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The visible-light-driven photoreduction of CO, into value-added chemicals is regarded as a promising
approach to alleviating the energy crisis and addressing climate change. Heterogeneous organic photo-
catalysts based on n-conjugated monomers, including organic polymers/organic supramolecules com-
posed of m-conjugation units, have demonstrated significant progress in CO, photoreduction, attributed
to their remarkable light absorption, abundant reserves of constituent elements, and tunable molecular
structures. This review provides a comprehensive yet focused exploration of the general structural features
of organic polymers/organic supramolecules composed of n-conjugation units, offering structure-driven
design strategies tailored to address the key limitations associated with each material class in the field of
CO, photoreduction. For the organic polymers, molecular engineering, interfacial modification, and mor-
phological control collectively overcome key thermodynamic and kinetic bottlenecks in CO, photoreduc-
tion, leading to enhanced catalytic performance. Many of these approaches are equally applicable to
organic supramolecules, wherein we further highlight the design of m-conjugated units that simul-
taneously serve as catalytic centers and defined sites for noncovalent interactions, and assembly strategies
that enable control over aggregation states to construct precisely defined supramolecular architectures.
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Furnished with foundational knowledge and structure—property insights, this review predicts outstanding
challenges. It outlines feasible research directions for heterogeneous organic photocatalysts based on
n-conjugated monomers, offering an actionable design paradigm for advancing the rational development

rsc.li/dalton of next-generation organic photocatalysts for efficient solar-driven CO, conversion.

simultaneously optimized to ensure sufficient driving force for
CO, reduction. Additional challenges include the activation of

1 Introduction

The increase in greenhouse gas emissions results in an
increase in global temperatures, fueling extreme -climate
events and putting Earth’s systems on the brink of irreversible
damage. In this context, society has employed various
approaches to control greenhouse gas emissions, among
which the visible-light-driven photoreduction of CO, into
value-added chemicals has served as a promising method to
mitigate the growing energy crisis and address climate
change."® However, the development of efficient photo-
catalytic systems remains constrained by both thermodynamic
and kinetic limitations. Thermodynamically, the redox poten-
tials and light absorption properties of photocatalysts must be

“School of Chemical & Environmental Engineering, China University of Mining and
Technology (Beijing), Beijing, 100083, P. R. China. E-mail: liudi0713@163.com,
201849@cumtb.edu.cn

bCTBT Beijing National Data Centre and Beijing Radionuclide Laboratory, Beijing,
100085, P. R. China. E-mail: yuqiang.sheng@nrl.org.cn; Tel: (+86)10-6233-9907

This journal is © The Royal Society of Chemistry 2026

inert CO, molecules and competing side reactions with similar
reduction potentials. Kinetic limitations primarily arise from
inadequate CO, adsorption, the temporal mismatch between
ultrafast photoexcitation/charge separation processes and rela-
tively slow surface redox reactions, coupled with sluggish kine-
tics of proton-coupled multi-electron pathways.”
Heterogeneous  organic  photocatalysts based on
n-conjugated monomers are expected to serve as low-cost
alternatives to inorganic semiconductors.'*™* The use of
organic n-building blocks imparts several key advantages: (i)
highly conjugated units can serve directly as a photon absor-
ber;"” (ii) favorable transfer of charge carriers mediated by n-n
stacking interactions between organic zm-building blocks, as
the charge reorganization energy in ordered = columns is
largely reduced;'® (iii) these organic n-building blocks can be
intrinsically enriched with heteroatoms, which serve as active
sites for CO, adsorption and subsequent catalytic conver-

15

sion.”” These =-conjugated systems fall broadly into two
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material classes: covalently bonded organic polymers com-
posed of n-conjugation units, including linear conjugated poly-
mers (LCPs), conjugated microporous polymers (CMPs), and
specific covalent organic frameworks (COFs);'” and organic
supramolecules composed of n-conjugation units, assembled
through noncovalent interactions such as hydrogen bonding
or n-m stacking, exemplified by hydrogen-bonded organic
frameworks (HOFs), supramolecular organic frameworks
(SOFs), and related constructs.

Despite remarkable advances in material synthesis and
application, the lack of a unified structure—function design
framework continues to impede further breakthroughs. To
address this, we present a targeted review focused exclusively
on heterogeneous organic photocatalysts constructed from
n-conjugated monomers. Building on the current understand-
ing, we aim to connect the key challenges in CO, photoreduc-
tion to structure-driven design strategies, offering insights into
the rational development of next-generation materials
(Scheme 1). This review is organized around three core themes:
(i) fundamentals and challenges of CO, photoreduction: a brief
overview of the underlying photophysical and photochemical
mechanisms, highlighting thermodynamic and kinetic bottle-
necks. (ii) Structure-driven design strategies for heterogeneous
organic photocatalysts based on w-conjugated monomers to
address the key limitations in CO, photoreduction. For the
organic polymers, emphasis is placed on molecular engineer-
ing, interfacial modulation, and morphological control to
enhance charge separation and CO, adsorption/activation; for
the organic supramolecules, the discussion is structured
around two interrelated aspects: the design of w-conjugated
units that simultaneously serve as catalytic centers and defined
sites for noncovalent interactions and assembly strategies that
enable control over aggregation states to construct precisely
defined supramolecular architectures. (iii) This work proposes
forward-looking research directions that target the prevailing
limitations in =-conjugated-monomer-based heterogeneous
organic photocatalysts for efficient solar-driven CO, conversion.
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2 Fundamentals and challenges of
CO, photoreduction

Photocatalytic CO, reductions include complex multistep pro-
cesses: (1) photoexcitation upon absorption of photons with
energy exceeding the semiconductor’s bandgap; (2) separation
and migration of the resulting electron-hole pairs to surface-
active sites; (3) adsorption and activation of CO, on surface-
active sites to form charged *CO, species; (4) subsequent
reduction steps involving multiple proton-coupled electron
transfer processes, C-O bond cleavage, C-H bond formation,
etc., leading to the generation of various intermediates and
final products; and (5) desorption of the reduced products
from surface-active sites.">'®' Each of these steps presents
distinct challenges that collectively hinder the broader appli-
cations of photocatalytic CO, conversion, as discussed in
detail in the following sections (Scheme 1).**”>* Notably, accu-
rate identification of CO, photoreduction products remains
challenging due to the similarity of reactants, products, and
the catalyst itself. In this context, ">C isotope labeling experi-
ments are indispensable for unambiguously verifying the
carbon source of the detected products.”® Moreover, in systems
operating without sacrificial reductants, the identification and
quantification of counteroxidation products are crucial for
establishing a complete and mechanistically sound photo-
catalytic pathway.””

2.1 The challenges of CO, photoreduction: thermodynamics

With the highest oxidation state of carbon, CO, shows signifi-
cant thermodynamic stability attributed to its non-polar mole-
cular structure and the high C=0 bond energy (750 k] mol™%),
requiring significant energy input for its activation and sub-
sequent transformation.”®* Moreover, the reduction of CO,
with H,O to generate hydrocarbons, such as CH,, involves a
significantly higher Gibbs free energy change (818.3 k] mol ™)
compared to that of water splitting into H, and 10, (232.2 k]
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Scheme 1 Schematic illustration of structure—property insights and regulation strategies.

mol™") under standard conditions.*® Thus, H, evolution is

thermodynamically more favorable than CO, reduction in
aqueous systems, making the suppression of the hydrogen
evolution reaction (HER) a key challenge in selective photo-
catalytic CO, conversion.**
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A prerequisite for effective CO, photoreduction is that the
photocatalyst’s conduction-band edge lies at a more negative
potential than the relevant CO, reduction redox couples
(Scheme 2).*77 In addition, CO, photoreduction is inherently
complex, involving multi-electron transfer processes that can
yield a range of products, including carbon monoxide,
methane, methanol, formic acid, and other hydrocarbons.**™*°
If a semiconductor’s CB potential cannot drive the direct one-
electron reduction, proton-coupled multi-electron pathways
become thermodynamically preferred.** Likewise, the compet-
ing two-electron HER often dominates under aqueous con-
ditions, reducing the selectivity toward CO, reduction
products.*>** Consequently, balancing sufficient CB driving
force with effective HER suppression remains a critical chal-
lenge in aqueous CO, photoreduction.

2.2 The challenges of CO, photoreduction: kinetics

Distinguished from thermodynamic requirements, which
concern the feasibility and driving force of the overall reaction,
kinetics focuses on the specific reaction pathways and rates of
the reaction. However, the CO, photoreduction process
involves multiple proton-coupled electron transfer processes,
offering complex reduction routes. Therefore, efficient photo-
catalysts for CO, photoreduction must exhibit superior per-
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Scheme 2 Schematic illustration of the CO, reduction process in semiconductor-based photocatalytic systems. Adapted with permission.**

Copyright 2023, Wiley-VCH.

formance in terms of two critical kinetic aspects: the dynamics
of the CO, reduction reaction on the catalyst surface and the
dynamic behavior of photogenerated charge carriers.*>*

The CO, reduction reaction typically proceeds through four
fundamental stages: (i) adsorption of CO, molecules onto the
photocatalyst surface; (ii) activation to form partially charged
intermediates, such as CO,™™ radical anions; (iii) C-O bond
cleavage through electron-proton transfer, generating reduced
intermediates; and (iv) desorption of the final products from
the catalyst surface.’" The initial step involves the adsorption
of CO, molecules, which are typically introduced as gaseous
reactants. Consequently, mass transport of gaseous CO, plays
a critical role in the overall reaction process. However, the low
solubility of CO, in aqueous media—only 0.033 mol L™" at
25 °C and 1 atm—significantly limits its availability for surface
adsorption, posing a bottleneck to reaction efficiency.”” After
initial activation, CO, undergoes a cascade of proton-coupled
electron transfers, bond cleavages (notably C-O), and C-H
bond formation. These transformations produce a wide spec-
trum of intermediates and final products, including C1 com-
pounds (e.g., CO, CH,, CH;0H, and HCOOH), C2 products
(e.g., CH3COOH and C,Hg), and even higher-order C2+ hydro-
carbons.*® However, the dynamic adsorption-desorption be-
havior of intermediates, combined with the inherently slug-
gish kinetics of C-C coupling, further limits the efficiency and
selectivity of CO, conversion.?°

Charge carrier dynamics also critically influence the
efficiency of photocatalytic reactions, encompassing the gene-
ration of carriers upon photoexcitation, the diffusion and
recombination of photogenerated electron-hole pairs, and
subsequent transfer to catalytically active sites for CO,
reduction (Scheme 3). Therefore, close attention to the
dynamics of photogenerated carriers is essential for improving
overall photocatalytic performance. Upon photoexcitation,
excitons are generated within femtoseconds (fs) and rapidly
dissociate into free electrons and holes, which then relax to
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Scheme 3 Dynamics of photogenerated electrons and holes in a single
photocatalyst.

the conduction band minimum (CBM) and valence band
maximum (VBM), respectively. These photogenerated carriers
follow two competing pathways: (i) migration to the semi-
conductor-solution interface, where they participate in surface
redox reactions, or (ii) recombination within the bulk or at
surface trap states. Only electrons that successfully reach cata-
lytically active sites can drive CO, reduction.”® However,
because the timescale for carrier migration and surface reac-
tion (typically ms to s) is orders of magnitude longer than that
of charge recombination (ns or less), most photogenerated car-
riers undergo recombination before they can reach the surface
to participate in catalytic reactions.’® This spatiotemporal mis-
match severely limits the quantum efficiency of photocatalysts.
Therefore, improving charge separation and transport remains
a central challenge. A comprehensive understanding of carrier
generation, relaxation, migration, and recombination—across

This journal is © The Royal Society of Chemistry 2026
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both temporal and spatial dimensions—is essential for over-
coming current limitations and enhancing CO, photoreduc-
tion performance.

In summary, major bottlenecks in CO, photoreduction
remain centered on inefficient charge carrier separation and
transport, as well as the sluggish surface activation and conver-
sion of CO,. Addressing these challenges necessitates contin-
ued advances in the rational design of heterogeneous organic
photocatalysts based on n-conjugated monomers, thereby con-
tributing to the development of scalable and cost-effective CO,
reduction technologies.

