higher surface area and porous structure creating more active sites
and providing easy accessibility of the substrate molecules when compared with traditional
silica and zeolite materials; (iii) higher thermal and chemical stability due to the covalent
bond linkages unlike coordinate bonds in MOFs; (iv) strong m—m interactions between
the layers assisting in the charge carrier transportation; and (v) the appropriate bandgap
enables the visible-light responsive ability. Further, the bandgap engineering can be tai-
lored by the choice of suitable monomers and diverse functionalities. Covalent triazine
based frameworks (CTFs) are another class of porous polymers made of aromatic triazine
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linkages containing several nitrogen functionalities [37-40]. The presence of triazine units
within the framework allows the stabilization of heterostructures via strong metal-nitrogen
interactions, resulting in a stable, photo-responsive framework when compared to the first
type of COFs (COF 1 and COF 5), which were unstable in aqueous media.

A. 2D COFs
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Figure 2. Schematic representation for design and construction of (A) 2D COFs and (B) 3D COFs.
Reproduced with permission from reference [18]. Copyright 2021 Elsevier.
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In recent years, the number of publications exploring the photocatalytic applications
of COFs in hydrogen generation and CO, reduction has recently seen a sharp increase.
Therefore, a review article that focuses on more recent studies and applications is highly
desirable, and will benefit the researchers interested in this exciting field. Other than hydro-
gen evolution and CO, reduction, COFs have also been employed in several other reactions.
For example, Yang et al. studied the visible-light-driven aerobic oxidation of small organic
molecules using 2D-COF-1 under mild reaction conditions. The molecular oxygen acti-
vation by COF-based photocatalyst displayed high efficiency and good functional group
tolerance [41]. A new COF material decorated with Pt was reported to be photoactive in the
decarboxylative difluoroalkylation and oxidative cyclization reaction [42]. Several other
reports explored the photocatalytic degradation of organic pollutants, dyes, chlorinated
biphenyls [43,44]. A mechanochemical approach of ball milling synthesis method for TpMA
(1,3,5-triformylphloroglucinol melamine)-COF material was explored in the photocatalytic
degradation of phenol [45]. A two-component triazine based COF with Ni-single sites was
designed for the first time in the sulfur-carbon cross-coupling reaction [46].

This article highlights recent developments in synthetic methodologies of COF frame-
works for their application in the photocatalytic hydrogen evolution and CO; utilization
reactions, with a view to mapping structure-activity relationships. The synthesis protocols,
novelty aspect, and the photocatalytic performances has been summarized along with a
brief discussion of their mechanistic pathways under visible light irradiation conditions. Fi-
nally, we conclude by presenting our views on the current challenges and future directions
in the strategic design and applications of COF-based hybrid photocatalysts.

2. COFs-Based Hybrids for Photocatalytic Hy Generation

Photocatalytic hydrogen evolution from water is a promising and sustainable ap-
proach to convert solar energy into chemical energy. Hydrogen is a clean fuel and can
be produced by using renewable sunlight and water or hydrogen storage materials in
the presence of a suitable photocatalyst [47]. Recently reported studies have revealed
the affinity of COFs for generating hydrogen from water because of their ordered and
crystalline structure [48-52]. In this section, we will discuss the recent reports investigating
photocatalytic hydrogen generation using COF-based hybrid catalysts. Tables 1 and 2 enlist
the synthesis and novelty aspect of the reported COF-hybrid frameworks along with a
brief comparison of their photocatalytic performance in the hydrogen generation reaction.

In general, COF based photocatalysts are used in conjunction with noble metal
nanoparticles (NPs) as a cocatalysts to reduce the recombination rate of photogenerated
charge carriers. Zhang et al. reported the ketoenamine-based covalent organic framework
combination with non-noble metal MoS, for the first time in 2019 in order to find an
alternative to scarce and expensive noble metal NPs [53]. An exfoliated MoS; dispersion of
N,N-dimethylformamide (DMF) was used for the in situ growth of TpPa-1-COF to form a
MoS, / TpPa-1-COF composite material. DMF was used as the solvent in order to exfoliate
MoS, via sonication to form ultrathin nanosheets, as shown in Figure 3a. The SEM images
display a flower-like nanorod morphology of TpPa-1-COF and a distribution of MoS;
nanosheets over TpPa-1-COF was observed for MoS, /TpPa-1-COEF. The optical absorption
intensity of the composite was observed within the range of 200-800 nm, which was much
more intense than the individual components. The valence band (VB) and conduction band
(CB) calculation of the MoS, /TpPa-1-COF composite was estimated to be more negative
than H* /H; and more positive than O, /H,0O potential, respectively, hence confirming its
ability for water splitting.
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Table 1. Synthesis protocols and novelty aspects of hybrid COF-based frameworks explored in hydrogen evolution reaction.

COFs Synthesis Novelty Ref.
In situ growth of COF in an exfoliated MoS, dispersion in MoS; nanosheets evenly
MoS, /TpPa-1-COF & DME 2 dISp distributed on flower-like [53]
cluster TpPa-1-COF
CdS-CTF-1 Impregnation combined with photodeposition approach ~ Smaller sized CdS NPs with [54]
to disperse CdS NPs on triazine based COF more exposed active sites
TTR-COF Condensation of 1,3,5-tris(4-formylphenyl)triazine (TFPT) Selective adsorption of Au
(thioether and 2,5-bis(2-ethylthio)ethoxy)terephthalohydrazide through affinity of thioether [55]
functionalized) (BETH) under solvothermal conditions functionalized COF
Knoevenagel condensation approach with linear and Honeycomb-like porous COF
g-C18N3-COF and . _ _ . 2
CaNA-COF trigonal aldehyde monomers to form g-C;3N3-COF and structures with sp [56]
§7-831N3 g-C33N3-COF, respectively carbon-linked triazine units
3D ordered porous COF with
An irreversible polymerization of supramolecular organic ~ a channel diameter of 2.3 nm,
sCOF-101 framework through cucurbit [8] uril [2+2] capable of enriching [57]
photodimerization photosensitizer and
redox-active sites in water
An outer sphere of electron
Solvothermal acid catalyzed condensation between transfer from azine-linked
N2-COF 1,3,5-triformylbenzene (TFB) and N2-COF to cobaloxime [58]
2,5-diethoxyterephthalohydrazide (DETH) co-catalyst, as revealed by
quantum calculations
Propargyl-functionalized
DETH was replaced with propargyl-containing COF-42 with covalently
Cobaloxime 2,5-bis(prop-2-yn-1-yloxy)terephthalohydrazide (DPTH) tethered three different [59]
immobilized COF-42 to provide functional sites for covalent attachment of cobaloxime to form
cobaloxime by click-chemistry approach COF—cobaloxime hybrid
catalyst
BtCOF-150 Substitution of the central benzene ring of TpCOF with ;’it;e 12 Aegtiar;kiivifcohi?z [60]
benzothiazole (Bt) at 150 °C played mpre &
migration
The COF forms oriented 2D
Mixture of COF and NH,-TizC, Ty ultrasonicated layers parallel to the substrate
ATNT hybrid followed by heating at 120° C for 3 days to form a dark  surface with vertically aligned [61]
red precipitate m-columns in the ATNT
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Figure 3. (a) Schematic illustration of the synthesis procedure of MoS, / TpPa-1-COF composite material and (b) mechanistic

illustration of photocatalytic hydrogen evolution using MoS, / TpPa-1-COF under visible light irradiation. Adapted with

permission from reference [53]. Copyright 2019, The Royal Society of Chemistry.
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Table 2. COF-based hybrid materials for photocatalytic hydrogen generation reaction.
Photocatalytic
COFs Type Light Source Reaction Conditions Performance Ref.
(umolh—1g-1)
. Ketoenamine- 300 W Xe lamp Catalyst (10 mg), ascorbic acid
ATNT hybrid based (A > 420 nm) (100 mg), 3 wt % Pt as cocatalyst 14,228 [61]
P Covalent 300 W Xe Catalyst (20 mg), lactic acid
CdS-CTF-1 triazine-based (A > 420 nm) (8 mL), water (80 mL) 11,430 [54]
MoS, /TpPa-1- Ketoenamine- 300 W Xe Catalyst (10 mg), ascorbic acid 5585 53]
COF based (A > 420 nm) (100 mg), water (50 mL)
Catalyst (5 mg), triethanolamine
; . 300 W Xe lamp (100 pL), acetonitrile (10 mL),
N2-COF Hydrazone-based (I =100 mW cm~2) chloro(pyridine)cobaloxime 782 (58]
(400 pL, 2.48 mM) as co-catalyst
BtCOEF-150 (Bt: Ketoenamine- 300 W Xe lamp Catalyst (20 mg), 1wt % Pt,
L. water—TEOA (4:1, 100 mL, 750 [60]
benzothiadiazole) based (A > 400 nm)
pH11)
300 W Xe Catalyst (50 mg), ascorbic acid
g-C1gN3-COF 2D triazine-based (100 mL, 1 M), 3 wt % Pt 292 [56]
(A > 420 nm)
as cocatalyst
Cobaloxime Catalyst (5 mg), acetonitrile
immobilized Hydrazone-based i ?ioi) Ogvri(‘i/liﬂgz) (10 mL), triethanolamine 163 [59]
COF-42 B (100 pL)
;Eﬁili_e(i}?e l; Covalent 300 W Xe Catalyst (20 mg), seawater 141 [55]
. . triazine-based (A > 420 nm) (50 mL), triethanolamine (5 mL)
functionalized)
3D-
sCOF-101 300 W solid state Methanol (2 mL), pH = 1.8, _
(water soluble) supramolecular light [Ru(bpy)s]**, POM TON =400 [57]

framework-based

With an optimum loading of 3 wt % MoS,, the nanocomposite produced hydrogen
with an evolution rate of 55.85 umolh~! under visible light irradiation with an apparent
quantum efficiency of 0.76% at 420 nm. The obtained catalytic performances were found to
be better than pure TpPa-1-COF (1.72 umolh ') and Pt/ TpPa-1-COF (54.79 umolh~'). The
composite displayed excellent stability for five recycling tests without any decrease in the
photocatalytic activity. The mechanistic pathway revealed the role of MoS, in facilitating
the transfer of photogenerated electrons from COF to MOS;, thereby reducing the recombi-
nation rate of charge carriers, as studied by photoluminescence, time-resolved fluorescence,
and electron paramagnetic resonance spectroscopy. The electrons accumulated on MoS; act
as a reductant, producing Hy, and the sacrificial agent, ascorbic acid as illustrated in Figure
3b, consumes the corresponding holes created in the VB. This work can be cited as one
of the first examples in combining the non-noble metal catalysts with COFs for enhanced
hydrogen evolution activity.

The suitable band gap of CdS (2.4 eV) and its size dependent electronic properties
makes it an ideal semiconductor photocatalyst for solar light utilization. Very recently,
Wang et al. pioneered the approach of combining CdS NPs with covalent triazine based
frameworks (CTFs) to form CdS-CTF-1, via a method combining photodeposition and
impregnation. In this method, a suspension of CTF-1 and CdCl, in absolute methanol
was prepared, and Sg was subsequently added dropwise under an inert atmosphere with
visible light irradiation. The conduction band electrons formed by CTF-1 upon light
irradiation assist in the reduction of Cd?* to Cd to form CdS NPs as shown in Figure 4a.
SEM images revealed the formation of much smaller CdS NPs when combined with CTF-1
indicating the importance of CTF-1 layers to achieve highly dispersed NPs. For comparison
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of the catalytic activities, CdS/CTF-1 nanocomposite was also prepared by a solvothermal
synthesis method. The interaction between CdS and CTF-1 to form a heterojunction was
studied by the observed shift in the binding energy values in the Cd, S, and N XPS spectra.
The photocatalytic performance for hydrogen generation was tested in the presence of
lactic acid (LA) as a sacrificial agent and Pt as a cocatalyst over different samples as shown
in Figure 4b. The superior catalytic performance with an optimum 20% CdS in CdS-CTF-1
was ascribed to the smaller sized CdS NPs and close contact between CdS and CTF-1 layers
assisting in enhancing the separation efficiency of charge carriers. The charge carriers are
formed by both CdS and CTF-1 under visible light irradiation conditions as illustrated in
Figure 4c. As a result, the catalytic cycle for reducing water to H; takes place through a
transfer of electron from CTF-1 to CdS, and then CdS to the Pt NPs. Holes migrate from
CdS to CTF-1, where they are quenched by the sacrificial agent, LA.

a
o R ||
|
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0o 0oy
In situ impregnation Photo-deposition
CTF-1 cdcl, S ) Cds V-
124 11.43 CdS-CTF-1
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Figure 4. (a) Schematic illustration of the formation of CdS-CTF-1 nanocomposite, (b) hydrogen
evolution reaction over (1) no catalyst, (2) without light, (3) CTF-1, (4) CdS, (5) 5%CdS-CTF-1,
(6) 10%CdS-CTE-1, (7) 20%CdS-CTF-1, (8) 40%CdS-CTF-1 and (9) 20%CdS/CTF-1, (c) proposed
mechanism for hydrogen generation over CdS-CTF-1. Adapted with permission from reference [54].
Copyright 2020, Elsevier.

