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Photocatalytic CO, reduction reaction (CO,RR) is one of the promising strategies for sustainably produc-
ing solar fuels. The precise identification of catalytic sites and the enhancement of photocatalytic CO,
conversion is imperative yet quite challenging. This critical review summarizes recent advances in porous
photo-responsive polymers, including covalent organic frameworks (COFs), covalent triazine frameworks
(CTFs), and conjugated microporous polymers (CMPs), those can be rationally designed from the molec-
ular level for visible-light-driven photocatalytic CO, reduction. Additionally, special emphasis is placed
on how the well-defined active sites on these polymers can influence their properties and photocatalytic
performance. The precise regulation and control of microenvironments and electronic properties of metal
active centers are crucial for boosting catalytic efficiency and selectivity, as well as for the design of better
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photocatalysts for CO, reduction.
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1. Introduction

With the increasing energy shortage and environmental prob-
lems, finding clean and renewable energy sources to replace fos-
sil fuels has become an urgent task [1,2]. Large-scale deployment
of artificial systems that mimic natural photosynthesis could ac-
complish solar energy storage, CO, sequestration, and recycling of
carbon back into fuels for energy consumption, thereby relieving
our dependency on fossil fuels [3-9]. In recent years, solar-driven
photocatalytic CO, reduction reaction (CO,RR) has attracted grow-
ing attention and is regarded as a renewable and sustainable strat-
egy. The core of CO, photocatalytic technology lies in the devel-
opment of photocatalysts that can absorb light and efficiently con-
vert CO, into “solar fuels” including carbon monoxide (CO), formic
acid (HCOOH), methanol (CH;0H), methane (CH,4) and so on (Fig.
1) [10-17].

Photocatalytic CO, reduction reactions are complex multistep
processes, and their efficiency is influenced by several factors (Fig.
2) [18-26]. Firstly, the critical starting step is the absorption of
light with energy equal to or greater than the bandgap by semi-
conductor photocatalyst, which generates photogenerated electrons
and holes. To maximize the utilization of solar energy, it is desir-
able to use photocatalysts that can absorb visible light. The band
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structure is also an important factor in determining whether the
photocatalytic reduction of CO, can occur. To mimic natural pho-
tosynthesis, water should be used as the hole scavenger, meaning
the bandgap of photocatalyst should straddle both the potentials
for CO, reduction and water oxidation. Better separation of pho-
togenerated electrons and holes can bring a higher surface photo-
generated electron density in photocatalysts, which can effectively
accelerate multi-electron reduction reaction. Additionally, surface
catalytic active sites and/or cocatalysts can enhance separation of
photogenerated carriers and promote surface redox reactions. The
adsorption and desorption of reactants, intermediates, and prod-
ucts also play a key role in reaction efficiency and product selec-
tivity. Strong adsorption ability of reactants and easy desorption of
the target product can result in a high yield of the desired product.

Currently, significant progress has been made in the devel-
opment of novel photoreduction CO, systems [27,28]. Particu-
late photocatalysts, including metal oxide, metal sulphide, metal
(oxy)nitride, have demonstrated successful applications in photo-
catalytic CO,RR [29-42]. However, this process is hindered by low
charge separation and migration efficiency, inevitable electron-hole
recombination, and the inert nature of CO, molecules [43,44].
As a result, the quantum yield and lifetime of photocatalysts are
still far behind the need for practical applications. Compared with
these photocatalysts, porous polymers (PPs) such as covalent or-
ganic frameworks (COFs), covalent triazine frameworks (CTFs), and
conjugated microporous polymers (CMPs), offer the potential for
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Fig. 1. CO,RR to product solar fuel molecules and the reaction mechanism from
semiconductor catalysts.

Light-excitation

attributes
<8,
4 %,
& o %0(60’0 “
S - %, €6, %,
S R o — O
EN SR, Y o,
ba e& / \ 0‘4 (9
S& '@ 7 \ %.
St AT e | ) B
& SO \ !
oY \ o
3 b //
S e
& Product
oo selectivity
4 R
s% % /

=% % ‘

%55 % 84 S
L) e N
%% % S, S

.2 2 ' F ST e
% ¢ [ ) & &
e & S &
FFE
&8
Adsorpmm and
ﬂrnvan',,n of
Feactapgg

Fig. 2. Main factors influencing the product selectivity of photocatalytic CO, reduc-
tion reactions.
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higher CO,RR efficiency while providing opportunities to explore
the structure-property relationship at the molecular level [45-56].
Additionally, the large surface area of PPs facilitates mass transport
and ion migration during the reaction. Due to the tunable structure
and large surface area, PPs can also serve as supports to stabilize
and synergistically enhance the activity of active sites.

In this review, we present a perspective on PPs with structurally
well-defined active metal sites for CO, photocatalytic reduction
(Fig. 3). We focus on gaining a deeper understanding of how well-
defined active sites of PPs can influence optical properties, photo-
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Table 1
Photocatalytic multielectron processes of CO,RR [61,62].
Entry Reaction Erea® (V)
1 2H* +2e~ —H, —0.41
2 CO; +2H* +2e~ —HCOOH —0.61
3 CO, + 2H* +2e~ — CO +H,0 -0.53
4 CO; +4H* +4e~ — HCHO + H,0 —-0.48
5 CO, + 6H* +6e~ — CH30H + 2H,0 ~0.38
6 CO, +8H* +8e~ — CH, +H,0 ~0.24
7 2H,0— O, +4H" +4e~ +0.81
2 redox potentials are referred to NHE at pH 7.
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Fig. 4. Proposed reaction paths for PPs photocatalytic CO,RR.

generated charge separation and transport, and overall photocat-
alytic performance. Furthermore, this review aims to explore the
multi-chemical microenvironment of PPs to improve performances,
especially selectivity, and provide inspiration for novel tailored de-
signs of future photocatalytic CO,RR systems that are more effi-
cient and stable. Ultimately, these advancements will drive innova-
tions and commercialization in photocatalysis.

