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Perylene diimide supramolecular (PDls) materials are promising candidates for harnessing sunlight to drive
photocatalytic processes in environmental remediation and renewable energy production. However, the
performance of pristine PDI photocatalysts is unsatisfactory. Consequently, extensive efforts are
dedicated to enhancing the performance of this photocatalyst family, with many studies reported on the
intrinsic structure regulation and heterojunction construction of PDI materials. This review focuses on
recent advancements in these fields, including molecular structure design, enhancing crystallinity,
regulating morphology, and constructing various heterojunctions. Additionally, this work highlights
recent progress in their application in water splitting, degradation of pollutants, and other photocatalytic
reactions. Challenges and future perspectives for exploring advanced PDI-based photocatalysts are
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1. Introduction

The increasingly severe energy and environmental crisis make it
necessary to develop theories and technologies for energy
conversion and environmental remediation. Photocatalysis, an
environment-friendly approach, offers great potential to achieve
this aim by enabling the production of renewable energy and
environmental remediation." In a photocatalytic process, a redox
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thoroughly discussed and summarized.

reaction induced by photo-generated electrons and holes can be
exploited in water splitting,” pollutant degradation,® N, fixation,*
and CO, reduction.®> Over the past 47 years, a wide range of
organic and inorganic photocatalysts has been designed,
including metal oxides and sulfides, carbon nitrides, covalent
organic frameworks, and metal-organic frameworks.® However,
their large-scale application is severely hindered by their low
quantum efficiency. Therefore, developing efficient photo-
catalysts is crucial to drive the industrialization of photocatalysis.

All-organic n-type perylene diimide supramolecular (PDIs)
materials are considered one of the most promising photo-
catalysts owing to their moderate bandgap, high molar extinc-
tion coefficient, abundant element resources, excellent
photothermal stability, and easy preparation.” Different from
isolated perylene diimide molecules, PDI photocatalysts are
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formed through the self-assembly of monomeric perylene dii-
mide molecules, which are organized via non-covalent interac-
tions such as hydrogen bonds, m-m stacking interaction, and
van der Waals forces (Fig. 1a and b). To achieve excellent pho-
tocatalytic performance, researchers have recently focused on
developing various PDI-based photocatalysts by regulating the
intrinsic structure of PDI®* and constructing heterojunctions.®
Fig. 1c shows the growing research interest in PDI-based pho-
tocatalysts as reflected by the number of publications. However,
certain limitations continue to hinder their photocatalytic
performance. These drawbacks include a small specific surface
area, limited exposure of active sites, poor crystallinity, unsat-
isfactory reduction potential and propensity for rapid recom-
bination and short lifetime of photo-generated charges.
Several strategies are employed to address these crucial issues
and boost the photocatalytic activity of PDIs, including molec-
ular structure design, crystallinity improvement, and
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morphology control. Additionally, constructing heterojunctions
by coupling PDIs with other functional semiconductors has also
attracted significant attention owing to their remarkable effec-
tiveness in improving their photocatalytic performance. Fig. 2
presents the classification of PDI-based heterojunctions based
on different photo-generated charge transfer mechanisms
between PDIs and the coupled semiconductor. The development
of PDI-based heterojunctions shows great potential in over-
coming the drawbacks of single photocatalysts. These hetero-
junctions can inherit the unique advantages of the individual
semiconductors, such as extending the absorption range of
visible light, suppressing the recombination of photo-generated
charges, increasing the photo-corrosion stability, enhancing
the oxidation and reduction potentials, and realizing spatial
separation between the oxidation and reduction sites. Conse-
quently, the photocatalytic performance of PDIs can be signi-
ficatively enhanced through the formation of heterojunctions.
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Fig. 1 (a) Schematic diagram of the perylene diimide molecule (a) and PDI assembly (b).° (c) Number of publications on PDI-based photo-
catalysts during the last decade (source: Web of Science; date: 8th Nov. 2023; keywords: perylene diimide photocatalytic).
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Fig. 2 Schematic diagrams of the typical PDI heterojunction. Double
Z-type,*® Schottky junction,* type-I1,*2 S-scheme,”® Z-scheme! and
p—n junction.*®

Herein, we comprehensively review the recent progress on
PDI-based photocatalysts in the energy and environmental field.
Firstly, the strategies for the modification of PDI photocatalysts
are briefly summarized, including modifying their molecular
structure, improving their crystallinity, and regulating their
morphology. Secondly, the various PDI-based heterojunctions
are reviewed, including the design principles of PDI/inorganic
semiconductor, PDI/organic semiconductor, PDI/metal, and
PDI/carbon material heterojunctions. Furthermore, the appli-
cation of PDI-based heterojunctions in photocatalytic water
splitting, pollutant degradation, N, fixation, H,O, production,
CO, reduction, and conversion of organic molecules are
summarized. Finally, some concluding challenges and future
perspectives for exploring advanced PDI-based heterojunctions
are summarized. This review aims to provide valuable guide-
lines for the future development of highly active PDI-based

This journal is © The Royal Society of Chemistry 2024

photocatalysts for the mitigation of environmental pollution
and production of renewable energy.

2. Strategies for the modification of
PDI-based photocatalysts

The investigation of highly active PDI-based photocatalysts
plays a crucial role in improving the photocatalytic performance
of PDI-based heterojunctions. In PDI-based heterojunctions,
the characteristics of PDIs determine the type of heterojunction,
the tightness and stability between interfaces, and the transport
behavior of photo-generated charges, thereby significantly
affecting their photocatalytic properties. Therefore, in this
review, firstly, we discuss the various strategies for the modifi-
cation of PDIs to enhance their characteristics.

Although PDI photocatalysts can independently complete
the whole photocatalytic process, their photocatalytic perfor-
mance is limited by three factors, as follows: (1) their high
exciton binding energy and propensity for electron-hole pair
recombination; (2) their relatively small specific surface area
and limited active sites; (3) and their low crystallinity, narrow -
delocalization channels, and disordered structure. In recent
decades, numerous effective strategies have focused on
addressing these issues through the modification of PDIs.
These strategies include modification of their molecular struc-
ture, improving their crystallinity, and regulating their
morphology. Here, we present a brief overview of the main
modification strategies for enhancing PDI photocatalysts.

2.1 Modification of their molecular structure

PDIs are a class of compounds known as polycyclic aromatic
hydrocarbons, which are characterized by a perylene core with
imides at both ends. The conjugation between the electron-
efficient perylene core and the electron-withdrawing imide
group facilitates efficient carrier migration. Typically, PDIs are
synthesized through the condensation reaction between 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) and alkylamine or
aniline under the protection of inert gas, using tetrahydrofuran,
imidazole, quinoline, etc. as the solvent.'® Also, the substitution
and modification of the chromophores (conjugated structures)
are crucial for designing the molecular structure of PDIs, which
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Fig. 3 Schematic illustration of the synthesis of PDI, PDI-1, PDI-2, and PDI-3. Reprinted with permission.” Copyright 2022, Wiley.

can significantly affect their electronic structure and redox
capacity. For instance, Wang and co-workers'” synthesized
a series of PDI polymers (Fig. 3), including PDI-1, PDI-2, and PDI-
3, by introducing different amounts of phenyl groups at the bay
position of PDI. The experimental results revealed that the
oxygen (O,) production rate of the singly substituted PDI was the
highest (2524.88 pmol g~ ' h™") among the samples under visible
light without any co-catalyst. This excellent performance can be
attributed to its push-pull intramolecular charge transfer and
high crystallinity, which significantly promoted the separation
and transfer of photo-generated charges. As the number of
substituents increased, the production rate of O, decreased
sharply, which was attributed to two factors. Firstly, the intro-
duction of more groups at the bay position of the PDI structure
reduced the local charge excitation of the PDI core, thereby
hampering the production of O,. Secondly, increasing the
number of electron donor substituents can seriously disrupt the
crystallinity of the PDI polymers, leading to a decrease in the O,
production rate. These findings highlight the crucial role of
rational molecular structure modification to improve the O,
production performance of PDI polymers, mainly through the
mono-substitution of electronic groups.

The modification of the molecular structure of perylene dii-
mide also involves the design and substitution of auxochrome
(side groups), which can significantly impact several factors. These
factors include the redox ability, degree of planar conjugation of
the monomer molecules, properties of the substituents, dipole
moment of the monomer molecules, and intensity of the built-in
electric field. For example, Kong et al.*® proposed the preparation
of a non-covalent self-assembled phosphoric acid-substituted PDI
(Fig. 4a). The photocatalytic activity was enhanced by replacing the
terminal substituents with strong electron-withdrawing groups,
leading to an improvement in both the separation of photoin-
duced carriers and the spectral response range. In another study,

J. Mater. Chem. A

Zhu et al.”® synthesized a novel PDI photocatalyst modified with
nicotinic acid (hp-PDIs-NA), which exhibited an ultra-thin hierar-
chical pore structure and bi-planar configuration (Fig. 4b). The
results demonstrated that terminal substitution with aromatic
compounds instead of aliphatic compounds is an important
strategy for improving the performance of PDI photocatalysts.

2.2 Improvement in crystallinity

The enhancement of the crystallinity of PDIs in the process of
assembling small molecules into PDIs via weak interactions is
a crucial strategy for improving their photocatalytic performance,
given that it can provide an “expressway” for the efficient move-
ment of photo-generated carriers by strengthening the built-in
electric field. The fabrication of a built-in electric field in PDI-
based photocatalysts is evidenced to be a productive strategy to
actuate the fast separation of photo-generated carriers and navi-
gate their migration to the active sites for efficient redox reac-
tions.**** For example, Zhu's group® synthesized a highly
crystalline PDI photocatalyst (PDI-NH) using the imidazole
solvent method. This photocatalyst achieved a breakthrough O,
production rate (40.6 mmol g ' h™') and an apparent quantum
yield (AQY) of 10.4%. The excellent performance was attributed to
the well-constructed built-in electric field resulting from its high
crystallinity, which effectively promoted the separation and
migration of photo-generated charge carriers. Zhang et al*
prepared PDI nanosheets with a high degree of crystallization (-
conjugated-PDIs), which exhibited nearly 100% exposure of -
conjugated planes. The preferential exposure of m-conjugated
planes and the enhancement of the internal electric field
contributed to the excellent photocatalytic activity of the -
conjugated-PDIs, which was 8-17 times higher than that of
previously reported PDI photocatalysts.

The formation process of PDIs mainly involves non-covalent
bond interactions and w-m conjugated stacking (Fig. 1a).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Schematic illustration of the synthesis of self-assembled phosphoric acid-substituted PDIs. Reprinted with permission.*® Copyright
2019, The Royal Society of Chemistry. (b) Method for the synthesis of PDI photocatalyst modified with nicotinic acid and reference catalyst.

Reprinted with permission.t®* Copyright 2022, Elsevier.