The special affinity of Au towards the thioether functional group was studied by func-
tionalizing a COF with a thioether group (TTR-COF), which assisted in the specific adsorp-
tion of Au over other alkaline and alkaline-earth metal cations in seawater. This was then
used to produce hydrogen under visible light irradiation conditions [55]. The 2D thioether
functionalized COF was synthesized by a condensation of 1,3,5-tris(4-formylphenyl)triazine
(TFPT) and 2,5-bis(2-(ethylthio)ethoxy)terephthalohydrazide (BETH) under solvothermal
conditions to form TTR-COF. The Fourier transform infrared (FT-IR) spectra confirmed the
successful formation of the COF by the appearance of a hydrazone bond peak at 1610 cm ™!
and the disappearance of the aldehyde and amine group peak from TFPT and BETH,
respectively. The photocatalytic H, evolution from seawater displayed a reaction rate of
141 pmolh~!g~! with a stable activity for up to five catalytic cycles. An analogous COF
without thioether functional group was prepared (TFPT-COF) to compare Hj, evolution
activities. A significantly superior reaction rate for TFPT-COF was observed, but it de-
creased significantly with subsequent runs unlike TTR-COF, with a stable performance
lasting up until five catalytic cycles. The transmission electron microscopy (TEM) image
of the recovered catalyst in TFPT-COF displayed aggregated Au NPs, whereas TTR-COF
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displayed a uniform dispersion of Au NPs with an average particle size of 3.4 nm. The
affinity of Au towards thioether stabilizes the Au NPs in TTR-COF, resulting in a higher
catalytic stability. The conjugated framework of TTR-COF facilitates the transportation of
charge carriers in which the photogenerated electrons migrate to the Au cocatalyst to carry
out the H, generation from water.

Zhang et al. reported a Knoevenagel condensation approach to prepare a 2D triazine-
based COF with unsubstituted olefin linkages [56]. The two different monomers of alde-
hyde i.e., linear and trigonal, were used to prepare different COFs named as g-C13N3-COF
and g-C33N3-COF, respectively. The frameworks displayed strong absorption in the visible
region with a peak maximum at 400450 nm, suggesting their efficient light harvesting abil-
ity. The photocatalytic hydrogen evolution was carried out in the presence of ascorbic acid
(1 M) as a sacrificial agent and 3 wt % Pt as a cocatalyst under visible light irradiation. The
significantly superior catalytic activity of g-C;gN3-COF (14.6 pumolh~1) over g-C33N3-COF
(3.7 umolh~1) was ascribed to their intrinsic structural properties. The photoluminescence
(PL) emission spectra at an excitation wavelength of 365 nm was red shifted by ca. 25 nm
for g-C13N3-COF in comparison to g-C33N3-COEF. This shift indicates the larger m-extended
structure of g-C1gN3-COF with a much longer lifetime of photogenerated excitons of 7.25 ns
indicating the decreased rate of charge recombination and hence superior photocatalytic
activity. The apparent quantum yield (AQE) was found out to be 1.06% under 420 nm
monochromatic light irradiation. This work can be cited as one of the early reported
examples for the synthesis of 2D COFs with enhanced stability and extended backbones
displaying superior hydrogen evolution under visible light irradiation.

Most of the COFs currently available are insoluble in water or decompose upon
dissolution, restricting their applications. Li et al. reported the synthesis of the first water-
soluble 3D COF, named sCOF-101 by using a supramolecular organic framework (SOF) as
a template for the [2+2] photopolymerization reaction between styryl pyridinium units [57].
The SOF was found to be stable at room temperature, but the T1 molecules underwent
photodimerization with cucurbit [8] uril (CB [8]) under visible light irradiation to form
s-COF-1 as shown in Figure 5. In the absence of CB [8], the photodimerization of T1
afforded the formation of an irregular porous polymer, depicted as P-irr. The evaluation
of photocatalytic efficiencies of s-COF-101 was carried out in the presence of a ruthenium
complex, used as a photosensitizer, and redox active polyoxometalate (POM) under visible
light irradiation conditions. The s-COF-101 displayed TON almost 4 times higher than P-irr
mediated catalysis. It was speculated that the presence of s-COF-101 enhances the electron
transfer from photoexcited Ru?* to the POM species, enhancing hydrogen evolution whilst
irradiated with visible light.

The first report on the synthesis and characterization of crystalline mesoporous COF-
42 framework was reported by Yaghi’s group in 2011 [62]. The condensation of hydrazine
and aldehyde groups to form hydrazone-linked structure was controlled by the pH depen-
dence of the hydrazone linkages. The solvothermal acid catalyzed condensation between
1,3,5-triformylbenzene (TFB) and 2,5-diethoxyterephthalohydrazide (DETH) in mixtures of
mesitylene, 1,4-dioxane and aqueous acetic acid was carried out to prepare a pale-yellow
microcrystalline powder of COF-42. The formation of new C=N bond by the condensation
reaction was confirmed by appearance of a resonance signal at 149 ppm in the 13C CP-MAS
spectrum. Further, the FI-IR spectra displayed stretching modes of vc=y and vc=0 at
1621-1605, 1226-1203, and 1659 cm ™!, suggesting the formation of the extended COF
network. The pioneering investigation of this COF framework for photocatalytic hydrogen
evolution was carried out much later in 2017 by the Lotsch group [58]. Using an azine-
linked N2-COF with chloro(pyridine)cobaloxime as a cocatalyst and TEOA as an electron
donor, a reaction rate of 782 pmolh~'g~! was obtained. Very recently, the same group has
reported the immobilization of azide-functionalized chloro(pyridine)cobaloxime on a COF-
42 backbone and compared their photocatalytic activities with respect to the physisorbed
systems [59]. The covalent attachment of the cobaloxime cocatalyst was carried out by creat-
ing functional sites within the COF framework in which one of the starting materials, DETH,
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SOF-s

was replaced with propargyl-containing 2,5-bis(prop-2-yn-1-yloxy)terephthalohydrazide
(DPTH) to form modified pCOFg. The pCOFyg was functionalized by a click-chemistry ap-
proach as depicted in Figure 6a. The photocatalytic activities depicted an activity maximum
instead of constant behavior as shown in Figure 6b. The cobaloxime covalently immobi-
lized in the COF framework displayed significantly superior activities (47% more active)
than the physisorbed samples. A superior hydrogen evolution rate of 163 pmolh~!g~! for
the hybrid sample compared to the physisorbed sample (111 umolh~!g~1) was attributed
to the close contact between the cobaloxime and COF pore wall as studied by solid-state
NMR. This facilitated the charge transfer from COF to cobaloxime, as evidenced by the
photoluminescence spectroscopic analysis. The interaction between both the components
(cobaloxime and COF) leads to the improved photocatalytic activity and prolonged stable
activity of the hybrid samples in comparison to the physisorbed variant.
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Figure 5. Monomers T1 and M1, the crystal structure of complex (M1), C CB [8] (CCDC no. 1951214) and schematic
representation of SOF-s, water-soluble covalent organic framework sCOF-101 and its promotion of visible light-induced
reduction of protons into Hy through enrichment of POM catalysts and Ru?*-complex photosensitizers. Reproduced with
permission from reference [57]. Copyright 2020, American Chemical Society.

Ghosh et al. reported a series of isoreticular COF frameworks in which TpCOF was
prepared by the condensation of 4,4”-diamino-substituted p-terphenyl (Tp) and 1,3,5-
triformylphloroglucinol (TH) in mesitylene, dioxane and aqueous acetic acid mixture
at 120 and 150 °C. The isoreticular COFs were synthesized by substituting the central
benzene ring of Tp with anthracene (Ant), benzothiazole (Bt), and tetrazine (Tz) to form
AntCOF, BtCOF and TzCOF, respectively. As shown in Figure 7a,b, BtCOF150 displayed
a maximum hydrogen evolution rate of 750 umolg 'h~!, in the presence of 1 wt % Pt
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as a cocatalyst, using triethanolamine as the sacrificial electron donor. This activity was
significantly greater than all other COFs tested in the series. Interestingly, authors have
concluded the significance of light absorption and charge carrier generation in influencing
the photocatalytic hydrogen evolution compared to other factors, such as surface area,
crystallinity, layer stacking, and morphology of COF frameworks.
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Figure 6. (a) (A) Structure of the azide-functionalized ligands 1a, 1b, and 2 and (B) the azide-
functionalized complexes Co-1a, Co-1b, and Co- 2. (C) Post synthetic COF modification toward
[Co-1b]—COF, (b) projection of the hydrogen evolution of [Co-1b]—COF containing 3.2 wt % [Co-1b]
and COF-42 with 4.0 wt % physisorbed [Co-1b] based on the coarse-grained models. Adapted with
permission from reference [59]. Copyright 2020, American Chemical Society.

Zhang et al. also investigated the molecular engineering of COF frameworks by
varying the ratio of ketoenamine and imine moieties to alter the structure, band gap, and
light harvesting efficiency [61]. The covalent integration of COFs with MXenes (ATNT
hybrid) displayed photocatalytic hydrogen evolution 12.6 times higher than the pristine
COF with a reaction rate of 14,228.1 pmolg~'h~!. This improvement in the catalytic activity
was attributed to the creation of a heterojunction, leading to an efficient charge transfer
pathway due to the synergistic effect of photoactive COF and conductive MXenes. An
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apparent quantum efficiency (AQE) of 9.75% was reported for the ATNT hybrid exceeding
the activities reported in the literature so far, for other COF-based photocatalysts. This
hybrid COF material was found to be the most active catalyst for the hydrogen evolution
reaction based on the reaction rate and quantum efficiency values.
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(a) AntCOF120 o (b) ,I
300+ BtCOF150 = 700 4 / L 35 =
= BtCOF120 — g
S 250 —&— TpCOF150 g 600 30 §
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Figure 7. (a) Time course for photocatalytic H, production under visible light (>400 nm) of all of
the prepared COFs (20 mg COF, 1 wt % Pt, water—TEOA (4:1, 100 mL, pH 11). (b) Comparison of
photocatalytic hydrogen evolution rates. Adapted with permission from reference [60]. Copyright
2020, American Chemical Society.

The structure-activity correlations based on the topology and design of active sites to
maximize the photocatalytic activity in the hydrogen generation is summarized in Table 3.
Amongst various hybrid frameworks, ATNT hybrid-based COF represented the highest
photocatalytic activity (14,228 pmolh ~1g~1). This included the use of MXene as the electron
transfer mediator along with Pt cocatalyst as the reductant. The arrangement of 2D parallel
layers of COF facilitated the conjugation effect for faster reaction rates. CdS-CTF-1 was an-
other active COF framework where CdS and CTF-1 played an important role in the light ab-
sorption and Pt was used the cocatalyst reductant. The small sized CdS NPs created larger
number of active sites leading to superior photocatalytic activity. The least active catalyst
(141 pmolh~! g’l) was a thioether functionalized TTR-COF, which helped in the selective
adsorption of Au ions form the seawater to facilitate the hydrogen generation reaction. The
other reported photocatalytic systems for hydrogen generation (Table 4) are 1.0 wt % Au-
Ag/TiO; (12,820 umolg~th~1) [63], Ni-Cd/CdS (11,570 umolg~'h~1) [64], FeCu(1:1)@C/g-
C3Ny (722 pmolg’lh’l) [65], NipP/ZnIn,S, (2066 umolg’lh’l) [66], Cu-nanodiamond
(1597 umolg_lh_l) [67], and C3N4-MoS; nanocomposite (12,778 pmolg_lh_l) [68].

Table 3. Structure-activity correlations for enhancing the photocatalytic performance in the hydrogen generation.