2. Superiority of PPs in photocatalytic CO,RR
2.1. Effective CO, activation

CO, is an exceptionally stable molecule due to the high C=0
bonding energy (750 k]/mol) [50]. Consequently, a substantial neg-
ative reduction potential of —1.9V (vs. NHE) is required for the
one-electron reduction of CO, to generate CO,"~ [57]. Additionally,
the kinetic inertness of CO,, originating from its poor solubility
in solvents and the multi-step process involving electron and pro-
ton transfer (Table 1 and Fig. 4), presents a bottleneck for CO,RR.
Moreover, the presence of side reactions, such as H, evolution re-
action, can hinder the efficient utilization of photons for the de-
sired product. To address these issues, one potential solution is to
create CO, activation sites on photocatalysts.

PPs have been recognized as ideal CO, adsorbents that can ad-
sorb CO, and then activate it. Increasing the BET specific surface
area and microporosity of PPs is one of commonly used approach
to enhance CO, adsorption capacity [58]. Modifying the surface
structure of photocatalyst also proves to be an effective means to
provide the active sites for CO, adsorption. Three primary strate-
gies have been developed in this regard, i.e., heteroatoms doping,
defect engineering, and introducing CO,-philic groups to enhance
the adsorption [59,60].

2.2. Tunable band structures

Upon the absorption of a photon with energy equal to or higher
than the band gap, an electron is excited from the valence band
maximum (VBM) to the conduction band minimum (CBM), leaving
behind a hole as a quasiparticle [61-66]. Once spatially separated,
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these carriers can migrate to the surface for redox reactions [59].
To maximize light utilization, a smaller band gap will be highly de-
sirable. Additionally, the band structure should straddle the poten-
tials associated with CO,RR and oxygen evolution reaction (OER),
when using water as the hole scavenger [67-74]. Screening pho-
tocatalysts with suitable band structures can be a time-consuming
work. However, PPs provide a promising solution to this challenge
as the band structure can be easily adjusted by varying the starting
materials.

2.3. Designable metal supporter

Cocatalysts play a crucial role in photocatalysis as they facilitate
charge separation/transport and catalyze surface redox reactions
[75-77]. Furthermore, the complicate reaction process (Table 1)
often leads to low product selectivity, which can be alleviated by
the presence of a highly selective active center. Different metals
lead to various kinetic and thermodynamic properties, thereby
influencing the reaction pathway and the types of products. PPs,
with their well-defined coordination environment and enhanced
metal-support interactions, demonstrate remarkable catalytic
performance in heterogeneous reactions [78-81]. Recent advance-
ments in the implementation of molecular-based design for CO,
reduction have proven highlighted the importance of microen-
vironments and electronic properties of single-metal sites active
centers in determining catalytic activity and selectivity [82-85].
PPs containing catalytically active metal centers enable precise
control over atomic configuration. These designed PP materials
allow fine-tuning of chelating abilities and steric effects of ligands,
thereby facilitating accurate modulation of the local coordination
environment and electronic properties of active centers. In ad-
dition, such metal cocatalyst possess unfilled d orbitals, making
them highly receptive to CO, adsorption and capable of forming
intermediates with anchor effects at active sites.

2.4. High stability in photocatalytic CO,RR

The stability of catalyst is a critical parameter in photocatalytic
CO,RR, as it determines the practical applicability of the catalyst
[86]. The stability of PPs catalytic systems can be divided into two
aspects: the stability of active sites and the stability of the PPs
skeleton. During the catalytic reaction, active sites may aggregate
or become poisoned, resulting in inactivity, and the skeleton may
undergo collapse or breakage, resulting in reduced catalytic effi-
ciency of the overall system [87]. To address these challenges, ro-
bust PPs skeletons, such as CTFs and olefin-linked COFs, have been
developed and explored the inactivation mechanism [88].

3. Application of porous polymer based catalysts in
photocatalytic CO, reduction reaction

3.1. Photocatalytic CO;RR by COF based catalysis

In 2005, Yaghi et al. discovered COFs, which provided hope for
effective photocatalysts [89]. COFs are composed of various organic
molecular building blocks that are ordered periodically through co-
valent bonds. These bonds include imine, triazine, S-ketoenamine,
hydrazone, olefin, azine, and others [90]. The structural features
of COF offer numerous advantages, such as suitable energy band
structures, designability of periodic structures, high surface area,
reactant accessibility, and low density. Given these inherent advan-
tages and the potential impact on the global energy crisis [91-96],
two main methods are used to develop a well-designed plan to
further developing efficient system (Fig. 5).

Compared to other photocatalysts, COFs can combine poros-
ity with crystallinity to stabilize intermediates for photocatalytic
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CO,RR. For example, an azine-based COF, N3_COF, was shown to
exhibit gas phase photocatalytic CO, reduction ability [97]. How-
ever, several challenges remain, including limited visible-light har-
vesting ability, poor selectivity, and difficulty in separating photo-
generated electron-hole pairs [98-103]. In this regard, particular
attention is warranted in regulating the coordination spheres in
single COF catalysts and fabricating COF heterojunctions to address
these pressing challenges in CO,RR.

