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Perylene diimide (PDI)-based semiconductor materials show significant promise for photocatalytic
environmental decontamination and the conversion of energy resources but suffer from inefficient
photocarrier separation which greatly limits their activity. Consequently, designing PDI-based
photocatalysts to enhance carrier separation has become a major research focus. This persistent
challenge has positioned the rational design of PDI-based architectures to enhance carrier dissociation
kinetics and elevate functional efficacy as a central focus point of research in the field of contemporary
photocatalysis. This review firstly examines recent progress in the rational design of PDI-based
photocatalysts and their charge transfer mechanism. Then, advances in the fabrication of PDI
photocatalysts and associated electron/hole transfer mechanisms are discussed. It systematically
Received 5th August 2025, evaluates their enhanced activity in key applications: water splitting, CO, reduction, N, fixation, and
Accepted 13th August 2025 pollutant degradation etc. Subsequently, the fundamental photocatalytic mechanism inherent to PDI-
DOI: 10.1039/d5mh01487¢ based materials is scrutinized in depth. Finally, outstanding issues and prospective uses for PDI-based
photocatalysts are also discussed. It is believed that this review provides a valuable direction for
rsc.li/materials-horizons engineering advanced PDI-based photocatalytic systems.

Wider impact

Conventional energy production exacerbates global environmental degradation, including climate change and greenhouse effects. Consequently,
implementing sustainable renewable energy systems is imperative to mitigating impending energy crises, preserving ecological integrity, and achieving
zero-emission targets with solar-driven artificial photosynthesis on advanced semiconductors representing a critical pathway for circular energy cycles. PDI
semiconductor photocatalysts are prized for their economic viability, operational stability, superior photochemical responses, and electron-accepting
capacity. This review systematically chronicles the evolution of PDI-based photocatalytic systems, combined with contemporary synthesis paradigms with
emphasis on structural/functional modifications to advance semiconductor photocatalysis for solar energy harvesting. We further delineate persistent
research challenges and strategic future directions. The transformative potential of these advanced materials underscores the imperative for cross-
disciplinary convergence between materials chemistry and process engineering. Such synergies will catalyze innovative breakthroughs in semiconductor
photocatalysis, accelerating the development of sustainable energy technologies. By consolidating design principles, mechanistic insights, and application
landscapes, this work provides a foundational framework for researchers engaged in photocatalytic energy conversion and serves as a blueprint for
engineering PDI photocatalysts.

1. Introduction technology, efficiently enabling solar-to-chemical energy trans-

formation through photoredox reactions for pollutant

Global economic and industrial expansion exacerbates two cri- degradation,”™" CO, reduction,"*"* and H, production.'*** This

tical challenges: environmental pollution and energy scarcity."®  positions it as a key solution for environmental remediation and

Semiconductor photocatalysis emerges as a promising renewable energy. However, current limitations including short

charge carrier lifetimes, insufficient sunlight utilization, poor

stability, and low efficiency'® hinder its practical deployment.

“College of Materials Engineering, Fujian Agriculture and Forestry University, Recently, organic semiconductor photocatalysts have proliferated

bﬂ”ho” 350002, China. B-mail: liaogf@mail2. sysu.edu.cn S due to their molecularly adjustable optoelectronic characteristics,
State Key Laboratory of Bio-based Fiber Materials, School of Materials Science . . . .

and Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, China structural versatility and cost-effective synthesis, etc., with repre-

¢ CenerTech Tianjin Chemical Research & Design Institute Company, Ltd, Tianjin sentative examples including covalent organic frameworks

300131, China. E-mail: lzuwangpeng@163.com (COFs),"””  metal-organic frameworks (MOFs),’® organic

9922 | Mater. Horiz., 2025, 12, 9922-9951 This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0001-5872-8502
https://orcid.org/0000-0003-1299-8106
http://crossmark.crossref.org/dialog/?doi=10.1039/d5mh01487e&domain=pdf&date_stamp=2025-09-01
https://rsc.li/materials-horizons
https://doi.org/10.1039/d5mh01487e
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH012023

Published on 16 8 2025. Downloaded on 2026/05/05 1:48:38.