Photocatalytic
COFs Active Sites Topology Performance Ref.
(umolh—1g-1)

TpPa-1-COF: light
MoS;, /TpPa-1-COF absorber Nanoflower-like morphology of MoS; sheets 5585 [53]

MoS,: Reductant

CTF-1, CdS: light
absorber Small sized CdS NPs leads to more active sites

CdS-CTF-1 Pt: cocatalyst and superior activity 11,430 [54]
reductant
TTR COF: light
TTR-COF
absorber Selective adsorption of Au through affinity of 141 [55]
(thioether Plasmonic Au NPs: thioether functionalized COF

functionalized) reductant
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Table 3. Cont.
Photocatalytic
COFs Active Sites Topology Performance Ref.
(umolh—1g-1)
g-C1gN3-COF and Olefin hnl.«?d COF: Honeycomb-like porous COF structures with sp?
photosensitizer and . .. . 292 [56]
g-C33N3-COF active site carbon-linked triazine units
COF: light absorber
Ru?* complex: 3D ordered porous COF with a channel diameter
sCOF-101 photosensitizer of 2.3 nm, capable of enriching photosensitizer TON = 400 [57]
and redox-active sites in water
Polyoxometalate: redox
active sites
COF: photosensitizer
An outer sphere of electron transfer from
N2-COF Cobaloxime: azine-linked N2-COF to cobaloxime co-catalyst, 782 [58]
co-catalyst as revealed by quantum calculations
(redox-active)
Cobaloxime COF: photosensitizer Propargyl-functionalized COF-42 with covalently
immobilized COF-42 ) - ) tethered three different cobaloxime to form 163 [59]
Cobaloxime: active site COF—cobaloxime hybrid catalyst
COF: phot iti
BtCOE-150 photosensitizer The AA’ stacked layers of BtCOF150 displayed 750 [60]
t } Pt: cocatalyst improved charge migration
(reductant)
COF: photosensitizer
. MXene: electron The 2D parallel layers of COF to the surface with
ATNT hybrid transfer mediator vertically aligned 7 columns in the ATNT hybrid 14,228 [61]
Pt: cocatalyst,
reductant
Table 4. State-of-the-art photocatalysts for hydrogen generation.
Photocatalytic
Photocatalyst Light Source Reaction Conditions Performance Ref.
(umolg—1h—1)
(o)
Au-Ag/TiO, 250 W Hg lamp Catalyst (14 m.g), 20 vol % methanol 12,820 [63]
In water
. 300 W Xe lamp Catalyst (20 mg), NayS (0.1 M),
Ni-Cd/CdS (A > 410 nm) Na,S0; (0.1 M) 11,570 [64]
. Catalyst (10 mg), 15 % TEOA in
FeCu(1:1)@C/g-C3Ny 300 W Xe lamp 100 mL water 722 [65]
. 300 W Xe lamp Catalyst (50 mg), 10 vol % lactic acid
NizP/Znln;Sy (A > 400 nm) in 100 mL water 2066 [66]
Cu-nanodiamond 300 W Xe lamp Catalyst (100 mg), 20 vol % ethanol 1597 [67]
- o () 1
C3Ny MOSZ~ 400 W Xe lamp Catalyst (3 mg), 20 vol % TEOA in 12,778 [68]
nanocomposite 40 mL water

3. COFs-Based Hybrids for Photocatalytic CO, Conversion

CO, reduction is widely regarded as a technology essential for reducing emissions
and providing an alternative means to fossil fuel-based feedstocks, allowing for the sus-
tainable growth and development of human society, using renewable solar energy. An
ideal catalyst for CO; should demonstrate a stable chemical structure, with a band gap
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suitable for efficiently harvesting visible light, an efficient electron transport, while being
strongly absorbing and highly activating. To this end, covalent organic frameworks (COFs)
prove an ideal candidate. They represent a class of crystalline polymers, which consist
of strong covalently bonded, and highly conjugated bonding systems, with a repeating
lattice structure resulting in ordered micropores. The conjugated system promotes an
excellent electron mobility, and the covalently bonded system promotes a high thermal and
photo-stability. To address the shortfalls of these materials, such as a rapid electron/hole
recombination, a variety of inorganic dopants may be introduced, through general wetness
impregnation or into vacant coordination sites included in the COF periodic structure.
These dopants can serve as active sites, enhancing photocatalytic activity, as well as uptake.
Table 5 serves as a summary for synthetic conditions, with Table 6 demonstrating catalytic
activity, from the most active to the least active of discussed examples.

Table 5. Synthetic protocols and novelty aspects of hybrid COF-based frameworks explored for CO, reduction.

COFs Synthesis Novelty Ref.
Aerobic acid catalyzed trimerization of S tfli;fl?;esfi(ihﬁggzli)r?;m ts
Co-CTF-1 terephthalonitrile, with wetness . . [69]
impregnation of Co promoting CO, adsorption
and accommodation
Anaerobic solvothermal imide condensation =~ Hexagonal porous polyimide
[Ni(bipy)3]**—PI-COF between pyromellitic dianhydride and COF assisting in CO, [70]
py py y &

amine-terminated building units. photoreduction

N;3-COF, ACOF-1

Anaerobic solvothermal condensation
between triformylbenzene and hydrazine
hydrate (ACOEF-1), and
2,4,6-tris(4-bromophenyl)-1,3,5-triazine with
N-formylpiperidine (N3COF)

Coplanar azine and phenyl
rings facilitating the [71]
conjugation effect

Re-bpy-sp?c-COF

Knoevenagel condensation of
1,3,6,8-tetrakis(4-formylphenyl)pyrene and
5,5’ -bis(cyanomethyl)-2,2’-bipyridine. Post

synthetic ligation of [Re(CO)5Cl].

Porous crystalline COF with
bipyridine units ligated to Re
complex, forming fully
m-conjugated backbone

[11]

Low-pressure solvothermal (50 mTorr).

Schiff base condensation between Coll and Colll centered in

COF-367-Coll/1II Co_TAPP (5,10,15,20-Tetrakis(4- . [72]
aminophenyl)porphyrin and 4, porphyrin-based COF
4'-biphenyldicarboxaldehyde.

Anaerobic solvothermal Schiff base
condensation between Ketoamine-based COF loaded
Ru-TpPa-1 1,3,5-triformylphloro-glucinol and with Ru NPs enhancing the [73]
P p-phenylenediamine. RuCl; added light absorption and charge
post-synthetically through incipient wetness, separation
followed by reduction in Hp /N,
Anéerqblc solvotherrr.laI. nucleop.hﬂlc. Flower-like surface made of
substitution between trithiocyanuric acid . .
and cyanuric chloride. SnS, nanoparticles vertically aligned nanosheets
-~ ~ . 2 . .
Z-Scheme 5nS, /S-CTF grown on framework through addition of lna:vlzf':l'; S}?SC% n?glogf%s;lils [74]
SnCl, and heating under autogenous ¢ ffarie:vvork
pressure with EtOH.
Anaerobic sc?lvothermal Schiff bgse Bipyridine units in COFs
condensation between 1,3,5-tri- facilitating chelation with Re
Re-TpBpy formylphloroglucinol and & [75]

complex creating active sites

PP PN .
2,2'-bipyridine-5,5'-diamine. Post synthetic on the porous walls

ligation of [Re(CO)5Cl].
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Table 5. Cont.
COFs Synthesis Novelty Ref.
Solvothermal modulated imine exchange,
between (5,10,15,20-Tetrakis(4- Ultrathin 2D imine-based
COF-367-Co Nanosheets aminophenyl)porphyrin, Co-COF nanosheet structure [76]
2,4,6-trimethylbenzaldehyde, and with large surface area
4,4’ -biphenyldialdehyde.
Solvothermal Schiff base condensation
between 2,6-diaminoanthraquinone and 2D anthraquinone based COF
. 1,3,5-triformylphloroglucinol. Transition with conjugation and porosity
DQTP-TMI metal ions (TMIs) Co, Ni and Zn added assisting electron movement [77]
post-synthetically via hydrothermal and CO, adsorption
treatment.
Table 6. COF-based hybrid materials for photocatalytic CO, reduction.
Photocatalytic
COFs Type Light Source Reaction Conditions Performance Ref.
(umolh—1g—1)
Catalyst (5 mg) Nanosheet:
COF-367-Co Blpyrl.dyl-lmme— 300 W Xe 20mL KOH (,q) (0.1 M) 10,162 (CO)
Nanosheets linked (A > 420 nm) 19 mg [Ru(bpy);]Cly.6H,O 2875 (Hy) [76]
porphyrinic 352 mg ascorbic acid Bulk:
1atm CO,, 25 °C 124 (CO)
Catalyst (1 mg)
300 W Xe 5mL, 30:1
] _ 2 o 2 . . iy
Re-bpy-sp~c-COF 2D sp“c bipyridyl (A > 420 nm) MeCN-TEOA 1040 (CO) [11]
1 atm CO,
Catalyst (20 mg)
300 W X 50 mL, 4:1 TMI = Co: 1022
DQTP- TMI 2D anthraquinone (A > 420 nfn) MeCN:TEOA (CO) [77]
22.5 mg Ru(bpy)3Cl,.H,O
1atm CO,, 25 °C
Catalyst (10 mg)
Ni(ClOy);.6H,0 (2 mg)
[Ni(bipy)3]2+—PI- .. 300 W Xe 2,2-bipyridyl (15 mg)
COF Covalent Triazine (A > 420 nm) 5mL, 3:1:1 483 (CO) [70]
MeCN: H,O:TEOA
1 atm CO,
Catalyst (15 mg)
11.8 mL MeCN/H,0
2D 200 W Xe (10/1.8)
Re-TpBpy bipyridyl-linked (A > 390 nm) 0.1 M TEOA 291.7 (CO) 751
1 atm CO,, 25 °C
Purpose-built reactor
Catalyst (20 mg),
Z-Scheme Covalent Triazine 300 W Xe 10 mL, 4:1 123.6 (CO) [74]
SnS, /S-CTF (A > 420 nm) H,O:TEOA 43.4 (CHy)

1 atm CO,, 25 °C
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Table 6. Cont.

Photocatalytic
COFs Type Light Source Reaction Conditions Performance Ref.
(umolh—1g-1)
0wt % Ru: 32.4
(HCOOH)
Catalyst (15 mg) 1wt % Ru: 41.8
. 300 W Xe 110 mL, 10:1 (HCOOH)
Ru-TpPa-1 Ketoamine-based (A > 420 nm) MeCN:TEOA 3wt % Ru: 108.8 [73]
1 atm CO,, (HCOOH)
5wt % Ru: 61.8
(HCOOH)
Co(II)
48.6 (HCOOH),
AR Catalyst (10 mg) 16.5
Bipyridyl-imine-
COF-367-Coll/ e 300 W Xe 22 ml, 10:1 (CO), 12.8 (CHy) 721
Porphyrinic (A > 380 nm) MeCN:TEA Co(III)
phy 1 atm CO, 93.0 (HCOOH),
0.44
(CO), 10.1 (CHy)
Catalyst (10 mg)
7 mg [Ru(bpy)s1**
Co-CTF-T1 Covalent Triazine ()\3204‘2/\([) ﬁfn) 09mlL, 1:2:3 48 (CO) [69]
TEOA:H,O:MeCN
1 atm CO,
N3-COF: 0.57
L. Catalyst (10 mg)
Covalent Triazine 500 W Xe (MeOH)
N3-COF, ACOF-1 and Azine inked (A > 420 nm) 4a t;n(ljlz)Hzfg) oC ACOF-1: 0.36 (71]
z (MeOH)

Metal dopant choice was found to strongly influence CO, reduction pathways, and
the subsequent catalytic activity, in conjunction with the band gap choice of the COF, and
the experimental conditions, as highlighted in Figure 8 [77].

HCOOH

Figure 8. Proposed CO, reduction mechanism over DQTP- TMI COE, highlighting pathways to CO
and HCOOH. Reproduced with permission from reference [77]. Copyright 2019, Elsevier.



Molecules 2021, 26, 4181

16 of 27

Formic acid has been thought to be a suitable hydrogen storage medium, with the
ability to decompose to CO, and Hy, with a high volumetric capacity (53 g H, L™!), and
low toxicity and flammability under ambient conditions [78]. CO, CH30H, and CHy
also form important chemical feedstocks for assembly into larger hydrocarbons. CO
is part of syngas, which can be utilized in the Fischer-Tropsch reaction to form longer
hydrocarbons, for use in carbon-neutral fuels [79]. CH3OH can be converted into olefins,
via the methanol-to-olefin process (MTO), forming the basis for basic chemical feedstocks,
or polymer manufacture [80]. Methane is already widely utilized as natural gas and may
be burned in natural gas plants to generate energy or can be converted to syngas for longer
chain hydrocarbon synthesis.

The use of a photosensitizer and a sacrificial electron donor have been found essential
for effective photocatalysis. In the work of Fu et al.,, they demonstrate that undoped
ACOF-1 and a triazine framework (based on 2,4,6-tris(4-bromophenyl)-1,3,5-triazine) yield
a low activity when tested at 4 atm of CO, at 80 °C, with 8.6 umolg ™! of MeOH for ACOF-
1, and 13.7 pmolg ! for N3-COF [71]. When compared to other materials examined in
Table 6, which utilize metal dopants, photosensitizers, and sacrificial electron donors, they
demonstrate the lowest activity. However, a key difference is that the N3-COF demonstrates
a higher activity than ACOF-1, which instead consists of an azine linked benzene structure.
Triazine-based COFs tend to give a higher performance than non-triazine systems as they
have a higher affinity for negative charge when conducting electrons [69-71,81]. However,
one shortfall of organic semiconductors is a rapid electron-hole recombination [74]. A
photosensitizer prevents this, facilitating a higher catalyst efficiency, and may be used as a
homogeneous co-catalyst, or itself be incorporated into the COF structure post-synthetically.