3 Design strategies of organic
polymers composed of n-conjugation
units for CO, photoreduction

Organic polymers composed of n-conjugation units, including
LCPs, CMPs, and specific COFs, are composed of diverse
organic n-building blocks.'” Structurally, the organic polymers
comprise two main components: a conjugated backbone and
flexible side chains.>® In the organic polymers, the backbone
typically consists of sequences of sp>-hybridized carbon atoms
together with heteroatoms. The conjugated backbone is the
dominant factor in dictating the electronic properties, specifi-
cally the energy levels and bandgaps.>> Through o-bonds, the
sp>-hybridized carbons construct the supporting backbone,
while the remaining p, wave functions—orthogonal to the
backbone—combine to form n-bonds, which provide the basis
for the semiconducting or conducting properties. Because o-
bonds do not directly contribute to charge transport, discus-
sions of electronic properties generally focus on the n-bands.
n-Electron delocalization along the backbone, resulting from
p. orbital overlap, provides a ‘highway’ for charge mobility;>?
by extending the conjugation, the electron density spreads over
a larger region, enhancing delocalization and reducing the
energy gap between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO).>*>®

The structural tunability afforded by organic synthesis
enables extensive optimization and programmability of both
the electronic and physical properties of these materials.
Consequently, key physical characteristics—such as solubility
—as well as optoelectronic properties—such as charge trans-
port and light absorption—can be tailored through rational
molecular design and structural modification.* In addition to
molecular-level design, morphological factors play a critical
role in tuning catalytic performance. Their high surface area
and tunable pore environments facilitate efficient CO, mass
transfer, charge transfer, and accessibility to active sites."?
These unique properties make organic polymers composed of
n-conjugation units attractive candidates for photocatalytic
CO, reduction, as summarized in Table 1. Notably, the
reported CO, photoreduction rates are sensitive to experi-
mental parameters, including the light source spectrum,

This journal is © The Royal Society of Chemistry 2026
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optical filters, light intensity at the sample surface, choice and
loading of co-catalysts, type and concentration of sacrificial
agents, sample concentration, and reactor headspace
pressure.’® To ensure meaningful comparisons, it has been
widely recommended that apparent quantum yields (AQYs) be
reported alongside gas evolution rates. Furthermore, the influ-
ence of catalyst loading warrants careful evaluation: insuffi-
cient catalyst dosage can limit light absorption and photon
utilization, whereas excessive loading may induce light scatter-
ing and reduce the accessibility of active sites, ultimately com-
promising overall efficiency.

A representative example is the triazine-based polymer
backbone, one of the most widely studied frameworks in this
field. The triazine ring, featuring three C=N moieties, can
theoretically accommodate up to three electrons, enabling it to
function as an efficient electron-storage unit,’’ making it a
highly effective active site for CO, reduction.®>® In addition,
the nitrogen-rich composition of triazine provides abundant
Lewis basic sites, which facilitate strong CO, adsorption and
activation—key  prerequisites  for  efficient catalytic
conversion.**

For instance, Gao et al.>’ designed a triazine-based COF
membrane that integrates robust light-harvesting units,
efficient catalytic centers, and a membrane architecture opti-
mized for rapid charge and mass transport (Fig. 1a). This bio-
mimetic design achieved a record CO yield of 1240 pmol g™*
over 4 hours, with nearly 100% selectivity and exceptional
stability sustained over 16 cycles. Within this system, triazine
units act as electron reservoirs, imide moieties serve as cata-
Iytic centers, and the continuous membrane structure facili-
tates efficient carrier and reactant diffusion—together account-
ing for the system’s outstanding CO,-to-CO performance. The
triazine ring is rarely used to create photocatalytically active
porous LCPs due to limited synthetic methodologies. In this
regard, Zhu et al.>® developed a series of porous methylated tri-
azine-based linear conjugated polymers (Fig. 1b). These
materials delivered high CO evolution rates (218.9 pmol g~
h™) with quantitative selectivity and concurrent water oxi-
dation. The polymers were synthesized via a simple conden-
sation of benzamidine and acetic anhydride, yielding abun-
dant methylated triazine units. By modulating the length of
electron-rich benzyl linkers within the polymer backbone, the
authors tuned both optical absorption and exciton dis-
sociation dynamics, thereby promoting efficient photoinduced
charge separation and transport. Additionally, the spatial
alignment of electron-rich sites and CO, adsorption sites is
pivotal for optimizing the photocatalytic process. Zhou et al.>®
reported a porphyrin-triazine COF featuring strongly electron-
withdrawing triazine cores and ether linkages (Fig. 1c). This
framework spatially aligned electron-rich domains with CO,
adsorption sites, significantly enhancing reduction efficiency.
The introduction of ether groups further improved charge sep-
aration and enabled electron accumulation at the C=N imine
linkages—contributing to superior overall catalytic activity.

In addition to triazine-based polymers, various novel
organic polymers have been developed for CO, photoreduc-
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Fig. 1 (a) Schematic illustration of the synthesis of ON-COF, IN-COF and 2N-COF membranes. Adapted with permission.>” Copyright 2023,
American Chemical Society. (b) Illustration of the development of triazine-based conjugated polymers (CPs) for photocatalysis. Adapted with per-
mission.>® Copyright 2025, Wiley-VCH. (c) Charge transfer mechanisms of photocatalytic CO, reduction on TOT-TAPP COFs. Adapted with per-
mission.>® Copyright 2025, Wiley-VCH. (d) Illustration of synthesis and the strategy of eliminating the charge-transfer bridge. Adapted with per-

mission.®° Copyright 2020, Springer Nature.

tion. Wang et al.® reported four types of pyrene-based CPs,

featuring either alkynyl or non-alkynyl linkages (Fig. 1d). In
conjugated polymers incorporating alkynyl units, photoexcited
electrons are generated and efficiently transferred along the
polymer backbone via the conjugated alkynyl bridges.
However, the extended delocalization of electrons throughout
the framework reduces their accessibility to cocatalysts, as the
subsequent transfer relies primarily on weak intermolecular
n-n interactions. In contrast, conjugated polymers lacking
alkynyl bridges suppress intramolecular charge delocalization,
thereby localizing photoexcited electrons and facilitating their
more efficient delivery to active sites through intermolecular
cascade channels. The optimized polymer, net-like directly
connected CPs without alkynyl groups, exhibited an impressive
CO evolution rate of 2247 pmol g~' h™'—a 138-fold increase
over that of their unmodified counterpart, net-like alkynyl-con-
nected CPs.

Despite recent progress, the photocatalytic efficiency of
organic polymers remains constrained by multiple factors, of
which sluggish charge separation and transport constitute a
crucial limitation.'*'%® These processes are governed by both
bulk (intra-chain or intra-framework) and interfacial charge
transfer dynamics. To address these limitations, several strat-
egies have been developed. For instance, the incorporation of

1522 | Dalton Trans., 2026, 55, 1515-1547

donor-acceptor (D-A) architectures within organic polymer
backbones has been shown to enhance bulk charge separation
by inducing a strong dipole moment. Additionally, surface
engineering—such as anchoring electron acceptors onto the
organic polymer surfaces or constructing semiconductor het-
erojunctions—can significantly improve interfacial charge
transfer.”’

Beyond charge dynamics, the adsorption and activation of
CO, at the catalyst surface remain persistent challenges that
limit overall conversion efficiency. To overcome these bottle-
necks, strategies such as increasing the specific surface area
and incorporating metal cocatalysts have been explored to
enhance CO, adsorption and activation. These approaches,
along with their mechanistic implications, will be discussed in
detail in the following sections.'®*

3.1 Building D-A type organic polymers composed of
m-conjugation units

The limited charge separation efficiency in organic polymers
composed of n-conjugation units stems from the absence of a
sufficient internal driving force, which impedes carrier separ-
ation and transport. To address this kinetic constraint, D-A
engineering refers to the construction of polymer backbones
with electron-donating and -withdrawing units integrated. The
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resulting intramolecular push-pull interactions between elec-
tron-rich donor and electron-deficient acceptor units facilitate
exciton dissociation and promote directional charge migration
toward cocatalyst interfaces or substrate molecules, thereby
enhancing photocatalytic efficiency (Scheme 4).”®> The D-A
arrangement within the frameworks induced a redistribution

X o,
VA H,0

N
PET

\' D — A

co

2

D: Donor co
A: Acceptor

PET = Photoinduced electron transfer

Scheme 4 Schematic illustration of an intramolecular D—A system.
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of the HOMO and LUMO between the electron donor and
acceptor units, resulting in newly formed frontier molecular
orbitals. This reorganization effectively modulated the energy
bandgap, thereby extending the material’s light absorption
range."” Therefore, adjusting the structure and ratio of donor
and acceptor units enables precise control over the band struc-
ture and optoelectronic properties, ensuring alignment with
the redox requirements of specific CO, reduction
pathways.'”'% Thus, D-A-type organic polymers provide a
molecular-level strategy for simultaneously promoting carrier
separation and regulating the electronic structure, thereby
addressing both kinetic and thermodynamic limitations.

The carbazole moiety is known for its electron-rich character
and excellent hole-transporting capability, whereas triazine-
based units exhibit high electron affinity and consequently
enable efficient electron drift mobility.'°® In this context, Lei
et al.®* developed a D-A COF (CT-COF) via Schiff base conden-
sation between carbazole- and triazine-based monomers
(Fig. 2a). The resulting material exhibits a well-aligned energy
band structure, strong visible-light absorption, and a high
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density of nitrogen sites. The D-A framework facilitates efficient
exciton dissociation and charge transport, enabling the CT-COF
to drive both CO, reduction and water oxidation without the
assistance of external co-catalysts. This system achieves a CO
evolution rate of 102.7 pmol g~* h™", accompanied by near-stoi-
chiometric O, generation, highlighting its potential as a com-
plete artificial photosynthetic platform.

In another example, electron-deficient metalloporphyrin
(TAPP) complexes are well-known for their strong visible-light
absorption and potential in CO, photoreduction, while elec-
tron-rich tetrathiafulvalene (TTF) has proven to be an excellent
electron donor due to its rapid electron-transfer capabilities.
Based on these features, Lu et al.®® designed a series of crystal-
line two-dimensional (2D) COFs (TTCOF-M, where M = 2H, Zn,
Ni, or Cu) based on the combination of TTF and TAPP units
(Fig. 2b). Within the framework, covalent bonding ensures
efficient electron transfer from TTF to TAPP, resulting in
spatially separated electrons and holes for CO, reduction and
H,O oxidation, respectively. Among these, TTCOF-Zn exhibited
the highest activity, producing 2.06 pmol g™ h™ of CO with
nearly 100% selectivity and simultaneous O, evolution.
Mechanistic studies suggest that under visible-light
irradiation, the TTF unit (serving as the HOMO center)
absorbs photons and donates electrons to the TAPP unit
(LUMO center). The electrons are subsequently transferred to
the catalytic metal centers (Zn or Cu) within TAPP to drive CO,
reduction, while the remaining holes in TTF oxidize water
molecules to release O,. This dual-function system maintains
charge neutrality by continuously extracting electrons from
water, thereby sustaining the overall photoredox cycle.

The selective photocatalytic reduction of CO, to CH,
remains a considerable challenge, as it involves an eight-elec-
tron, multi-proton transfer process that is kinetically more
demanding than the two-electron reduction to CO. Barman
et al.®* developed D-A CMP (TPA-PQ) by integrating an electron
donor (tris(4-ethynylphenyl)Jamine, TPA) and an acceptor (phe-
nanthraquinone, PQ) (Fig. 2c-e). This architecture enables
efficient intramolecular charge transfer (ICT) under visible-
light irradiation, driving selective CO,-to-CH, conversion with
a remarkable yield of 32.2 mmol g " and a production rate of
2.15 mmol g~' h™, while maintaining selectivity above 97%.
The adjacent keto groups in the PQ unit were shown to play a
pivotal role in lowering the reduction barrier and stabilizing
CO, adsorption intermediates, thereby enhancing photo-
catalytic performance. Meanwhile, the vital role of ICT in
advancing photocatalysis is further demonstrated by the syn-
thesis of another CMP (TEB-PQ) that lacks D-A capability,
where the donor group TPA is replaced with triethynylbenzene
(TEB); TEB-PQ shows about eight times lower activity for CO,-
to-CH, photoreduction compared to TPA-PQ.