Review

polymers"® and organic supramolecular compounds,* etc. Supra-
molecular organic semiconductors now constitute a rapidly
developing photocatalytic domain, benefiting from precise syn-
thetic control and broad spectral absorption capabilities. Among
the organic semiconductors, PDI has garnered significant scien-
tific attention due to its synthetic accessibility, cost-efficiency,
and sustained functional integrity under photocatalytic condi-
tions. Nevertheless, their photocatalytic performances remain
hampered by inefficient charge separation kinetics and limited
operational persistence.>' Dating back to 1913, PDI first served as
industrial dyes exhibiting robust durability, chemical resistance,
thermal stability, lightfastness, and weatherability. The compound
further reveals significant electronic properties beyond pigmenta-
tion, including substantial luminescence efficiency, excellent
photo-stabilization capacity, and strong electron-accepting capabil-
ity. Nowadays, PDI demonstrates significant applicability across
multiple domains including sensors,” fluorescent switches,”
fluorescent probes,”* photoconductive materials,”*® and organic

Yin Xiao is currently pursuing her
ME at the School of College of
Material Engineering, Fujian Agri-
culture and Forestry University.
Her research interests focus on
photocatalysis, including the
research of PDI monomer supra-
molecular materials.

Yin Xiao

Peng Wang received his PhD degree
in physical chemistry from East
China Normal University in 2018.
Then he worked as a post-doc in
Shanghai institute of Organic
Chemistry (SIOC) and Leibniz
Institute for Catalysis (LIKAT). He
is currently a R&D Engineer. His
research interests focus on the
homogeneous  catalysis  and
polymer synthesis & applications.

Peng Wang

This journal is © The Royal Society of Chemistry 2025

View Article Online

Materials Horizons

light-emitting diodes (OLEDs),”” etc. A landmark 1997 study by
Robert et al.*® identified molecular PDI as a photocatalytic photo-
sensitizer. Through photoinitiated energy transfer mechanisms, it
produces singlet oxygen that mineralizes phenolic contaminants
(e.g:, phenol) within controlled pH regimes.

Relative to molecular PDI, supramolecular constructs
demonstrate advanced photocatalytic behavior, reflecting nota-
ble recent advancements in organic photocatalyst design.>*~*
Consequently, this has elevated research focus on PDI-based
photocatalysts, centering on photogenerated charge behavior,
molecular structure-function relationships, and oxidative/
reductive reaction mechanisms. Non-covalent interactions -
hydrogen bonding, dipole-dipole, n-n stacking, van der Waals,
hydrophobic, and electrostatic forces - govern PDI supramole-
cular assembly. These approaches permit efficient organic
photocatalytic architectures through mild, adaptable synthesis,
outperforming covalent organic frameworks (COFs) in struc-
tural precision and synthetic economy while circumventing
elaborate polymerization pathways.

This review analyzes recent progress in PDI-based photo-
catalytic architectures. Firstly, we introduce the molecular struc-
ture of PDI. Secondly, PDI-based photocatalysts are briefly
summarized, including modifying the molecular engineering of
PDI monomers (such as the substituents of side-chain and bay
position), design of PDI polymers, heterojunction engineering
(type-11, type-Z and type-S systems), metal deposition/doping, and
construction of n-m composite systems, etc. Thirdly, the applica-
tion of PDI-based photocatalysts including water splitting, CO,
reduction, N, fixation, and pollutant degradation are summar-
ized. Finally, the analysis concludes by outlining persistent
challenges and forward-looking strategies for advanced photo-
catalyst design. This work aims to establish actionable frame-
works for developing high-efficiency PDI materials that enable
sustainable energy generation and environmental remediation.
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2. Molecular structure of PDI

PDI is a derivative of polycyclic aromatic hydrocarbons,****

featuring a perylene core symmetrically functionalized with
dual imide groups (-CONHCO-)*® Conventionally synthesized
via terminal amidation of 3,4,9,10-perylenetetracarboxylic dia-
nhydride (PTCDA) (Fig. 1a and b), its primary modification sites
comprise terminal ‘imide positions’ and peripheral ‘bay posi-
tions’ (carbons 1, 6, 7, 12). Usually, the electron density at the
nodes of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of PDI molecules
nearly approaches zero, meaning that side-chain motifs do not
readily engage in IT-electron conjugation with a perylene ring
and fail to significantly affect the overall electronic structures of
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PDI molecules. Frontier molecular orbital analysis (Fig. 1c)
reveals carbon and oxygen dominate HOMO/LUMO composition,
while amide nitrogen exhibits negligible orbital contribution.?”
Modifications at the bay position alter the intrinsic energy levels
and redox potential of PDI molecules, whereas substitutions at
the imide position preserve these fundamental electronic proper-
ties and, consequently, their spectral absorption and emission
characteristics. This methodology enables strategic modulation
of imide substituents to probe structure-photoactivity relation-
ships while conserving intrinsic orbital energetics.