For example, Bi et al. report that the inclusion of Co?* into a triazine based CTF-1
causes a 44-fold enhancement (48 pmolg ~! CO) in catalytic activity over that of the pristine
framework (1.1 umolg*1 CO) [69]. Notably, when comparing to the work of Fu et al., both
a photosensitizer, [Ru(bpy)3]2+, and a sacrificial donor, triethanolamine (TEOA) are used.
As Figure 9 outlines, the photosensitizer is excited by incoming light, and separates the
electron/hole pair by transferring the generated electron to the COF, which reduces COs.
TEOA then sacrifices an electron, quenching the photosensitizer. Cobalt was thought to
enhance this mechanism through providing single atom active sites, which can readily
adsorb CO,, as well as restraining electron/hole recombination rate within the COF. CO,
adsorption was found to be higher for the impregnated Co-CTF (9.76 cmg ™) compared to
the pristine (7.97 cmg~!) and normalized to surface area. Zeta potential findings indicated
that Co provides suitable Lewis acid sites for the coordination of CO,. Photoluminescence
spectroscopy found that the Co-CTF demonstrated a longer lifetime than that of the pristine,
demonstrating the longer-lived charge carriers in the Co-CTF.

Researchers have further experimented with metal dopant inclusion into COF struc-
tures by integrating the photosensitizer as part of a COF structure. For example, the work
of Fu et al. demonstrates a 2D sp?c bipyridyl based COF, synthesized via a Knoevenagel
condensation, in which a photosensitizer like-complex of Re(bpy)(CO),Cl has been in-
corporated into the structure of the framework, through the bipyridyl nitrogen binding
sites [11]. Successful chelation was confirmed via XPS, where the Re doped structure gave
a similar XPS trace as free [Re(bpy)(CO);Cl], demonstrating the chelation of Re. This
was also supported by FTIR observations, where in addition to the triazine vibration at
2217 cm™ 1, CO stretching bands of 1900, 1917, and 2024 cm~1 was observed. By including
Re in the structure, a CO yield of 1040 pmolg~! was obtained, whereas without Re, only
traces of CO was observed, demonstrating the need for a photosensitizer to facilitate elec-
tron/hole generation. The interaction of Re with the framework was rationalized through
the following observations. UV-Vis indicated a red shifting of the absorption edge of
the material from 589 nm to 694 nm, demonstrating a slight alteration of bandgap on Re
addition. With the addition of Re, the BET surface area of the pristine, 432 m? g’l is lowered
to 323 m?g !, although the CO, sorption capability of the material is improved, with the
Re-COF adsorbing 1.7 mmolg~! of CO, at 273 K, with a high isosteric heat of adsorption,
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31 kJmol~!. The photocurrent response of the COF is increased with the inclusion of Re,
indicating a higher current density being generated, and the Nyquist plots of the Re-doped
COF show smaller arc radii than the undoped material, signifying that the addition of Re
aids in charge separation and transfer.
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Figure 9. Interaction of a [Ru(bpy)s3]** with sacrificial donor TEOA and Co-CTF framework. Repro-
duced with permission from reference [69]. Copyright 2019, Wiley-VCH.

Guo et al. demonstrate that this effect is related to the percentage loading of metal,
when doping ruthenium NPs into TpPa-1, where the 0 wt % loading demonstrated
the lowest yield of CO at 32.4 umolg 'h~!, with 1, 3, and 5 wt % yielding 41.8, 108.8,
61.8 pmolg~'h~!, respectively [73]. TpPa-1 was synthesized solvothermally under anaero-
bic conditions achieved through the evacuation and sealing of reactants in a glass ampoule.
Ru was then introduced to the material via wetness impregnation, before being dried and
reduced at 280 °C for 6 h. The known thermal stability of most COF structures at these
temperatures permits elevated temperatures for post-synthetic treatment, although some
evidence suggests that thermal treatment of 2D COFs can alter the periodic structure, which
is not detectable via TGA [82]. The resulting Ru loading was determined via ICP-OES, with
the nanoparticle morphology confirmed via HR-TEM, with [1 0 0] and [2 1 0] lattice planes
evident, characteristic of metallic Ru. Notably, no Bragg peaks for Ru were observed via
PXRD, indicating a high dispersal dispersion of Ru throughout the framework, also verified
through EDX analysis. XPS analysis indicated a shift for the Ru 3p1/2 and 3p3/2 signals
(484.3 and 462.1 eV, respectively) vs. the RuCls (485.6 and 463.4 eV) standard, indicating
the complete reduction of Ru** to Ru’. Photoluminescence spectroscopy indicated that the
shortest lifetime was observed with the 3 wt % loaded sample, and transient photocurrent
responses indicated the highest charge density on irradiation with light. Both results
suggest that 3 wt % is the optimal loading for charge separation. Nyquist plots also yielded
the smallest arc radii for the 3 wt % sample. It was thought that by increasing the loading
beyond 3 wt %, Ru clusters are being formed which begin to facilitate charge recombination,
thus lowering the efficiency of the material.

Chen et al. demonstrated that the dopant species does not necessarily have to be a
precious metal [70]. Their work focused on comparing polyimide linked COFs, with a
[Ni(bpy)3]** photosensitizer. When comparing tris(4-aminophenyl)amine (TAPA), 1,3,5-
tris(4-aminophenyl) benzene (TAPB), or 1,3,5-tris(4-aminophenyl)triazine (TAPT) struc-
tures connected via polyimide linkages, the azine-based COF gave the highest performance
of 483 umolg~'h~!, whereas only trace activity was observed for the other tested frame-
works. The imide condensation was performed solvothermally, with the reaction mixture
degassed via pump-thaw through flash freezing in liquid nitrogen, before being sealed and
heated at 200 °C for 5 days. All materials indicated a successful condensation, with charac-
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teristic stretching bands of 1720-1725 cm ! indicating the 5-member imide ring formation,
and an imide carbonyl signal observed at 165 ppm via '3C NMR. All materials matched
with their simulated PXRD patterns, with a weakening of the [1 1 0] peak on Ni addition,
suggesting an increase of disorder for this lattice plane. The surface area values for the
materials were within expected ranges, with 475, 1175, and 825 ng’l for TAPA, TAPB, and
TAPT, respectively, with all materials exhibiting a pore size of 1.5-3.5 nm, modelled using
nonlocal density functional theory (NLDFT). The TAPT catalyst demonstrated the highest
isosteric heat of absorption adsorption of CO; (29.76 k] mol 1), indicating the attraction
between the triazine functionality and CO,, and XPS data demonstrated that the doped
[Ni(bpy)3]** was encapsulated in the pore system, based on an intensification of the Ni 2p
signal through argon ion bombardment. When examined electrochemically, photocurrent
density was found to be the highest for the TAPT material, mirroring catalytic results.
To explore this further, EPR experiments were carried out, comparing a sample before
and after irradiation. The shift in electron density to the triazine ring demonstrated the
capability for the functional group to hold negative charge, facilitating charge separation
compared to the other conjugated systems examined in this work.

The electronic environment of the dopant species was also found to be crucial for
product selectivity, as found by Gong et al. [72]. When examining Co-COF-367, a por-
phyrinic COF, it was found that Co™-COF-367 has a product profile of 48.6, 16.5, and
12.8 pmolg_lh_1 of formic acid, CO and methane, whereas Co™-COF-367 yields 93.0, 0.44,
and 10.1 umolg~'h~! of the respective products. Using '3C labelled CO, as a feedstock,
the researchers confirmed that all products are a result of photocatalytic reduction. EPR
measurements indicated a strong signal for Co'' at g = 2.30 while the material was mea-
sured in the dark where the intensity decreased on irradiation with light. This was thought
to signify the transformation of Co' to Co!. The density functional theory (DFT)-based
calculations indicate that the presence of Co!! is beneficial for forming formic acid, but
prevents any further conversion, due to a high barrier energy for transformation into CO
or CHy. Co'! dopants demonstrate a lower barrier energy, vindicating the experimental
observations as shown in Figure 10. Photoelectrical experiments indicate that Co'-COF-
367 has a higher charge separation efficiency than the Co!! structure, demonstrated by a
longer photoluminescent activity with photoluminescence spectroscopy, as well as a higher
photocurrent response.
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Figure 10. Calculated potential energy profile of CO, to HCOOH, over (a) COF-367-Coll, and
(b) COF-367-CoL, Coll, Co!, C, N, O, and H atoms are shown as green, red, gray, blue, orange, and
light gray, respectively. Reproduced with permission from reference [72]. Copyright 2020, American
Chemical Society.
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Guo et al. demonstrate that charge separation efficiency can be achieved through
heterojunction structures, by doping a sulfur-bridged triazine COF with SnS; [74]. The
hybrid material demonstrated a greatly enhanced performance for CO, photoreduction,
demonstrating average evolution rates of CO and CHy up to 123.6 and 43.4 pmolh~'g ™!
respectively, when irradiated under visible (420 nm) light, as demonstrated in Figure 11a.
By comparison, SnS, evolved only CHy at a rate of 5.9 pmolh~'g~!, whereas S-CTF evolved
both CO and CHy at rates of 17.1 and 8.3 umolh~'g~!, respectively. The hybrid material
also demonstrated significant photostability, with performance showing little attenuation
after four 6-h cycles, shown in Figure 11b. By designing a Z-scheme heterojunction, catal-
ysis shows that recombination of electron/hole pairs are hindered, increasing catalytic
efficiency compared to the isolated materials. Photoluminescence spectroscopy demon-
strated that recombination was significantly quenched for SnS;/S-CTF. The average PL
lifetime demonstrated by the hybrid reached 7.18 ns, compared to 5.60 ns and 4.28 ns for
SnS; and S-CTF (Figure 11c). The S-CTF was synthesized solvothermally under anaerobic
conditions via the nucleophilic substitution of cyanuric chloride and trithiocyanuric acid.
SnS; was doped in the form of NPs, which were formed in-situ by immersion of the S-CTFs
in a SnCl, ethanol solution at 180 °C. SEM imaging of the pristine S-CTF showed the
formation of 400 nm smooth spheres. The introduction of SnCl, triggered the formation
of vertical platelets on the surface of the spheres, of which high resolution TEM indicates
are composed of <5 nm nanocrystals. The lattice fringes of said crystals were found to
correspond with the (1 0 1) and (1 0 0) planes of crystalline SnS;, supporting PXRD findings
demonstrating diffraction planes of both S-CTF and SnS; in the hybrid material. To further
support the formation of a heterojunction, XPS was used to examine the nature of the bind-
ing energies of surface N species. Compared to the undoped S-CTF counterpart, the doped
material exhibited an increase in N species binding energy by 0.5 eV. This was interpreted
as evidence for an electron transfer from the framework to the inorganic nanoparticle.
This resulted in a higher observed transient photocurrent response for the hybrid material
(Figure 11d).

The morphology of COF nanostructures also plays an important role in affecting
the photocatalytic performance. For the materials considered in this review in Table 5,
all 2D structures have been found to have some of the highest performances. The 2D
structures have more accessible pores than 3D bulk crystalline structures, as well as a
better conductivity, which facilitates photoelectric efficiency [11,75-77]. As previously
discussed, Fu et al. demonstrate a Re-functionalized 2D sp?c bipyridyl based COF, with
a performance of 1040 urnolg’lh’1 [11]. The work by Li et al. demonstrates a similarly
Re-functionalized 2D “TpBpy” COF, with a performance of 291 ernolg*lh’1 [75]. When
compared to a homogeneous Re-bpy catalyst, the Re-COF gave a higher performance over
time due to the porosity of the structure ensuring a higher contact time between the Re
active site, compared to the exposure of the homogeneous catalysts which is based on
CO, diffusion through the reaction medium. According to CO, sorption experiments,
Re-TpBpy demonstrated an adsorption volume of 44 cm3g~!, whereas the adsorption
volume was near 0 for the Re-Bpy catalyst. XPS validated the electronic interaction of the
Re functionalization on the framework, with a shift of the pyridinic N 1s signal from 398.9
to 400.46 eV on Re addition. This was associated with a decrease of electron density as Re
is complexed.