Notably, conventional two-component D-A systems with
n-conjugated frameworks often exhibit rapid backward charge
recombination in the lateral direction.’®” To overcome this
limitation, modification strategies have been developed to
reconstruct and optimize the structures of D-A type organic
polymers. A common approach involves introducing acetylene

1524 | Dalton Trans., 2026, 55, 1515-1547
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linkers or aromatic spacers to form a D-n-A configuration,
thereby extending n-conjugation and modulating the intra-
molecular charge distribution. The incorporation of n-bridges
not only facilitates directional charge transfer and suppresses
back recombination but also extends charge carrier diffusion
lengths and enhances electron-hole separation stability."*®
Meng et al.”* synthesized two redox-active, truxene-based CMP
incorporating thiazolo[5,4-d|thiazole linkages for metal-free
photocatalytic CH, production. Among them, Tx-TzTz-CMP-2
with an extended =m-conjugated system using phenyl as a
n-bridge exhibited a CH, generation rate of 300.6 pmol g~* h™*
with 71.2% selectivity, without the need for metal cocatalysts
or photosensitizers. In addition, the nitrogen site on the thia-
zole unit served as both an electron reservoir and a catalytic
center, facilitating CO, activation and subsequent hydrogen-
ation to CH,. Recently, Lan et al® synthesized a series of
regioisomeric alkynyl-linked CMPs (TPA-BPy-n (n = 1, 2, 3)), by
precisely controlling the regiochemistry of bipyridine substitu-
ents in modular tris(4-ethynylphenyl)amine precursors.
Atomically dispersed Zn centers were coordinated within the
bipyridine units to catalyze CO, photoreduction. Among these,
Zn-TPA-BPy-1 achieved the highest performance, with a CH,
production rate of 753.2 pmol g™* h™ and a selectivity of
89.7%. The incorporation of D-n-A motifs with pronounced
intramolecular charge transfer enabled systematic control of
framework dipole moments, while the spatial orientation
determined whether metal coordination occurred inside or
outside the channels. Mechanistic investigations reveal that
the synergistic interaction between Zn sites and the TPA-BPy-1
framework lowers the energy barriers for *COOH and *CO
intermediate formation, and thermodynamically favors the
generation of *CHO species, thereby driving the selective
photoreduction of CO, to CH, (Fig. 2f and g).

Building hetero-motif molecular junction (HMM]J) struc-
tures. To further expand the structural versatility and func-
tional integration of D-A systems, recent studies have explored
more complex architectures that go beyond simple D-A pair-
ings (Scheme 5). One such approach involves the construction
of hetero-motif molecular junctions (HMM]Js)—periodically
distributed molecular junctions that integrate multiple func-
tional motifs into a single, spatially ordered framework.?**1°

Inspired by the design concept of heterojunctions, Lan
et al."' pioneered the development of HMM] photocatalysts.
These materials are composed of precisely defined photosensi-
tive, oxidative, and reductive motifs that are assembled
through direct bonding, grafting, or post-synthetic modifi-
cation. The highly tunable arrangement of these molecular
components allows precise regulation of band structures and
charge transfer pathways within the photocatalyst.'® Crucially,
the rational selection and spatial alignment of oxidation and
reduction motifs are essential for achieving directional charge
separation and efficient photoredox activity.

For instance, Li et al.”® designed a series of redox-active
molecular junction COFs (M-TTCOF-Zn, where M = Bi, Tri,
Tetra) by covalently linking TAPP-Zn units—serving as CO,
reduction centers—with multidentate tetrathiafulvalene (TTF)

This journal is © The Royal Society of Chemistry 2026
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units as water oxidation centers (Fig. 3a). The covalent linkage
between TAPP-Zn and multidentate TTF facilitates directional
electron transfer from TTF to TAPP-Zn, enabling spatial separ-
ation of photoinduced charge carriers: photoexcited electrons
localize on TAPP-Zn for CO, reduction, while photogenerated
holes accumulate on TTF units for water oxidation. Among the
series, Bi-TTCOF-Zn exhibited the highest activity, achieving a
CO evolution rate of 11.56 pmol g~" h™" with nearly 100%
selectivity.

In another advancement, Lu et a proposed a general
strategy for integrating polyoxometalate (POM) single clusters
into the nanopores of crystalline COFs through covalent con-
finement (Fig. 3b). The resulting COF-POM hybrid materials
combine light-harvesting, charge transfer, and catalytic func-
tions within a unified framework. Among these, TCOF-MnMo,

l, 81

(a)

‘e- B @ .
-

Bi-pathway

Tri-pathway

achieved the highest CO generation rate of 37.25 pmol g h™*
with near-complete selectivity under gas-solid phase con-
ditions. Mechanistic analysis revealed that photoinduced elec-
tron transfer (PET) occurs from the COF backbone to the
embedded POM cluster, where CO, reduction is catalyzed by
the POM and water oxidation is driven by the COF. Covalent
anchoring at the molecular level ensures strong interfacial
electronic coupling, significantly enhancing charge-transfer
efficiency.

In summary, D-A-type organic polymers and their advanced
hetero-motif architectures represent a promising class of
materials for CO, photoreduction. Their modular design
enables precise tuning of optoelectronic properties, promotes
directional charge transport, and allows the incorporation of
diverse catalytic functionalities, which are essential for
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efficient CO, conversion. Nevertheless, the assembly of D and
A components remains challenging due to their multiple inter-
acting sites, usually resulting in unpredictable structural out-
comes. Moreover, most reported D-A-type organic polymers
exhibit AA stacking, which confines charge and energy trans-
port to intralayer through-bond or channel-restricted pathways.
The development of architectures that combine intralayer
through-bond transport with interlayer through-space n-n
interactions to facilitate multidimensional charge and energy
transport remains insufficiently explored.'"?

3.2 Building semiconductor heterojunctions

While molecular-level D-A engineering has shown remarkable
promise, constructing heterojunctions between distinct semi-
conducting components offers another powerful strategy for
enhancing interfacial charge transfer and preserving redox
potentials in photocatalytic systems. A heterojunction is the
interface between two semiconductors with distinct energy
band structures. Based on the alignment of these bands and
the mechanisms of photogenerated charge transfer, hetero-
junction photocatalysts are generally categorized into several
types, among which type IL,'**''* Z-scheme,"'®*"® and
S-scheme heterojunctions'?*™*** are the most extensively
studied.'® Unlike the unidirectional charge migration
observed in type II heterojunctions, the Z-scheme and
S-scheme facilitate spatial separation of charge carriers by
retaining electrons in the more negative CB and holes in the
more positive VB."**'*> This configuration improves charge
separation efficiency and preserves the strong redox potentials
necessary for high-performance photocatalysis."*® The follow-
ing sections will focus on recent advances in Z-scheme and
S-scheme heterojunctions, highlighting their design prin-
ciples, charge-transfer mechanisms, and applications in CO,
reduction (Scheme 6).

Recent studies have demonstrated that rational design of
Z-scheme heterojunctions—particularly those integrating
organic and inorganic components—can effectively enhance
charge separation and preserve redox potentials in CO, photo-
reduction systems. For instance, Zhi et al'®” developed 2D
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Scheme 6 Schematic illustration of the CO, reduction process in the
Z-scheme heterojunction.
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(CoPcPDA-CMP NSs) as a Z-scheme artificial photosynthetic
platform for overall CO, reduction. These nanosheets feature
cobalt phthalocyanine (CoPc) units as reduction sites and
3,4,9,10-perylenetetracarboxylic diimide (PDI) moieties as oxi-
dation sites. Under visible-light irradiation and using water as
the sacrificial electron donor, CoPcPDA-CMP NSs achieved a
CO evolution rate of 14.27 pmol g~' h™" with a selectivity of
92%, highlighting their potential for integrated solar-driven
redox catalysis.

In parallel, Zhang et al.®® proposed a strategy to construct
stable organic-inorganic Z-scheme heterojunctions by co-
valently linking crystalline COFs with inorganic semi-
conductors. A series of COF-inorganic semiconductor
Z-scheme photocatalysts was synthesized by combining water-
oxidation semiconductors (TiO,, Bi,WOs, and o-Fe,03) with
CO,-reducing COFs (COF-316/318), achieving high photo-
catalytic CO,-to-CO conversion efficiencies up to 69.67 pmol
¢! h™'. The effective covalent coupling between the organic
frameworks and inorganic semiconductor components
enables efficient charge transfer between the inorganic semi-
conductor and organic functional groups. This facilitates the
accumulation of photoexcited electrons in the COF and holes
in the inorganic semiconductor (e.g., TiO,), allowing them to
be efficiently utilized for CO, reduction and water oxidation,
respectively, thus mimicking natural photosynthesis.
Furthermore, the coexistence of pyridine and cyano active sites
within the COF photocatalysts is shown to enhance CO, acti-
vation and contribute significantly to the overall reduction
performance.

In addition to band alignment and charge-transfer direc-
tionality, the morphology and interfacial geometry of hetero-
structures play a crucial role in determining their photo-
catalytic efficiency. Intimate contact between components with
high surface area can facilitate interfacial charge transfer and
maximize the exposure of active sites. Zhang et al'*® devel-
oped a core-shell structured CAS@CTF-HUST-1 heterojunction
photocatalyst by integrating porous covalent triazine frame-
works (CTFs) with cadmium sulfide (CdS) nanospheres,
achieving an impressive CO production rate of 168.77 pmol
g~" h™" with high selectivity (Fig. 4a). Significantly, the porous
CTF-HUST-1 shell endows the composite with excellent CO,
adsorption capacity, thereby maximizing the contact prob-
ability between CO, molecules and active sites. Similarly, Li
et al.”® designed S-bridged covalent triazine framework (SCTF)/
ZnlIn,S, core-shell photocatalysts that enable efficient inter-
facial charge transfer and spatially separated tandem reac-
tions, namely CO, reduction and furfuryl alcohol (FFA) oxi-
dation to furfural (FA) (Fig. 4b). The intimate interfacial
contact and well-aligned energy levels promote electron
migration from the ZnIn,S, shell to the SCTF core. The outer
Znln,S, layer facilitates CO, diffusion toward the SCTF core,
where pyridine nitrogen (Lewis base) sites act as active centers
for CO, adsorption and activation. Simultaneously, the
ZnIn,S, shell catalyzes FFA dehydrogenation, generating
additional electrons for CO,-to-CO conversion. The optimized
SCTF/ZnIn,S,-0.2 photocatalyst achieves a CO yield of
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263.5 pmol g~' and a 95% FFA-to-FA conversion under simu-
lated solar irradiation.

In addition to C1 products, certain C2+ products arising
from C-C coupling reactions have also been detected in photo-
catalytic CO, reduction. However, the formation of C2+ pro-
ducts typically involves complex proton-coupled electron trans-
fer (PCET) processes and C-C bond formation, which limit
their selectivity."*® To address this challenge, Risov et al®?
developed a template-free and cost-effective synthetic route to
construct a composite catalyst comprising carbazole-derived
porous organic polymers (POPs) integrated with In,;,S,;. The
composite is stabilized by induced-polarity-driven electrostatic
interaction. Four-coordinated In*" and six-coordinated In**
centers function as primary active sites for facilitating CO,

This journal is © The Royal Society of Chemistry 2026

conversion to C2+ products. The synergy between the photo-
active POP framework and catalytically active indium centers
enhances photosensitization, gas adsorption, and catalyst dis-
persion. Moreover, it facilitates efficient electron transfer to C1
intermediates, promoting subsequent C-C coupling and
enabling high selectivity toward C,H, (98.9%), with a for-
mation rate of 67.65 pmol g~ " h™" (Fig. 4c).