The perylene ring of PDI features a rigid polycyclic n-
conjugated framework, driving supramolecular assembly via
n-orbital interactions. Typical interplanar distances in these
stacked architectures measure 3.4-3.5 A (Fig. 1d), mirroring
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Fig. 1 (a) Molecular structures of PTCDA and (b) PDI which show the numbering of the positions in the ring system. (c) DFT calculations of frontier
orbitals of N,N’-dimethyl PDI. Reproduced from ref. 37. Copyright 2011, American Chemical Society. (d) Size of a single PDINH molecule and the n—-n
stacking distance. Reproduced from ref. 38. Copyright 2016, Wiley. (e) H/J-aggregated PDI photocatalyst diagram representing the effect of (ET) and

(EnT). Reproduced from ref. 41. Copyright 2018, Elsevier.
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graphene’s interlayer spacing.*® Computational studies by Zhu
et al. employing density functional theory (DFT) reveal enhanced
n-stacking reduces PDI's band gap and lowers both HOMO/
LUMO energy levels. Unlike monomers, supramolecular PDI
exhibits semiconductor-like continuous bands due to non-
covalent molecular ordering.*® Wiirthner et al.*® demonstrated
that imide-position substituents modulate stacking configura-
tions through steric and non-covalent effects. PDI aggregates
primarily adopt H-aggregate or J-aggregate arrangements. H-
aggregates display strong n-orbital overlap and extended conjuga-
tion, yielding semiconducting behavior. Conversely, J-aggregates
maintain molecular photophysical properties due to reduced n-
coupling. Mechanistic studies show H-aggregates facilitate elec-
tron transfer (ET): co-facial stacking creates n-delocalized chan-
nels enabling rapid electron migration to oxygen. J-aggregates
favor energy transfer (EnT) processes. Upon photoexcitation, they
efficiently generate triplet states via intersystem crossing, which
enables them to act as potent photosensitizers (Fig. 1e). Spectro-
scopically, H-aggregates exhibit hypsochromically shifted absorp-
tion with fluorescence quenching and reduced quantum yields,*"
while J-aggregates exhibit bathochromic shifts without signifi-
cant emission loss*> making them the preferred fluorophores.*®
In photocatalysis, H-aggregates demonstrate superior potential
due to deeper valence bands, enhanced charge mobility/separa-
tion, and stronger oxidative capacity.** This performance stems
from PDI's planar aromatic structure mediating robust intermo-
lecular m—m interactions.

3. Modification of PDI-based
photocatalysts

Despite emerging as promising photocatalysts, nevertheless, the
photocatalytic performance of PDI supramolecular systems is
fundamentally constrained by three principal factors: elevated
photogenerated exciton recombination rates, diminished charge
transport kinetics, and insufficient oxidative capacity originating
from low-lying VB positions.”> Fundamentally, photocatalytic
mechanisms comprise three consecutive processes: (i) photoexci-
tation across the semiconductor bandgap, (ii) spatial separation
and transport of photogenerated charge carriers, and (iii) surface
redox reactions. Consequently, rational material modifications
primarily target two critical objectives: (i) broadening the spectral
response range through bandgap engineering and/or sensitization
strategies, and (ii) enhancing charge carrier dynamics by minimiz-
ing recombination losses while optimizing mobility pathways.*® To
overcome these inherent constraints, researchers have proposed
many strategies including the design of PDI monomers and
polymers, construction of n-n composite systems and heterojunc-
tions system etc. This section provides a critical evaluation of
contemporary advancements in enhancing the photocatalytic per-
formance of PDI-based photocatalysts via these methods.

3.1. Monomer modification engineering

PDI, an n-type organic semiconductor and high-grade dye,
features a polycyclic aromatic structure with an electron-rich

This journal is © The Royal Society of Chemistry 2025
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perylene core and electron-withdrawing imide groups. This con-
jugation enables efficient charge carrier migration. PDI monomer
architecture — determined by planar conjugation extent, substi-
tuent properties, and dipole moment — modulates intermolecular
interactions (m-m stacking, electrostatic forces, hydrophobic
effects, steric constraints). These interactions govern electronic
wavefunction overlap and interchromophoric coupling, enabling
precise engineering of supramolecular band structures. In this
section, we primarily discuss the influence of substituent groups
on the molecular properties of PDI monomers (Table 1 and
Fig. 3). Substitution at the imide (N-substitution) and bay posi-
tions of PDI molecules serves as a fundamental strategy for
precisely tuning their photophysical properties, molecular stack-
ing behavior, and photocatalytic performance.