Restricting morphology further to 2D nanosheets has been found to significantly
impact the catalytic performance. Liu et al. demonstrate that by fabricating Co-COF-367
nanosheets using a modulated imine-exchange bottom-up synthesis strategy, catalytic activ-
ities of up to 10,162 and 2875 urnolgflh*1 for CO and H; respectively, were evidenced [76].
An analogous bulk Co-COF-367 demonstrated an activity of only 124 pmolg~'h~!. How-
ever, it is notable that in the absence of the [Ru(bpy);]Cl, photosensitizer or the ascor-
bic acid sacrificial agent, only trace activity was observed. Synthesis of the nanosheets
used H,TAPP alongside 4,4’-biphenyldialdehyde (BPDA) as building units, with 2,4,6-
trimethylbenzaldehyde (TBA) functioning as the modulator. By using 4-bromo-2,6-
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dimethylbenzaldehyde in place of the modulator, nanosheets were fabricated which
bromine “marked” lateral planes, observable via elemental mapping, in Figure 12, which
vindicated the postulated effect of the modulating agent. For purification, bulk COF im-
purities were separated from the final product through suspension and centrifugation
at 2000 rpm, yielding a colloidal dispersion of the nanosheets. PXRD found that the
nanosheets were not crystalline enough to yield meaningful diffraction peaks. As a result,
scanning tunneling microscope (STM) was used to reveal the periodic pore lattice of the
structure, giving lattice parameters of a =b = 2.7 nm, « = 90, which matched with the simu-
lated structure. Sharp selected area electron diffraction (SAED) was used to highlight the
ordered tetragonal structure of these sheets, to verify the lattice order of the sheets despite
the low crystallinity. Bulk frameworks did yield a higher BET surface area, 467 m?g~! of
the bulk, vs. the 106 m?g~! of the nanosheets.
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Figure 11. (a) Average gas production rates of SnS,, S-CTFs, and SnS; /S-CTFs. (b) Photostability of
SnS; /S-CTFs for repeat CO, reduction cycling. (c) Time resolved PL decay curves of S-CTFs, SnS,,
and SnS; /S-CTFs. (d) Transient photocurrent responses under A > 420 nm irradiation. Reproduced
with permission from reference [74]. Copyright 2020, Wiley-VCH.

Product modulation can also be achieved within 2D structures. Lu et al. demonstrated
this with a 2D 2,6-diaminoanthraquinone-based COF, functionalized with Co, Ni and
Zn [77]. The type of dopant-controlled CO production, with a 1002 pmolg’lh’1 production
of CO with Co, and a 152.5 umolg ~'h~! yield of formic acid over the Zn based material.
The framework was synthesized via a Schiff-base condensation, and then metallated post-
synthetically through refluxing with the metal salt in solution. XPS was used to verify
the presence of metals, with the following environments found; Co 2p3,, = 786.2 €V, as
evidence for Co'', Ni 2p3,, = 855.6 eV for Nill, and Zn 2p3/, = 1022.2 eV for Zn''. The
Co energy is red shifted, which was taken as evidence for a Co-O bond with neighboring
carbonyls, which donate electron density. Obvious bonding signals were not found for Ni
and Zn dopants. Interaction with framework carbonyls was demonstrated further, through



Molecules 2021, 26, 4181

21 of 27

instead using a 2,6-diaminoanthracene group in place of the 2,6-diaminoanthraquinone.
This demonstrated a significantly lower activity for Co dopants, but affected Ni and Zn
dopants much less. These findings, amongst others, were used to elucidate a two-path
mechanism for photoreduction over these systems, which was found influenced by metal
type. In addition to this, Lu et al. also noted the importance of the sacrificial donor type. It
was found that TEOA favors gaseous products CO, whereas TEA and TIPA favor formic
acid. It is still a matter of discussion as to why this is the case.

Figure 12. (a) TEM image (b) HAADF-STEM image and (c) elemental mapping of COF-367
nanosheets, modulated using 4-bromo-2,6- dimethyl benzaldehyde, with the lateral plane demonstrat-
ing a high concentration of the modulator. Adapted with permission from reference [76]. Copyright
2019, American Chemical Society.

Table 7 summarizes the structure-property relations of the catalytic systems discussed
in this section for CO, reduction reaction. The catalytic active sites and their topology
has been correlated with their photocatalytic performance. The ultrathin imine-based
Co-COF nanosheet framework with large surface area values displayed the most active
photocatalytic reduction of CO; to CO (10162 pmolh~'g~1). The Re-bpy-COF with bipyri-
dine units exhibited second highest reaction rate due to the extended conjugation of-
fered by the Re complex. According to the recently reported studies, the state-of-the-art
photocatalysts for CO, reduction also displays comparable activity to the COF materi-
als [83,84]. Table 8 summarizes some of the photoactive materials including Ag-Cr/GapOs
(CO, 480 pumolg~'h~1) [85], Cu@V-TiO, /PU (CHy, 933 pumolg ~'h~1) [86], ZnO nanosheets
(CO, 406.77 pmolg~th~1) [87], Rh-Au-SrTiO; (CO, 369 umolg~'h~1) [88], Mo-doped g-
C3Ny (CO, 887 umolg~'h~1) [89] and Nb-TiO, /g-C3Ny (CHy, 562 pmolg~'h~1) [90].

Table 7. Structure-activity correlations for enhancing the photocatalytic performance in CO, reduction reaction.

Photocatalytic Performance

COFs Active Sites Topology (umolh-1g-1) Ref.
COF and Ru(bpy)s2*: 2D-layered COF porous
Co-CTF-1 ho tosensiti}; 1‘3 ’ structure with triazine units 48 (CO) [69]
C p redox active sit promoting CO, adsorption and
0: redox active sites accommodation
. Hexagonal porous polyimide
COF: photosensitizer
CLe 2+ pr. P c . .
[Ni(bipy)s] PI-COF Ni: CO, activation COF assisting in CO, 483 (CO) [70]
photoreduction

N;3-COF, ACOF-1

COF: photosensitizer
and redox active site

Coplanar azine and phenyl rings
facilitating the conjugation effect

N3-COF: 0.57 (MeOH)
ACOF-1: 0.36 (MeOH)

[71]

Re-bpy-sp?c-COF

COF: photosensitizer
Re complex: electron
mediator

Porous crystalline COF with
bipyridine units ligated to Re
complex, forming fully
m-conjugated backbone

1040 (CO)

[11]
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Table 7. Cont.

Photocatalytic Performance

COFs Active Sites Topology (umolh~1g-1) Ref.
Co(II)
48.6 (HCOOH), 16.5 (CO),
COF: photosensitizer Co' and Co™ centered in 12.8 (CHy)
np_ AT/ P 4
COF-367-Co Co: redox active site porphyrin-based COF Co(I1I) [72]
93.0 (HCOOH), 0.44 (CO),
10.1 (CHy)
Ketoamine-based COF loaded 0 wt % Ru: 32.4 (HCOOH)
Ru-TpPa-1 COF: photosensitizer =~ with Ru NPs enhancing the light 1 wt % Ru: 41.8 (HCOOH) (73]
P Ru NPs: reductant absorption and charge 3 wt % Ru: 108.8 (HCOOH)
separation 5wt % Ru: 61.8 (HCOOH)
SnS, and COF: Flower-like surface made of
g : photosensitizer vertically aligned nanosheets in 123.6 (CO)
Z-5cheme 5nS, /S-CTF COF: CO, adsorption which SnS; nanocrystals are 43.4 (CHy) [74]
and activation attached with S-CTF framework
Re-TpBpy Re complex: catalytic 6 ¢ L 291.7 (CO) [75]
. . complex creating active sites on
active site
the porous walls
Nanosheet:
COF-367-Co Ru complex: Ultrathin 2D imine-based 10162 (CO)
Nanosheets photosensitizer Co-COF nanosheet structure 2875 (Hy) [76]
Co-COF: active site with large surface area Bulk:
124 (CO)
Ru complex:
photosensitizer 2D anthraquinone based COF
. Co, Ni, Zn-COF: redox with conjugation and porosity o
DQTP-TMI active site for CO, assisting electron movement and TMI = Co: 1022 (CO) (771
adsorption and CO; adsorption
reduction
Table 8. State-of-the-art photocatalysts for CO, reduction.
Photocatalytic
Photocatalyst Light Source Reaction Conditions Performance Ref
(umolh—1g—1)
) Catalyst (0.5 g), NaHCO3
Ag-Cr/Ga0O3 400 W Hg lamp (A > 420 nm) (0.1 M), CO, (30 mLmin-1) 480 (CO) [85]
o - CO; (50 mLmin~1) passing
Cu@V-TiO, /PU Two white light bulbs through water at 303 K 933 (CHy) [86]
Catalyst (50 mg), 0.5 mL
Zn0O nanosheets 125 W Hg lamp deionized water at 473 K, CO, 406.77 (CO) [87]
20.16 (CHy)
(1 atm)
A QT 500 W Xe lamp Catalyst (75 mg), 3 mL deionized
Rh-Au-SrTiO; (A > 400 nm) water and CO, (70 kPa) 369 (CO) [88]
Catalyst (100 mg), 5.0 g 887 (CO)
Mo-doped g-C3Ny 300 W Hg lamp deionized water at 303 K and 123 (CH,) [89]
CO, (110 KPa) 4
Catalyst (100 mg), CO; (20 mL 562 (CHy)
Nb-TiO, /g-C3Ny Two 30 W white bulbs min 1) passing through water at 420 (CO) [90]

303 K

698 (HCOOH)




Molecules 2021, 26, 4181

23 of 27

4. Conclusions and Perspectives

In this review, we have summarized some of the latest progress in the synthesis and
photocatalytic application of COF hybrids in the hydrogen evolution and CO; utilization
reaction. The combination of COFs with CdS, MoS,, SnS,, Co, and Ru has been included,
in which the COF-367-Co was found to be most active photocatalyst for CO, reduction to
CO with a reaction rate of 10,162 pmolg~'h~! and ATNT hybrid COF displayed superior
catalytic performance in hydrogen generation with a reaction rate of 14,228 pmolg 'h~1.
From Tables 3 and 7, summarized in the last section, it can be inferred that conjugation
and porosity are the two of the main characteristics to achieve the superior photocatalytic
performance in both the reactions. For the hydrogen generation reaction, the combination of
COF with semiconductors such as MoS; and CdS photocatalyst was one of the approaches
to maximize the photocatalytic efficiency. However, the CO, reduction reaction involves
the use of redox active sites (such as Co), larger surface area values, and the presence of
triazine/bipyridine units assisting in the chelation of metal complexes to facilitate the
superior reaction rates.

The use of COFs in photocatalysis provides the advantage of higher surface area,
light harvesting ability, tunable porous structure, -conjugation, and chemical stability [91].
In the last 15 years, COFs have emerged as a promising platform for the design and
engineering of nanostructured catalysts. They have also gained significant research interest
from interdisciplinary fields and therefore a standard nomenclature system for COFs is
necessary at this stage in order to avoid publishing with different names for the same
COF materials [92-95]. The research field is still in its infancy and several fundamental
issues need to be addressed to establish practical applications. First, the preparation of
COF materials is faced with many problems because of absence of standard synthesis
conditions, for example, the type of reagents used, the process time and temperature.
The preparation of monomers and reliable and reproducible large-scale COF synthetic
techniques also need to be developed. The application of COFs owing to the presence of
unique 7-conjugated units requires further research and comparison with other porous
counterpart materials like zeolites and mesoporous silica materials. Furthermore, more
advanced specific characterization techniques are required to obtain detailed structural
information of COFs and to further broaden the use of various different ligands other than
the most commonly used porphyrin, imine and bipyridine [15,16].

Most reports are based on the use of noble metals and photosensitizers for hydrogen
evolution and CO; utilization reaction, which restricts their use in large-scale applications
because of their impact on the cost of production [9]. The possible alternative to this could
be the use of low-cost and earth abundant metals or designing novel single atom-based
catalysts, which can be catalytically active, providing an economically viable solution.
Their integration with plasmonic nanostructures can also be an interesting strategy to
prepare novel photoactive materials where both the metal and support material is capable
of light harvesting leading to enhanced reaction rates [96-99]. The effect of using different
morphologies of COFs can be further explored to improve the photocatalytic efficiency of
reactions [100]. We envisage that the field of COFs will further grow and attract researchers
from the fields of physics, chemistry, materials science, and engineering to find solutions
relating to energy and environmental issues [101-103].

Author Contributions: Conceptualization—R.R.; writing—P.V. and ].]. M.L.B.; writing—review and
editing—P.V,, ].J.JM.L.B. and R.R,; supervision—R.R. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: P.V. acknowledges the Royal Society-Newton International Fellowship for her
postdoctoral research funding (NIF\R1\180185) at the University of Southampton. JJMLB would like
to acknowledge the TotalEnergies SE “Consortium on Metal Nanocatalysis” project for funding.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2021, 26, 4181 24 of 27

References

1.  Keller, N.; Bessinger, D.; Reuter, S.; Calik, M.; Ascherl, L.; Hanusch, EC.; Auras, F.; Bein, T. Oligothiophene-Bridged Conjugated
Covalent Organic Frameworks. J. Am. Chem. Soc. 2017, 139, 8194-8199. [CrossRef] [PubMed]

2. Huang, N.; Wang, P; Jiang, D. Covalent organic frameworks: A materials platform for structural and functional designs. Nat. Rev.
Mater. 2016, 1, 1-19. [CrossRef]

3. Liu, R; Tan, K.T,; Gong, Y;; Chen, Y,; Li, Z; Xie, S.; He, T.; Lu, Z.; Yang, H.; Jiang, D. Covalent organic frameworks: An ideal
platform for designing ordered materials and advanced applications. Chem. Soc. Rev. 2021, 50, 120-242. [CrossRef]

4. Ockwig, N.-W.; Co, A.P; Keeffe, M.O.; Matzger, A.].; Yaghi, O.M. Porous, Crystalline, Covalent Organic Frameworks. Sciernce 2005,
310, 1166-1171.