The enhanced photocatalytic performance of the hetero-
junction can be attributed to several key factors: (1) internal
electric fields formed at the interface facilitate directional
charge transfer while retaining strong redox potentials; (2)
interfacial engineering lowers the energy barrier of the rate-
limiting step in the CO, reduction pathway; and (3) synergistic
interactions between multiple components allow these systems
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to overcome the intrinsic limitations of single-component
photocatalysts. However, constructing an ideal semiconductor
heterojunction requires close lattice matching between the
constituent materials to minimize interfacial defects and sup-
press interfacial charge recombination."*® This stringent
requirement greatly restricts the choice of compatible
materials.

3.3 Incorporating metal cocatalysts into organic polymers
composed of w-conjugation units

To further enhance the performance of organic polymers com-
posed of m-conjugation units, especially in promoting CO,
adsorption, activation, and interfacial charge separation, the
incorporation of metal cocatalysts has emerged as an effective
strategy. Metal cocatalysts not only provide highly selective and
accessible active sites for CO, adsorption and activation but
also function as electron-trapping centers, facilitating efficient
electron-hole separation—both of which are crucial for
improving photocatalytic CO, reduction efficiency.'®*

The incorporation of metal cocatalysts into organic poly-
mers can be categorized into three primary methods based on
the incorporation process of the metal cocatalysts: (1) the sim-
plest approach involves dissolving a molecular catalyst directly
in the reaction medium, allowing it to be physically encapsu-
lated within the pores of organic polymers without forming
any covalent bonds between the organic polymer backbone
and the cocatalyst; (2) a second strategy involves tethering the
cocatalyst directly to the organic polymer backbone, typically
(but not exclusively) through post-synthetic modifications.
Although the cocatalyst is covalently attached to the organic
polymer structure, no direct metal-ligand electronic inter-
actions take place between the metal center and the organic
polymer backbone; and (3) the third strategy incorporates
metal cocatalysts by employing organic ligands directly as
building blocks within the organic polymer structure itself,
thus integrating the metal cocatalysts into the polymer back-
bone. This approach allows inner-sphere electron transfer
mechanisms between the organic polymer backbone and the
cocatalyst."*' In particular, the metalation methods include
both pre-synthetic and post-synthetic strategies. Pre-synthetic
metalation involves the use of metal complexes directly as
monomers during polymer construction. Alternatively, post-
synthetic metalation serves as a flexible route for preparing
metal-modified photocatalysts, allowing metal ions to be
anchored onto photocatalysts through direct coordination or
ligand-exchange reactions. This approach preserves the orig-
inal crystallinity of the photocatalyst materials."** Together,
these approaches provide a tunable platform for constructing
metal-modified photocatalysts with high structural definition,
strong interfacial charge-transfer capabilities, and excellent
CO, activation efficiency.

Having established the functional importance of metal
cocatalysts in enhancing CO, activation and charge dynamics
within the organic polymers, various strategies have been
developed to integrate metal cocatalysts through different
levels of interaction strength. These approaches can be broadly
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categorized into three types: non-bonded incorporation,
covalent tethering, and metalation (Scheme 7). Representative
studies under each strategy are outlined below.

Non-bonded strategy. Recent advances have demonstrated
that non-bonded strategies can also be effective in construct-
ing high-performance systems for CO, photoreduction. Zhong
et al.¥” reported the design of a synergistic photocatalyst for
the selective reduction of CO, to CO, based on a COF incorpor-
ating single Ni sites (Ni-TpBpy). Ni-TpBpy demonstrated out-
standing catalytic performance, producing 4057 pmol g~* of
CO over a 5 hour reaction period with a high selectivity of 96%
toward CO over H, evolution. This outstanding activity and
selectivity are attributed to the synergistic interaction between
the single Ni sites and the TpBpy framework. The single Ni
sites in TpBpy act as the catalytically active sites, where CO,
molecules are coordinated, activated, and reduced. TpBpy not
only serves as a host for both CO, molecules and single Ni
sites, but also contributes to the catalytic activity and selecti-
vity of CO,to-CO conversion. McQueen et al.’* developed a
series of hybrid photocatalysts comprising conjugated polymer
semiconductors, silver nanoparticles, and a Ru-based supra-
molecular complex for the visible-light-driven reduction of CO,
to formate. Among them, the hybrid photocatalyst using poly
(dibenzo[b,d]thiophene sulfone) (P10) (RuRu'/Ag/P10) exhibi-
ted outstanding performance, with a TOF of 6.5 s~*, a TON of
349000, and an apparent quantum yield of 11.2% at 440 nm.
The strong interaction between the sulfone units in P10 and
the methyl phosphonic acid anchors of RuRu’ contributed to
enhanced catalyst stability and turnover. Owing to its high
durability and efficiency, RuRu'/Ag/P10 enabled quantitative
CO, conversion, producing concentrated formate solutions up
to 0.40 M.

Inspired by natural photosynthesis occurring in hierarchi-
cal networks over non-precious molecular metal catalysts,
Chen et al.®® reported the integration of isolated Ni sites into
the hexagonal pores of polyimide-based COFs (PI-COFs).
Within this architecture, the single Ni sites serve as active
centers for CO, activation and conversion, while the PI-COFs
play a dual role: functioning as photosensitizers for charge
generation and providing triazine-containing structural units
that promote product selectivity. A plausible intra- and inter-
molecular charge-transfer pathway was proposed: upon photo-
excitation, electrons are generated within the PI-COF frame-
work and efficiently migrate from the central ring to the
diimide linkage, followed by transfer to the embedded Ni
active sites. The observed catalytic enhancement is attributed
to the synergistic interplay between the photoactive PI-COF
matrix and the well-dispersed Ni centers. The nature-mimick-
ing architecture of the PI-COFs provides a tailored microenvi-
ronment that stabilizes the Ni sites and promotes catalytic
turnover.

However, the interfacial charge transfer pathway from the
surface of organic polymers to the free metal complex remains
insufficiently understood, warranting further in-depth investi-
gation. He et al’® reported supramolecular photocatalytic
systems consisting of COFs and Ni complexes designed for

This journal is © The Royal Society of Chemistry 2026
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Scheme 7 Schematic illustration of the main processes for solar-to-fuel conversion with metal cocatalysts. (a) Non-bonded. Adapted with per-
mission.® Copyright 2020, The Royal Society of Chemistry. (b) Covalently tethered. Adapted with permission.’*® Copyright 2024, Springer Nature.
(c) Metalated organic polymers. Adapted with permission.®** Copyright 2018, American Chemical Society. Details are provided in the text.

robust CO, reduction. Multiple heteroatom-mediated hydrogen
bonds formed between the COF and the Ni complex were
found to play a crucial role in facilitating photoinduced elec-
tron transfer across the liquid-solid interface (Fig. 5a and b).
Specifically, the photocatalytic system featuring stronger
hydrogen-bonding interactions exhibited outstanding CO,
reduction capability, achieving a high CO production rate of
715 pmol g~' h™', markedly outperforming systems containing
only supported atomic Ni or metal complexes in the absence
of such hydrogen-bond effects.

Covalent tethering strategy. Covalent binding between semi-
conductors and metal complexes facilitates a highly homo-
geneous dispersion of active sites. Wang et al.'*® synthesized
molecular hybrid materials with precisely defined active sites
by a catalyst-tethered strategy, in which a molecular catalyst is
covalently anchored onto a covalent triazine framework (CTF)
through coordination with pendant pyridyl ligands, resulting
in a functionalized scaffold (p-CTF-py); subsequent axial
coordination of a carboxyl-functionalized cobalt(u) phthalo-
cyanine (CoTCPc) to this framework produced the hybrid
photocatalyst CoTCPc@p-CTF-py. Notably, CoTCPc@p-CTF-py
exhibits a charge-transfer time constant two orders of magni-
tude longer than that of CoTCPc@p-CTF, indicating more
efficient charge separation. This rational design led to a pro-
nounced enhancement in photocatalytic CO, reduction per-
formance, achieving a CO yield of 22.1 + 0.8 mmol g~ (458 +
17 pmol g~' h™") in KHCO, aqueous buffer under visible-light
irradiation. Furthermore, the covalent bonding of p-CTF-py to
the molecular catalysts strongly enhances the stability of the

This journal is © The Royal Society of Chemistry 2026

hybrid material for CO, photoreduction. Similarly, Kong
et al® developed an integrated photocatalytic system
(DA-CTF@DPT-Co) by covalently anchoring a cobalt 2,4-di
(pyridin-2-yl)-1,3,5-triazine ~ (DPT-Co) complex onto the
extended z-conjugated framework of DA-CTF. Unlike conven-
tional host-guest systems incorporating molecular co-catalysts,
this covalent dyad enabled intramolecular cascade electron
migration from the DA-CTF photosensitizer to the DPT-Co
catalytic sites. This facilitated efficient charge separation and
transfer, thereby enhancing overall photocatalytic activity. In
addition, the broad visible-light absorption of DA-CTF,
coupled with selective CO, adsorption and activation at the
DPT-Co sites, contributed to a remarkable photocatalytic per-
formance (Fig. 5c-f). Under visible-light irradiation for
1.5 hours, the system achieved CO and H, evolution amounts
of 1086 and 1042 pmol g™, respectively.

Metalated strategy. Pre-synthetic metalation provides a power-
ful route for constructing active sites within conjugated frame-
works. In this context, Gong et al.®® developed a facile strategy
to manipulate the spin state of cobalt centers within COFs by
simply altering the oxidation state of cobalt in porphyrin-
based COF-367-Co. COF-367-Co(m) (Co*", S = 0) exhibits signifi-
cantly higher activity and markedly greater selectivity toward
HCOOH production compared to COF-367-Co(u) (Co>*, § = 1/
2). DFT calculations indicated that COF-367-Co(ui) has a lower
energy barrier for the formation of HCOOH and a higher
barrier for its subsequent conversion to CO and CH,, relative
to COF-367-Co(un). The theoretical results explained the
observed differences in activity and product selectivity and pro-
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Fig. 5 (a) Schematic illustration of the electron transport via heteroatom-hydrogen bonds in a COF-based supramolecular photosystem for photo-
catalytic reduction of CO,. Reproduced with permission.”® Copyright 2023, Wiley-VCH. (b) EPR spectra of the Ni(bpy)s@BtE-COF under light
irradiation and corresponding first-order kinetics curves (inset) of the Ni(bpy)s@BtE-COF and Ni@BtE-COF. Reproduced with permission.”®
Copyright 2023, Wiley-VCH. The calculated inner reorganization energy of (c) a physical mixture of DA-CTF and BPY-Co and (d) DA-CTF@DPT-Co.
Reproduced with permission.®® Copyright 2024, Wiley-VCH. A schematic illustration of the photogenerated charge migration process for (e) a physi-
cal mixture of DA-CTF and BPY-Co and (f) DA-CTF@DPT-Co. Reproduced with permission.®> Copyright 2024, Wiley-VCH.

vided mechanistic insight into how spin-state transitions influ-
ence photocatalysis.