However, non-covalent bond interactions have limitations in
improving their stability and charge transport. Thus, to address
these shortcomings, the substitution of non-covalent bonds for
covalent bonds has emerged as a suitable strategy. By intro-
ducing covalent bonds in PDIs, their corresponding visible light
range can be expanded, dipole moment can be enhanced,
bandgap position can be adjusted, and crystallinity improved.
For instance, Zhu's group* successfully synthesized a highly
crystalline PDI polymer photocatalyst (urea-PDI) by introducing
covalent bonds to connect perylene diimide molecules (Fig. 5a).
The urea-PDI photocatalyst exhibited excellent crystallinity and
large molecular dipoles, which contributed to the generation of
a built-in electric field, promoting the separation and transport
of photo-generated carriers. In addition, they also prepared
a conjugated triazine-perylene diimide (triazine-PDI) polymer
photocatalyst with full spectrum photo-oxidative activity by
combining cyanuric chloride with PDIs (Fig. 5b).>* Both theo-
retical analyses and experimental evidence showed that the
highly-crystalline nature and strong m-m stacking of triazine-
PDI generated a strong built-in electric field. This electric field
provided efficient channels for the rapid transfer of photo-
generated charges. As expected, the favorable structural char-
acteristics, together with appropriate band energy levels
contributed to the improvement in photocatalytic activity. Zhu's
group® further developed a PDI photocatalyst containing
segregated T-conjugation units by inserting a non-conjugated
ethylenediamine segment in the conjugated planes of
3,4,9,10-perylene tetracarboxylic anhydride (EDA-PTCDA)

This journal is © The Royal Society of Chemistry 2024

through an acidizing solvent thermal approach (Fig. 5c). The
difference in surface potential and excitation charge density
confirmed the possible presence of a built-in electron trap effect
in the unconjugated segment of EDA-PTCDA, resulting in
a highly active EDA-PTDA/bacterial interface.

2.3 Regulation of morphology

Morphological regulation is one of the most effective strategies
for enhancing the performance of PDI-based photocatalysts. By
controlling the PDI morphology, various benefits can be ach-
ieved, including enhanced stability, increased specific surface
area, exposure of more active sites, bandgap adjustment, and
expanded absorption and utilization of visible light. For
instance, Zhu's group® employed a rapid and straightforward
solution dispersion method to obtain a self-assembled PDI
material with a distinctive willow leaf-like shape. This PDI pho-
tocatalyst, working under visible light without the need for a co-
catalyst, exhibited an excellent performance in both photo-
catalytic pollutant degradation and O, evolution. The excellent
photocatalytic activity was attributed to the overlapping orbital
between the PDI molecular units and long-range conjugated -
delocalization. Similarly, Zhang et al*® synthesized a two-
dimensional ultrathin nanofiber by self-assembling carboxy-
substituent PDIs through H-type m-m stacking and hydrogen
bond interactions. The introduction of terminal carboxyl groups
plays an important role in morphology control and stability. The
resulting PDI nanofibers exhibited excellent migration efficiency
of photo-generated charges and a large specific surface area,

J. Mater. Chem. A
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Fig. 5 (a) Solid *CNMR spectrum, X-ray diffraction analysis, and HRTEM of urea-PDlIs. Reprinted with permission.2* Copyright 2020, Wiley. (b)
Solid ®CNMR spectrum, X-ray diffraction analysis, and HRTEM of triazine-PDls. Reprinted with permission 2> Copyright 2021, Elsevier. (c) EDA-
PTCDA synthetic procedure and solid-state 13C NMR spectrum. Reprinted with permission. ¢ Copyright 2023, Wiley.

enabling efficient organic pollutant degradation and water
oxidation under visible light without the need for co-catalysts.
However, the despite significant progress in controlling the
morphology of PDIs, the current focus is on one-dimensional
nanorods and nanofibers, and two-dimensional nanosheets.
Thus, the further exploration of diverse PDI morphologies such
as nanotubes, hollow nanospheres, and nanorods holds great
potential for future advancements.

Despite the significant advancements in modifying single
perylene diimide molecules, the photocatalytic activity of PDIs
is still limited in several aspects. One crucial factor is the weak
reduction potential of PDIs, which hampers their performance
and application in photocatalytic reduction reactions such as
H, evolution, N, fixation, and CO, reduction. In addition, the
rapid recombination of photo-generated charges is still one of
the most important obstacles limiting the photocatalytic
activity of PDIs. These factors directly impede the industrial-
scale application of PDI photocatalysts. Thus, finding new
strategies to modify PDIs to obtain a better photocatalytic
performance remains a formidable challenge.

3. PDl-based heterojunction

The narrow bandgap of photocatalysts can improve the efficient
utilization of solar energy. However, it can also lead to the
recombination of photo-generated charges. Alternatively, a wide

J. Mater. Chem. A

bandgap not only helps suppress charge recombination but also
ensures that photo-generated electrons and holes have strong
oxidation or reduction abilities. However, an excessively wide
bandgap limits the full-spectrum utilization of solar energy.
Accordingly, the formation of a heterojunction can address the
drawbacks caused by the “short barrel effect” of a single pho-
tocatalyst.”” The construction of a heterojunction creates a built-
in electric field or diffusion electric field at the interface of two
semiconductors, driving the migration and separation of photo-
generated charges. This approach increases the lifetime of
photo-generated charges and reduces their recombination. In
addition, the construction of a heterojunction can also optimize
the band positions and facilitate surface catalytic reactions. In
recent years, the construction of PDI-based heterojunctions has
attracted widespread attention due to their feasibility and
effective energy conversion and environmental remediation,
aiming to promote the photocatalytic activity of PDIs.

3.1 Design principles of PDI-based heterojunction

PDI-based heterojunctions usually consist of PDIs coupled with
another component, which can be a semiconductor,”®* metal,*
carbon-based material,®*** or other materials. These hetero-
junctions exhibit efficient spatial separation across the inter-
face, leading to the significant suppression of charge
recombination. Moreover, the construction of PDI-based

This journal is © The Royal Society of Chemistry 2024
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heterojunctions incorporates the advantages of the second
component, such as excellent light absorption, optimized
bandgap, and enhanced surface catalytic reactions. Depending
on the second component, PDI-based heterojunctions can be
classified into the following systems: (1) PDI/inorganic semi-
conductor heterojunctions, such as PDI/metal oxide hetero-
junctions and PDI/metal sulfide heterojunctions; (2) PDI/
organic semiconductor heterojunction systems, such as PDI/
carbon nitride heterojunctions, PDI/metal-organic framework
heterojunctions, PDI/covalent organic framework hetero-
junctions, and PDI/other supramolecular polymer hetero-
junctions; (3) PDI/metal heterojunctions and (4) PDI/carbon-
based material heterojunctions. The latest important research
progress on PDI-based heterojunctions is comprehensively
summarized in the following section.

3.2 PDJ/inorganic semiconductor heterojunctions

The widely used photocatalyst materials are primarily inorganic
semiconductors due to their excellent photocatalytic activity,
diversity, high crystallinity, and stable physicochemical prop-
erties. These materials include metal oxides, metal sulfides, and
metal phosphides. Accordingly, recognizing the benefits of
forming heterojunctions, researchers have combined various
inorganic photocatalysts with PDIs to create heterojunction
structures. The modification of PDIs with inorganic semi-
conductors has gained significant attention and warrants
further exploration in this review. Therefore, in this section, we
provide a detailed overview of the research progress on PDI/
inorganic semiconductor heterojunctions with the focus on
PDI/metal oxide and PDI/metal sulfide systems.

3.2.1 Heterojunction between PDIs and metal oxide.
Nanostructured metal oxide photocatalysts have controllable
morphologies and structural characteristics, variable surface
chemical properties, high surface area, specific crystalline
properties, and rich availability. These features make them
highly desirable materials for applications in renewable energy
production and the degradation of environmental pollutants.
However, the application of metal oxide photocatalysts in
industry is significantly limited due to their low quantum yield,
limited utilization of visible light, and rapid recombination of
photo-generated charges. Thus, to improve the photocatalytic
efficiency of metal oxide photocatalysts, two aspects need to be
addressed, as follows: (1) promoting the efficient separation of
photo-generated charges and (2) shifting their absorption
spectrum towards longer wavelengths to extend their spectral
response range. However, it is difficult to achieve both
requirements in a single metal oxide. Consequently, the explo-
ration of PDI/metal oxide heterojunctions, especially TiO, and
bismuth oxide, has attracted extensive research interest to
overcome these limitations.

3.2.2 Heterojunction between PDIs and TiO,. TiO, is one of
the most studied metal oxides in photocatalysis because of its
abundance, low cost, and biocompatibility. However, it has
several issues that hinder its efficient photocatalytic activity,
particularly low light absorption and separation of photo-
generated charges, which are limited by its width bandgap of

This journal is © The Royal Society of Chemistry 2024
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about 3 eV.** Thus, extensive research has been conducted on
PDI/TiO, heterojunctions to overcome these issues.***® For
example, Zhu's group®” achieved a PDI/TiO, photocatalyst by
pH-induced polymerization (Fig. 6a—c). In this heterojunction,
the one-dimensional PDI structure with short-range stacking
patterns reduced the charge migration distance along the -
stacking direction, thereby delaying the recombination of
charges. Furthermore, TiO,, acting as an electron acceptor,
facilitated efficient charge separation in the interface layer of
the PDI shell through the C=0-Ti “bridge” electron channel.
The synergy between PDIs and TiO, enhances the photocatalytic
activity of the PDI/TiO, photocatalyst for the degradation of
pollutants under visible light, especially with the addition of
EDTA. However, although the PDI/TiO, heterojunction exhibi-
ted excellent photocatalytic properties under visible light, its
performance under ultraviolet light remains limited, and
further research in this area is needed. Thus, to address this,
Zhu's group®® constructed a semi-core-shell structure by coating
a PDI self-assembly with TiO, nanoparticles (Fig. 6d-f). This
heterojunction system exhibited improved photocatalytic
properties under ultraviolet light, visible light, and full spec-
trum light due to the synergistic effects between TiO, and PDIs.
The design of the PDI/TiO, heterojunction effectively overcomes
the limitations of TiO, in visible light photocatalysis and PDIs
in ultraviolet light photocatalysis.

Morphology control is crucial in preventing the agglomera-
tion of nanoparticles and maximizing the exposure of more
active sites on the catalyst surface. In this case, the yolk-shell
structure offers distinct advantages by providing an ideal plat-
form for encapsulating ultrafine co-catalysts on both the inner
porous shell and central core. This structure effectively shortens
the charge transfer path and accelerates the separation of
photo-generated charges. Thus, considering these advantages,
Chen and co-workers* developed SiO,@TiO,/PDI yolk-shell
nanospheres (Fig. 7). These nanoparticles, with their unique
yolk-shell structure and built-in electric field, demonstrated
remarkable separation of photo-generated charges and multi-
channel migration, resulting in excellent activity for the degra-
dation of phenol.