5. Guo, L, Jin, S. Stable Covalent Organic Frameworks for Photochemical Applications. ChemPhotoChem 2019, 3, 973-983. [CrossRef]

6. Sharma, RK.; Yadav, P; Yadav, M.; Gupta, R.; Rana, P; Srivastava, A.; Zbofil, R.; Varma, R.S.; Antonietti, M.; Gawande, M.B.
Recent development of covalent organic frameworks (COFs): Synthesis and catalytic (organic-electro-photo) applications. Mater.
Horiz. 2020, 7, 411-454. [CrossRef]

7. Cheng, H.Y,; Wang, T. Covalent Organic Frameworks in Catalytic Organic Synthesis. Adv. Synth. Catal. 2021, 363, 144-193.
[CrossRef]

8. You,].; Zhao, Y.; Wang, L.; Bao, W. Recent developments in the photocatalytic applications of covalent organic frameworks: A
review. . Clean. Prod. 2021, 291, 125822. [CrossRef]

9.  Wang, H.,; Wang, H.; Wang, Z.; Tang, L.; Zeng, G.; Xu, P.; Chen, M.; Xiong, T.; Zhou, C.; Li, X,; et al. Covalent organic framework
photocatalysts: Structures and applications. Chem. Soc. Rev. 2020, 49, 4135-4165. [CrossRef]

10. Bagheri, A.R.; Aramesh, N. Towards the room-temperature synthesis of covalent organic frameworks: A mini-review. J. Mater.
Sci. 2021, 56, 1116-1132. [CrossRef]

11. Fu, Z; Wang, X.; Gardner, A.M.; Wang, X.; Chong, S.Y.; Neri, G.; Cowan, A.].; Liu, L.; Li, X.; Vogel, A.; et al. A stable covalent
organic framework for photocatalytic carbon dioxide reduction. Chem. Sci. 2020, 11, 543-550. [CrossRef] [PubMed]

12. Geng, K; He, T; Liu, R.; Dalapati, S.; Tan, K.T.; Li, Z.; Tao, S.; Gong, Y.; Jiang, Q.; Jiang, D. Covalent Organic Frameworks: Design,
Synthesis, and Functions. Chem. Rev. 2020, 120, 8814-8933. [CrossRef]

13.  Yang, Q.; Luo, M.; Liu, K.; Cao, H.; Yan, H. Covalent organic frameworks for photocatalytic applications. Appl. Catal. B Environ.
2020, 276, 119174. [CrossRef]

14. Sajjad, M.; Lu, W. Covalent organic frameworks based nanomaterials: Design, synthesis, and current status for supercapacitor
applications: A review. J. Energy Storage 2021, 39, 102618. [CrossRef]

15. Huang, J.; Liu, X.; Zhang, W.; Liu, Z.; Zhong, H.; Shao, B.; Liang, Q.; Liu, Y.; He, Q. Functionalization of covalent organic
frameworks by metal modification: Construction, properties and applications. Chem. Eng. J. 2021, 404, 127136. [CrossRef]

16. Li, Y;; Chen, W,; Xing, G.; Jiang, D.; Chen, L. New synthetic strategies toward covalent organic frameworks. Chem. Soc. Rev. 2020,
49, 2852-2868. [CrossRef]

17.  Feng, X.; Ding, X,; Jiang, D. Covalent organic frameworks. Chem. Soc. Rev. 2012, 41, 6010-6022. [CrossRef]

18.  Abuzeid, H.R.; EL-Mahdy, A.EM.; Kuo, S.-W. Covalent organic frameworks: Design principles, synthetic strategies, and diverse
applications. Giant 2021, 6, 100054. [CrossRef]

19. Zhi, Y,; Wang, Z.; Zhang, H.L.; Zhang, Q. Recent Progress in Metal-Free Covalent Organic Frameworks as Heterogeneous
Catalysts. Small 2020, 16, 1-21. [CrossRef]

20. Sinha, N.; Pakhira, S. Tunability of the Electronic Properties of Covalent Organic Frameworks. ACS Appl. Electron. Mater. 2021, 3,
720-732. [CrossRef]

21. Fang, Q.; Gu, S; Zheng, J.; Zhuang, Z.; Qiu, S.; Yan, Y. 3D Microporous Base-Functionalized Covalent Organic Frameworks for
Size-Selective Catalysis. Angew. Chem. 2014, 126, 2922-2926. [CrossRef]

22. Fan,M.; Wang, W.D.; Zhu, Y.; Sun, X.; Zhang, F; Dong, Z. Palladium clusters confined in triazinyl-functionalized COFs with
enhanced catalytic activity. Appl. Catal. B Environ. 2019, 257, 117942. [CrossRef]

23. Wang, J.; Zhuang, S. Covalent organic frameworks (COFs) for environmental applications. Coord. Chem. Rev. 2019, 400, 213046.
[CrossRef]

24. Li, Z,; Feng, X.; Zou, Y.; Zhang, Y.; Xia, H.; Liu, X.; Mu, Y. A 2D azine-linked covalent organic framework for gas storage
applications. Chem. Commun. 2014, 50, 13825-13828. [CrossRef] [PubMed]

25. Li, Z,; Zhi, Y,; Feng, X.; Ding, X.; Zou, Y.; Liu, X.; Mu, Y. An Azine-Linked Covalent Organic Framework: Synthesis, Characteriza-
tion and Efficient Gas Storage. Chem. Eur. J. 2015, 21, 12079-12084. [CrossRef]

26. Xie, Z.; Wang, B.; Yang, Z.; Yang, X.; Yu, X; Xing, G.; Zhang, Y.; Chen, L. Stable 2D Heteroporous Covalent Organic Frameworks
for Efficient Ionic Conduction. Angew. Chem. 2019, 131, 15889-15893. [CrossRef]

27. Li, X,; Loh, K.P. Recent Progress in Covalent Organic Frameworks as Solid-State Ion Conductors. ACS Mater. Lett. 2019, 1, 327-335.
[CrossRef]

28. Verma, P; Kuwahara, Y.; Mori, K;; Raja, R.; Yamashita, H. Functionalized mesoporous SBA-15 silica: Recent trends and catalytic
applications. Nanoscale 2020, 12, 11333-11363. [CrossRef]

29. Verma, P; Kuwahara, Y.; Mori, K.; Yamashita, H. Design of silver-based controlled nanostructures for plasmonic catalysis under

visible light irradiation. Bull. Chem. Soc. Jpn. 2019, 92, 19-29. [CrossRef]


http://doi.org/10.1021/jacs.7b01631
http://www.ncbi.nlm.nih.gov/pubmed/28586200
http://doi.org/10.1038/natrevmats.2016.68
http://doi.org/10.1039/D0CS00620C
http://doi.org/10.1002/cptc.201900089
http://doi.org/10.1039/C9MH00856J
http://doi.org/10.1002/adsc.202001086
http://doi.org/10.1016/j.jclepro.2021.125822
http://doi.org/10.1039/D0CS00278J
http://doi.org/10.1007/s10853-020-05308-9
http://doi.org/10.1039/C9SC03800K
http://www.ncbi.nlm.nih.gov/pubmed/32206271
http://doi.org/10.1021/acs.chemrev.9b00550
http://doi.org/10.1016/j.apcatb.2020.119174
http://doi.org/10.1016/j.est.2021.102618
http://doi.org/10.1016/j.cej.2020.127136
http://doi.org/10.1039/D0CS00199F
http://doi.org/10.1039/c2cs35157a
http://doi.org/10.1016/j.giant.2021.100054
http://doi.org/10.1002/smll.202001070
http://doi.org/10.1021/acsaelm.0c00867
http://doi.org/10.1002/ange.201310500
http://doi.org/10.1016/j.apcatb.2019.117942
http://doi.org/10.1016/j.ccr.2019.213046
http://doi.org/10.1039/C4CC05665E
http://www.ncbi.nlm.nih.gov/pubmed/25253410
http://doi.org/10.1002/chem.201501206
http://doi.org/10.1002/ange.201909554
http://doi.org/10.1021/acsmaterialslett.9b00185
http://doi.org/10.1039/D0NR00732C
http://doi.org/10.1246/bcsj.20180244

Molecules 2021, 26, 4181 25 of 27

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Verma, P.; Stewart, D.J.; Raja, R. Recent Advances in Photocatalytic CO, Utilisation Over Multifunctional Metal—Organic
Frameworks. Catalysts 2020, 10, 1176. [CrossRef]

Newland, S.H.; Sinkler, W.; Mezza, T.; Bare, S.R.; Carravetta, M.; Haies, I.M.; Levy, A.; Keenan, S.; Raja, R. Expanding beyond the
Micropore: Active-Site Engineering in Hierarchical Architectures for Beckmann Rearrangement. ACS Catal. 2015, 5, 6587-6593.
[CrossRef]

Chapman, S.; Carravetta, M.; Miletto, I.; Doherty, C.M.; Dixon, H.; Taylor, ].D.; Gianotti, E.; Yu, J.; Raja, R. Probing the Design
Rationale of a High-Performing Faujasitic Zeotype Engineered to have Hierarchical Porosity and Moderated Acidity. Angew.
Chem. Int. Ed. 2020, 59, 19561-19569. [CrossRef] [PubMed]

Verma, P; Potter, M.E.; Oakley, A.E.; Mhembere, P.M.; Raja, R. Bimetallic PdAu Catalysts within Hierarchically Porous Architec-
tures for Aerobic Oxidation of Benzyl Alcohol. Nanomaterials 2021, 11, 350. [CrossRef] [PubMed]

Ong, WJ.; Tan, L.L.; Ng, YH.; Yong, S.T.; Chai, S.P. Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts for Artificial
Photosynthesis and Environmental Remediation: Are We a Step Closer to Achieving Sustainability? Chem. Rev. 2016, 116,
7159-7329. [CrossRef] [PubMed]

Navlani-Garcia, M.; Verma, P.; Kuwahara, Y.; Kamegawa, T.; Mori, K.; Yamashita, H. Visible-light-enhanced catalytic activity of
Ru nanoparticles over carbon modified g-C3N4. J. Photochem. Photobiol. A Chem. 2018, 358, 327-333. [CrossRef]

Wan, S.; Guo, J.; Kim, J.; Ihee, H.; Jiang, D. A Belt-Shaped, Blue Luminescent, and Semiconducting Covalent Organic Framework.
Angew. Chem. 2008, 120, 8958-8962. [CrossRef]

Kuecken, S.; Acharjya, A.; Zhi, L.; Schwarze, M.; Schomacker, R.; Thomas, A. Fast tuning of covalent triazine frameworks for
photocatalytic hydrogen evolution. Chem. Commun. 2017, 53, 5854-5857. [CrossRef]

Li, L.; Fang, W.; Zhang, P.,; Bi, J.; He, Y.; Wang, J.; Su, W. Sulfur-doped covalent triazine-based frameworks for enhanced
photocatalytic hydrogen evolution from water under visible light. J. Mater. Chem. A 2016, 4, 12402-12406. [CrossRef]

Cheng, Z.; Fang, W.; Zhao, T,; Fang, S.; Bi, J.; Liang, S.; Li, L.; Yu, Y.; Wu, L. Efficient Visible-Light-Driven Photocatalytic Hydrogen
Evolution on Phosphorus-Doped Covalent Triazine-Based Frameworks. ACS Appl. Mater. Interfaces 2018, 10, 41415-41421.
[CrossRef]

Meier, C.B.; Sprick, R.S.; Monti, A.; Guiglion, P; Lee, ].5.M.; Zwijnenburg, M.A.; Cooper, A I Structure-property relationships for
covalent triazine-based frameworks: The effect of spacer length on photocatalytic hydrogen evolution from water. Polymer 2017,
126, 283-290. [CrossRef]

Liu, S.; Tian, M.; Bu, X; Tian, H.; Yang, X. Covalent Organic Frameworks toward Diverse Photocatalytic Aerobic Oxidations.
Chem. Eur. ]. 2021, 27, 7738-7744. [CrossRef] [PubMed]

Almansaf, Z.; Hu, J.; Zanca, F; Shahsavari, H.R.; Kampmeyer, B.; Tsuji, M.; Maity, K.; Lomonte, V.; Ha, Y.; Mastrorilli, P.; et al.
Pt(II)-Decorated Covalent Organic Framework for Photocatalytic Difluoroalkylation and Oxidative Cyclization Reactions. ACS
Appl. Mater. Interfaces 2021, 13, 6349-6358. [CrossRef] [PubMed]