COFs represent a wide class of materials that can alter the
chemical environment through anchoring different types of met-
als and ligands for CO,RR catalysis. The photosensitive metal sites
in COFs can transport photogenerated electrons, which typically
act as active sites for initiating photocatalysis. This feature en-
sures high electron—hole separation and promotes high activity in
photocatalysis. In a recent study by Huang et al, they reported
a newly designed 2D COF incorporating a Re complex, which ex-
hibited intrinsic light absorption and charge separation proper-
ties (Fig. 6a) [103]. This hybrid catalyst efficiently reduced CO, to
CO under visible light illumination with higher selectivity (98%)
and activity than its homogeneous Re counterpart. More impor-
tantly, through advanced transient optical and X-ray absorption
spectroscopy, as well as in situ diffuse reflectance spectroscopy,
they unraveled three key intermediates (Re-COF~, TEOA*-Re-COF—,
Re-COF-CO, adduct) that are responsible for charge separation, the
induction period, and rate limiting step in catalysis. This work not
only demonstrates the potential of COFs as next generation photo-
catalysts for solar fuel conversion, but also provides unprecedented
insight into the mechanistic origins of high product selectivity in
light-driven CO, reduction.

In addition, Cooper’s group demonstrated that tethering a rhe-
nium complex, [Re(bpy)(CO);Cl], into a COF structure, results in
a heterogeneous photocatalyst with a strong visible light absorp-
tion, high CO, binding affinity, and improved catalytic performance
compared to its homogeneous counterpart (Fig. 6b) [104]. This COF



W.-J. Wang and K. Chen

Fig. 6. Photosensitive metal Re site in COFs for PCO,RR. (a) The structure of 2D Re-
COF Copied with permission [103]. Copyright 2018, American Chemical Society. (b)
The structure of 2D bipyridine-containing COF with Re site. Copied with permission
[104]. Copyright 2020, the Royal Society of Chemistry.

incorporates bipyridine sites, which allow for the ligation of the Re
complex, into a w-conjugated backbone that is chemically robust
and promotes light-harvesting.

Another promising approach involves incorporating molecular
catalytic components into the intrinsic pores of COFs, enabling
the resultant composites to possess advantages of both homoge-
neous and heterogeneous catalysts. However, the binding ability
of bipyridyl unit in COFs is not strong enough to stabilize active
metal centers, leading to unavoidable metal leaching during CO,
reduction, even in the presence of excess bipyridyl units [105,106].
Porphyrin units, with stronger chelating coordination ability to-
wards metal ions, offer a promising alternatives [107,108]. Conse-
quently, metalloporphyrin-based COFs have been developed by in-
troducing porphyrin units into the host frameworks. Ultrathin Co-
porphyrin-based COF nanosheets and corresponding bulk materi-
als show high durability and cyclability in visible-light-driven CO,-
to-CO conversion [109]. Lan et al. demonstrated that crystalline
porphyrin-tetrathiafulvalene COFs can serve as photocatalysts for
reducing CO, with H,O (Fig. 7a) [110]. Effective transfer of pho-
togenerated electrons from tetrathiafulvalene to porphyrin via co-
valent bonding allows for separated electrons and holes for CO,
reduction and H,0 oxidation, respectively. Tuning the metal ion of
COF, these TTCOFs exhibited a broad visible-light absorption range,
and the corresponding band gaps (Eg) were determined to be 1.15,
1.49, 133, and 1.39eV for TTCOF-2H/Zn/Ni/Cu by Tauc plots, re-
spectively. By adjusting the band structures of TTCOFs, TTCOF-Zn
achieved higher CO evolution of 12.33 pmol under visible light illu-
mination after 60 h than that of TTCOF-Cu (8.65 pmol) and TTCOF-
Ni (0.462 pmol) with almost 100% selectivity, accompanied by H,O
oxidation to O, (Figs. 7b and c). In Jiang’s work, by fine-tuning
the inter-layer spacing of porphyrin-based 2D COFs (Fig. 8a) [111],
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Fig. 7. (a) The synthesis of TTCOF-M and (b, c) photocatalyst CO,RR performance.
Copied with permission [110]. Copyright 2019, Wiley-VCH.
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Fig. 8. (a) The synthesis of MPor-DPP-COF and (b, c) photocatalyst CO,RR perfor-
mance. Copied with permission [111]. Copyright 2022, American Chemical Society.

MPor-DPPCOFs, showed excellent photocatalytic activity for CO,RR,
with a CO generation rate of 10,200 pmol g-! h™! and a CO selec-
tivity up to 82% (Figs. 8b and c).

Considering the unambiguous structures, high density of cat-
alytic sites, and strong conjugation ability of metalloporphyrin-
based COFs [112,113], exploiting isostructural platforms based on
them can offer valuable insights into the chemical interactions
between metal active sites and the reagents/reactive intermedi-
ates during CO, photoreduction. However, the activities of pris-
tine COFs are still unsatisfactory partly due to photogenerated car-
riers easily recombination. To enhance the solar-to-fuel conver-
sion efficiency, COF-based heterostructures combining COFs with
metal-sulfides [114-119], metal-oxides [120-122], carbon materi-
als [123,124], or MOFs [125,126], have gained increasing attention.
These heterostructures facilitate interfacial photo-generated carrier
separation and promote surface redox reactions. In Lan’s work, “all
solid states direct Z-Scheme heterostructure” has been proposed
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Copied with permission [113]. Copyright 2020, Wiley-VCH.

for photocatalytic CO,RR, COF-semiconductor Z-scheme photocata-
lysts combining COFs (COF-316/318) with water-oxidation semicon-
ductors (TiO,, Bi,WOg, and «-Fe,03) were synthesized, exhibiting
high CO,-to-CO conversion efficiencies (up to 69.67 pmol g-! h™1)
using H,0 as the only electron donor, without the need for
additional photosensitizers or sacrificial agents (Fig. 9a) [113].
This marks the first report of covalently bonded COF/inorganic-
semiconductor systems utilizing the Z-scheme for artificial photo-
synthesis. The key to achieving successful integration lies in the ef-
fective transfer of charge carriers between the semiconductor and
the COF (Fig. 9b). Furthermore, specific active sites for CO, reduc-
tion in the COF, such as pyridine (site-N) and cyano group (site-
CN), were considered [113,127]. The pyridine group facilitates the
first step of CO, activation, then the cyano group promotes the
proton-coupled electron-transfer process (*COO-*CO). The combi-
nation of pyridine and cyano groups leads to higher CO, reduction
activity.