Besides, based on the electron-withdrawing character, the
metal clusters have also been introduced into COF skeletons,
denoted as metal-COFs (MCOFs), which inherited the pro-
perties and advantages of both metal-organic frameworks and
COFs. For example, Li et al.’*> developed a fully n-conjugated,
vinylene-linked multivariate D-n-A MCOF, termed UJN-1, by
integrating benzyl cyanide linkers with electron-rich tripheny-
lamine and electron-deficient copper cyclic trinuclear unit
(Cu-CTU) moieties (Fig. 6a). The incorporation of Cu-CTU
units, possessing strongly electron-withdrawing capabilities,
introduces a significant driving force for charge separation
and facilitates efficient transfer of photogenerated electrons
from the triphenylamine donor to the Cu-CTU acceptor. Owing
to the synergistic effect of the D-n-A configuration and the

1530 | Dalton Trans., 2026, 55, 1515-1547

fully conjugated vinylene linkage, UJN-1 achieves highly
efficient spatial charge separation. Moreover, owing to the
high affinity between Cu-CTUs and CO, molecules, the pres-
ence of Cu-CTUs is more favorable for the adsorption and acti-
vation of CO, molecules during the photocatalytic reaction. As
a result, it exhibits an impressive CO production rate of
114.8 pmol g~ over 4 hours under visible light irradiation,
without the need for any co-catalysts or sacrificial reagents.
COFs based on metal phthalocyanine possessing M-N, (M =
Co, Cu, Ni) active sites have gained significant attention as
single-atom catalysts for CO, reduction. Recently, Lin et al.'*°
utilized perfluorinated metallophthalocyanine (MPcF;¢) and
the organic biomolecule ellagic acid (EA) as building blocks to
construct functional COFs, designated as EPM-COFs (M = Co,
Ni, Cu). Upon alkaline treatment (EPCo-COF-AT), the COF
surface was enriched with carboxylate (COO™) and hydroxyl

This journal is © The Royal Society of Chemistry 2026
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(OH) groups, enhancing the electron-donating capacity of EA.
This modification led to a significantly improved CO pro-
duction rate of 17.7 mmol g~* h™" and a high selectivity of
97.8%. Ultimately, the incorporation of EA into the COF
enhances visible-light absorption and facilitates the PCET
process essential for efficient CO, photoreduction. Moreover,
the exposure of COO™ and OH groups in EPCo-COF-AT pro-
motes charge transfer from EA to the Co active sites, further
improving catalytic performance. Diatomic-site catalysts

This journal is © The Royal Society of Chemistry 2026

(DACs) have attracted considerable attention for selective CO,
photoreduction, particularly in modulating the thermo-
dynamic and kinetic pathways toward C2+ product formation.
Wang et al.°® synthesized AB-stacked heteronuclear dual-atom-
site COFs through the self-assembly of Zn-porphyrin and Ru/
Cu-pincer complexes. Under light irradiation, efficient intras-
keletal electron transfer occurred from the Zn center to the
adjacent diatomic catalytic sites. Electronic structure analyses
of key CO intermediates revealed that the heteronuclear Ru-Cu
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active site exhibited pronounced Ru 4d-Cu 3d gradient orbital
coupling, resulting in asymmetric charge distribution across
the two adjacent CO intermediates. These intermediates were
stabilized in a side-by-side configuration on the Ru and Cu
atoms, thereby lowering the energy barrier for C-C coupling
(Fig. 6b-g). Consequently, the heteroatomic ZnPor-RuCuDAC
achieved the highest acetate selectivity of 95.1%, significantly
surpassing those of ZnPor-Cu,DAC (36.9%) and ZnPor-Ru,DAC
(21.6%). Notably, ZnPor-Cu,DAC exhibited the highest selecti-
vity toward CO production.

Post-synthetic metalation enables versatility by introducing
metal centers into preformed organic polymers, offering a
tunable platform for enhancing photocatalytic activity. Zhang
et al."*” designed two types of Co-based COF (Co-COF) catalysts
featuring oxygen-coordinated cobalt centers, and demon-
strated that fine-tuning the coordination environment signifi-
cantly enhances photocatalytic performance (Fig. 6h). In par-
ticular, the Co-COF with Co-O, coordination sites achieved an
outstanding CO production rate of 18 000 pmol g~ " h™" and a
high selectivity of 95.7% under visible-light irradiation. The
optimized coordination environment not only improved the
loading capacity of Co(u) within the COF but also facilitated
more efficient electron transfer from the photosensitizer to the
catalytic sites and enhanced CO, adsorption. Furthermore, the
Co-2,3-DHTA-COF enriched with Co-O, active sites signifi-
cantly reduced the energy barrier of the rate-determining step
(ligand exchange between Co-2,3-DHTA-COF and CO,).

In addition, Cheng et al.”® developed a porous material
with a crystalline topological framework, named viCOF-bpy-Re,
which was rationally synthesized via a post-synthetic strategy
by incorporating rhenium complexes as reductive sites and tri-
azine ring structures as oxidative sites, connected through
robust -C=C- linkages. The charge-separation efficiency of
viCOF-bpy-Re is enhanced by the presence of low-polarity
n-bridges between the rhenium complexes and triazine units,
facilitating efficient intramolecular charge transfer. As a result,
viCOF-bpy-Re exhibits outstanding photocatalytic perform-
ance, achieving a CO production rate of 190.6 pmol g™* h™*
with nearly 100% selectivity, along with O, evolution at
90.2 pmol g~ h™". Recently, Ishihara et al.”” designed ternary
conjugated polymers incorporating a Ru-complex catalytic
unit, denoted as [Cz-DbtO-Ru],. By leveraging the structural
tunability of conjugated polymers, they systematically modu-
lated the cascade energy levels through molecular-level control
over the composition and sequence of building blocks.
Spectroscopic characterization and theoretical modeling
revealed that the cascade energy alignment in [Cz-DbtO-Ru],
facilitated efficient long-range charge separation via direction-
ally selective electron transfer from the photoexcited zn-system
to the Ru catalytic center. Among the evaluated compositions,
the optimized ternary polymer [Cz,-DbtO;3-Ru,], showed the
highest performance, achieving external quantum efficiencies
of 9.0% (with TEOA) and 32.2% (with benzimidazole derivative
(BIH)) at 450 nm, along with a formate yield up to 0.48 M.

In another example, Zhu et al.”" reported a cobalt-metalated,
one-dimensional (1D) ABC-stacked COF (PP-COF-Co), which inte-
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grates perylene diimide (PDI) as a photosensitizer and 1,10-phe-
nanthroline as a metal coordination site. PP-COF-Co exhibits a
57-fold increase (37.9 mmol g™") in photocatalytic CO, reduction
activity compared to its pristine analogue (0.67 mmol g™).
Mechanistic investigations indicate that the dispersed PP-COF-Co
photocatalyst provides abundant exposed Co active sites, promot-
ing efficient CO, capture. Upon photoexcitation, electrons
migrate from the organic framework to the Co centers through
the Co-C charge-transfer bridge, enabling long-lived charge separ-
ation and effective CO, reduction to CO.

To elucidate the atomic-level correlation between active
sites and photoreduction activity, Ran et al.®® developed a uni-
versal synthetic protocol for fabricating single-atom metal sites
(SASs) anchored on triazine-based COFs (Tr-COFs), resulting in
a series of catalysts denoted as SAS/Tr-COF. This strategy
enables the incorporation of various metal centers (e.g., Fe, Co,
Ni, Zn, Cu, Mn, and Ru) via a metal-nitrogen—chlorine brid-
ging structure for high-performance CO, photoreduction.
Among them, the Fe SAS/Tr-COF, serving as a representative
photocatalyst, exhibited an impressive CO production rate of
980.3 pmol g ' h™" and a selectivity of 96.4%—more than 26
times higher than that of the pristine Tr-COF under visible-
light irradiation. DFT calculations revealed that the enhanced
photocatalytic performance arises from the synergistic inter-
action between the atomically dispersed Fe sites and the Tr-
COF framework. This synergy effectively lowers the energy
barrier for the formation of *COOH intermediates, while also
promoting CO, adsorption and activation, and CO desorption.
Similarly, Fu et al®® developed a bipyridine-functionalized
COF (TPy-COF) for the immobilization of isolated Co sites
(TPy-COF-Co), enabling photocatalytic CO, reduction to
syngas. In this system, triazine units within the framework
facilitate charge separation and transfer, while bipyridine moi-
eties provide precisely defined coordination sites for Co atoms.
The resulting TPy-COF-Co exhibited a record-high CO pro-
duction rate of 426 mmol g~ h™", along with turnover number
(TON) and turnover frequency (TOF) values of 2095 and
1607 h™', respectively. Moreover, the catalyst demonstrated
excellent recyclability and tunable syngas composition, with
CO/H, ratios ranging from 1.8:1 to 1:16. Mechanistic studies
revealed a directional charge transfer pathway: electrons are
transferred from [Ru(bpy);]Cl, to the COF backbone and sub-
sequently to the Co centers after hole quenching. The triazine-
based framework promotes charge delocalization, facilitating
the generation of low-valent Co species necessary for CO, acti-
vation. Moreover, the Co-N,Cl, coordination environment
stabilizes *COOH intermediates and reduces the activation
barrier, collectively contributing to the enhanced photo-
catalytic performance.

To achieve synergistic action of these active metal sites,
their uniform distribution and easy accessibility are prerequi-
sites for high photocatalytic activity and selectivity. In this
context, Geng et al.”> designed a tandem photocatalytic strat-
egy based on sequential post-synthetic metalation (SPSM) of
variable Ru/Co sites into a trinuclear copper-based COF, Cu;-
BPY-COF, to construct a series of tri-metallized frameworks,
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denoted Cu;-BPY-COF(Ru/Co)-X (X = 1, 2, or 3, corresponding
to Ru: Co molar ratios of 1/39.6, 1/19.6, and 1/12.7, respect-
ively), for selective photocatalytic CO, methanation. The incor-
poration of a small fraction of Ru sites enhances visible-light
absorption, while Co sites, immobilized at the bipyridine
units, facilitate efficient CO generation and local enrichment
around the active trinuclear Cu centers. This cooperative inter-
action significantly boosts the catalytic efficiency for CO,
reduction to CH,. Notably, the optimized Cu,;-BPY-COF(Ru/
Co)-2 achieved an outstanding CH, evolution rate of 31.5 pmol
g™' h™ and a high selectivity of 95%, representing a 15-fold
enhancement over the Ru-only variant, Cu;-BPY-COF(Ru).
While photocatalytic CO, reduction has predominantly
yielded C1 products, the formation of C2+ products remains
challenging, largely due to the limited ability of single-metal
active sites to promote C-C coupling. Drawing inspiration
from tandem catalysis in multi-enzyme systems, Zhang et al.®®
designed a porous organic polymer (POP) incorporating atom-
ically dispersed Cu and Mo dual-metal centers (CuPor-
POP-Mo), enabling cascade catalysis for selective C,Hg pro-
duction (Fig. 7a). The system exhibited a C,Hg evolution rate of
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472.5 pmol g' h™', with 87.5% product selectivity.
Mechanistic studies suggest that photoexcited [Ru(bpy);]Cl,
transfers electrons through the delocalized n-framework of the
POP to the Cu and Mo sites (Fig. 7b). Initial reduction of CO,
to *CO occurs at the Cu centers, followed by spillover of *CO to
adjacent Mo sites, where *CO accumulation facilitates *OCCO
intermediate formation. Subsequent hydrogenation and deoxy-
genation steps, mediated cooperatively by Cu and Mo, lead to
the formation of C,Hs (Fig. 7c). Concurrently, triethanolamine
(TEOA) acts as a sacrificial electron donor, completing the
photocatalytic cycle.

Collectively, these studies highlight the versatility of metal
cocatalyst integration in the organic polymer-based CO, photo-
reduction systems by facilitating charge carrier modulation,
tuning reaction pathways, and enhancing product selectivity.
Central to this progress is the synergistic interplay between
precisely defined metal active sites and the n-conjugated
polymer matrix. Nevertheless, the mechanistic understanding
of such synergistic effects remains incomplete. While dual-site
single-atom metal cocatalysts have been extensively explored in
electrocatalysis, their application in photocatalysis remains
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Fig. 7 (a) Schematic illustration of the synthesis of CuPor-POP-Mo and photocatalytic CO, reduction. The amine monomer is 5,10,15,20-tetrakis(4-
aminophenyl)-21H,23H-porphine-Cul(ii) (CuPor), and the aldehyde monomer is 5,5',5"-(benzene-1,3,5-triyl)tripicolinaldehyde (TTPD). Reproduced
with permission.®® Copyright 2025, The Royal Society of Chemistry. The density functional theory (DFT) calculations and Gibbs free energy change
of the reaction. (b) Charge density difference (yellow and cyan areas with an isosurface value of 0.0005 indicate charge accumulation and depletion,
respectively). Carbon atoms are presented in light brown, O atoms in red, Cu atoms in dark blue, N atoms in light blue, and Mo atoms in purple.
Reproduced with permission.®® Copyright 2025, The Royal Society of Chemistry. (c) Gibbs free energy profiles of the CO,RR to C,Hg over CuPor-
POP-Mo and Por-POP-Mo. The “*" represents adsorption on the substrate. Reproduced with permission.®® Copyright 2025, The Royal Society of

Chemistry.
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largely untapped. Designing complementary dual-metal cata-
lytic sites represents a promising strategy to achieve high
selectivity in CO, photoreduction.