3.2.3 Heterojunction between PDIs and bismuth oxides.
Bismuth oxide-based photocatalysts, as metal oxides, have
attracted increasing attention due to their unique electronic
and structural properties, which contribute to their excellent
photocatalytic activity.*® However, despite the significant prog-
ress made in bismuth-based photocatalysts, they still suffer
from drawbacks such as poor light absorption and stability. In
this case, again, an effective approach to address these limita-
tions is to make heterojunctions by combining PDIs with
bismuth-based photocatalysts. Currently, several hetero-
junctions have been reported between PDIs and bismuth-based
semiconductors, including PDIs/BiVO,,* PDIs/Bi,W,0g,*>*
PDIs/Bi,0,,* PDIs/BiOBI/Bi,O;Br,,* and PDIs/BiOX (X = Cl, Br,
I).2%434¢ For example, Ji et al.*” developed a novel type II heter-
ojunction of flaky-like BiOCl/PDIs by adjusting the self-
assembly time of PDIs. Comparing the photocatalytic activity
of the first self-assembled PDIs with BiOCl (BiO-Cl/PDIs-1) to
the second self-assembly with PDI BiOCl (BiOCl/PDIs-2), it was
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found that the latter showed a better performance for the
degradation of cationic dyes. The improved photocatalytic
activity of BiOCl/PDIs-2 can be attributed to its different
exposed surfaces, narrower interplanar spacing, and stronger
visible-light absorption. Furthermore, BiOCl/PDIs-2 possessed
an optimized n-n heterojunction, resulting in tighter m-m
stacking and enhanced migration of photo-generated carriers.
In another study, Gao et al.>® successfully constructed a BiOCl/
PDI heterojunction with a full spectral response range (300
nm-750 nm). The anchoring of PDIs on the surface of rod-like
BiOCI requires the formation of O-Bi bonds. Surface photo-
voltage experiments and DFT calculations confirmed the
formation of a heterojunction, which extended the absorption
range of visible light and significantly promoted the interfacial
charge transfer. Compared to BiOCIl and PDIs alone, BiOCl/
PDIs-2 showed 2.2-times and 1.6-times higher efficiency for
the photocatalytic degradation of phenol. Zhu's group also
conducted extensive research on bismuth-based hetero-
junctions. For instance, they synthesized a Bi,WO/PDI heter-
ojunction using a water bath heating method.”” The surface
hybridization between the self-assembled PDIs and the band
structure-matched Bi,WOjs facilitated the separation of photo-
generated charges. The experimental results demonstrated
that the main active species in the degradation process was the
superoxide radical.

To investigate the role of the diffusion electric field in
promoting the separation of photo-generated charges, Zhang
and co-workers™ conducted a study on a PDI/BiOl

J. Mater. Chem. A

heterojunction prepared by in situ successive ion layer adsorp-
tion and reaction methods (Fig. 8a). This study demonstrated
the local separation of photo-generated carriers on heteroge-
neous interfaces and the Z-scheme transfer mechanism
(Fig. 8b-f) through Kelvin probe force microscopy, in situ irra-
diated XPS, and photo-deposition reactions. Both the experi-
mental and DFT calculation results revealed that the electron
density difference between PDIs and BiOI enabled a diffusion-
controlled charge separation process, which exceeded the
built-in electric field across the heterogeneous interface.
Remarkably, the PDI/BiOI heterojunction exhibited excellent
photocatalytic activity, even under infrared light irradiation.
These findings present a new blueprint for the development of
advanced, stable, and cost-effective PDI/metal oxide hetero-
junction photocatalysts for solar hydrogen generation and
environmental remediation.

3.2.4 Heterojunction between PDIs and other metal oxides.
Besides TiO, and bismuth oxide, other metal oxides have also
been combined with PDIs to construct heterojunctions with
enhanced photocatalytic efficiency, such as WO3,*® ZnSnO;,*
ZnFe,0,4,>° Sn0,,”* Zn,sCdgsS,** TizC,,>* and Ag;PO,.** For
instance, Yu et al.*® applied a hydrothermal and recrystallization
method to create an inorganic-organic hybrid Sn;0,/PDI het-
erojunction photocatalyst. In this system, PDIs self-assembled
on SnzO, nanosheets, forming a “hook-and-loop” adhesive
surface, which effectively traps bacteria through its large
number of hydrogen bonds and m-m stacking interactions.
Meanwhile, the formation of a heterojunction enabled full-

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Schematic diagram of the preparation of SiO,@TiO,/PDls. SEM images of (b

spectrum absorption (A > 700 nm), reduced the recombination
of photo-generated carriers, and enhanced the production of
reactive oxygen species. Consequently, the Sn;0,/PDI hetero-
junction demonstrated excellent bactericidal activity under an
illumination wavelength of greater than 700 nm.

Ag;PO, is a widely used metal oxide photocatalyst, which is
known for its strong oxidation ability in environmental purifi-
cation. However, its wide application is limited due to its poor
photostability and low photoactivity. Thus, to address these
challenges, Wang et al.>* developed a Z-scheme Ag;PO,/PDI
heterojunction photocatalyst using a two-step self-assembly
method. The Ag;PO,/PDI Z-scheme photocatalyst showed
superior photoactivity and enhanced photostability compared
to pure Ag;PO, and PDIs. This improvement can be attributed
to the formation of a Z-scheme heterojunction at the Ag;PO,-
PDI interface, which facilitates efficient carrier separation. XPS
characterization, free radical trapping experiments, and theo-
retical simulation further confirmed the formation of a built-in
electric field as the intrinsic driving force behind the Z-scheme
mechanism.

3.2.5 Heterojunction between PDIs and metal sulfides.
Among the various heterojunction systems, the combination of

This journal is © The Royal Society of Chemistry 2024
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PDIs with metal sulfides has attracted significant attention.
Metal sulfides have suitable band structures that meet the
thermodynamic requirements of water splitting. Compared to
other semiconductors, metal sulfides have a deeper valence
band, and therefore a better light response. For instance, Liu
et al.”® used a one-step hydrothermal method to create a 3D ZIS/
PDIIM heterojunction for photocatalytic H, evolution (Fig. 9a).
Ultrathin ZnIn,S, nanosheets (ZIS) with a thickness of 3.27 nm
were tightly grown on the surface of PDI microrods function-
alized with an imidazole group (PDISIM) (Fig. 9b-e). The pres-
ence of the PDI template effectively dispersed the ultrathin ZIS
nanosheets, preventing their self-aggregation and facilitating
the exposure of their active sites. The maximum H, evolution
rate of ZIS/PDIM was approximately 13.04 mmol ¢~ ' h™", which
was 2.64-, 14.02- and 26.61-times higher than that of ZIS, PDI-
sIM, and PDIs, respectively. The excellent photocatalytic
performance of ZIS/PDIM was attributed to its optimized
morphology, increased exposure of active sites, photothermal
effects, and enhanced separation of photo-generated charges.
In another study, Zhang et al.>® constructed a CdS/PDI Z-scheme
heterojunction for highly active O, evolution. The uniform
distribution of CdS on the surface of PDIs ensured close contact
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between the two materials. The O, evolution rate of the CdS/PDI
composites was two-fold of that of single PDIs under visible
light. Density functional theory (DFT) calculations revealed that
the rate-determining step in the photocatalytic water oxidation
reaction involved the formation of the ‘OOH intermediate state.
The Z-scheme electron transfer pathway significantly improved
the separation efficiency of photo-generated carriers, facili-
tating the strong reduction of photoelectrons on the conduction
band of CdS and the oxidation of holes on the valence band of
PDIs, thereby improving the photocatalytic O, evolution
activity.

The Ag,S semiconductor exhibits excellent light absorption
capabilities at wavelengths from the ultraviolet to near-infrared
regions due to its narrow bandgap.®” Furthermore, its high
reduction potential and chemical stability contribute to its
improved photocatalytic performance. Hence, developing an
efficient Ag,S/PDI heterojunction is significant in the pursuit of
effective photocatalysis. Zhu's group*® successfully synthesized
a novel p-Ag,S/PDI heterojunction with full-spectrum respon-
siveness. In this composite system, the Ag,S quantum dots
played a dual role of enhancing the organized m-7 stacking
degree of PDIs, thereby boosting the migration of photo-
generated electrons, and enhancing the light absorption of
Ag,S/PDIs. Consequently, the heterojunction exhibited a signif-
icantly improved performance in the ultraviolet, visible light,
and full spectral regions. The phenol degradation rate and O,
evolution rate were 5.13- and 1.79-times higher, respectively,
compared to the pure PDIs.

CusS, as a p-type semiconductor with a narrow bandgap and
excellent light absorption, has been widely studied in photo-
chemistry. Notably, CuS exhibits excellent stability and high
reduction potential. Therefore, the hybridization of PDIs with
CusS is an interesting approach to enhance their photocatalytic
capabilities. In this regard, Hu et al.*® synthesized a PDI/CuS p-
n heterojunction using a two-step self-assembly strategy. The
PDI/CuS heterojunction exhibited the highest photocatalytic
degradation activity for tetracycline, with degradation apparent
rate constants that were 5.27- and 2.68-times higher than that of
CuS and PDIs, respectively. The enhanced photocatalytic
activity can be primarily attributed to the synergistic effects of
the - stacking and p-n junctions, accelerating the separation
of photo-generated charges. In addition, the light absorption of
PDIs/CuS was significantly enhanced in the range of 200-
800 nm, extending even into the near-infrared region. This
extended light absorption range substantially contributed to its
enhanced photocatalytic performance.

3.3 PDIJ/organic semiconductor heterojunctions

Despite the maturity of research and application of inorganic
semiconductors in photocatalysis, their further development
faces several challenges, including their limited reserves, high
cost, biotoxicity, and photochemical stability, particularly metal
sulfides. In contrast, organic materials composed of C, H, N,
and O elements have unique advantages and appeal because of
their abundant raw materials, low cost, and convenient
synthesis routes. Organic semiconductors also have flexible and

This journal is © The Royal Society of Chemistry 2024
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adjustable band structures, higher carrier affinity, diverse
morphologies, and broad spectral absorption. Organic semi-
conductors can be classified into three categories based on their
properties, i.e., carbon nitride, organic framework compounds,
and other self-assembled supramolecular materials. In this
section, we introduce the research progress on PDI/inorganic
semiconductor heterojunction systems in detail.