As discussed above, the interactions between the photocatalyst
and CO, play a crucial role in subsequent photocatalytic reduction.
Herein, Liu et al. reported the 1D/2D heterojunction (COF-5/CoAl-
LDH) by direct in-situ synthesis of the COF-5 colloid on the surface
of CoAl layered double hydroxide (LDH) was used as the prospec-
tive photocatalyst for CO, reduction (Fig. 10a) [128]. The CoAl-LDH
is rich in metal atoms coordinated by six-fold hydroxyl groups,
providing favorable adsorption of CO, and stabilization of the in-
termediate COOH*. The band structure of COF and LDH contributes
to a type II heterostructure, inhibiting the recombination of carri-
ers generated by photon absorption of COF (Fig. 10b). Through the
synergistic effect of promoted CO, adsorption and enhanced charge
separation, the optimal COF-5/CoAL-LDH heterostructure achieved
a CO generation selectivity of 96.4% and a CO generation rate of 53
umol g1 h1.

The introduction of molecular catalytic components into the
internal cavities of COFs is a promising method that combines
the advantages of homogeneous and heterogeneous catalysts [129-
133]. In the work of Wang et al, carbon quantum dots were pre-
pared from the pyrolysis of metalloporphyrin (M-PCD) and immo-
bilized in the pores of as-synthesized TD COF via sonication and
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thermal treatment under N, (Fig. 11a) [134]. This configuration en-
ables the adsorption of CO, and prevents the leaching of the car-
bon quantum dots. The resulting M-PCD@TD-COF heterostructure
exhibits a CO evolution rate of 578 pmol h™! g-! with 98% selec-
tivity towards CO under visible light irradiation, further enhanced
by [Ru(bpy)s]?*(Figs. 11b and c). The corresponding energy level
diagram is shown in Fig. 11d. The conduction band of Ni-PCD@TD-
COF is lower than the LUMO of [Ru(bpy)s;]Cl,, so that the photoex-
cited electrons in the LUMO of photosensitizers could transfer to
the CBM of Ni-PCD@TD-COF, enabling the reduction of adsorbed
CO, to generate CO. Another COF-based heterostructure was fabri-
cated by Do et al., where they synthesized TpPa-1 COF on graphene
oxide (GO) and then reduced GO to reduced graphene oxide (rGO)
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in situ (Fig. 12a) [135]. The inclusion of rGO promotes the effec-
tive utilization of photo-generated carriers and increases the ab-
sorption of visible light (Fig. 12b). This optimized COF/rGO photo-
catalyst achieved a CO evolution rate of 200 umol h™! g~ with 89%
selectivity towards CO under visible light irradiation. Defective g-
C3N4 can also form a heterostructure with COF for photocatalytic
CO,RR, as discovered by Ye et al. (Fig. 13a) [136]. In this work, N-
vacancies in g-C3N,4 increase the Fermi level difference between
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the TP-TTA COF and g-C3N,4 facilitating charge transfer (Fig. 13b).
This leads to a CO production rate of 576 pmol h™! g-1 with 90.4%
selectivity towards CO under visible light irradiation.

More recently, Zhou et al. studied a series of COF-organic
molecular heterostructures as effective photocatalysts for CO,RR
[137]. Anthracene, pyrene, and perylene were assembled on TM-
Ben COF (olefin-linked COFs named as TMBen) via an end-capping
strategy. The formation of covalent bond facilitates charge separa-
tion through a Type Il pathway and minimized charge recombi-
nation. Among them, the TMBen-Perylene heterostructure showed
the highest CO,RR activity with a rate of 93.0 pmol h™! g-! un-
der visible light irradiation, using TEOA as the hole sacrificial
agent. The brief summary of the photocatalytic performances of
the COF-based photocatalysts in CO,RR are listed in Table 2 [103-
106,108,109,113,114,138-141].

3.2. Photocatalytic CO;RR by CTF based catalysis

Two dimensional crystalline CTFs consist of covalently bonded
aromatic triazines and exhibit unique structural characteristics,
such as strong conjugated structure, delocalized electrons, and
abundant active centers. These characteristics make CTFs highly
promising in energy storage and conversion applications. In partic-
ular, CTFs are considered ideal photocatalysts for CO, reduction be-
cause of the strong interaction between N atoms in triazine cores
and CO, [142,143]. This interaction, known as dipole or quadrupole
interactions, dramatically reduces the energy barrier for CO, re-
duction, facilitating electron acceptance and subsequent reduction.
One of the advantages of CTFs as photocatalytic systems is the
synergic coordination between triazine units and nanoparticles or
metal ions, as well as the confinement effect of the frameworks.
This makes CTFs an attractive platform for immobilization metal
nanoparticles [144-147]. To enhance photocatalytic efficiency and
selectivity, co-catalysts (metal complexes), have been widely in-
corporated into CTFs frameworks to reduce overpotential, promote
transfer kinetics, and enhance interfacial interactions during cat-
alytic processes, leading to higher selectivity and efficiency in spe-
cific products formation [148]. Therefore, CTFs can serve as carriers
for anchoring metal single atoms and assembling molecular-based
complex for photocatalytic CO, reduction (Fig. 14) [148-157].