3.4 Morphological tuning

In addition to molecular-level design, morphological regu-
lation of the organic polymers has emerged as a crucial strat-
egy for enhancing photocatalytic CO, reduction. Specifically,
low-dimensional nanomaterials possess abundant unsaturated
atomic sites on their surfaces and edges, which serve as active
sites for the adsorption/desorption of CO, and key intermedi-
ates in catalytic reactions. For example, polymer dots (Pdots)
are a subclass of polymer nanoparticles with diameters below
100 nm. Their small size results in a high surface area, which
improves interfacial charge separation and helps overcome the
short exciton diffusion lengths typical of organic polymers."*
Pdots can be formed by using amphiphilic polymers as surfac-
tants, which stabilize the polymers in water, increase surface
area, and concentrate charges within individual particles.
These features are beneficial for catalytic reactions in water
requiring multiple charges.”® To further investigate the advan-
tage of Pdots in photocatalytic CO, reduction, Cai et al.”®
reported that Pdots composed of poly[(9,9-dioctylfluorenyl-2,7-
diyl)-co-(1,4-benzothiadiazole)] (PFBT) can photocatalytically
reduce CO, to CO in aqueous solution without adding any
extra co-catalyst (Fig. 8a). These PFBT Pdots achieved a CO pro-
duction rate of 57 pmol g™' h™ with a selectivity of up to
100%. Mechanistic investigations revealed that the photo-
excited PFBT Pdots are initially reduced by the sacrificial
donor, after which the reduced Pdots bind CO, and facilitate
its conversion to CO through intrinsic active sites. DFT calcu-
lations further confirmed that the microenvironment within
the Pdots plays a key role in promoting the CO, reduction reac-
tion, enabling the transfer of multiple electrons via the ben-
zothiadiazole units (Fig. 8b).

Ultrathin 2D organic polymers, with a nanoscale thickness
or even when reduced to the sub-nanometer level, further
shorten the migration distance of photogenerated carriers and
enhance the light absorption cross-section."** The dimen-
sional reduction of photocatalysts from bulk structures to
nanosheet morphologies can enhance photocatalytic perform-
ance by increasing specific surface area for improved CO,
adsorption and facilitating more efficient charge transport."*
Typically composed of fewer than ten stacked monolayers,
these nanosheets exhibit nanoscale thickness and a quantum
size effect."*" For example, 2D COF nanosheets (NSs) have
shown promising potential in heterogeneous photocatalysis
due to their large surface area, abundant active sites, and
enhanced substrate contact facilitated by a lower diffusion
barrier. Liu et al.® reported a scalable, bottom-up synthetic
strategy for the facile preparation of ultrathin (<2.1 nm) imine-
based 2D COF NSs—including COF-366 NSs, COF-367 NSs,
COF-367-Co NSs, TAPB-PDA COF NSs, and TAPB-BPDA COF
NSs (Fig. 8c). This novel synthetic approach effectively limits
axial n-x stacking, enabling the successful fabrication of ultra-
thin, imine-linked 2D COF NSs. In this photocatalytic system,
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the large aspect ratio and 2D morphology of COF-367-Co NSs
provide a high density of accessible active sites on their
surface. This configuration results in outstanding photo-
catalytic efficiency, with a CO production rate as high as
10162 pmol g~* h™" and a selectivity of approximately 78%
under visible-light irradiation in aqueous media.

Also, for organic polymers, precisely defined pore structures
can enhance their mass transfer processes and maximize the
accessibility of catalytic sites.'**'** Besides, porous photo-
catalytic systems with intrinsic nanoconfinement offer a
unique opportunity to improve selectivity, as the spatial con-
finement of reaction intermediates favors C-C coupling.'**'*>
Rational control over pore size distribution is essential for
optimizing photocatalytic performance. Micropores (<2 nm)
enhance the accessibility of active sites by enabling efficient
diffusion and confinement of CO, molecules within the pore
channels. The incorporation of mesopores (2-50 nm) enhances
the diffusion of reactants and products, alleviating mass trans-
fer limitations. However, excessively large pore sizes may lead
to low conductivity by preventing communication between
adjacent units,'*® and decrease the density of accessible active
sites, ultimately compromising CO, conversion efficiency.'*”
Therefore, it is possible to design catalysts with specific mor-
phologies to fully leverage the advantages of low-dimensional
nanostructures and porous structures, thereby achieving
higher efficiency and selectivity in the field of CO, photoreduc-
tion. Wang et al'® developed conjugated porous aromatic
frameworks (PAF-332-DCM and PAF-332-DCE) via a cost-
effective Friedel-Crafts reaction. By incorporating conjugated
coronene units, the resulting n-conjugated frameworks exhibit
broad near-infrared (NIR) light absorption and tunable poro-
sity. The enhanced porosity affords abundant surface sites for
CO, adsorption and diffusion, effectively addressing the mass
transport and accessibility issues associated with non-porous
structures. Among the synthesized materials, PAF-332-DCM
demonstrated superior photocatalytic CO, reduction perform-
ance, achieving a CO evolution rate of 74.7 pmol g¢™* h™" and
maintaining high structural stability over 30 hours of continu-
ous operation. The improved activity was ascribed to the syner-
gistic integration of the continuous n-conjugated structure, high
CO, uptake capacity, and efficient NIR-driven catalytic response.
Zhao et al.'® synthesized two pyrene-based one-dimensional
covalent organic frameworks (COFs), PyPDA-COF and
PyPDB-COF, with distinct pore sizes. Although Co-PyPDA-COF
and Co-PyPDB-COF shared similar 1D chain architectures, Co(u)
coordination environments, and metal loadings, Co-PyPDA-COF
featured significantly smaller pores. As a result, the Co-
PyPDA-COF exhibited a markedly enhanced CO evolution rate of
30.5 mmol g~* h™ and a CO selectivity of 95.8% over 2 hours,
outperforming Co-PyPDB-COF (17.7 mmol g * h™" and 93.6%).
The superior performance of the Co-PyPDA-COF was attributed
to its reduced pore size, which imparted multiple benefits
(Fig. 8d and e): shortened distances between adjacent Co(u)
sites enabling dual-site interaction with a single CO, molecule,
and shortened photoelectron transfer distance, facilitating more
efficient charge transport.
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Fig. 8 (a) Illustration of the structures of PFBT, PS-PEG-COOH, and the corresponding Pdots. Adapted with permission.”® Copyright 2023, Wiley-
VCH. (b) The energy panel of the reaction pathway on (left) the two adjacent reduced block units; (right) the one block unit. Reproduced with per-
mission.”® Copyright 2023, Wiley-VCH. (c) Schematic illustration of the synthesis of the COF-367 NSs. Adapted with permission.°® Copyright 2019,
American Chemical Society. (d) Plot of Gibbs free energy for the reduction of CO, to CO. Inset: the coordination mode of CO, with Co() sites

within the pores of the Co-PyPDA-COF (left) and Co-PyPDB-COF (right).
diagram of CO, photoreduction in the Co-PyPDA-COF host. Adapted with permission.'%

4 The construction of highly active
and stable organic supramolecules
composed of t-conjugation units for
CO, photoreduction

Organic supramolecules composed of n-conjugation units are

formed via bottom-up self-assembly of n-conjugated mono-
mers, governed by extended z-conjugation and intermolecular

This journal is © The Royal Society of Chemistry 2026

Adapted with permission.° Copyright 2025, Wiley-VCH. (e) Schematic
Copyright 2025, Wiley-VCH.

interactions. When z-conjugated monomers are assembled,
the overlap of m-orbitals creates extended conjugation pathways
that alter their electronic structure. Crucially, the degree of
n-orbital overlap determines the extent of electronic delocaliza-
tion."*® Therefore, organic supramolecules composed of
n-conjugation units exhibit remarkable tunability in both the
chemical structure and optoelectronic properties, similar to
the organic polymers. Many of the strategies previously dis-
cussed for organic polymers are also applicable to supramole-

Dalton Trans., 2026, 55, 1515-1547 | 1535


https://doi.org/10.1039/d5dt02200b

Published on 27 November 2025. Downloaded on 5/3/2026 1:49:13 AM.

Perspective

cular systems. For D-A engineering, Liao and colleagues'*’
developed an A-D-A type supramolecular photocatalyst based
on N,N'-bis(4-fluorophenyl)perylene-3,4,9,10-bis(dicarboxi-
mide) (PDIBF), which enabled the selective photoreduction of
CO, and water vapor to C,Hg. The A-D-A architecture resulted
in a redistribution of the surface electrostatic potential, with
electrons accumulating on the fluorobenzene and carbonyl
groups, and holes being localized on the perylene core. This
separation induced a strong internal electric field that
enhanced charge separation and suppressed recombination.
For the strategy of building semiconductor heterojunctions,
Xu et al.™®® constructed a two-dimensional organic-inorganic
heterojunction (NiAl-ZnTCPP) by electrostatically assembling
anionic Zn-porphyrins onto layered double hydroxide (LDH)
surfaces. The interfacial electric field promoted directional
charge flow to the porphyrin moieties, improving both selecti-
vity (98%) and activity (1568.6 pmol g~' h™"). Gai et al™
further reported a photosynthetic biohybrid system by coating
Moorella thermoacetica with a p-n heterojunction (PFP/PDI) via
electrostatic and hydrophobic interactions. This configuration
enabled direct electron transfer from the heterojunction to the
bacteria, bypassing redox shuttles and activating the Wood-
Ljungdahl pathway for light-driven acetic acid production from
CO,. Given that these approaches parallel those employed in
CP-based systems, they are not reiterated in the following
section.

The primary distinction between organic supramolecules
composed of n-conjugation units and the previously discussed
organic polymers lies in their mode of structural connectivity.
Organic supramolecules, including HOFs, SOFs, and related
supramolecular assemblies, each incorporating m-conjugated
units, self-assembled with organic n building blocks through
hydrogen-bonding, n-r stacking, and other non-covalent inter-
actions (Scheme 8). These interactions enable organic = build-
ing blocks to spontaneously and hierarchically organize into
functional supramolecular architectures with semiconductor
properties.’> A notable feature of these noncovalent systems
is the cooperative nature of intermolecular interactions,
wherein the collective effect of multiple weak forces exceeds
the sum of individual contributions."”® Therefore, the
dynamic behavior and flexibility of noncovalent interactions
can endow organic supramolecules with unique properties in
the field of CO, photoreduction, as follows:

(1) Compared to covalent bonds within organic polymers,
taking advantage of the high reversibility of noncovalent inter-
actions, the developed supramolecular systems have the poten-

Interaction energy

kcal mol”
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van der waals - hydrogen electrostatic covalent
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\ /
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Scheme 8 The approximate range of different interaction energies.
Adapted with permission.'®? Copyright 2025, Wiley-VCH.
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tial to be easily processed and recycled, which can substan-
tially lower the cost in photocatalysis. More importantly,
organic supramolecules composed of n-conjugation units can
be endowed with the ability to repair themselves after damage,
which is commonly called “self-healing” and is of great signifi-
cance in extending the durability of materials."”* For example,
the weak hydrogen bonds, in cooperation with interlayered n-n
interactions, enable the functionalization of HOFs through
simple solution-assisted sonication exfoliation and post-syn-
thetic modification. Jiang and colleagues'® reported that the
post-modification of a guanine-quadruplex-linked 2,2'-pyri-
dine-containing HOF (HOF-25) with Ni(ClO,),-6H,0, followed
by sonication exfoliation, afforded HOF-25-Ni nanosheets
(NSs) with high yield. Notably, the collected dry HOF-25-Ni
NSs retain high crystallinity due to the reassembly of the thin
NSs. Atomic Ni sites were successfully immobilized on 20% of
the 2,2"-pyridine moieties in the crystalline HOF-25-Ni. The
increased CO production was attributed to the enhanced
density of active Ni sites. Furthermore, HOF-25 could also be
post-modified with Re(CO);Cl to afford HOF-25-Re.’*® The
regenerated HOF-25-Re, obtained through recrystallization fol-
lowed by post-functionalization, exhibited restored photo-
catalytic performance.