3.3.1 Heterojunction between PDIs and carbon nitride.
The graphite-like carbon nitride (g-C;N,) photocatalyst, which
was first reported by Wang et al.,** has attracted increasing
attention for applications in environmental pollutant removal
and renewable energy production. This is due to its low cost,
ease of preparation and surface functionalization, suitable
electronic and band structures, and stable physical and chem-
ical properties. However, despite the remarkable progress, the
photocatalytic performance of g-C;Ny is still far from satisfying
actual production needs, with issues such as easy recombina-
tion of photo-generated carriers, limited light absorption
capacity, and the need for improved oxidation potential still
existing. Therefore, it is of great significance to explore novel g—
C;3;N,-based materials with strong light absorption, high carrier
separation, and strong redox potentials for environmental
pollution remediation and renewable energy generation. One of
the most promising approaches to enhance the photocatalytic
performance and promote the industrial application of g-C3N,
is the design of metal-free heterojunctions with PDIs. In this
section, we provide an overview of the recent research progress
on g-C3;N,/PDI heterojunction photocatalysts in various photo-
redox reactions. The discussion includes their design strategies,
carrier transport mechanisms, interface representation, and
related aspects.

The construction of g-C3;N,/PDI heterojunctions primarily
involves growth by recrystallization, layer-by-layer self-
assembly, and chemical bonding techniques. For example,
Wang et al.®* achieved an all-organic g-C;N,/PDI heterojunction
via the in situ recrystallization of PDIs on the surface of g-C;N,
(Fig. 10a). The crystal structures with strong intermolecular
interactions significantly influenced the photocatalytic proper-
ties of the g-C3;N,/PDI heterojunction, leading to enhanced light
absorption and effective separation of photo-generated charges.
In another study, Zhu's group® prepared a one-dimensional/
two-dimensional g-C;N,/PDI heterojunction with a wide spec-
tral response (254-700 nm) by introducing self-assembled PDI
nanowires onto the surface of g-C;N, nanosheets through in situ
recrystallization. The -7 conjugated bonds in the g-C;N,/PDI
system accelerated the transport of photo-generated carriers,
while the cross-band structure between g-C3;N, and PDIs,
together with the Z-scheme carrier pathway, enabled the spatial
separation of the redox reaction sites. Therefore, the hetero-
junction achieved excellent photocatalytic degradation perfor-
mance for phenol.

Furthermore, Li et al.®® prepared an all-organic S-scheme
PDI/PCN heterojunction by in situ recrystallization on the
surface of porous g-C3N, (PCN) (Fig. 10b). The layered porous
photocatalyst design improves the mass transfer performance,
enhances the light absorption, and increases the specific
surface area. In addition, the S-scheme heterojunction formed
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Fig. 10 (a) Synthesis strategy of g-CsN4/PDI heterojunction by in situ recrystallization. Reprinted with permission.®* Copyright 2019, Wiley. (b)
Synthesis strategy of S-scheme g-CzN4/PDI heterojunction using in situ recrystallization. Reprinted with permission.®* Copyright 2023, Elsevier.

by PDIs and PCN showed suitable energy band alignment,
enabling the separation and migration of photo-generated
carriers. Consequently, the heterojunction demonstrated
excellent photocatalytic performance for H,O, production.
Layer-by-layer self-assembly is one of the most effective
strategies to form PDI/g-C;N, heterojunctions, involving the
electrostatic interaction between PDIs and g-C3N,. In a study by
Liu et al,* a g-C3N,/PDI heterojunction was successfully
prepared through in situ electrostatic assembly. The spatial
arrangement of the g-C;N,/PDI structure exhibited excellent
light absorption performance and facilitated the rapid separa-
tion and migration of photo-generated carriers, greatly
improving the solar energy utilization for the enhanced pho-
tocatalytic degradation of phenol. Similarly, Zhu's group® ob-
tained O-CN/PDI heterojunctions by combining positively
charged oxygen-doped g-C;N, (O-CN) with negatively charged
PDIs. The -7 interaction between the self-assembled PDIs and
O-CN facilitated electron delocalization, promoting electron
migration. The incorporation of self-assembled PDIs extended

J. Mater. Chem. A

the visible light response range of O-CN and increased the
production of photo-generated carriers. Furthermore, the cross-
band structure between O-CN and self-assembled PDIs gener-
ated a built-in electric field, which promoted the separation of
interface charges. Additionally, the O-CN/PDI heterojunction
exhibited enhanced photocatalytic activity in disinfection,
degradation, and oxygen evolution due to the accumulation of
active substances (h*, O,” and '0O,), which improved the
oxidation ability of O-CN/PDIs. However, it should be noted
that recrystallization growth and layer-by-layer self-assembly
mainly rely on weak intermolecular interactions for assembly.
These weak forces not only hinder the charge transfer between
the PDIs and g-C;N, interfaces, potentially leading to recom-
bination centers for photo-generated electrons and holes, but
also result in the formation of an unstable interface between
PDIs and g-C3;N, which can lead to their separation.

Among the various strategies to construct g-C;N,/PDI het-
erojunctions, covalent bonding through amide bonds is the
most commonly used and extensively studied approach. The

This journal is © The Royal Society of Chemistry 2024
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heterojunction interface formed by covalent bonding is the
strongest, providing fast paths for the transfer of photo-
generated charges between interfaces. For instance, Zhao
et al.®® synthesized a g-C;N,/PDI heterojunction through acyla-
tion reactions, resulting in higher photocatalytic activity for the
degradation of phenol in the presence of persulfate compared
to PDIs and g-C3;N, alone. Guo et al.*” achieved a Z-scheme g-
C;N,/PDI heterojunction through the imidization reaction
between perylene tetracarboxylic dianhydride (PTCDA) and g-
C3;N, in an aqueous solution (Fig. 11a and c). Various test results
revealed that PTCDA and g-C;N, were surface hybridized
through an O=C-N-C=O covalent bond in the PDI/g-C;N,
heterojunction. Notably, with an increase in the content of
PTCDA, the color of g-C;N,/PDIs gradually turned red (Fig. 11b),
and the PDI/g-C;N, heterojunction with 1 wt% PTCDA exhibited
the optimal photocatalytic degradation and mineralization
capabilities under visible light. Xing et al® used a fine
condensation strategy to create a covalently bonded direct Z-
scheme PDI/g-C3N, heterojunction with close interface
contact and high charge transfer efficiency (Fig. 11d). This
design facilitated the spatial separation of photo-generated
carriers through a Z-scheme transfer path, resulting in the
PDI/g-C3;N, heterojunction displaying an excellent amine
oxidation rate of 20.63 mmol g¢~* h™" and selectivity for the
photocatalytic oxidative coupling of amines and imines.
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Furthermore, in addition to its ability to form covalent bonds
with g-C;N, to form a heterojunction, the conjugated PTCDA
with strong electron-donating enabled hole enrichment. Thus,
Hu et al® created a well-ordered highly crystalline g-C;N,
nanoarray (CNA) with a tip e” agglomeration effect, which was
further tailored by grafting conjugated PTCDA. The resulting
D-A regulated PDI/CNA materials effectively achieved the
spatial separation of redox centers, where the perylene diimide
molecule and the pyridine N atom around the alkali metal in
the cavity acted as the reduction center, while the heptazine unit
acted as the oxidation center. This well-designed structure
effectively promoted the collection of visible light and the rapid
separation and directional transfer of charges, while inhibiting
the recombination of photo-generated carriers, resulting in
a significant increase in the photocatalytic yield of H,O,.

The role of PDIs in the PDI/g-C;N, heterojunction was
twofold, i.e., it provided an aromatic plane to interact with the
triazine rings of g-C;N,, strengthening the m-m interactions,
changed the plane structure of the layered g-C3;N,, inducing
plane distortion, and enhanced polarization in the material,
resulting in a piezoelectric response. Hence, a unique g-C3N,/
PDI-g-C3N, homojunction was fabricated via a facile thermal
condensation method.” This homojunction induced enhanced
polarization and m-m interactions, promoting the piezocatalytic
property and facilitating charge transfer, resulting in an

«C 0 H eN eF

A3:mpgCN

Fig. 11 (a) Schematic illustration of PDI/GCN heterojunction via the imidization reaction between PTCDA and g-CsN4. (b) Photographs of g-
C3N4 and various PDI/GCN heterojunctions. (c) Schematic illustration of the mechanism of photocatalytic degradation of LEV over the 1% PDI/
GCN heterojunction. Reprinted with permission.” Copyright 2019, the American Chemical Society. (d) Schematic illustration of the synthesis of
PDI/mpgCN heterojunction. Reprinted with permission.®® Copyright 2021, Elsevier.
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excellent piezo-photocatalytic ATZ degradation performance
compared to piezocatalysis and photocatalysis alone. The
effective interfacial charge transfer enabled by covalent bonding
significantly enhanced the photocatalytic activity of the PDI/g-
C;N, heterojunction. These findings open up new avenues for
the development of PDI/g-C;N, heterojunctions for renewable
energy production and pollutant degradation.

The use of powder photocatalysts in commercial applica-
tions is limited due to their susceptibility to blowing away in the
air and difficult recycling. Therefore, it is crucial to fix powder
photocatalysts on a carrier material such as foam and film.
Although many studies successfully obtained g-C;N,/PDI het-
erojunctions through the reaction of PTCDA and g-C;N, under
N, protection, their preparation process is time-consuming and
it is difficult to prepare photocatalysts in membrane form,
which limits their further use. Therefore, developing new
methods for preparing g-C3N,/PDI heterojunctions in
membrane form is critical. One approach is the modification of
PDIs during the formation of g-C;N, by selecting suitable g-
C;N, precursors with rich NH, groups and N, calcination
atmosphere (Fig. 12a).” In this method, the precursor turns
into a liquid phase during the condensation process and
transforms into g-C;N,/PDIs under calcination, enabling the
fabrication of g-C;N,/PDI films by coating the precursor on SiO,
films. These films showed desirable properties such as good
flexibility, high tensile stress, and good thermal stability as
a substrate during the calcination process. The resulting g-

(a) Pl-g-C5N4 precursor
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SiO, membranes

quartz boat
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C;N,/PDI membrane showed efficient phenol A removal within
30 min under visible light irradiation in the presence of PMS.
Aerogels also serve as attractive support materials because of
their large specific surface area and ease of recycling. For
example, Lu et al.”® prepared macroporous PDI/g-C3;N,/GO aer-
ogels via a hydrothermal method followed by freeze-drying
(Fig. 12b and c). These ultra-light three-dimensional aerogels
have strong visible light absorption, excellent charge transport
properties, and a large specific surface area. They demonstrate
excellent photocatalytic activity for NO at the ppb level under
visible light irradiation.

In addition to binary g-C;N,/PDI heterojunctions, there have
been efforts to design and construct multi-component hetero-
junctions to further improve the photocatalytic activity of PDIs.
These ternary heterojunctions combine wide bandgap semi-
conductors, narrow bandgap semiconductors, and carbon or
metal materials, leveraging the synergistic effects of all
components. Thus, these designs effectively enhance the overall
photocatalytic performance of PDIs.