Maximizing atom-utilization efficiency on CTFs is crucial for
facilitating charge separation and CO, activation in photocatalytic
CO, reduction. Using suitable supports with strong interactions
with the single atoms can help maintain the single-atom state of
metal atoms. Moreover, the metal-support interaction can modify
the electronic structure of the confined single atoms, influenc-
ing CO, capture and activation in metal centers. Recently, Wu's
group reported a well-defined positioned synthesis of Pt single
atoms in ethylene glycol (EG)-modified CTF (Pt-SA/CTF-1) using a
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Table 2
Summary of photocatalytic CO, reduction using COF based photocatalysts.
Catalysts Additive Time (h) Products (umol g h™1)? Selectivity (%) Ref.
Re-COF Re(bpy)(CO);Cl/TEOA 20 C0:750 98 [103]
Re-Bpy-sp?-c-COF TEOA 17.5 €0:1040 81 [104]
Re-Bpy-sp?-c-COF (Ir[dF(CF3)ppyl2(dtbpy))PFs/ TEOA 5 C0:1400 86 [104]
Ni-TpBpy-COFs Ru(bpy);Cl,/TEOA 5 C0:811.4 96 [105]
DQTP-COF-Co Ru(bpy);Cl,/TEOA 4 €0:1020 59.4 [106]
DQTP-COF-Zn Ru(bpy);Cl,/TEOA 4 HCOOH:152.5 90 [106]
TTCOF-Zn - 60 C0:2.06 100 [108]
N5-COF - 24 CH;0H:0.57 ~100 [109]
ACOF-1 - 24 CH3;0H:0.36 ~100 [109]
COF-318-TiO, - 4 C0:69.67 - [113]
COF-367-Co NS Ru(bpy);Cl,/ascorbic acid 2 C€0:10,162 78 [114]
Cu0,/W0,-001 - 24 C0:5.73 65 [138]
NH, —MIL-125(Ti) - 10 HCOOH:16.3 100 [139]
NH,-UiO-66(Zr) - 10 HCOOH:26.4 100 [140]
Pt/NH; —MIL-125(Ti) - 8 HCOOH:25.9 100 [141]
2 Maximum CO;RR yield. TEOA: triethylamine.
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Fig. 15. (a) The structure of Pt-SAC/CTF-1. (b) Photocatalytic CO, conversion rates of
CTF-1, CTF-EG, Pt-NP/CTF-1, Pt-SA/CTF-1 and Pt/C3N4-EG. (c) In-situ FTIR spectra of
the adsorbed species for Pt-SA/CTF-1. (d) The mechanization of photocatalytic CO,
reduction for Pt-SA/CTF-1. Copied with permission [158]. Copyright 2022, Elsevier
B.V.

photo-deposition method for efficient photoreduction CO, to CHy
under visible light irradiation [158]. The well-defined coordination
structure of Pt-N(C) sites in the Pt-SA/CTF-1 catalyst demonstrates
that Pt single atoms confined in CTF-1 not only improve CO,
adsorption and activation but also accelerate the separation and
transfer of photogenerated carriers in CTF-1 (Fig. 15a). When
exposed to visible light, Pt-SA/CTF-1 is excited, generating electron
and hole pairs. The photogenerated electrons are then transferred
to the single Pt atoms, while the holes are quenched by TEA. With
a continuous supply of electrons, the adsorbed CO, are activated
to formed carbonate (-CO32~); which are subsequently reduced to
intermediates such as HCOOH and HCHO, and finally transformed
into CHy, as the main reduction product (Figs. 15b and c). The
high affinity of Pt-SA/CTF-1 for CO, also played a crucial role
in promoting the formation of Pt-CO, adduct and consequently
boosts the performance of photocatalytic CO, reduction (Fig. 15d).

Similarly, Zhang’s group has successfully designed and synthe-
sized photocatalysts using CTFs anchored with copper single atoms
(Cu-SA/CTF) to enhance the conversion of CO, (Fig. 16a) [159].

Cux-SA/CTF. Copied with permission [159]. Copyright 2022, Springer.

These Cu-SA/CTF photocatalysts exhibit superior performance with
a high selectivity of 98% in the photocatalytic CO, conversion to
CH,4 (Fig. 16b). The introduction of Cu single atoms enhances CO,
adsorption capacity, visible light absorption ability, and separa-
tion efficiency of photogenerated carriers, ultimately improving the
photocatalytic activity. The photocatalytic pathway of Cu-SA/CTF
involves the adsorption of *CO, and *HO intermediates. Subse-
quently, the adsorbed *CO can react with protons and electrons
to produce COOH*. Then, COOH* species could be further proto-
nated into CHOH or CHy4. The desorption of CO was obtained via
the dissociation of OH from COOH* (Figs. 16c and d). In brief, the
photocatalytic conversation process is described as CO, to CHy. It
demonstrated that constructing excellent molecular-based CTFs en-
dows their high selective for photocatalysis CO,RR.

In Cao’s work, a pyridine-based CTF (CTF-py) derived from 2,6-
dicyanopyridine is employed as a porous platform to anchor the Re
carbonyl complex Re(CO)3;Cl (Re-CTF-py). The resulting Re-CTF-py
photocatalyst demonstrates high efficiency in photocatalytic CO,
reduction to CO, achieving a turnover number (TON) of 4.8. The CO
evolution rate reached 353.05 umol g-! h~! within 10h under full
light irradiation in a solid-gas system. Moreover, the single-site Re-
CTF-py catalyst prevents the dimerization and leaching of active Re
species, ensuring sustained activity [160]. Single-site catalysts with
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Fig. 17. (a) Schematic illustration of the CTF film photocatalyst-enzyme coupled
system involved in the exclusive production of formic acid from CO,. (b) Photo-
catalytic activities of the CTF and monomer for selective enzymatic production of
formic acid from CO,. (c) Photograph of the flexible film photocatalyst along with
the detailed chemical structure of the CTF. Copied with permission [161]. Copyright
2016, the Royal Society of Chemistry.

metal atoms have shown remarkable activity and selectivity in this
field, achieving the maximized atomic efficiency and diverse chem-
ical activities of CTFs with possess large surface areas and tunable
pore sizes.