(2) The non-covalent interactions can be precisely and
reasonably modulated with various parameters, including pH,
temperature, concentrations, and solvents, thereby enabling
supramolecular materials with diverse morphologies and
tunable architectures."®” For example, strong n-n interactions
between perylene rings facilitate the self-assembly of perylene
diimide (PDI) molecules into ordered organic semiconductors
with defined crystal structures and controllable morphologies
via the simple phase-transition method."®® Ma et al'™®
reported a stepwise approach for fabricating uniform nano-
tubes by integrating bottom-up and top-down processes. The
introduction of sterically hindered groups at the 2-position of
benzyl substituents on asymmetric PDI molecules directed the
formation of a kinetically trapped microribbon (“bottom-up”),
which subsequently broke into nanowires (“top-down”) and
ultimately transformed into thermodynamically stable nano-
tubes. In another example, Liu et al.'® synthesized tetragonal
ZnTPyP nanorods (T-ZnTPyPs) and hexagonal nanowires
(H-ZnTPyPs) by varying the assembly temperature. Elevated
temperatures affected the structural integrity and functional
properties of the emulsifier templates, thereby influencing
intermolecular interactions within the assembly microenvi-
ronment. As a result, incubation temperature governed both
the morphology of the emulsifier template and the nucleation
and growth Kkinetics, leading to distinct ZnTPyP stacking
arrangements.

(3) The m-conjugated self-assembled units provide a signifi-
cant contribution to the fundamental optoelectrical properties
of supramolecular materials, while the non-covalent inter-
actions offer the possibility to tune photophysical processes
such as charge transport and exciton recombination."®*

Every coin has its two sides: while the dynamic and revers-
ible nature of noncovalent bonds enables recyclability and
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reorganization, it simultaneously renders supramolecular
systems susceptible to heat, water, and/or solvents, leading to
poor stability. Elevated temperature increased molecular
kinetic energy and weakened these interactions; penetration of
water or organic solvents into the assemblies disrupted the
noncovalent contacts and disintegrated the networks.'*
Moreover, supramolecular assemblies based on noncovalent
interactions still faced challenges, including complexity
arising from tautomerism of the molecular building units, the
assembly process itself, and the structural versatility of the

building blocks.*®?
Given the essential role of structural stability in photo-
catalytic performance, further exploration of design

approaches is necessary. A fundamental understanding of
structure-function relationships remained essential for the
rational design of stable and efficient n-conjugated supramole-
cular systems. The n-conjugated self-assembled units are one
of the basic factors that influence the structural stability and
photocatalytic performance of supramolecular materials. The
geometric features of the n-units—such as their shape, length,
and spatial conformation—as well as their functional groups
and the availability of multiple noncovalent interaction sites
directly influence the molecular packing order (i.e., crystalli-
nity), degree of m-conjugation (via m—r stacking), band struc-
ture, morphology, and charge transport behavior.'®*7'°¢ At the
same time, the extent of n—n stacking and the presence of mul-
tiple noncovalent interactions are decisive in governing the
structural stability of the supramolecular systems. ¢
Nevertheless, a comprehensive understanding of how these
structural parameters affect the stability and function of
organic supramolecules composed of n-conjugation units
remains limited and requires further systematic investigation.
Moreover, directing zm-units to assemble into specific motifs
remains challenging, as they are often trapped in kinetically
stable yet topologically diverse arrangements.'®® Effective
assembly strategies that enable control over aggregation states
are therefore needed to construct structurally defined supra-
molecular architectures.

4.1 Diversity of n-conjugated self-assembled units

Studies on organic supramolecules composed of 1-conjugation
units for CO, reduction remain relatively scarce, as summar-
ized in Table 2. Here, we highlight several representative
examples, with a particular focus on recently reported por-
phyrin/pyrene-based supramolecular assemblies and novel
supramolecular photocatalysts.

Porphyrin units. As key active centers in natural enzymatic
systems, porphyrins have been extensively employed in the
design of artificial enzymes and serve as promising building
blocks for photocatalytic applications.’”® In recent years,
n-conjugated porphyrins have attracted particular interest
owing to their outstanding photophysical, photochemical,
electrochemical, and structural properties. Their broad and
intense light absorption enables efficient utilization of the
solar spectrum. Furthermore, the rigid and planar molecular
skeleton, along with the aromatic electronic structure, facili-

This journal is © The Royal Society of Chemistry 2026

Table 2 Organic supramolecules composed of n-conjugation units for photocatalytic CO, reduction
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tates the assembly of porphyrins into precisely defined nano-
structures with favorable optoelectronic properties. Notably,
since porphyrin self-assembly primarily relies on diverse inter-
molecular noncovalent interactions, nanostructures with
specific sizes, shapes, and functions can be achieved through
careful molecular and supramolecular design. As a result, por-
phyrin-based nanostructures have been widely applied in
visible-light photocatalysis.'””

A unique advantage of porphyrins lies in their capacity to
coordinate a wide range of metal ions into the central cavity,
forming metalloporphyrins that often serve as catalytic centers
for CO, photoreduction. The metalloporphyrin core plays a
pivotal role in tuning the electronic structure and governing
the catalytic activity.'”® Metalloporphyrins possess a stable tet-
rapyrrolic conjugated macrocyclic structure with an M-N,
coordination environment, where M represents the central
metal.'””® In organic supramolecules composed of
n-conjugation units, metalloporphyrins act as structural units,
with the M-Nj sites serving as catalytic centers.'®® Notably, the
nature of the metal affects the extent of through-ligand orbital
overlap (conjugation) and the strength of weak peripheral
interactions.”* Given that even subtle differences in coordi-
nation environments can significantly impact photocatalytic
performance, elucidating clear structure-activity relationships
remains a significant challenge in the rational design of met-
alloporphyrin-based supramolecular photocatalysts.

In particular, porphyrinic building blocks with different
metal centers may influence the self-assembly results and the
stability of HOFs. With this consideration, Liu and col-
leagues'’* reported that, under topological guidance, the self-
assembly process based on a tetratopic porphyrin synthon
resulted in a HOF with the predicted square layer (sql) topo-
logy, but with unsatisfactory stability (Fig. 9a). Metallizing the
porphyrin centers generated an identical network, yet with
greater orbital overlap between the interlamellar porphyrin
cores, thereby significantly improving structural stability.
Strikingly, metallization of the porphyrin core drastically
altered the n—r stacking, and thus the noncovalent interactions

5.44 A }—QM

PFC-72-Co

O O 508A @ $€ oo g

cooH

»

PFC-73-Cu

View Article Online

Dalton Transactions

between adjacent porphyrin rings in different layers.
Theoretical studies further elucidated this transformation
from the perspectives of the electronic structure and orbital
overlap. In addition to enhanced robustness, metallization of
the porphyrin center imparted the frameworks with distinct
catalytic activities toward CO, photoreduction, among which
PFC-72-Co (14.7 pmol g' h™") shows the optimal
performance.

Pyrene unit. Pyrene-based molecules exhibit excellent elec-
tronic and optical physical properties and especially excellent
thermal and photochemical stabilities in both solution and
solid states, leading to their potential use as the molecular
unit for designing a new self-assembled organic
photocatalyst.'®"'®* One representative example involves the
selection of (5,10,15,20-tetrakis(4-(7-tert-butyl)pyrene-2-yl)
phenyl)porphyrinato iron(m) chloride (FeBPPy) as a building
block. Masaoka and his colleagues'’® reported an iron-
complex-based supramolecular framework catalyst (FC1), con-
structed through the self-assembly of FeBPPy (Fig. 9b). The
photocatalytic functionality of FC1 derives from four key fea-
tures: (i) the iron porphyrin complex, which serves as the cata-
lytic center; (ii) pyrene-based substituents, which function
both as light-harvesting units and as sites for noncovalent
interactions; (iii) a crystalline porous framework that facilitates
CO, accumulation; and (iv) efficient intramolecular electron
transfer between the pyrene moiety and the iron porphyrin
framework. Benefiting from the synergistic effects of these fea-
tures, FC1 exhibits high photocatalytic activity for CO,
reduction, achieving a record-high CO production rate of
29.1 mmol g h™" with 99.9% selectivity. Importantly, FC1
exhibited sustained photocatalytic activity over 96 hours,
demonstrating its robustness and long-term operational stabi-
lity. In summary, a key design strategy for achieving robust
and high-performance photocatalysts lies in the use of supra-
molecular frameworks composed of iron porphyrin complexes
bearing pyrene moieties at the meso positions.

Diareno-fused ullazine unit. Starting from the ullazine core,
Dumele et al.'”® developed two diareno-fused chromophore

(b) iron porphyrin Coz co L
Yrcatalytic center for| 29.1mmol g h
CO, reduction

molecular module (FeBPPy)

pyrene

Supramolecular framework catalyst
(FC1)

vrPhotosensitizer for CO, reduction
Yrnon-covalent interaction site

Fig. 9 (a) Schematic representation of the construction of PFC-71, PFC-72-Co, and PFC-73-Cu. Adapted with permission.'’% Copyright 2021,
Wiley-VCH. (b) Structure and features of the catalyst module (FeBPPy) and the strategy to construct a supramolecular framework catalyst. Adapted

with permission.'”2 Copyright 2023, American Chemical Society.
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amphiphiles (1 and 2) through a series of structural modifi-
cations: (i) introduction of a monoimide unit bearing a car-
boxylic acid headgroup via a five-carbon linker, enabling water
solubility and inducing a dipole moment in the z-system; (ii)
lateral n-extension of the ullazine core to enhance visible-light
absorption; and (iii) incorporation of an n-pentyl tail to
improve synthetic solubility and promote hydrophobic self-
assembly. The resulting n-stacked supramolecular fibers
efficiently sensitize dicobalt catalysts for CO, photoreduction
to CO and CH, under visible light. In mixed aqueous-organic
media (CH3;CN/H,0, 4: 1), these organic sensitizers exhibited
catalytic performance comparable to precious-metal-based
complexes. Remarkably, under fully aqueous conditions, their
turnover numbers for CO and CH, production surpassed those
of Ru(phen);(PF¢),-sensitized analogues, maintaining activity
over 6 days. The combined strategy of rationally designing self-
assembling chromophores to create functional soft materials
will offer new insights into developing highly stable and
efficient supramolecular photocatalysts.

4.2 Cooperative effects of noncovalent interactions

As previously discussed, the incorporation of multiple nonco-
valent interactions is critical for stabilizing n-conjugated supra-
molecular structures.’>'® By reinforcing intermolecular
interactions, multiple noncovalent interactions not only
enhance framework stability but also enable the formation of
precisely defined nanostructures with functional properties.®*
In this context, hierarchical self-assembly offers a promising
bottom-up strategy to create a precisely controlled artificial
photocatalytic system with high stability and efficiency. Yu
et al.'”* reported a highly stable and efficient artificial spheri-
cal chromatophore nanomicelle system, self-assembled from
Zn porphyrin amphiphiles (Fig. 10a). To achieve high surface
area, multi-segment porphyrin-based amphiphiles
(ZnMSA1-4) were designed to form uniform spherical nanomi-
celles in water without the need for any pre-treatment.
Multiple hydrogen bonds positioned on both sides of the aro-
matic amide oligomer linkers were specifically introduced to
strengthen intermolecular interactions among ZnMSA1-4
units. This design enabled the formation of highly uniform
nanomicelles (Nalg-1-4) with large surface areas and excep-
tional structural stability. The hierarchical self-assembly of
ring-like subunits within the spherical nanomicelles produced
a spherical antenna effect, which facilitated the photocatalytic
process. Under visible-light irradiation at ambient temperature
and pressure, the nanomicelle system achieved selective photo-
catalytic conversion of CO, to CH, in water, with a turnover
number (TON) exceeding 6600 and a selectivity of 89% over a
continuous reaction period of 30 days (Fig. 10b-d).