3.1.1. Side-chain substituents. The imide side-chain sub-
stituents of molecular PDI serve as critical structural determi-
nants that govern solubility characteristics, supramolecular
organization, and consequently, photocatalytic performance
metrics. Through deliberate side-chain functionalization, pre-
cise modulation of intermolecular packing geometries, charge
carrier dynamics, and optoelectronic properties can be
achieved. Synthetically, PDIs are typically prepared via conden-
sation of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)
with functional groups (alkyl, amino, carboxyl, or aromatic
moieties), under an inert atmosphere, employing solvents such
as tetrahydrofuran, imidazole, or quinoline, etc., as the solvent,
which primarily regulates intermolecular interactions and solu-
bility. This section presents a comprehensive analysis of side-
chain classification, systematically evaluating their respective
merits and limitations, while elucidating their profound influ-
ence on fundamental photocatalytic parameters including elec-
tronic band structure, charge transport efficiency, and interfacial
charge transfer kinetics.

Alkyl chains, as one of the most prevalent imide side-chain
modifications in PDI systems, demonstrate substantial influ-
ence on photocatalytic performance through three primary
mechanisms: solubility modulation, molecular packing control,
and charge transfer regulation. From a solubility perspective,
the introduction of alkyl chains effectively attenuates the strong
intermolecular m-m interactions characteristic of PDI deriva-
tives. This attenuation effect not only prevents excessive mole-
cular aggregation but also significantly enhances solubility in
organic solvents including chloroform and toluene.”’° The
resultant increase in accessible catalytically active sites substan-
tially improves interfacial contact between the photocatalyst
and organic substrates. However, the inherent nonpolar nature
of alkyl chains presents limitations in polar reaction media.>
Specifically, their weak interactions with aqueous phases and
metal oxide surfaces create substantial barriers for efficient
charge transfer processes in aqueous photocatalytic systems,
as evidenced by reduced quantum yields in water-splitting
applications. Regarding molecular organization, alkyl chains -
particularly those with optimized length (C6-C12) and branch-
ing patterns — induce a distinctive J-type stacking configuration
through steric repulsion effects. This packing mode exhibits two
critical characteristics: (1) it generates a moderately widened
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Table 1 Summary of the photocatalytic activity of PDI monomer photocatalysts
The amount Photocatalytic
Photocatalysts of catalyst (mg) Morphology  Source of light application Performance AQY Ref.
1 25 Nanosheets Xenon lamp, 300 W, Pollutant — 68
/> 420 nm Phenol 1.23 (h ™)
Catechol 1.46 (h™1)
BPA 2.77 (h™)
4-CP 2.08 (h™1)
4 25 Nanobelts White LED, 5 W Pollutant — 57
TC 0.71 (h™)
MB 124 (h1)
RhB 0.55 (h ™)
5 25 Ultrathin Xenon lamp, 500 W, Pollutant 33
nanosheets 2 > 420 nm Phenol 0.51 (h™)
OTC 0.65 (h™)
EE 0.55 (h™)
6 50 Nanobelts Xenon lamp, 300 W,  H, production 11700 (umol h™' g™") 2.96 62
/> 420 nm (550 nm)
7b 25 Nanosheets ~ Xenon lamp, 300/ Pollutant phenol/  1.45 (h™)/ — 69
500 W, 1 > 420 nm, O, production 2490 (umol h™' g™)
8 25 2D layers Xenon lamp, 1000 Pollutant — 30
with flaky W, 2 > 420 nm MB 0.262 (h™ 1)
DCF 0.172 (h ™)
9c 25 Nanobelt Xenon lamp, 500 W,  Pollutant phenol/  3.96 (h™") — 56
Z > 420 nm 0, production /11700 (pmol h™* g™ 1)
10 25 Nanofibers Xenon lamp, 500 W,  Pollutant phenol 0.129 (h 1) — 39
/4 > 420 nm
11 — — White LED array H,0, production — <1% 70