Lv, SW,; Liu, JM,; Yang, EE.; Li, C.Y.; Wang, S. A novel photocatalytic platform based on the newly-constructed ternary
composites with a double p-n heterojunction for contaminants degradation and bacteria inactivation. Chem. Eng. J. 2021, 409,
128269. [CrossRef]

Elmetwally, A.E.; Zeynaloo, E.; Shukla, D.; Surnar, B.; Dhar, S.; Cohn, J.L.; Knecht, M.R.; Bachas, L.G. Cu20 Cubes Decorated with
Azine-Based Covalent Organic Framework Spheres and Pd Nanoparticles as Tandem Photocatalyst for Light-Driven Degradation
of Chlorinated Biphenyls. ACS Appl. Nano Mater. 2021, 4, 2795-2805. [CrossRef]

Lv, H.; Zhao, X.; Niu, H.; He, S.; Tang, Z.; Wu, E,; Giesy, ].P. Ball milling synthesis of covalent organic framework as a highly
active photocatalyst for degradation of organic contaminants. J. Hazard. Mater. 2019, 369, 494-502. [CrossRef]

Chen, H.; Liu, W.; Laemont, A.; Krishnaraj, C.; Feng, X.; Rohman, F; Meledina, M.; Zhang, Q.; Van Deun, R.; Leus, K,; et al.
A Visible-Light-Harvesting Covalent Organic Framework Bearing Single Nickel Sites as a Highly Efficient Sulfur-Carbon
Cross-Coupling Dual Catalyst. Angew. Chem. Int. Ed. 2021, 60, 10820-10827. [CrossRef]

Verma, P.; Mori, K,; Kuwahara, Y.; Raja, R.; Yamashita, H. Plasmonic nanocatalysts for visible-NIR light induced hydrogen
generation from storage materials. Mater. Adv. 2021, 2, 880-906. [CrossRef]

Wang, Y.; Vogel, A.; Sachs, M.; Sprick, R.S.; Wilbraham, L.; Moniz, S.J.A.; Godin, R.; Zwijnenburg, M.A.; Durrant, ].R.; Cooper,
A.L; et al. Current understanding and challenges of solar-driven hydrogen generation using polymeric photocatalysts. Nat.
Energy 2019, 4, 746-760. [CrossRef]

Vyas, V.S.; Haase, F; Stegbauer, L.; Savasci, G.; Podjaski, E.; Ochsenfeld, C.; Lotsch, B.V. A tunable azine covalent organic
framework platform for visible light-induced hydrogen generation. Nat. Commun. 2015, 6, 1-9. [CrossRef]

Stegbauer, L.; Schwinghammer, K.; Lotsch, B.V. A hydrazone-based covalent organic framework for photocatalytic hydrogen
production. Chem. Sci. 2014, 5, 2789-2793. [CrossRef]

Stegbauer, L.; Zech, S.; Savasci, G.; Banerjee, T.; Podjaski, F; Schwinghammer, K.; Ochsenfeld, C.; Lotsch, B.V. Tailor-Made
Photoconductive Pyrene-Based Covalent Organic Frameworks for Visible-Light Driven Hydrogen Generation. Adv. Energy Mater.
2018, 8, 1-8. [CrossRef]

Ding, S.Y.; Wang, PL.; Yin, G.L.; Zhang, X.; Lu, G. Energy transfer in covalent organic frameworks for visible-light-induced
hydrogen evolution. Int. |. Hydrogen Energy 2019, 44, 11872-11876. [CrossRef]


http://doi.org/10.3390/catal10101176
http://doi.org/10.1021/acscatal.5b01595
http://doi.org/10.1002/anie.202005108
http://www.ncbi.nlm.nih.gov/pubmed/32648629
http://doi.org/10.3390/nano11020350
http://www.ncbi.nlm.nih.gov/pubmed/33535412
http://doi.org/10.1021/acs.chemrev.6b00075
http://www.ncbi.nlm.nih.gov/pubmed/27199146
http://doi.org/10.1016/j.jphotochem.2017.09.007
http://doi.org/10.1002/ange.200803826
http://doi.org/10.1039/C7CC01827D
http://doi.org/10.1039/C6TA04711D
http://doi.org/10.1021/acsami.8b16013
http://doi.org/10.1016/j.polymer.2017.04.017
http://doi.org/10.1002/chem.202100398
http://www.ncbi.nlm.nih.gov/pubmed/33788327
http://doi.org/10.1021/acsami.0c21370
http://www.ncbi.nlm.nih.gov/pubmed/33496569
http://doi.org/10.1016/j.cej.2020.128269
http://doi.org/10.1021/acsanm.0c03425
http://doi.org/10.1016/j.jhazmat.2019.02.046
http://doi.org/10.1002/anie.202101036
http://doi.org/10.1039/D0MA00761G
http://doi.org/10.1038/s41560-019-0456-5
http://doi.org/10.1038/ncomms9508
http://doi.org/10.1039/C4SC00016A
http://doi.org/10.1002/aenm.201703278
http://doi.org/10.1016/j.ijhydene.2019.03.039

Molecules 2021, 26, 4181 26 of 27

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Gao, M.Y,; Li, C.C,; Tang, H.L.; Sun, X.J.; Dong, H.; Zhang, EM. Boosting visible-light-driven hydrogen evolution of covalent
organic frameworks through compositing with MoS2: A promising candidate for noble-metal-free photocatalysts. J. Mater. Chem.
A 2019, 7, 20193-20200. [CrossRef]

Wang, D.; Zeng, H.; Xiong, X.; Wu, M.E; Xia, M.; Xie, M.; Zou, J.P,; Luo, S.L. Highly efficient charge transfer in CdS-covalent
organic framework nanocomposites for stable photocatalytic hydrogen evolution under visible light. Sci. Bull. 2020, 65, 113-122.
[CrossRef]

Li, L.; Zhou, Z; Li, L.; Zhuang, Z.; Bi, J.; Chen, J.; Yu, Y.; Yu, ]. Thioether-Functionalized 2D Covalent Organic Framework
Featuring Specific Affinity to Au for Photocatalytic Hydrogen Production from Seawater. ACS Sustain. Chem. Eng. 2019, 7,
18574-18581. [CrossRef]

Wei, S.; Zhang, W.; Qiang, P; Yu, K;; Fu, X.; Wu, D.; Bi, S.; Zhang, F. Semiconducting 2D Triazine-Cored Covalent Organic
Frameworks with Unsubstituted Olefin Linkages. J. Am. Chem. Soc. 2019, 141, 14272-14279. [CrossRef] [PubMed]

Gao, Z.Z.; Wang, Z.K.; Wei, L,; Yin, G; Tian, J.; Liu, C.Z,; Wang, H.; Zhang, D.W.; Zhang, Y.B.; Li, X,; et al. Water-Soluble 3D
Covalent Organic Framework that Displays an Enhanced Enrichment Effect of Photosensitizers and Catalysts for the Reduction
of Protons to H2. ACS Appl. Mater. Interfaces 2020, 12, 1404-1411. [CrossRef] [PubMed]

Banerjee, T.; Haase, F.; Savasci, G.; Gottschling, K.; Ochsenfeld, C.; Lotsch, B.V. Single-Site Photocatalytic H2 Evolution from
Covalent Organic Frameworks with Molecular Cobaloxime Co-Catalysts. J. Am. Chem. Soc. 2017, 139, 16228-16234. [CrossRef]
Gottschling, K.; Savasci, G.; Vignolo-Gonzalez, H.; Schmidt, S.; Mauker, P.; Banerjee, T.; Rov6, P.; Ochsenfeld, C.; Lotsch,
B.V. Rational Design of Covalent Cobaloxime-Covalent Organic Framework Hybrids for Enhanced Photocatalytic Hydrogen
Evolution. J. Am. Chem. Soc. 2020, 142, 12146-12156. [CrossRef]

Ghosh, S.; Nakada, A.; Springer, M.A.; Kawaguchi, T.; Suzuki, K.; Kaji, H.; Baburin, I.; Kuc, A.; Heine, T.; Suzuki, H.; et al.
Identification of Prime Factors to Maximize the Photocatalytic Hydrogen Evolution of Covalent Organic Frameworks. |. Am.
Chem. Soc. 2020, 142, 9752-9762. [CrossRef]

Wang, H.; Qian, C; Liu, J.; Zeng, Y.; Wang, D.; Zhou, W.; Gu, L.; Wu, H,; Liu, G.; Zhao, Y. Integrating Suitable Linkage of Covalent
Organic Frameworks into Covalently Bridged Inorganic/Organic Hybrids toward Efficient Photocatalysis. J. Am. Chem. Soc.
2020, 142, 4862-4871. [CrossRef]

Uribe-Romo, EJ.; Doonan, C.J.; Furukawa, H.; Oisaki, K.; Yaghi, O.M. Crystalline covalent organic frameworks with hydrazone
linkages. J. Am. Chem. Soc. 2011, 133, 11478-11481. [CrossRef] [PubMed]

Chiarello, G.L.; Aguirre, M.H.; Selli, E. Hydrogen production by photocatalytic steam reforming of methanol on noble metal-
modified TiO,. J. Catal. 2010, 273, 182-190. [CrossRef]

Wang, B.; He, S.; Zhang, L.; Huang, X.; Gao, E; Feng, W.; Liu, P. CdS nanorods decorated with inexpensive NiCd bimetallic
nanoparticles as efficient photocatalysts for visible-light-driven photocatalytic hydrogen evolution. Appl. Catal. B Environ. 2019,
243, 229-235. [CrossRef]

Chen, S.; Li, M,; Yang, S.; Li, X.; Zhang, S. Graphitied carbon-coated bimetallic FeCu nanoparticles as original g-C3N4 cocatalysts
for improving photocatalystic activity. Appl. Surf. Sci. 2019, 492, 571-578. [CrossRef]

Li, X.L.; Wang, X.J.; Zhu, ].Y.; Li, Y.P; Zhao, J.; Li, ET. Fabrication of two-dimensional Ni2P/ZnIn254 heterostructures for enhanced
photocatalytic hydrogen evolution. Chem. Eng. J. 2018, 353, 15-24. [CrossRef]

Lin, Z,; Xiao, J.; Li, L.; Liu, P.; Wang, C.; Yang, G. Nanodiamond-Embedded p-Type Copper(I) Oxide Nanocrystals for Broad-
Spectrum Photocatalytic Hydrogen Evolution. Adv. Energy Mater. 2016, 6, 1-10. [CrossRef]

Pramoda, K.; Gupta, U.; Chhetri, M.; Bandyopadhyay, A.; Pati, S.K.; Rao, C.N.R. Nanocomposites of C3N4 with Layers of MoS2
and Nitrogenated RGO, Obtained by Covalent Cross-Linking: Synthesis, Characterization, and HER Activity. ACS Appl. Mater.
Interfaces 2017, 9, 10664-10672. [CrossRef]

Bi, J.; Xu, B.; Sun, L.; Huang, H.; Fang, S.; Li, L.; Wu, L. A Cobalt-Modified Covalent Triazine-Based Framework as an Efficient
Cocatalyst for Visible-Light-Driven Photocatalytic CO, Reduction. Chempluschem 2019, 84, 1149-1154. [CrossRef]

Chen, X.; Dang, Q.; Sa, R.; Li, L.; Li, L,; Bi, J.; Zhang, Z.; Long, J.; Yu, Y.; Zou, Z. Integrating single Ni sites into biomimetic
networks of covalent organic frameworks for selective photoreduction of CO,. Chem. Sci. 2020, 11, 6915-6922. [CrossRef]

Fu, Y,; Zhu, X.; Huang, L.; Zhang, X.; Zhang, F.; Zhu, W. Azine-based covalent organic frameworks as metal-free visible light
photocatalysts for CO2 reduction with H2O. Appl. Catal. B Environ. 2018, 239, 46-51. [CrossRef]

Gong, Y.N.; Zhong, W.; Li, Y,; Qiu, Y.; Zheng, L.; Jiang, J.; Jiang, H.L. Regulating photocatalysis by spin-state manipulation of
cobalt in covalent organic frameworks. J. Am. Chem. Soc. 2020, 142, 16723-16731. [CrossRef] [PubMed]

Guo, K.; Zhu, X; Peng, L.; Fu, Y.; Ma, R.; Lu, X,; Zhang, F; Zhu, W.; Fan, M. Boosting photocatalytic CO2 reduction over a
covalent organic framework decorated with ruthenium nanoparticles. Chem. Eng. J. 2021, 405, 127011. [CrossRef]

Guo, S.; Yang, P; Zhao, Y.; Yu, X.;; Wu, Y.; Zhang, H.; Yu, B.; Han, B.; George, M.W.,; Liu, Z. Direct Z-Scheme Heterojunction
of SnS2/Sulfur-Bridged Covalent Triazine Frameworks for Visible-Light-Driven CO, Photoreduction. ChemSusChem 2020, 13,
6278-6283. [PubMed]