Surface functionalization is another strategy to achieve high
CO,RR activity and product selectivity. Baeg et al. designed a
photocatalyst/biocatalyst system utilizing perylene-based CTFs pre-
pared through polycondensation between cyanuric chloride and
perylene diimide that may provide an excellent platform to unify
light harvesting capabilities of perylene with the desirable proper-
ties of CTFs for artificial photosynthesis (Fig. 17a) [161]. Upon ir-
radiation, this system exclusively generates 9.3 pmol of HCOOH,
with a formation rate of ~881.3 umol h™! g1 in an elaborated
buffer solution containing CTF, a coenzyme, a rhodium complex,
a formate dehydrogenase enzyme, and ascorbic acid (Fig. 17b).
The photograph of the flexible CTF film and the chemical struc-
ture is shown in Fig. 17c. Photoexcited electrons migrated to the
photocatalyst/metal complex substrate, while photoexcited holes
are captured by ascorbic acid to prevent rapid recombination. The
metal complex undergoes reduction by excite electrons, coenzyme
NADH, and formate dehydrogenase, ultimately resulting in the
two-electron reduction of CO, to HCOOH. The polymeric structure,
suitable band gap, and highly ordered 7 electron channel systems
of the CTF film photocatalyst greatly facilitate charge carrier trans-
port contribute to the excellent selectivity observed.

The positions of CBM and VBM of photocatalysts signifi-
cantly influence the redox abilities of photo-generated electrons
and holes during photocatalytic reactions. Zhu's work introduces
aheterostructure of CTF and g-C3N4 in CO, photoreduction for the
first time (Fig. 18a) [162]. The combined g-C3N,4/CTF enhanced
photocatalytic activity, achieving transform rates of CO, to CO
reaching 151.1 pmol h~! g-! within 30h. The optimal g-C3N,4/CTF
heterostructure efficiently separates charges and suppresses re-
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Fig. 18. (a) The synthesis and photocatalytic procedure of CN/CTF heterostructure.
(b) Energy band structure of the as-synthesized CN/CTF heterostructure. Copied
with permission [162]. Copyright 2018, the Royal Society of Chemistry.

combination under visible light irradiation, resulting in CO, pho-
toreduction efficiency is 25.5 and 2.5 times higher than that of CTF
and g-C3Ny, respectively. The CBM potential of this heterostructure
enables effective interfacial electrons transfer from g-C3N4 to CTF
for thermodynamically favorable CO, reduction to CO. The VBM
potentials of g-C3N4 and CTF, which are more positive than that of
H,0 oxidization, allow the holes to oxidize H,0 to O, and H* (Fig.
18b). The stability of the g-C3N4/CTF heterostructure in photocat-
alytic systems is attributed to the crystal structure stability. Addi-
tionally, in the photocatalytic CO, reduction process, [Co(bpy)s;]**
acts as an electron harvesting agent from the semiconductor, ac-
tivating CO, and breaking the C=0 bond to selectively produce
CO in synergy with g-C3N4/CTF. These outstanding features are ex-
pected to provide a new method for the fabrication of superior
heterostructure photocatalysts by combining CTF with C3N4 to op-
timize the band structure and achieve higher product selectivity in
this field.

Based on the above, several strategies can be employed to op-
timize CTFs for selective photocatalytic CO,RR. These include the
anchoring effect of single active sites, improvement of charge sepa-
ration, fine-tuning of band structures, and enhancement of transfer
efficiency through molecular-level structural design. Additionally, it
is crucial to select an appropriate synthesis method to preserve
the semiconductive property of the CTFs while also controlling the
morphology and porosity for efficient photocatalytic applications.
However, the synthesis of ordered and well-defined CTFs remains a
significant challenge. The brief summary of the photocatalytic per-
formances of the CTF-based photocatalysts in CO,RR are listed in
Table 3 [158-160,163-168].

3.3. Photocatalytic CO,RR by cmp based catalysis

CMPs have attracted significant interest due to their porous
structures and organic functionalities, which allow for various syn-
thetic diversification. Since their first synthesis in 2007 by Cooper’s
group, a variety of CMPs, including thiophene-containing CMPs,
light-emitting CMPs, soluble CMPs, core-shell CMPs, CMP films,
comonomer-doped CMPs, and tetraphenylethylene-interweaving
CMPs, have been developed for applications in gas adsorption,
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Table 3

Summary of photocatalytic CO, reduction using CTF based photocatalysts.
Catalysts Additive Time (h) Products (umol g™' h™!)? Selectivity (%) Ref.
Pt-SA/CTF-1 Pt/TEA - CcOo 100 [158]
Cu-SA/CTF TEA 4 CH4:32.6 98.3 [159]
Re-CTF-py TEOA 10 C0:350 ~100 [160]
o-Fe,03@ Por-CTF Ru(bpy);Cl,/TEOA - €0:400 93 [163]
DA-CTF 2,2'-bpy/CoCl, 2 €0:155 69 [164]
SnS,/S-CTF TEOA 4 C0:123.6 71 [165]
ZnFe;04/FeP-CTFs Ru(bpy)s2* 2 C0:178 - [166]
TiO, @CTF-Py Coordinated Co?* 4 C0:43.3 98.3 [167]
CsPbBr3/CTF-1-Ni Coordinated Ni**/EA - C0:86.5 95 [168]

3 Maximum CO;RR yield. TEOA: triethylamine; TEA: trimethylamine.
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Fig. 19. Molecular based strategies to improve the photocatalytic performances of
CMPs.

molecular separation, electronics, and catalysis. The photocatalytic
performance of CMPs relies on factors such as surface area, linkage
geometry, conjugation degree, and band gap. In recent years, var-
ious strategies have been proposed to improve photocatalytic per-
formance of CMPs (Fig. 19).