bandgap (2.2-2.5 eV) due to decreased orbital overlap, and (2)
facilitates the formation of highly ordered one-dimensional
nanostructures.””> Spectroscopically, the J-aggregation induced
by alkyl side chains produces a pronounced bathochromic shift
in the absorption spectrum. This redshift effect extends the
visible light harvesting range to longer wavelengths (1 > 550
nm),>® thereby enhancing solar energy utilization efficiency in
optimized systems. While the application of alkyl-modified PDIs
in polar reaction environments remains challenging, their
unparalleled ability to precisely control fundamental material
properties makes them indispensable for photocatalytic appli-
cations involving nonpolar substrates. The structure-property
relationships established in these systems provide valuable
design principles for developing advanced organic photocata-
lysts. For instance, Wang et al.*' synthesized PDI derivatives
with different alkyl chain lengths (H-PDI and J-PDI) via a pH-
triggered hydrogelation method, systematically investigating the
influence of side-chain substituents on photocatalytic perfor-
mance. The study revealed that H-PDI with shorter side chains
formed face-to-face m-n stacking, known as H-aggregation,
exhibiting semiconductor characteristics with a narrowed band-
gap of 1.69 eV. This configuration predominantly facilitated
electron transfer, generating superoxide radicals and holes,
which demonstrated superior activity for phenol degradation
under visible light with a rate constant of 0.195 h™". In contrast,
J-PDI with longer side chains adopted a head-to-tail stacking
mode, referred to as J-aggregation with a bandgap of 1.78 eV,
which promoted energy transfer and efficiently produced singlet
oxygen with a high quantum yield of 0.66. Under 600 nm red
light irradiation, J-PDI exhibited significantly enhanced inhibi-
tion of HeLa cells compared to H-PDI. This work elucidates how
side-chain engineering can precisely modulate supramolecular

9926 | Mater. Horiz., 2025, 12, 9922-9951

packing to optimize photocatalytic pathways, providing a novel
strategy for designing tailored photocatalysts for environmental
remediation and antitumor applications.

Aromatic or rigid side chains, such as phenyl, naphthyl, or
cycloalkyl groups (e.g., 4-tert-butylphenyl), exert a distinct influ-
ence on the photocatalytic performance of PDI molecules
through their impact on molecular stacking, stability, and
electronic interactions.® These rigid aromatic moieties
strengthen intermolecular n-r stacking via additional aromatic
interactions, which enhances charge delocalization across the
PDI backbone and improves photostability by reducing struc-
tural fluctuations under light irradiation - an advantage for
long-term catalytic reactions. However, their large steric volume
and strong intermolecular interactions led to poor solubility in
both organic solvents and aqueous media, limiting the proces-
sability of PDI and potentially causing excessive aggregation
that reduces the accessible catalytic active sites.’® In terms of
molecular packing, aromatic side chains induce a face-to-face
H-type stacking mode with a relatively small d-spacing (approxi-
mately 3.5 A), which narrows the band gap of PDI, enabling
stronger absorption of visible light. Nevertheless, the tight and
rigid stacking increases carrier scattering, resulting in lower
charge mobility compared to alkyl-modified PDI. This trade-off
between strong light absorption and moderate charge mobility
makes aromatic-modified PDI particularly suitable for photo-
catalytic reactions requiring high oxidizing power and selectiv-
ity. Overall, aromatic or rigid side chains play a unique role in
optimizing PDI's performance in selective organic synthesis
and reactions demanding high stability.>® For example, Zhu
et al®® implemented a c-spacer length optimization strategy
to augment charge mobility in imidazole-alkyl-perylene diimide
(IMZ-alkyl-PDI) photocatalysts with donor-spacer-acceptor

This journal is © The Royal Society of Chemistry 2025
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(D-c-A) architecture through precise m-n stacking distance
regulation (Fig. 2a). Among the series — non-alkylated (COIPDI),
ethyl-bridged (C2IPDI), and propyl-modified (C3IPDI) - the
ethyl linkage achieved minimal n-n separation (3.19 A) by steric
minimization between donor/acceptor units, elucidating intrin-
sic photocarrier transport mechanisms. C2IPDI demonstrated
exceptional photocatalytic enhancement: 32-fold greater phe-
nol degradation efficiency versus IMZ-PDI, alongside a 271-fold
increase in oxygen evolution (Fig. 2b and c). Moreover, Sun and
coworkers®® engineered an ultrathin porous hp-PDI-NA photo-
catalyst via nicotinic acid terminal substitution (Fig. 2d). It
demonstrated 3.5-fold higher visible-light phenol degradation
activity than nano-PDI, achieving near-complete mineraliza-
tion. The catalyst retained 98% activity after 5 cycles, and
effectively mineralized antibiotics (oxytetracycline) and hor-
mones (ethinylestradiol) (Fig. 2e). Combined characterization/
theory revealed its enhanced performance stems from a bi-
planar conformation and hierarchically porous nanosheet mor-
phology. NA substitution reduces steric hindrance, strengthens
n-m conjugation, and shortens interlayer spacing, thereby
boosting carrier separation/transport and structural stability