For instance, Zhu's group’ developed an all-polymer g-C;N,/
rGO/PDI Z-scheme heterojunction via a facile multi-step
manufacturing route. As illustrated in Fig. 13a, the process
involved coating the surface of PDI nanorods with rGO via a wet
chemical reduction process to obtain RGO/PDIs. Subsequently,
this material was loaded on g-C;N, nanosheets using a solvent
evaporation-deposition method. Heat treatment resulted in the
successful formation of the g-C;N,/rGO/PDI heterojunction.
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Fig. 12

(a) Illustration of calcination process, SEM images, and optical image of PDI-g-C3N4 membrane. Reprinted with permission.”? Copyright

201, Elsevier. (b) Schematic illustration of the synthesis of the PICNGA composite aerogel. (c) Photographs of the fabrication of the aerogel.

Reprinted with permission.”® Copyright 2018, Wiley.
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Graphene oxide (GO)

rGO/PDIP

Fig. 13 (a) Schematic of the preparation of g-CsN4/rGO/PDIs. (b) TEM image (HRTEM image inset) of rGO/PDlIs. (c) TEM image and (d) cor-
responding HRTEM image of g-C3N4/rGO/PDlIs. Reprinted with permission.” Copyright 2019, Wiley.

The TEM results revealed the layered assembly of rGO and g-
C3N, on the surface of the PDI nanorods (Fig. 13c and d). The
time profiles of transient absorption spectroscopy (TAS)
demonstrated that the average lifetime of the trapped holes in
2-C3N,/rGO/PDI was prolonged, while the lifetime of trapped
electrons was shortened compared to pure PDIs. This finding
supports the inhibited recombination of photo-generated elec-
tron-hole pairs. This phenomenon also fully confirms the
formation of the Z-scheme charge transfer path between g-C;N,
and PDIs through the rGO layer. Based on these observations,
the g-C3N,/rGO/PDI heterojunction achieved high efficiency
and stable performance in photocatalytic overall water splitting,
surpassing many reported photocatalysts based on g-C3N,.

Similarly, Yang et al.” prepared a Z-scheme g-C;N,/rGO/PDI
heterojunction. This heterojunction exhibited superior photo-
catalytic activity in removing NO and generating H,O, under
visible light irradiation. These studies offer new examples of
advanced, stable, and cost-effective g-C;N,/PDI-based hetero-
junction photocatalysts for environmental pollution harness
and renewable energy production.

3.3.2 Heterojunction between PDIs and metal-organic
frameworks. Metal-organic frameworks (MOFs) are porous
coordination polymers composed of organic connectors and
inorganic metal clusters or ion nodes. They have attracted
significant attention due to their uniform and adjustable pore
structure, high specific surface area, and high density of
unsaturated metal sites, making them suitable for solar-driven

photocatalytic applications. However, similar to other

This journal is © The Royal Society of Chemistry 2024

semiconductors, MOFs are limited by their low photocatalytic
quantum efficiency, which is mainly due to the poor separation
efficiency of photo-generated charges. Accordingly, one prom-
ising approach to address this challenge is coupling MOFs with
PDIs to construct MOF/PDI heterojunctions, promoting the
separation of photo-generated charges.”*”” Moreover, the
differences in interface potentials generate a built-in electric
field, enabling effective spatial separation between the photo-
induced electrons and holes, while suppressing their
recombination.

For example, Chen et al.”® synthesized a supramolecular
composite of MIL-53 (Fe)/PDIs using the solvothermal method.
This composite exhibited a remarkable photocatalytic perfor-
mance, degrading 94.08% of tetracycline within 30 min, which
was 4-times higher than PDIs alone and 33-times higher than
MIL-53 (Fe) alone. In the heterojunction, PDI nanofibers were
dispersed and immobilized in MIL-53 (Fe) through covalent
bonds, forming interconnected structures. Based on the band
structure of PDIs and MIL-53 (Fe), a Z-scheme heterojunction
was proposed, contributing to excellent tetracycline removal
ability. Alternatively, the coupling of self-assembled PDIs with
MOF materials, especially Cr-based MOFs, to obtain self-
assembled PDI/MOF heterojunctions remains largely unex-
plored. Additionally, the internal electron transfer mechanism
in these composite materials and the synergistic effect of pho-
tocatalytic PS activation are still unclear.

Thus, to address these gaps, Ji et al.” developed a new Z-
scheme PDI/MIL-101(Cr) heterojunction via a one-pot method,
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which was employed for persulfate (PS) activation under visible
light. The PS/PM-7 (PDIs : MIL-101 (Cr) = 9: 7, w/w, 0.5 g L)
system achieved the rapid degradation of iohexol, with a reac-
tion rate 8.8-times higher than that of the PDI/PS/Vis system.
The Z-scheme PM heterojunction possessed high charge
transfer efficiency, with electrons injected from the CB of MIL-
101 (Cr) to the VB of SA-PDIs. PS acted as a photo-generated
electron acceptor, promoting carrier migration and the gener-
ation of reactive oxygen species, and thus accelerating the
oxidation of iohexol. Among the various reported MOF mate-
rials, MIL-125 (Ti)-NH, (MTi) has attracted increasing attention
due to its excellent chemical stability and water stability. The
MTi amino functional groups served as molecular linkers to
connect the PDIs. Liang et al® prepared a PDI/MTi hetero-
junction with Lewis acid-base pair structures through a simple
acid-catalyzed approach. The amino group in MTi acted as
a nano scaffold, binding to PDIs through ammonolysis reac-
tions. The synergistic effect of the micropolarization field,
multiple active sites, and C-N bonding interface enhanced the
photocatalytic activity for killing Staphylococcus aureus and
reducing Cr(vi).

3.3.3 Heterojunction between PDIs and other self-
assembled supramolecular materials. Metal phthalocyanine
(MPc), as an organic semiconductor, is a planar conjugated
macrocyclic molecule with a suitable HOMO energy level that is
slightly lower than the CB bottom of PDIs, making it suitable for
Z-scheme band alignment. Among the various MPcs, zinc
phthalocyanine (ZnPc) is widely used in photocatalysis. Sun
et al® successfully designed and synthesized ultrathin
phosphate-regulated ZnPc/PDI supramolecular Z-scheme het-
erojunctions for CO, photoreduction under wide visible light.
The improved charge separation efficiency, caused by the Z-
scheme heterojunction, significantly contributed to the
enhancement in photocatalytic performance. Notably, the
introduced phosphoric acid groups improved the uniform
dispersion of ZnPc on PDI nanosheets by forming hydrogen
bonds at the interface. Additionally, these groups acted as hole
traps, accelerating the charge transfer and spatial separation.
The ZnPc/PDI heterojunction exhibited significantly improved
photocatalytic activity, showing about 6.5-times higher CO,
photoreduction efficiency than that of the pure PDIs. The
stronger SPS response of all the ZnPc-modified PDI samples,
especially the 2ZnPc/PDI samples, confirmed the significant
enhancement in the separation of photo-generated charges.
However, the ZnPc/PDI heterojunction assembled through
hydrogen bonding interactions may limit the transport of
photo-generated carriers. Therefore, further research is needed
to synthesize MPc/PDI heterojunctions with close interfaces
and sufficient active sites to obtain high-performance
photocatalysts.

For instance, Zhi et al.®* created an imide-based 2D covalent
organic polymer, CoPcPDA-CMP, by integrating CoPc and PDI
moieties, which were further exfoliated into CoPcPDA-CMP
nanosheets. The successful formation of the six-membered
imide ring was confirmed by FTIR. In the CoPcPDA-CMP NS
photocatalytic system, the CoPc and PDI groups achieved CO,
reduction and H,O oxidation semi-reactions, respectively,
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completing the entire CO, reduction reaction through Z-scheme
charge transfer. Furthermore, combined with the excellent light
absorption ability, charge separation efficiency, and electronic
conductivity of CoPcPDA-CMP nanosheets, it exhibited an
outstanding CO, photoreduction performance, competing with
the most advanced visible-light-driven organic photocatalysts.

Polyaniline (PANI) is a non-toxic conductive polymer.® Its
molecular structure consists of aniline (-NH-) and quinone
imine (=N-) groups, representing the reduced and oxidized
forms of PANI, respectively. Polyaniline has a high reduction
potential and narrow bandgap, making it responsive to visible
light. Conversely, PDIs have a strong oxidation potential and
low reduction potential. Thus, the energy band alignment
between PANI and PDIs is favorable for the formation of Z-
scheme or S-scheme heterojunctions. Constructing a PDI/
PANI heterojunction in either the Z-scheme or S-scheme
configuration not only addresses the challenge of the limited
charge separation ability of PDIs but also expands their appli-
cability by mitigating the constraints imposed by their low
reduction potential. For instance, Dai et al.** successfully con-
structed a three-dimensional Z-scheme PANI/PDI hetero-
junction, which demonstrated the effective degradation of
tetracycline (TC) under visible light irradiation. This can be
attributed to the establishment of a large delocalized w-electron
conjugation system and energy-matched heterojunction
between PANI and PDIs. The active species ("0,~, h', and H,0,)
react with TC, leading to hydroxylation, dealkylation, aromati-
zation and ring-opening processes, ultimately resulting in
complete mineralization.

Porphyrin molecules, characterized by porphyrin rings and
various substituents (carboxyl, hydroxyl, and sulfonic acid),
have attracted considerable interest in photocatalysis due to
their wide absorption spectra covering the entire solar spec-
trum.® The HOMO energy level of porphyrin molecules closely
matches the CB of PDIs, and their similar conjugated macro-
cycle structure facilitates size-matched interfaces through m-m
interaction. This means that porphyrins can be used to build
heterojunctions with PDIs, which are responsive to the full
spectrum of sunlight. For example, Jing's group® creatively
designed a Z-scheme T-TCPP/PDI heterojunction by selecting
tetra(4-carboxylphenyl)porphyrin (TCPP) as a reduction photo-
catalyst, PDIs as an oxidation photocatalyst, and TiO, (T) as an
energy platform for electron transfer. In the T-TCPP/PDI het-
erojunction system, the introduction of TCPP enhanced the
charge separation, while the coupled TiO, facilitated the
extraction of photo-generated electrons accumulated on the CB
of TCPP, thus enhancing the Z-scheme charge transfer between
TCPP and PDIs. Based on the dominant role of the hetero-
junction, the optimized T-TCPP/PDIs showed a 10-times
increase in CO production over pure PDIs and retained its
excellent photostability. Zhu's group* also successfully devel-
oped a TPPS/PDI heterojunction using TPPS (tetra(4-
sulfonatophenyl)porphyrin) and PDIs as an electron donor
and electron acceptor, respectively, through m-m stacking
interactions. In this case, there was no TiO, as an energy plat-
form for electron transfer, and the electron transfer in the TPPS/
PDI heterojunction was driven by the built-in electric field,
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primarily through the type II mechanism. The donor-acceptor
(D-A) interface with high charge separation between TPPS and
PDIs significantly enhanced the charge separation and
extended the excited state lifetime compared to the individual
components, leading to excellent photocatalytic H, evolution.