One of the main strategies is to regulate the molecular struc-
ture of CMPs by adjusting synthesis methods, reaction conditions,
and monomer types. This approach has been proven effective in
enhancing their photocatalytic performance. Another strategy is to
consider different donors and electron acceptor units, which can
lead to the development of D-r-A CMP photocatalysts with ex-
panded light absorption range [169]. Additionally, the morphol-
ogy of CMP materials can also influence their photocatalytic per-
formances. Surface modification with polar groups such as -NO,
[170], arylamines [171], -OH [172], -COOH [173], -SO3H [174], and
heterocyclic nitrogen atoms [175] can significantly increase the
binding energy of CO, so as to improve CO, absorption ability.

By appropriate designing and constructing molecular building
blocks, molecular-level precise control over chemical transforma-
tions catalyzed by CMPs can be achieved [176,177]. This has gen-
erated extensive interest in CMPs for CO, conversion. However, as
far as we know, few examples have been reported on the use of
CMPs as photocatalysts for CO, photoreduction in Table 4.

As discussed in the previous sections of this review, both COFs
and CTFs exhibit intriguing optoelectronic properties, which can
be further enhanced by utilizing different organic precursors and
tuning their structures. One effective approach to achieve this is
through molecular-based modification, where the optical charac-
teristics of polymers can be easily adjusted by incorporating dif-
ferent organic moieties. For instance, Wang et al. explored the use
of CMPs for CO, reduction and investigated the influence of their
structure on catalytic efficiency [178]. By incorporating electron-
withdrawing BT units into the triazine poly-network, the photocat-
alytic CO, reduction to CO was significantly enhanced, achieving
CO formation rates of up to 18.2 umol/h with a selectivity of 81.6%.
The introduction of organic electron-withdrawing and electron-
donating units in the polymer backbone, particularly based on
triazine, promoted charge separation surface redox reactions, en-
abling stable photoconversion of CO, to CO under visible-light ir-
radiation.

Furthermore, Xu's group designed a new 2D CMPs based on
metalloporphyrin as the main structural and functional unit, with
thiophene as the link moiety for CO, reduction [179]. They suc-
cessfully modified the electronic properties of metalloporphyrin
units by incorporating various metal atoms (Fe, Mg, Mn, and Cu)
into CMP networks. Calculation results indicated that these CMPs
possessed catalytic properties, high stability, and adjustable elec-
tronic structures, with Fe-modified thiophene-linked metallopor-
phyrin (Fe-TMP) exhibiting the highest catalytic activity for CO, re-
duction. The pathway for the H3COH intermediate to CH4 was also
confirmed (Fig. 20a), with the adsorbed H3COH* being reduced to
CH3* assisted by the adsorbed H atom. Finally, the formed CH3*
species was further transferred to CHs* by another H atom. The
thermodynamically preferred reduction process was the carboxyl
pathway, resulting in methane as the final reduction product and
formic acid as a side product.

To control the selectivity of photocatalysts, CO,-philic
monomers can be utilized in the construction of CMP networks
to facilitate the efficient capture and highly selective conversion
of CO,. Recently, He’s group reported the synthesis of two ferric
porphyrin-based porous organic polymers semiconductors for
visible light-driven CO,RR to produce syngas with tunable CO/H,
ratio (Fig. 20b) [180]. They found that the ferric porphyrin site was
responsible for CO evolution, while the uncoordinated porphyrin
unit played a role in H, formation, thus achieving selectivity
control. The extended mr-conjugation with a biphenyl linker in the
polymer resulted in a lower conduction band potential, enabling
the ferric porphyrin sites to capture electrons from the photosen-
sitizer and produce more CO. By changing the linker from benzene
to biphenyl, the ratio of CO/H, could be adjusted from 1:1 to 1:1.5,
and under irradiation with 450 nm wavelengths, the ratio could
reach 1:2. This demonstrated that modifying surface active sites
was beneficial for improving product selectivity.

Another strategy involves providing multi-active sites to en-
hance catalytic efficiency and directly identify the activity of metal
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Table 4
Summary of photocatalytic CO, reduction using CMPs.
Catalysts Chemical structure Additive Products (umol g-! h™1) Selectivity (%) Ref.
CMP-BT - C0:1213.33 81.6 [178]
‘\JA_;CL -
g~ U
CMP-B - C0:266.67 66.7 [178]
CMP-Th - C0:666.67 76.9 [178]
POP2-Fe Ru complexes C0:3043 50 [180]
Ni-Pc-NiPOP Ni complexes C0:7770 96 [181]
BpyMP-1 i Cp*Rh HCOOH:4300 - [182]
1 Lo ®
PEosinY-1 _ - C0:33 92 [183]
~ Q ( <
I
[
PEosinY-2 - C0:26 86.7 [183]
PEosinY-3 - C0:12 28.6 [183]
N-CP-D Co (II) bipyridine complexes C0:2247 82 [184]