View Article Online

Materials Horizons

(Fig. 2f). Although aromatic substituents further extend con-
jugation, narrowing the bandgap for enhanced visible-light
absorption which offers critical advantages including improved
processability for homogeneous composite formation, tunable
stacking distances for efficient charge transport, and increased
surface hydrophilicity to facilitate pollutant adsorption and
water activation, bulky groups may disrupt n-conjugation and
increase charge transport resistance, excessive intermolecular
interactions can reduce active site accessibility, and chemically
unstable substituents (e.g., certain alkyl amines) may degrade
under prolonged irradiation, compromising catalytic durabil-
ity. To enhance photocatalytic performance, functional group
modifications are employed.

Polar functionalized chains, such as those bearing carboxyl
(-COOH)***” or amine (-NH,)*® groups (e.g:, glycine or polyethy-
lene glycol derivatives), play a crucial role in regulating the
photocatalytic performance of PDI molecules through their
influence on solubility, intermolecular interactions, and hetero-
junction formation. These polar groups significantly enhance the
water solubility of PDI, addressing the issue of poor dispersibility
in aqueous systems that limits the accessibility of catalytic active
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(a) Different o lengths of molecular structures about CnIPDI. (b) Comparison of photocatalytic O, evolution rate on CnIPDI. (c) Cyclic stability of

C2IPDI. Reproduced from ref. 56. Copyright 2023, Wiley. (d) The synthesis method of PDI-NA molecular and reference catalyst. (e) TOC removal rate and
mineralization rate constant over different photocatalysts. (f) A schematic diagram of PDI-NA, PDI-BA and PDI-PA. Reproduced from ref. 33. Copyright
2022, Elsevier. (g) The synthesis process and structure of sAmi-PDI-HCl (over) and the DFT calculations regarding geometries of sAmi-PDI-HCl
monomers, dimers, and trimers (below). (h) The kinetics constants toward MB. (i) The mechanism for the photocatalytic degradation process when using
amide-functionalized supramolecular PDI. Reproduced from ref. 30 Copyright 2020, the Royal Society of Chemistry. (j) The synthesis of supramolecular
P-PMPDI. (k) Diagram of molecular dipoles and electron distribution in PDI derivatives. Reproduced from ref. 62. Copyright 2019, the Royal Society of

Chemistry.
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sites, thereby facilitating contact with water-soluble pollutants
and improving reaction kinetics. Additionally, the polar nature of
these side chains enables strong hydrogen bonding or electrostatic
interactions with metal oxides (e.g., TiO,, BiOC], etc.) or metal ions
(e.g., Zn®"),>® which is critical for the formation of stable hetero-
junctions; such heterojunctions promote efficient interfacial
charge transfer, reducing the recombination rate of photogener-
ated electrons and holes. For instance, carboxyl-functionalized PDI
can form a close heterojunction with BiOCL,*® where the interfacial
charge transfer is accelerated, significantly increasing the genera-
tion of hydroxyl radicals (*OH) and resulting in a threefold
enhancement in phenol degradation efficiency compared to
alkyl-modified PDI. However, these polar side chains can also
induce excessive intermolecular interactions, leading to H-type
aggregation in some cases, which may narrow the visible-light
absorption range and increase electron-hole recombination,
thereby partially offsetting the positive effects. In terms of mole-
cular stacking, the polar interactions between these side chains
tighten the n-rn stacking, which narrows the band gap of PDI,
allowing for better utilization of visible light. Overall, polar func-
tionalized chains are particularly advantageous in aqueous photo-
catalytic systems and heterojunction-based catalytic systems,
despite their potential to induce unfavorable aggregation, their
ability to enhance solubility and promote charge transfer makes
them indispensable in optimizing PDI's photocatalytic perfor-
mance. For example, Li et al.’® engineered an intralayer polariza-
tion field within amide-functionalized PDI supramolecular
assemblies (sAmi-PDI) (Fig. 2g). t-n stacking and hydrogen bond-
ing synergistically enhance polarization while constructing elec-
tron-hole transfer bridges and accelerating carrier separation. The
acidic medium optimized electrostatic interactions and provided
abundant electron donors/acceptors, boosting self-assembly effi-
ciency. Benefitting from these effects, sAmi-PDI exhibited twofold-
enhanced photocatalytic activity in pollutant degradation. The
polarization field - originating from supramolecular networks -
enables rapid carrier migration, establishing a green synthesis
paradigm for high-performance PDI photocatalysts (Fig. 2h and i).
Guo et al.®" synthesized engineered an oxygen-deficient PDI supra-
molecular system (R-Ov-PDI) to optimize hole migration kinetics.
Photoinduced holes were preferentially trapped at anionic defect
centers, triggering an attack on the C-N bond. Remarkably, visible-
light-driven benzylamine photooxidation achieved a benchmark
efficiency of 31.3 mmol g~* h™"' with >99% imine selectivity.
Moreover, Kong et al.®® engineered the preparation of a non-
covalent self-assembled phosphoric acid-substituted PDI (PMPDI)
(Fig. 2j). Functionalization with electron-withdrawing terminal
groups (Fig. 2k) enhanced photocatalytic performance through
improved exciton dissociation and extended photon harvesting
range. Pu et al.>’” synthesized a series of asymmetrically structured
PDI supramolecular photocatalysts (PDI-CH;, PDI-NH,, and PDI-
COOH) via terminal group modification of imide positions, aiming
to enhance the internal electric field (IEF) through molecular
dipole engineering. Density functional theory (DFT) calculations
revealed that the electron-withdrawing -COOH group in PDI-
COOH induced the largest dipole moment (2.3257 D), followed
by PDI-NH, (1.1715 D) and PDI-CH; (0.0034 D), directly correlating
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with IEF intensity (PDI-COOH: 8.4 x PDI-CHj;). This enhanced IEF
significantly improved charge separation efficiency from 4.6%
(PDI-CH;) to 11.2% (PDI-COOH), as confirmed by photoelectro-
chemical tests and surface photovoltage spectroscopy. The work
demonstrates that asymmetric molecular design amplifies IEF
to simultaneously boost oxidative and reductive photocatalytic
activities, offering a universal strategy for organic photocatalyst
optimization.