3.4 PDI/metal heterojunction

Depositing precious metals on semiconductor photocatalysts is
one of the methods commonly employed to improve their
performance. Generally, precious metals are deposited as
nanoparticles (NPs) on the photocatalyst surface, utilizing
either the surface plasmon effect at the contact interface or the
formation of a Schottky barrier to improve their performance.
When metal particles absorb incident light, the photocatalyst
system experiences the excitation of localized surface plasmon
resonances, increasing the rate at which the semiconductor
generates electron and hole pairs. Due to the lower work func-
tion of the semiconductor compared to the metal NPs,
a Schottky barrier is formed between the metal and n-type
semiconductor, causing the excited electrons in the semi-
conductor to transfer to the metal surface. Metal NPs act as an
electron capture agent, further promoting the separation of
photo-generated carriers. For instance, Wei et al.*® developed
Pd@PDI/P25 and PDI/Pd@P25 systems using Pd quantum dots.
These photocatalysts exhibited a core-shell structure, with Pd
quantum dots located on the inner and outer surfaces of the
shell, respectively, which showed excellent catalytic activity in
phenol degradation and hydrogen evolution experiments. The
electron transfer mechanism is as follows: a photon gets
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absorbed, inducing the generation of an exciton in PDIs and the
electron shuttles to the CB, and then transfers to the Pd
quantum dots. The accumulation of hot electrons in Pd
quantum dots enhances the Pd plasma oscillation effect,
resulting in energy transfer and holes entering the PDIs. This
process generates an increased number of PDI radical anions,
enhancing the reduction ability of PDIs.

Despite being expensive and rare, gold (Au) remains an
effective co-catalyst in photocatalysts due to its high activity.
Miao et al'* prepared a PDI@AuUNP photocatalyst, which
exhibited a 1.7-times larger degradation rate of phenol than that
of PDI nanowires (Fig. 14a—c). The surface plasmon resonance
effect of AuNPs and the resonance energy transfer effect
between PDIs and AuNPs improved the visible light utilization
and carrier separation efficiency of the heterojunction, thereby
improving the photocatalytic activity.

The low reduction potential of platinum (Pt) also makes it
suitable for coupling with PDIs to improve their photocatalytic
activity. Additionally, the Schottky barrier between Pt and PDIs
accelerates the transfer of photo-generated electrons from PDIs
to Pt. Liu et al.®” successfully prepared a Pt quantum dot/PDI
heterojunction using a simple chemical reduction method.
This heterojunction exhibited an excellent photocatalytic
performance for the degradation of phenol under visible light
irradiation. The optimal 1 wt% Pt QD/PDI composite demon-
strated a 6.2-fold improvement in activity compared to pure PDI
nanorods for the degradation of phenol. The formation of
a Schottky barrier between Pt quantum dots and PDI nanorods
accelerated the migration and separation of photo-generated

Fig. 14 TEM images of (a) self-assembled PDIs, (b) AuNPs, and (c) PDIs@AuUNPs. Reprinted with permission.** Copyright 2021, Elsevier. (d)
Schematic illustration of the synthesis of CoPcPDA-CMP NSs. (e) TEM image of CoPcPDA-CMP NSs. Reprinted with permission.#2 Copyright

2022, Wiley.
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carriers. The Pt quantum dots effectively captured and shifted
the photo-generated electrons, leading to the rapid transfer and
efficient separation of photo-generated carriers, ultimately
enhancing the photocatalytic performance.

However, although precious metals can significantly improve
the photocatalytic performance of PDIs, their high cost and
limited availability restrict their widespread industrial use. In
this case, non-precious metals offer promising alternatives due
to their abundant reserves, cost-effectiveness, and potential for
large-scale applications. Therefore, exploring PDI/non precious
metal heterojunctions holds great research value and necessity.

For example, Zeng et al.®® addressed the poor water solubility
and easy aggregation of PDIs, which limit their application in
homogeneous catalytic reactions, by synthesizing organic
polymer Zn-PDI photocatalysts. The interplay between metal-
PDI coordination and m-m stacking of the organized PDI
arrays in Zn-PDIs facilitated consecutive photo-induced elec-
tron transfer. These synergistic effects between the PDI array
and Zn sites further enhanced the photocatalytic activity of Zn-
PDIs for the basic oxidation of benzyl alcohol and amines.

Inspired by the advantage of minimal spatial dimension of
nanocrystals, Zhong et al.*® successfully synthesized large-scale
1D nanocrystals of cobalt perylene diimide polymer (Co-PDIs
NRs). When Fe(NOj); was used as an electron acceptor, Co-
PDI NRs exhibited the highest photocatalytic oxygen evolu-
tion. This excellent performance was attributed to the efficient
electron-hole separation and the in situ generation of a-FeOOH
as a co-catalyst.
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Building on the integration of 1D nanocrystals, strong built-
in electric fields, and the functional properties of cobalt, Cao
et al® further synthesized 1D nanocrystals of cobalt-
intercalated urea perylene imide polymer composite (Co-UPDI
NRs) (Fig. 14d and e). The optimal oxygen production rate of
Co-UPDI NRs reached 7992.3 pumol h™' g™! which was
approximately 13-times higher than that of UPDIs (580.7 pmol
h™" ¢ "). The experimental results indicated that the superior
oxygen production performance of Co-UPDI NRs resulted from
their improved photoelectric conversion efficiency and the in
situ formation of CoOOH as a co-catalyst.

Heterogeneous photocatalytic reactions predominantly
occur at the surface. Therefore, maximizing the exposure of
active sites on the surface of catalysts is crucial for enhancing
the reaction efficiency. The utilization of atoms can be
improved by reducing the size of metal nanoparticles and
increasing their dispersion on the semiconductor surface.
Particularly, employing monatomic metals allows for maximum
atom utilization efficiency and the generation of abundant
active sites for surface catalytic reactions.

For instance, Shen and co-workers®* used a simple two-step
immersion calcination method to introduce Co single atoms
and ultra-small CoOx clusters in polymer diacetylene PDIs
(Fig. 15a and b). The obtained Co/PDI photocatalyst showed
excellent activity for water oxidation under visible light irradi-
ation, achieving an oxygen evolution rate of 5.53 mmol h™' g~*
(2> 420 nm). The AQY for oxygen evolution was 8.17% at 450 nm
and 0.77% at longer visible wavelengths (Fig. 15c). This
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Fig. 15 (a) Schematic illustration of the process for the preparation of Co-PDls. (b) HAADF-STEM image of Co-PDls. (c) Photocatalytic oxygen
evolution rates of PDIs, Co(OH),-PDls, Col-PDls, CoOx@PDls, and Co-PDls under visible light (1 > 420 nm). (d) Illustration of the charge-transfer
process in Co-PDls upon light irradiation. Reprinted with permission.®* Copyright 2022, Wiley.
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indicates that Co/PDIs is an outstanding photocatalyst for
oxygen evolution. The theoretical calculations and experimental
results revealed that the Co single atom acts as an electronic
mediator, connecting adjacent PDI layers to establish a direct
channel for rapid charge transfer. Simultaneously, the ultra-
small CoOx clusters acted as hole collectors and reaction
sites, accelerating the oxygen evolution reaction kinetics
(Fig. 15d). This synergistic effect significantly boosted the
photocatalytic performance of oxygen evolution.

In another study, Zhu's group®” created a PDI photocatalyst
modified with dual co-catalysts, Co;0, and Pt, for photocatalytic
water oxidation. Notably, this photocatalyst exhibited a high O,
yield of 24.4 mmol g~ * h™" under visible light, with an AQY of
6.9% under 420 nm monochromatic light. The rational design
of the dual co-catalysts generated an electric field, providing an
anisotropic driving force for photogenerated holes towards
Co30, and photogenerated electrons towards Pt, synergistically
improving the space charge separation efficiency for water
oxidation.

3.5 PDIs/carbon material heterojunctions

Carbon-based materials such as carbon nanotubes, fullerenes,
graphene and carbon quantum dots (CQDs) have remarkable
chemical stability, high conductivity and large external specific
surface area. Introducing carbon in semiconductors derived
from carbon-based materials offers several benefits, including
extending their absorption spectral range and reducing the
recombination of photo-generated charges.” Among the
various carbon materials, CQDs stand out due to their simple
preparation, high yield, low toxicity, and cost-effective precur-
sors.” Furthermore, CQDs exhibit broadened light absorption
characteristics, excellent electronic conductivity, and upcon-
version effects.”

For instance, Liu et al®® successfully prepared carbon
quantum dot-doped perylene diimides (PDIs/CQDs) using
a one-step acidification polymerization method. The apparent
rate constant of the photocatalytic degradation of naproxen over
PDIs/CQDs was 3.50-times higher than that of the original PDIs.
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To improve the applicability of PDI/CQD materials, the authors
further developed PDI/CQD cellulose acetate membranes,
which demonstrated excellent stability and efficiency under
different water conditions. Graphene quantum dots (GQDs),
another type of CQDs, can function as both electron donors and
acceptors, enabling the efficient regulation of the transfer of
photo-generated charges. GQDs have excellent conductivity,
non-toxicity, and quantum confinement effects, and thus they
are widely used to enhance the photocatalytic performance of
PDIs. For example, Zhu's group®” successfully prepared GQD/
PDI composites through electrostatic interactions. The photo-
catalytic activity of GQDs/PDIs was evaluated by studying the
degradation of phenol and hydrogen production under visible
light. When the mass fraction of GQDs in PDIs reached 14%,
the phenol degradation rate of GQDs/PDIs was 4.73-times
higher than that of pure PDIs, and the hydrogen production rate
(1.60 mmol g ' h™') was 1.88-times higher than that of pure
PDIs. The improved photocatalytic redox activity of GQDs/PDIs
was attributed to the formation of long-range electron delocal-
ization through the m-7 interactions between GQDs and PDIs.
Additionally, the quantum confinement effect of GQDs facili-
tated the transfer of electrons from GQDs to PDIs, resulting in
a more negative CB position for PDIs, further enhancing their
reduction ability. Besides GQDs, the 3D graphene structure has
attracted significant attention in photocatalysis due to its large
surface area, strong adsorption capacity, and simple prepara-
tion process. Furthermore, the excellent conductivity of reduced
3D graphene promotes the migration of photo-generated
carriers, while its 3D porous structure enhances the adsorp-
tion and enrichment capabilities, providing more reaction sites.
Notably, supporting PDIs on 3D graphene significantly
enhances the utilization efficiency of photo-generated charges
and sunlight, thereby demonstrating an excellent photocatalytic
performance. Recently, Zhu's group®® developed a PDI-anchored
graphene 3D structure through m-7m interactions. The photo-
electric degradation rate of MB over PDIs/rGO was nearly double
that of pure PDIs or rGO under the same conditions. This
enhancement in photodegradation ability can be attributed to
two main factors, as follows: (1) the m—7 stacking interaction