In addition, the biological G-quadruplex moiety serves as a
rigid hydrogen-bonded scaffold, ideal for designing various
supramolecular assemblies, owing to its eight Hoogsteen
hydrogen bonds formed among four guanine units. The
planar structure of G-quadruplexes favors n-r stacking inter-
actions, further stabilizing the hydrogen-bonded assemblies.
Therefore, Jiang and colleagues>® designed a robust 2,2'-bipyr-

This journal is © The Royal Society of Chemistry 2026

View Article Online

Perspective

idine (bpy)-derived biological HOF (HOF-25) (Fig. 10e). The
exceptional stability of HOF-25 arises from the synergistic
effect of G-quadruplex hydrogen bonding and interlayer n-n
interactions, imparting permanent porosity to the framework.
Moreover, HOF-25 can react with Re(CO)sCl to yield the post-
functionalized framework HOF-25-Re. The stable and recycl-
able HOF-25-Re heterogeneous catalyst efficiently promotes
the visible-light-driven photoreduction of CO,, achieving a
high CO production rate of 1448 ymol g~* h™" and a consist-
ently high CO selectivity of 93% over three catalytic cycles.
Upon deactivation, the photocatalytic performance of HOF-25-
Re can be restored through a two-step regeneration process
involving recrystallization followed by post-modification.

4.3 Assembly strategies

Although the dynamic nature of organic supramolecular
systems is an attractive feature, the spontaneous assembly
process often involves multiple competing pathways, including
transformations between states via successive noncovalent
bond-making and -breaking events. This pathway complexity
diminishes facile access to the desired supramolecular
product.'®'%¢ To overcome this limitation, a variety of assem-
bly strategies have been developed to enable precise control
over the self-assembly process, thereby facilitating the con-
struction of optimized self-assembled functional materials.

For example, boron-nitrogen-embedded polycyclic aromatic
hydrocarbons (BN-PAHSs) have attracted considerable attention
as novel n-conjugated systems due to their advantageous opto-
electronic properties. However, the construction of long-range
ordered supramolecular assemblies based on BN-PAHs
remained rare, mainly owing to the difficulty of simultaneously
coordinating multiple noncovalent interactions and the intrin-
sic rigidity of BN-PAHs, which hindered precise control over
self-assembly behavior. To address this, Zhang et al'®’
reported a hierarchical assembly strategy that exploited the
synergistic effects of cation-tr and C-H---m interactions to
enable the controlled organization of BN-PAHs (Fig. 11a-d).
Under solvent-tuned conditions, 1D supramolecular assem-
blies were initially formed via cation-n interactions between
the BN-PAH units. These 1D assemblies subsequently fused
into 2D layered architectures through directional C-H:--x inter-
actions, allowing precise modulation of the structural trans-
formation from 1D to 2D. The resulting 2D-BNSA structures
featured precisely defined layered morphologies with a distinc-
tive combination of rigidity and flexibility. This configuration
facilitated effective dispersion and anchoring of nanocatalysts,
enhancing charge separation and transport, and ultimately
promoted  photocatalytic  CO,  reduction.  Notably,
CdSe@2D-BNSA achieved a CH, evolution rate of 938.7 pmol
¢! h™', demonstrating its high efficiency in CO,-to-CH,
conversion.

Similarly, Zhang et al.'®® developed a self-adjusted aromatic
cation-t binding strategy to guide the self-assembly of charged
n-electronic molecules. This approach overcomes the intrinsic
electrostatic repulsion between similarly charged n-systems
and enables precise control over supramolecular polymorph-
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catalytic H, production and CO, reduction with visible-light-irradiation times up to 30 days. (c) Photocatalytic H, production and CO, reduction by
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TEA-HCL (with 5% TEA) under visible light. Adapted with permission.t”* Copyright 2023, Springer Nature. (e) A proposed structure of HOF-25-Re for
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permission.**® Copyright 2021, Wiley-VCH.

ism. Strong interactions between pyridinium and benzene
units promote the antiparallel head-to-tail stacking of styryl-
pyridinium derivatives, leading to the formation of positively
charged columnar structures. These columns are further regu-
lated by a self-adjustment process involving specific rotational
dynamics around the column axis, which drives a transition
from alternate overlapping to helical stacking. This versatility
results in thermodynamically controlled columnar polymorph-
ism, including alternately stacked columnar crystals, hexag-
onal columnar crystals, hexagonal columnar liquid crystals,

1540 | Dalton Trans., 2026, 55, 1515-1547

and micellar cubic liquid crystals. In addition to stabilizing
the columnar packing of charged =-units, the aromatic
cation-r interactions facilitate charge transfer, endowing the
assemblies with intrinsic photocatalytic activity for CO,
reduction. The photoreduction performance was closely corre-
lated with the polymorphic columnar structures. Among them,
helically stacked long-column assemblies exhibited the highest
activity, achieving a CO evolution rate of 82.5 pmol g~* h™™.

In addition, Fang et al'® reported three Zn>"-based
metallo-supramolecular assemblies constructed via coordi-
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in situ co-assembly of FDH, FaldDH, and ADH with precursors of photoactive HOFs to construct a photo-enzymatic cascade system, FDH/FaldDH/
ADH@RUHOF, for NADH-mediated CO, cascade reduction to produce methanol. Reproduced with permission.'°® Copyright 2025, Wiley-VCH.

nation-driven self-assembly of a flexible tris(terpyridine) ligand metal-to-ligand ratio yielded distinct morphologies: spherical
(N3tpy), guided by Zn>'-terpyridine coordination, hydrogen particles (A1), microrods (A2), and a fibrous gel (G1). Among
bonding, and n—x stacking interactions (Fig. 11e). Varying the them, G1 exhibited the highest CO production rate (6.3 mmol
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g " h™") with 94.7% selectivity. The fibrous gel structure of G1,
featuring both homogeneous and heterogeneous character-
istics, is considered to facilitate electron transfer between G1
and the photosensitizer 4CzIPN. The permeable network
allows 4CzIPN to diffuse efficiently into the gel matrix, unlike
the more compact structures of A1 and A2.

Recently, Tang et al'®® reported a multiple-enzyme inte-
grated HOF system for cascade photocatalytic CO,-to-methanol
conversion in water (Fig. 11f). Charge-assisted hydrogen
bonding between carboxylate and amidinium monomers in
aqueous media directed the formation of HOF microcrystals
under ambient conditions, providing a mild and biocompati-
ble platform for the simultaneous encapsulation of enzymes.
Incorporation of formate dehydrogenase (FDH), formaldehyde
dehydrogenase (FaldDH), and alcohol dehydrogenase (ADH)
into a RUHOF afforded a ternary cascade catalyst that enabled
sustained CO,-to-methanol conversion, producing 2.2 mM
methanol with an apparent quantum efficiency of 5.5 percent
(92 pM h™") over 24 hours. The integrated system retained 85
percent of its activity after five cycles, indicating the stabilizing
effect of the HOF matrix on enzyme functionality. The
enhanced performance was attributed to substrate and coen-
zyme enrichment near active sites, and the spatial confine-
ment of the enzymes within the framework, which facilitated
efficient substrate channeling and minimized diffusional
losses.

5 Outlook

Heterogeneous organic photocatalysts based on z-conjugated
monomers have consistently attracted attention, offering an
increasingly important platform for CO, photoreduction due
to their intrinsic properties such as structural designability,
abundant reserves of constituent elements, tunable opto-
electronic properties, and low cost. Precise structural design of
heterogeneous organic photocatalysts involves the integration
of the following mechanistic aspects: (i) extended
n-conjugation to enhance light-harvesting ability and the incor-
poration of complementary light absorbing materials to cover
a broad solar spectrum; (ii) sufficient redox potential to drive
the CO, photoreduction reaction; (iii) periodically ordered
(highly crystalline) structures to ensure uniform distribution of
building blocks/functional units, and establish continuous,
low-loss pathways for the efficient transport of photogenerated
charge carriers; (iv) multiple accessible active sites for CO,
adsorption and activation, enabling high reduction efficiency
and product selectivity; and (v) abundant high-quality hetero-
interfaces to promote interfacial charge transfer. Despite con-
siderable efforts and substantial progress in the development
of these materials, fully unlocking their photocatalytic
efficiency and product selectivity remains challenging. This
difficulty primarily stems from the complexity of integrating all
desired properties into a single, well-functioning system.
Based on recent advances, we highlight the following out-
standing challenges and feasible research directions:
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(1) Limited diversity of n-conjugated building blocks. The
current range of m-conjugated monomers with appropriate
redox potentials, light-harvesting capabilities, and catalytic
functionalities remains narrow, limiting the structural and
functional tunability of heterogeneous organic photocatalysts.
Expanding the monomer library through molecular engineer-
ing and the development of new synthetic methodologies are
therefore essential. Recent advances in materials informatics,
particularly Al-assisted high-throughput screening and
machine learning, offer powerful tools to accelerate the identi-
fication of n-conjugated monomers with desirable opto-
electronic and catalytic properties by establishing structure—
property relationships.

(2) Interfacial instability and limited characterization in
hybrid systems. Metallized heterogeneous organic photocata-
lysts and hybrid systems—such as those involving heterojunc-
tions or cocatalyst deposition—often suffer from metal ion
leaching and component separation. In addition, buried or
disordered interfaces hinder detailed structural characteriz-
ation, leaving the nature of interfacial architecture and its
impact on photocatalytic performance poorly understood.
Advancing interfacial engineering remains essential to
improve the stability and efficiency of these systems.

(3) Limited mechanistic understanding of dynamic reaction
processes. The dynamic evolution of catalysts and intermedi-
ate species under operating conditions is poorly understood,
limiting the ability to optimize reaction pathways and active-
site environments. It remains worthwhile to explore and
develop advanced in situ characterization techniques capable
of capturing the dynamic evolution of catalysts and detecting
intermediate states of the reaction process in real time,
thereby elucidating the reaction mechanism and the struc-
ture-property relationship. Complementarily, the integration
of big data and ML enables efficient analysis. Advancements
in physical characterization and supercomputers contribute to
the perfection of big data storage. Based on these data, ML can
simulate the entire reaction process and predict the dynamic
evolution of the CO, reduction reaction, inferring the reaction
mechanism from theoretical analysis. The combined appli-
cation of in situ studies and ML represents a promising
research direction, with the potential to significantly enhance
the efficiency and depth of future investigations into CO,
photoreduction.

(4) Insufficient assembly and processability for device-level
applications. Many promising photocatalysts lack scalable pro-
cessing strategies, hindering their integration into artificial
photosynthetic systems with sustained operational stability.
Future efforts should focus on developing assembly methods
that preserve intrinsic optoelectronic properties and catalytic
performance.

(5) The properties of organic polymers are closely linked to
their crystallinity, highlighting the need for efficient and repro-
ducible methods to construct well-ordered structures for
reliable structure-property evaluation and performance optim-
ization. While morphological control has been widely
employed to improve the performance of various crystalline
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materials, most organic polymers are formed through strong
covalent linkages, which limit reversibility and present a fun-
damental trade-off between the polymerization rate and struc-
tural order. This challenge is particularly evident in the syn-
thesis of large, high-quality single crystals. Therefore, the
development of polymerization strategies that enable the rapid
growth of highly crystalline or single-crystalline organic poly-
mers is essential for both fundamental studies and device-
level applications.

Addressing these challenges requires a synergistic approach
spanning synthetic chemistry, interfacial physics, device engin-
eering, and computational science. Progress along these direc-
tions will accelerate the rational development of efficient and
selective heterogeneous organic photocatalysts for solar-driven
CO, conversion.
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