3.1.2. Bay sites substituents engineering. Functionaliza-
tion of the bay sites in PDI molecules through electron-
withdrawing or electron-donating groups represents a viable
strategy for modulating both the electronic properties of indi-
vidual PDI units and their subsequent supramolecular organi-
zation. As discussed in the referenced studies,®® bay sites
substituents are critical for tailoring photocatalytic perfor-
mance through their modulation of molecular geometry, stack-
ing modes (modification to perylene rings would affect PDI self-
assembled arrangements since perylene rings are twisted more
seriously due to the steric hindrance of substituents), and
electronic properties, with distinct advantages and limitations
associated with specific substituent types.®»®> Halogens (e.g.,
C1)® and electron-withdrawing groups®” are prominent exam-
ples: halogenation enhances intermolecular n-n stacking by
reducing steric hindrance, leading to ordered one-dimensional
packing with a d-spacing of ~3.3-3.5 A, which facilitates
efficient charge delocalization and increases electron mobility,
while cyano groups lower the LUMO energy level, promoting
electron transfer to O, for the generation of reactive oxygen
species (e.g., *0,”) crucial for pollutant degradation.®” How-
ever, excessive substitution can induce torsional angles in the
perylene core, disrupting the planar n-conjugation and widen-
ing the band gap, thereby reducing visible-light absorption
efficiency, and bulky substituents (e.g., phenoxy groups) may
weaken m-m interactions, resulting in loose stacking and
increased carrier recombination.®® These substituents directly
govern stacking modes, which in turn dictate photocatalytic
activity. For example, Zhang et al®® synthesized three PDI
molecules with different bay substitutions: H,PDI, 2Br-
H,PDI, and 4CH;CH,O-H,PDI which formed 1D nanorods,
2D nanosheets, and 0D nanoparticles respectively. The bay
substitutions altered the molecular geometry and stacking
modes: H,PDI had a planar structure with strong n-n stacking,
2Br-H,PDI showed a twisted perylene core with weakened n-n
interactions but enhanced hydrogen bonding; 4CH;CH,0O-
H,PDI exhibited significant distortion due to steric hindrance,
leading to loose stacking. These structural changes directly
affected the photocatalytic performance: the narrower band
gaps (1.62 eV and 1.68 eV) vs. 2.02 eV of H,PDI, 2Br-H,PDI,
and 4CH;CH,0O-H,PDI improved charge separation and trans-
fer efficiency, as evidenced by higher photocurrent density and
lower electrochemical impedance. Consequently, they dis-
played superior photocatalytic activity, with 2Br-H,PDI achiev-
ing 11-fold and 1.4-fold higher rates in the oxygen evolution
reaction (OER) and generation of H,O, than H,PDI, while
4CH;CH,0O-H,PDI showed 20-fold and 4-fold enhancements,
respectively. Notably they could efficiently produce H,0, from
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Fig. 3 Structures of PDI photocatalysts modified by imide-positions and bay-positions.