Table 1 Summary of the different types of PDI-based heterojunctions with different electron transfer paths

Heterojunction Conduction band (V) Valence Band (V) Bandgap (eV) Type Ref.
PDIs/BisO,1-OVs —0.20/-0.25 1.54/2.56 1.74/2.81 I 126
PDIs/TPPS —0.72/-1.26 0.84/0.10 1.56/1.36 11 12
PDIs/Ag,S —0.34/—0.44 1.39/1.37 1.73/1.81 11 56
PDIs/g-C3N, —0.19/-1.06 1.47/1.28 1.66/2.34 11 66
PDIs/BiOI —0.38/0.89 2.61/1.39 1.72/1.77 Z 14
PDIs/BN —0.92/-0.72 0.88/2.98 1.80/3.70 VA 143
PDIs/MIL-53(Fe) —0.33/-0.26 1.23/2.41 1.68/2.67 z 78
PDIs/BiOCl —0.45/—0.41 1.27/2.10 1.72/2.55 Z 28
PDIs/MIL-101(Cr) —0.16/0.62 1.54/2.92 1.70/2.30 VA 79
PDIs/Ag;PO, —0.34/0.27 1.46/2.7 1.70/2.43 Z 54
PDIs/CdS —0.39/-1.02 1.58/1.42 1.97/2.44 VA 56
PDIs/g-C3Ny —0.28/—1.26 1.52/1.32 1.79/2.58 Z 62
PDIIM/ZIS —0.22/-0.66 1.77/1.70 1.99/2.36 S 13
PDIs/COFs —0.27/—0.95 1.48/1.20 1.75/2.15 S 106
PDIs/TiO, 0.98/—0.57 2.74/2.6 1.74/3.20 S 110

This journal is © The Royal Society of Chemistry 2024
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enables carrier delocalization along the -7 stacking direction
and (2) the large surface of 3D PDIs/rGO not only improves the
adsorption capacity but also provides more reaction sites and
multi-dimensional channels.

Based on the above discussion, it is known that most
incorporated semiconductors with suitable energy band struc-
tures can form heterojunctions with PDIs. However, the
different redox potentials of the semiconductors usually lead to
different electron transfer channels when forming hetero-
junctions with PDIs. Therefore, we summarize the different
types of PDI-based heterojunctions with different electron
transfer paths in Table 1, which will provide some reference for
the construction of efficient PDI-based heterostructures.

4. Applications of PDI-based
heterojunctions

PDIs-based photocatalysts have been attracting attention due to
their potential in applications such as energy storage, energy
conversion, and environmental protection. In this section, we
provide a concise overview of their applications in photo-
catalytic water splitting, pollutants degradation, and other
photocatalytic reactions.

4.1 Applications in photocatalytic water splitting

4.1.1 Photocatalytic hydrogen production. The use of fossil
energy has undoubtedly brought convenience to humans but
has also resulted in a serious energy crisis and environmental
pollution. Thus, to address this challenge, the development of
hydrogen (H,) energy has emerged as a promising solution
given its abundant reserves, high energy density, and no
pollution to the environment. Among the various methods for
the generation of hydrogen, photocatalytic water splitting,
which converts solar energy into H, energy,” is currently
regarded as highly promising. In this process, achieving a lower
potential of the CB than that of H,O (0 eV vs. NHE) is crucial.
Accordingly, PDI-based photocatalysts, with a CB position of
about —0.36 eV vs. NHE, have been extensively investigated for
photocatalytic H, production.*® To highlight and compare their
performance, we summarized the H, production activity of
various PDI-based photocatalysts in Table 2.

However, pure PDIs faces challenges in producing H, due to
their high recombination rate of photo-generated charges, low
reduction potential, and unsuitable surface properties for H,
production. Nevertheless, by modifying the energy band struc-
ture, electronic structure, functional groups, and other surface
properties, significant improvements can be achieved in H,
production performance. For example, Hua and co-workers'®
successfully obtained phosphoric acid-substituted PDIs, which
showed an excellent H, production rate of 11.7 mmol g~' h™"
and an AQY of 2.96% at 550 nm. Through the substitution of
terminal groups with strong electron-withdrawing acceptor
groups, the separation of photoinduced carriers was enhanced
and the spectral response range was extended, thus increasing
the photocatalytic H, production activity. To broaden the
absorption spectrum and enhance the separation of
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photoinduced charges, Ding et al'® employed a strategy
involving the formation of coordination bonds between zirco-
nium(v) metal cations and organic supramolecular system
based on PDIs. A series of PDI supramolecular photocatalysts
(P-PMPDIs) doped with different Zr'V cations through phos-
phonate/Zr"™ coordination bonds was successfully synthesized.
Among them, P-PMPDIs-Zr (Zr" : P-PMPDIs = 0.25 : 1) showed
the highest activity in the photocatalytic hydrogen evolution
reaction, with a rate of 50.46 mmol g~ " h™', excellent AQY
(11.7%) at 630 nm, and remarkable stability. It is worth noting
that doping other types of metal ions in PMPDIs can also
enhance the photocatalytic H, production performance. The
doping of Zr significantly improved the built-in electric field
and the separation efficiency of photo-generated charges in
PMPDIs. Additionally, it endowed PMPDIs with a high CB
potential by regulating the band structure, thus enhancing its
photocatalytic H, production performance.

In addition to metal doping, non-metallic element doping
can also contribute to improving the photocatalytic H,
production of PDIs. Xu et al'®* successfully created three
heteroatom-doped cyclic PDI photocatalysts (N-APDIs, S-APDIs,
and Se-APDIs). The heteroatom-cyclized PDIs showed superior
H, evolution rates compared to PDIs under visible light. Among
the three photocatalysts, N-APDIs had the highest H, produc-
tion rate (61.49 mmol g~ h™') with an AQY of 5.90% under
420 nm monochromatic light. The improved photocatalytic H,
production activity of N-APDIs can be attributed to the
enhanced molecular dipole, which generates a strong built-in
electric field, thus boosting the separation and migration of
photo-generated charges. Furthermore, the doping of ring
heteroatoms can serve as favorable active sites to promote
hydrogen production activity.

Researchers widely acknowledge that increasing the number
of active centers is a fundamental approach to improve the
photocatalytic activity of H, production.’® Therefore, con-
structing PDIs with rich morphological characteristics and
active sites is a viable strategy to improve the H, production
efficiency. In particular, ultrathin nanosheets offer the advan-
tage of exposing a large number of active sites, while shortening
the distance for photo-generated charges to migrate to the
surface of the photocatalyst and inhibiting bulk recombina-
tion.'” Zhu and co-workers'** proposed the concept of ultrathin
PDI nanosheets with a thickness of about 0.8 nm. Due to the
space effect and strong hydrogen bonding of phthalic acid,
phthalic acid-substituted PDIs (PDIs-phthalic) mainly assem-
bled on the hydrogen bond plane, thereby inhibiting m-m
stacking self-assembly and resulting in ultrathin nanosheets.
PDIs-phthalic showed a hydrogen production rate of 1.1 mmol
h™' g~! under visible light, which was 9.2-times and 4.8-times
that of PDIs-isophthalic and PDIs-terephthalic, respectively.
The excellent photocatalytic H, production of PDIs-phthalic is
attributed to its ultrathin structure, which shortened the travel
distance of photo-generated charges.

Despite its potential, the photocatalytic performance of PDIs
is still hindered by the slow movement of photo-generated
charges due to the high symmetry of its chemical structure.
Thus, to address this issue, the construction of a built-in electric

This journal is © The Royal Society of Chemistry 2024
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field in PDI-based photocatalysts has emerged as an effective
strategy to drive the rapid separation of photo-generated
charges and guide their migration towards the active sites,
thus enhancing the solar energy conversion efficiency. For
example, Zhu's group'®” developed single-molecule layer
supramolecular perylene tetracarboxylic acid (PTA) nanosheets
with a thickness of approximately 1.5 nanometers, serving as
a photocatalyst for H, evolution (Fig. 16a—-c). By optimizing the
kinetics, thermodynamics, and surface reaction conditions, the
obtained PTA nanosheets showed good photocatalytic H,
production activity, reaching an H, production rate of
118.9 mmol h™! ¢~ * and a quantum yield of 13.5% at 420 nm
(Fig. 16d and e). The enhancement in the reduction potential
and generation of a built-in electric field in the PTA nanosheets
promoted the separation and migration of photo-generated
charges, supporting their excellent H, production activity
(Fig. 16f and g). The photo-deposition experiment further
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confirmed the orientation of IEF and its impact on the aniso-
tropic separation of photo-generated carriers (Fig. 16h).
Notably, the hydrogen production rate of the PTA photocatalyst
is the highest among PDI-based photocatalysts. This work
provides a valuable reference for future efforts in efficient
molecular structure design engineering.

The construction of a PDI heterojunction offers a dual
advantage by enhancing the separation efficiency of charges,
while preserving the strong redox ability of the photocatalysts,
thereby achieving efficient photocatalytic H, production. For
instance, Zhu's group** constructed a TPPS/PDI heterojunction
with porphyrin (TPPS) as the electron donor and PDIs as the
electron acceptor. The heterojunction exhibited a surface
potential of 70.16 mV, indicating the generation of a strong
internal electric field. At the interface, the electric field from
PDIs to TPPS promoted the transfer of photo-generated elec-
trons from TPPS to PDIs, resulting in the significant separation

Line 1

200 400 600 800
Distance (nm)

—~ 3004 = Full spectrum 118.9 mmol g h"
o ~§30 mW cm? (832.3 pmol h™') 4 _
S 2509 * Visible light (A2420 nm) o cB 113V
E ~450 mW cm™? ) 4 w-054 ... ...
£ 2004, Am1.5G pe .0.47V E (H'/H,)=-0413 V
p= 100 mWom® 81.6 The 9 0,0+ o™
O 150 sk P » vos\
B 571.2 ymol h™) > 051 6('0
S 1004 - = ©
> g T 10{ 9 123V
~ 504 41.8 mmol g h° z 153V
T (292.6 pmol h™') ‘ S 157 s ve
T v ' v T I . . - O PTA
0.5 1.0 ) 1.5 20 25 %00 400 500 600 a 20 PTCDA
Time (hour) Wavelength (nm)

@ (h)

@
A Yy o

7] 9 @ Mn,O,

=

2 6 ¢ o[> o
£ 10.3 times
w e o ¢ @ o e
w 4 @ OFr e
z.