Li, S.Y.; Meng, S.; Zou, X.; El-Roz, M.; Telegeev, I; Thili, O.; Liu, T.X.; Zhu, G. Rhenium-functionalized covalent organic framework
photocatalyst for efficient CO, reduction under visible light. Microporous Mesoporous Mater. 2019, 285, 195-201. [CrossRef]

Liu, W,; Li, X.; Wang, C.; Pan, H.; Liu, W.; Wang, K.; Zeng, Q.; Wang, R.; Jiang, J. A Scalable General Synthetic Approach toward
Ultrathin Imine-Linked Two-Dimensional Covalent Organic Framework Nanosheets for Photocatalytic CO, Reduction. J. Am.
Chem. Soc. 2019, 141, 17431-17440. [CrossRef] [PubMed]


http://doi.org/10.1039/C9TA07319A
http://doi.org/10.1016/j.scib.2019.10.015
http://doi.org/10.1021/acssuschemeng.9b04749
http://doi.org/10.1021/jacs.9b06219
http://www.ncbi.nlm.nih.gov/pubmed/31430139
http://doi.org/10.1021/acsami.9b19870
http://www.ncbi.nlm.nih.gov/pubmed/31789493
http://doi.org/10.1021/jacs.7b07489
http://doi.org/10.1021/jacs.0c02155
http://doi.org/10.1021/jacs.0c02633
http://doi.org/10.1021/jacs.0c00054
http://doi.org/10.1021/ja204728y
http://www.ncbi.nlm.nih.gov/pubmed/21721558
http://doi.org/10.1016/j.jcat.2010.05.012
http://doi.org/10.1016/j.apcatb.2018.10.065
http://doi.org/10.1016/j.apsusc.2019.06.127
http://doi.org/10.1016/j.cej.2018.07.107
http://doi.org/10.1002/aenm.201501865
http://doi.org/10.1021/acsami.7b00085
http://doi.org/10.1002/cplu.201900329
http://doi.org/10.1039/D0SC01747G
http://doi.org/10.1016/j.apcatb.2018.08.004
http://doi.org/10.1021/jacs.0c07206
http://www.ncbi.nlm.nih.gov/pubmed/32894021
http://doi.org/10.1016/j.cej.2020.127011
http://www.ncbi.nlm.nih.gov/pubmed/32291955
http://doi.org/10.1016/j.micromeso.2019.05.026
http://doi.org/10.1021/jacs.9b09502
http://www.ncbi.nlm.nih.gov/pubmed/31608638

Molecules 2021, 26, 4181 27 of 27

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Lu, M; Li, Q,; Liu, J.; Zhang, EM.; Zhang, L.; Wang, ].L.; Kang, Z.H.; Lan, Y.Q. Installing earth-abundant metal active centers to
covalent organic frameworks for efficient heterogeneous photocatalytic CO, reduction. Appl. Catal. B Environ. 2019, 254, 624-633.
[CrossRef]

Eppinger, ].; Huang, K.W. Formic Acid as a Hydrogen Energy Carrier. ACS Energy Lett. 2017, 2, 188-195. [CrossRef]

Wei, J.; Ge, Q.; Yao, R.; Wen, Z.; Fang, C.; Guo, L.; Xu, H.; Sun, J. Directly converting CO, into a gasoline fuel. Nat. Commun. 2017,
8, 1-9. [CrossRef]

Yarulina, I.; Chowdhury, A.D.; Meirer, E.; Weckhuysen, B.M.; Gascon, J. Recent trends and fundamental insights in the methanol-
to-hydrocarbons process. Nat. Catal. 2018, 1, 398—411. [CrossRef]

Xu, C.; Zhang, W.; Tang, J.; Pan, C.; Yu, G. Porous Organic Polymers: An Emerged Platform for Photocatalytic Water Splitting.
Front. Chem. 2018, 6, 592. [CrossRef] [PubMed]

Evans, A.M,; Ryder, M.R;; Ji, W,; Strauss, M.].; Corcos, A.R.; Vitaku, E.; Flanders, N.C.; Bisbey, R.P.; Dichtel, W.R. Trends in the
thermal stability of two-dimensional covalent organic frameworks. Faraday Discuss. 2021, 225, 226-240. [CrossRef]

Zhang, Z.; Yi, G.; Li, P; Zhang, X.; Fan, H.; Wang, X.; Zhang, C.; Zhang, Y. Engineering approach toward catalyst design for solar
photocatalytic CO2 reduction: A critical review. Int. ]. Energy Res. 2021, 45, 9895-9913. [CrossRef]

Wang, HN.; Zou, Y.H.; Sun, HX,; Chen, Y; Li, S.L.; Lan, Y.Q. Recent progress and perspectives in heterogeneous photocatalytic
CO2 reduction through a solid—gas mode. Coord. Chem. Rev. 2021, 438, 213906. [CrossRef]

Pang, R.; Teramura, K.; Tatsumi, H.; Asakura, H.; Hosokawa, S.; Tanaka, T. Modification of Ga;O3 by an Ag-Cr core-shell cocatalyst
enhances photocatalytic CO evolution for the conversion of CO, by HyO. Chemn. Commun. 2018, 54, 1053-1056. [CrossRef]

Pham, T.D.; Lee, B.K. Novel photocatalytic activity of Cu@V co-doped TiO, /PU for CO, reduction with H,O vapor to produce
solar fuels under visible light. J. Catal. 2017, 345, 87-95. [CrossRef]

Xin, C.; Hu, M.; Wang, K.; Wang, X. Significant Enhancement of Photocatalytic Reduction of CO, with H,O over ZnO by the
Formation of Basic Zinc Carbonate. Langmuir 2017, 33, 6667-6676. [CrossRef] [PubMed]

Li, D.; Ouyang, S.; Xu, H.; Lu, D.; Zhao, M.; Zhang, X.; Ye, ]. Synergistic effect of Au and Rh on SrTiO3 in significantly promoting
visible-light-driven syngas production from CO, and HyO. Chem. Commun. 2016, 52, 5989-5992. [CrossRef] [PubMed]

Wang, Y; Xu, Y.; Wang, Y; Qin, H.; Li, X.; Zuo, Y.; Kang, S.; Cui, L. Synthesis of Mo-doped graphitic carbon nitride catalysts and
their photocatalytic activity in the reduction of CO, with HyO. Catal. Commun. 2016, 74, 75-79. [CrossRef]

Thanh Truc, N.T.; Giang Bach, L.; Thi Hanh, N.; Pham, T.D.; Thi Phuong Le Chi, N.; Tran, D.T.; Nguyen, M.V,; Nguyen, V.N. The
superior photocatalytic activity of Nb doped TiO, /g-C3N4 direct Z-scheme system for efficient conversion of CO, into valuable
fuels. J. Colloid Interface Sci. 2019, 540, 1-8. [CrossRef]

Wang, H.; Zeng, Z.; Xu, P; Li, L.; Zeng, G.; Xiao, R.; Tang, Z.; Huang, D.; Tang, L.; Lai, C.; et al. Recent progress in covalent
organic framework thin films: Fabrications, applications and perspectives. Chem. Soc. Rev. 2019, 48, 488-516. [CrossRef]

Ding, X.; Guo, J.; Feng, X.; Honsho, Y.; Guo, J.; Seki, S.; Maitarad, P; Saeki, A.; Nagase, S.; Jiang, D. Synthesis of metallophthalo-
cyanine covalent organic frameworks that exhibit high carrier mobility and photoconductivity. Angew. Chem. Int. Ed. 2011, 50,
1289-1293. [CrossRef]

Feng, X.; Liu, L.; Honsho, Y.; Saeki, A.; Seki, S.; Irle, S.; Dong, Y.; Nagai, A.; Jiang, D. High-rate charge-carrier transport in
porphyrin covalent organic frameworks: Switching from hole to electron to ambipolar conduction. Angew. Chem. Int. Ed. 2012,
51,2618-2622. [CrossRef]

Ding, S.Y.; Gao, ].; Wang, Q.; Zhang, Y.; Song, W.G.; Su, C.Y.; Wang, W. Construction of covalent organic framework for catalysis:
Pd/COF-LZU1 in Suzuki-Miyaura coupling reaction. J. Am. Chem. Soc. 2011, 133, 19816-19822. [CrossRef]

Ding, H.; Li, J.; Xie, G.; Lin, G.; Chen, R; Peng, Z.; Yang, C.; Wang, B.; Sun, J.; Wang, C. An AlEgen-based 3D covalent organic
framework for white light-emitting diodes. Nat. Commun. 2018, 9, 1-7. [CrossRef]

Verma, P.; Kuwahara, Y.; Mori, K.; Yamashita, H. Plasmonic catalysis of Ag nanoparticles deposited on CeO, modified mesoporous
silica for the nitrostyrene reduction under light irradiation conditions. Catal. Today 2019, 324, 83-89. [CrossRef]

Verma, P.; Navlani-garcia, M.; Kuwahara, Y.; Mori, K.; Yamashita, H. Mesoporous silica supported Pd/Ag bimetallic nanoparticles
as a plasmonic catalyst for chemoselective hydrogenation of p -nitrostyrene under visible light irradiation. J. Chem. Sci. 2017, 129,
1661-1669. [CrossRef]

Verma, P; Mori, K.; Kuwahara, Y.; Cho, S.J.; Yamashita, H. Synthesis of plasmonic gold nanoparticles supported on morphology-
controlled TiO2 for aerobic alcohol oxidation. Catal. Today 2020, 352, 255-261. [CrossRef]

Verma, P.; Kuwahara, Y.; Mori, K.; Yamashita, H. Visible-light-driven reduction of nitrostyrene utilizing plasmonic silver
nanoparticle catalysts immobilized on oxide supports. Catal. Today 2020, 355, 620—-626. [CrossRef]

Feng, X.; Dong, Y.; Jiang, D. Star-shaped two-dimensional covalent organic frameworks. CrystEngComm 2013, 15, 1508-1511.
[CrossRef]

Lin, S.; Diercks, C.S.; Zhang, Y.B.; Kornienko, N.; Nichols, EM.; Zhao, Y.; Paris, A.R.; Kim, D.; Yang, P; Yaghi, O.M.; et al. Covalent
organic frameworks comprising cobalt porphyrins for catalytic CO2 reduction in water. Science 2015, 349, 1208-1213. [CrossRef]
[PubMed]

Chen, X.; Geng, K; Liu, R.; Tan, K.T.; Gong, Y.; Li, Z; Tao, S.; Jiang, Q.; Jiang, D. Covalent Organic Frameworks: Chemical
Approaches to Designer Structures and Built-In Functions. Angew. Chem. Int. Ed. 2020, 59, 5050-5091. [CrossRef] [PubMed]
Knighten, G.V.; Weber, A.; Turner, R.D.; Smith, R.W.; Shen, Y.R,; Fitzgibbon, R.; Lax, B.; Evans, C.L.; Xie, X.S.; Dudovich, N.; et al.
Designed Synthesis of 3D Covalent Organic Frameworks. Science 2007, 13, 268-273.


http://doi.org/10.1016/j.apcatb.2019.05.033
http://doi.org/10.1021/acsenergylett.6b00574
http://doi.org/10.1038/ncomms15174
http://doi.org/10.1038/s41929-018-0078-5
http://doi.org/10.3389/fchem.2018.00592
http://www.ncbi.nlm.nih.gov/pubmed/30564569
http://doi.org/10.1039/D0FD00054J
http://doi.org/10.1002/er.6603
http://doi.org/10.1016/j.ccr.2021.213906
http://doi.org/10.1039/C7CC07800E
http://doi.org/10.1016/j.jcat.2016.10.030
http://doi.org/10.1021/acs.langmuir.7b00620
http://www.ncbi.nlm.nih.gov/pubmed/28628745
http://doi.org/10.1039/C6CC00836D
http://www.ncbi.nlm.nih.gov/pubmed/27063426
http://doi.org/10.1016/j.catcom.2015.10.029
http://doi.org/10.1016/j.jcis.2019.01.005
http://doi.org/10.1039/C8CS00376A
http://doi.org/10.1002/anie.201005919
http://doi.org/10.1002/anie.201106203
http://doi.org/10.1021/ja206846p
http://doi.org/10.1038/s41467-018-07670-4
http://doi.org/10.1016/j.cattod.2018.06.051
http://doi.org/10.1007/s12039-017-1364-5
http://doi.org/10.1016/j.cattod.2019.10.014
http://doi.org/10.1016/j.cattod.2019.03.058
http://doi.org/10.1039/C2CE26371H
http://doi.org/10.1126/science.aac8343
http://www.ncbi.nlm.nih.gov/pubmed/26292706
http://doi.org/10.1002/anie.201904291
http://www.ncbi.nlm.nih.gov/pubmed/31144373

	Introduction 
	COFs-Based Hybrids for Photocatalytic H2 Generation 
	COFs-Based Hybrids for Photocatalytic CO2 Conversion 
	Conclusions and Perspectives 
	References