0O, and H,O without sacrificial agents, demonstrating the
critical role of bay substitution in regulating PDI’s photocata-
lytic performance through structural modulation.

3.2. Polymer modification engineering

The limited stability of PDI supramolecular materials, stem-
ming from weak non-covalent interactions, presents a signifi-
cant challenge. Replacing these interactions with directional
covalent linkages between PDI monomers would simultaneously
enhance structural integrity and preserve the uninterrupted
n-delocalization channels essential for rapid electron migration.
Zhang’s group’' fabricated crystalline urea-PDI materials,

This journal is © The Royal Society of Chemistry 2025

achieving an oxygen evolution rate of 3223.9 pmol pmol g~ * h™*
with an apparent quantum yield (AQY) of 3.86% at 450 nm
illumination (Fig. 4a and b). The combined effect of crystallinity
and molecular dipole moment established a potent IEF. This
configuration facilitated effective charge separation and sustains
photocatalytic activity for over 100 hours (Fig. 4c). Subsequently, in
Cao’s work’? 1D Co-UPDI nanocrystals were synthesized via Co**-
UPDI assembly, achieving a record POE rate in AgNO; colloids,
which was 10 times higher than that of UPDI alone. Co-N
coordination enhances H-stacking rigidity and enabled in situ
CoOOH formation. Wu et al.”* prepared non-continuous conjugated
semiconductor EDA-PTCDA nanosheets using an uncomplicated
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Fig. 4 (a) Solid **C NMR spectrum of urea-PDI. (b) The photocatalytic oxygen evolution with urea-PDI. (c) Mechanism diagram of the urea-PDI polymer
photocatalyst. Reproduced from ref. 71. Copyright 2020, Wiley. (d) EDA-PTCDA synthetic methods and solid state *C NMR spectrum. (e) Quantitative
analysis of intracellular ROS before and after natural light irradiation. Reproduced from ref. 73. Copyright 2023, Wiley. (f) Diagram of photocatalyst

synthesis. (g) Comparison of degradation rate constants of three materials.

ref. 75. Copyright 2024, Elsevier.

solvothermal approach assisted by acidification (Fig. 4d). Signifi-
cant molecular dipole anisotropy enabled efficient partitioning
and trapping of photogenerated electron-hole pairs. This poly-
mer demonstrates stable, continuous reactive oxygen species
(ROS) production under natural sunlight, conferring effective
microbicidal action against both Gram-positive and Gram-
negative bacterial strains (Fig. 4e). Huang’s’* group synthesized
a 3D porous PDI-CTS polymer photocatalyst with a donor-accep-
tor (D-A) structure. It exhibited a remarkable bisphenol A degra-
dation rate (0.343 min~') through persulfate radical generation.
Donor-acceptor synergy accelerated interfacial charge migration,
creating a larger dipole moment and a 6.9-fold stronger IEF than
pure PDCTA, greatly facilitating photogenerated carrier separa-
tion. Recently, Huang et al’® synthesized m-, p-, and o-PDI
polymers by coupling PDI with benzene diamines at distinct
positions to enhance charge carrier separation (Fig. 4f). Distinct
linkage configurations modulated specific surface area, band
energetics, and charge transport behavior. Among these, m-PDI
demonstrated maximal interfacial exposure and the most nega-
tive VB position, while its distinctive architecture enhanced
ofloxacin (OFL) adsorption affinity and electron transfer kinetics.
Consequently, m-PDI achieved a 0.07481 min~' OFL degradation
rate (60 min, light) with robust stability in aquatic environments
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(h) UV-vis absorption spectra of m-PDI, p-PDI and o-PDI. Reproduced from

(Fig. 4g and h). Recent representative studies (Fig. 5 and Table 2)
highlight three principal merits of (PDI)-based polymers: (1)
inherent high crystallinity substantially improves charge trans-
port efficiency; (2) significant molecular dipoles facilitate for-
mation of intensified IEF, enabling accelerated movement of
photoinduced charges; (3) relative to supramolecular PDI sys-
tems, covalently bonded architectures demonstrate enhanced
structural integr