3 Maximum CO;RR yield. Cp*Ru: bipyridine-chelating macroligand.

centers. Zang's group designed and prepared a series of CMPs
containing well-defined M-N4, and M-N,0, single-atom sites
(Fig. 21a) [181]. The introduction of salphen unit with Ni-N,0,
catalytic centers into a phthalocyanine-based Ni-N4 framework
achieved remarkable CO generation ability (1942.5 pmol g~! h™1)
with a high selectivity of 96% over H, in CO, photoreduction.
Through control experiments and theoretical studies, the Ni-N,0,
moiety was found to be a more active site for CO,RR compared
to the traditional Ni-N4 moiety. This can be attributed to the
reduction of energy barriers, enhanced adsorption of reaction
radicals *COOH by the M-N,0, active sites, and improvement of
the charge transportation (Figs. 21b and c). This study confirmed
that molecular-based structural modification can easily tune the
photoactivity and selectivity for photocatalytic CO,RR.
Additionally, the presence of permanent porosity in these ma-
terials allows for facile diffusion of substrate, while 7 -conjugation
throughout the CMP network facilitates charge migration to reac-
tion sites [182,183]. Inspired by the intermolecular w -7 stacking
structure of Co (II) bipyridine complex cocatalyst, Ye and co-

10

workers constructed a series of novel CMPs (Fig. 22a) through
Sonogashira and Suzuki coupling methods, with or without alkynyl
bridges and pyrene comonomers possessing two or four functional
end groups, resulting in linear or crosslinked polymers [184]. Com-
bined with simulation and experimental results, they found that
the presence of alkyne facilitated intramolecular electron transfer,
leading to lower local electron density and thus poor intermolec-
ular electron transfer between photocatalysts and cocatalysts (Fig.
22b). CO, photoreduction experiments supported their findings,
demonstrating higher CO production rates (11.37 and 4.03 pmol/h)
for samples without alkynyl bridges. Alkynyl-containing photocat-
alysts only generated a moderate amount of CO (0.5 umol/h).

4. Summary and perspective

In this review, we provide a comprehensive summary of re-
cent advancements in molecular-based design of PPs for photo-
catalytic CO, reduction. Molecular design plays a pivotal role in
achieving desired properties of polymers. For instance, tethering an
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antenna molecule can improve visible light absorption, construct-
ing Z-scheme photocatalyst system can decrease the recombina-
tion of charge carriers, and deposition of highly dispersed single
active site can provide more active sites. The influence of atom
manufacturing on heterogeneous photocatalysts is explored, high-
lighting the importance of active sites, light absorption capabilities,
and the transportation of photogenerated carriers. Various molecu-
lar manufacturing approaches, such as single active site, anchoring
metal molecular complexes, and metal-semiconductor systems, are
discussed for their potential to improve performance and product

1

Chinese Chemical Letters 36 (2025) 109998

W R, Ri=H; R,, R‘?Q/
¥
Z
@
Sonogashira  CPs Suzuki
coupling coupling
L-CP-A N-CP-A
\near block
‘ Eliminating the “Bridge” of charge mobility ‘
2

&

O

S ) ?
: [l o |\ S Ry, R=H; R,, RF/G/ R, Ry, Ry, R‘=/O/
£ s s
g " H

32 L] <

[} B Br

% ® & ‘O‘

® )

oKX, @
Sooiq e
Building blocks L-CP-D N-CP-D
®) -
co,
—

Strong interaction o¢

CP-D series
with strong delivery of electrons

CP-A series
with weak delivery of electrons

Fig. 22. (a) Illustration of synthesis and the strategy of eliminating the charge-
transfer bridge. (b) Proposed process of electron transfer over the CP-A series and
CP-D series for the CO, photoreduction reaction. Copied with permission [184].
Copyright 2020, Springer Nature.

selectivity in photocatalytic CO,RR. Molecular engineering of PPs
enables favorable electronic structure regulation of active sites, af-
fecting CO, adsorption and activation behaviors, thereby enhancing
CO, conversion efficiency and product selectivity.

While these PPs have proven to be promising photocatalysts,
further efforts are required to compete with traditional photo-
catalysts and address some key challenges in the future. While
catalyst design represents a crucial step and has made signifi-
cant progress, the understanding of the reaction mechanism and
pathways involved in photocatalytic CO, reduction remains in its
nascent stages. To achieving high activity and product selectivity
in CO, reduction photocatalysts, further exploration and optimiza-
tion of various factors are necessary. These factors include band
structure, charge carrier separation, reactant adsorption/activation,
surface reaction sites, and intermediate adsorption/desorption pro-
cesses. Challenges and obstacles persist in the design, fabrication,
and application of modified photocatalysts. It is imperative to fo-
cus on developing highly efficient methods for scalable produc-
tion of controllable molecular-based porous polymers. Addition-
ally, a deeper comprehension of the structure-activity relationship
between molecular-based photocatalysts and their performance is
crucial. Exploring the effects of surface or interface-engineered
atoms, rather than bulk atoms, on CO, reduction may offer valu-
able insights.

Regarding the PPs we mentioned in this review, many issues
need to be resolved. For COF-based PPs, research can focus on de-
veloping core-shell structures to enhance charge separation at in-
timate interfaces between the COF and supports. The design of
COFs with donor-acceptor (D-A) structures can also facilitate in-
tramolecular charge transfer to achieve efficient photocatalytic CO,
reduction. Compared to COFs, CTFs have a limited number of struc-
tures that are well-defined and crystalline, which has posed chal-
lenges to conducting in-depth studies on structure-activity rela-
tionships. Therefore, there is a pressing need for advanced devel-
opment in CTF synthesis to address this limitation. Despite their
potential, CMPs still face challenges in competing with other pho-
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tocatalysts. It is crucial to develop suitable synthetic strategies to
incorporate photocatalytically active components into CMP net-
works for more complex reactions. Moreover, efforts should be
made to enhance the crystallinity of CMPs or design novel struc-
tures that facilitate efficient charge transfer and minimize photoex-
cited carriers recombination.

In conclusion, the molecular-based strategy shows promising
potential for creating highly efficient photocatalysts for CO,RR. An-
ticipated breakthroughs in molecular-based photocatalysts are ex-
pected in the near future, and are poised to greatly improve the
selective photocatalytic conversion of CO,.
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