= 2.
2 — ) ) ) )
0

PTCDA PTA

Fig. 16 (a) Time-of-flight secondary ion mass spectrum, (b) AFM image and (c) corresponding height, (d) photocatalytic H, evolution under full
spectrum and (e) wavelength-dependent AQE for photocatalytic HER over PTA and the surface photovoltage of PTA. (f) Band structures of
PTCDA and PTA measured experimentally. (g) Tested IEF intensity and (h) schematic illustration of Pt and Mn,Oz photo-deposition on PTA under
visible light (2 = 420 nm). Reprinted with permission.*> Copyright 2022, Nature.
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of photo-generated carriers. This heterojunction reached an H,
production rate of 30.36 mmol h™" ¢~ *. This study offers valu-
able insights into the preparation of PDI-based heterojunctions
with high photocatalytic hydrogen production ability. In
another study, Li et al.’*® manufactured an S-scheme conjugated
COF/perylene diimide urea polymer (PUP) all-organic hetero-
junction via the in situ coupling of a two-dimensional triazine-
based imine-linked COF with PUP. The COF/PUP hetero-
junction exhibited an optimal photocatalytic H, evolution rate
(94.5 mmol h™" g™") and an exceptionally high AQY of up to
19.7% at 420 nm.

4.1.2 Photocatalytic O, production. The photocatalytic O,
production reaction, involving a four-electron process, is
considered the rate-determining step in overall water-splitting
reactions due to its high energy barrier and slow kinetics.''*
Typically, the addition of sacrificial agents is required in the
water-splitting process to facilitate the reaction. These sacrificial
agents react with the holes, replacing the four-electron process of
water splitting to produce O,, while allowing the VB electrons of
PDIs to participate in the reduction reaction. However, due to
cost considerations, the reliance on sacrificial agents signifi-
cantly limits the application of PDIs in water splitting to H,.
Therefore, the development of PDI photocatalysts with high O,
production ability is crucial for achieving H, production through
water splitting. Significant progress has been made in the
development of PDI-based photocatalysts for photocatalytic O,
production. This section provides a brief summary of the latest
advancements in PDI-based photocatalysts for O, generation,
which are also summarized in Table 3.

Compared to other all-organic photocatalysts, PDIs stand out
due to their wide visible light absorption range and deep
oxidation potential, making them highly promising materials
for photocatalytic O, production. Zhu's group demonstrated
that pure, unmodified PDIs nanoassemblies could serve as
photocatalysts for O, production under visible light,” opening
new possibilities for the development of PDIs in photocatalytic
O, production. However, the photocatalytic O, evolution activity
of these PDI nanoassemblies remains low (only 2.6 pmol h™*
g7 ') due to the easy recombination of photo-generated charges.
Thus, to enhance the photocatalytic O, production activity of
PDIs, Zhu's group®® further prepared one-dimensional supra-
molecular organic nanofibers composed of carboxyl-substituted
PDI molecules through H-type m-m stacking and hydrogen
bonding self-assembly. These nanofibers achieved effective
photocatalytic O, production without the need for metal co-
catalysts. The m-m stacking structure significantly decreased
the bandgap of PDIs, resulting in lower VB and CB energy levels.
The deeper VB position represents the stronger oxidizing ability
of the holes in the photocatalytic reaction. Compared to pure
PDIs, the O, evolution rate of PDI nanofibers is about 19.8-times
higher. This improvement can be attributed to the introduction
of terminal carboxyl groups, which enhances the internal elec-
tric field in the supramolecular nanofibers and deepens the VB,
thereby improving the efficiency of photoinduced -carrier
migration and separation. These findings further advance the
development of PDIs in photocatalytic O, production. Clearly,
the built-in electric field plays a crucial role in achieving high

This journal is © The Royal Society of Chemistry 2024
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efficiency in carrier extraction, separation, and migration, as
well as high O, activity. Numerous studies have focused on
enhancing the built-in electric field to achieve the efficient
photocatalytic O, production of PDIs. For example, Zhu's
group® constructed a highly crystalline photocatalyst (urea-
PDIs). The original PDI molecule possesses a small dipole
moment due to its symmetrical structure. However, the intro-
duction of the negative carbonyl increases the dipole moment.
The high crystallinity and large molecular dipoles contribute to
the establishment of an internal electric field, resulting in
improved charge separation and transport efficiency of urea-
PDIs (Fig. 17a-d). With the strongest built-in electric field,
urea-PDIs exhibited the highest O, evolution rate (3223.9 pmol
g¢~' h™") under visible light without a co-catalyst (Fig. 17¢). In
another study, Liu et al.''> prepared linear conjugated polymer
oxamide-PDI photocatalysts through precise structural design
and molecular packing control. The high crystallinity and large
internal dipole moment of oxamide-PDIs generated a large
built-in electric field, enabling efficient carrier migration and
separation. Consequently, oxamide-PDIs achieved a full-
spectrum O, evolution rate of 5110.25 umol g ' h™" and
could operate continuously for more than 30 h, with a cumula-
tive O, production of 111.7 mmol g~ .

Heterojunctions offer an important approach to construct-
ing a powerful internal electric field, enabling efficient photo-
catalytic O, production by spatially isolating redox sites. For
instance, Zhang et al.°® created a CdS/PDI Z-scheme hetero-
junction, where the Fermi level of CdS is higher than that of
PDIs, leading to electron transfer from CdS to PDIs. This results
in the formation of abundant holes on the surface of CdS and
a large number of electrons on the surface of PDISs, establishing
a strong internal electric field from CdS to PDIs. This internal
electric field results in band bending and additional potential
energy for photogenerated electrons in the space charge region.
The photo-generated electrons of PDIs are excited from the VB
to CB, and then recombine with the holes in the VB of CdS,
which is facilitated through the internal electric field. This leads
to the separation of electrons and holes in the VB of PDIs from
the CB of CdS. The construction of this Z-type heterojunction
effectively improves the transport efficiency of photo-generated
carriers, while retaining the strong redox ability of both semi-
conductors. The average O, production activity of 15% CdS/
PDIs was measured to be 1392.29 pmol g~ h™'. Another
approach to promote the photocatalytic O, production perfor-
mance of PDIs by constructing a strong built-in electric field was
demonstrated by Yang and co-workers.*® They designed a p-
Ag,S/n-PDI heterojunction with a photocatalytic O, production
rate of about 34.6256 umol g ' h™" under full-spectrum irra-
diation. The excellent photocatalytic O, production of p-Ag,S/n-
PDIs is attributed to the enhanced light absorption, strong
oxidation ability, and excellent carrier separation caused by the
built-in electric field between Ag,S and PDIs.

The remarkable aspect of the research discussed above is
that it was conducted without using O, production co-catalysts.
However, the introduction of co-catalysts has become an
attractive strategy due to their ability to extract and capture
photo-generated charges, provide additional redox active sites,

J. Mater. Chem. A


https://doi.org/10.1039/d3ta06862e

View Article Online

Review

Journal of Materials Chemistry A

uonn[os N3V

juareddy

uonnjoad ¢Q jo ey

LTT wu 0Th I8 %69 00¥ ¥¢ NW 0 Jo Tw 00T 9sAresedojoyd Sur g1 LW MW gey  (wu 00€ < ¢) dure] 9X M 00€ SUON 1d/"0foD/s1ad
uonnjos snoanbe ONSY I T0°0 JO

L1 WU 0Th 8 %LL'T 88'FTST  TW 00T 07T S 1°0 IsA[ereoojoyd Sw gz SIQE[IEAB JON (W 00€ < ) duwre] 9X M 00€ SUON slad
uonnjos snoanbe §QON3V N T0°0 JO

911 wu 07k 18 %LLT 0TIS W 00T 0% 8 10 9sd[ereoojoyd Sw 5g o WO MW gz (W 00€ < ) durep 2X m 00g SUoN SIAd-oPHEXO
19JeM PIZIUOIAP JO TW S/ ‘CONSY Sw 00T

STT Wy 0Ty e %LLT sveT ‘“o%e 8w 001 “IsArereotoyd Sw 0g dlqe[reae 0N (wu 0y < v) dwef 9X M 00€ SUON S1ad-nd
uonnjos snoanbe £QN3Y

9 3[qe[reAe JON T9°¥7¢ N T0°0 Jo Tw 00T ‘IsA[eyeoojoyd Sw 0g d[qe[rest J0N durey 90X m 005 QUON s1ad-u/s%sv-d
uonnjos snoanbe £QON3Y N 50°0 JO

9¢ SqEIeA. JON 6TT6EL W 00T 0% 5 10 9sA[ereaoioyd Sw og dlqe[reat JON (W 0zy < ) duwre] 9X M 00€ SUON S1Ad/spo
uonnjos snoanbe £(EQN)od

PIT o[qE[IEAR 0N 00027 W 0°€ Jo Tw 00T 9sATereoojoyd Su T olqe[iese JON (WU 0T¥ < v) duref aX m 00€ SUON  SHN SIAd-IN®*(HO)od
uonnjos snoanbe £QN3Y

06 wu 0SF 18 %6EF 08¢ NW 0°S Jo Tw 00T “4sA[eresojoyd Sw o1 d[qE[eAB JON (WU 0z¥ < ¢) dwre] aX M 00€ SUON S1adn-00
uonnjos snoanbe £(EQN)od

68 S[qE[IEAR JON 0£SS W € Jo Tw 00T 9sfereooroyd Suwr T WD MW ST (wu ogy < v) dure] 9X m 00¢€ SUON SIad-0D
uonnjos snoanbe £QON3Y

e wu 0SS I8 %96°C 0090F AW 07 0% 3 1°0 9sAreredojoyd Su 5T WO pur6ge (wu gy < v) durer 9x m 00¢ SUON HN-SIAd
uonnjos snoanbe £(EQN)od

68 wu 00 3¢ %9T'T 000 £2 W € Jo Tw 00T IsAferecojoyd Sur 1 WO MW ST (W ogy < v) dwep aX M 00€ SUoN “(HO)2a/s1a4-00
uonnjos snoanbe £{QON3V N 50°0 JO

174 WU 0g¥ I8 %98°€ 6'€72€ W 00T 0%T 3 T°0 9shereoojoyd Sw ¢ o WO Mu gge (WU 0Ty < v) dure] 9X M 00€ SUON SIdd-esin

‘799 Adoudroygge wmyuenb (,_4 ,_8 roun) SUOTIIPUOD JUSWAINSBIN  SONISU)UT JYS3IT 201mos IY3rT  IsAeres-on 1sA[erRd030yd

“INd TS:LT'T ¥202/L2/T U0 ZuweyD eysAIUN aYdsiuyos L Aq popeojumod “v20g Aenuer Go Uo paustidnd

UOIIDB3I UONNIOAS 20 pJeMmO) SisAjerenoloyd paseq-|dd o Alanoe onAleiesoioyd sy jo Alewwns ¢ ajqel

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. A


https://doi.org/10.1039/d3ta06862e

Published on 05 January 2024. Downloaded by Technische Universitat Chemnitz on 1/27/2024 1:17:51 PM.

View Article Online

Review Journal of Materials Chemistry A

€)] Ethylenediamine-PDI

50
(b) [ Zeta potential enhanced ;05

AE=8.75 mV ;W 1.68 times
£,
£ -26.23
§m- 293.67 times
8
N

10

AE=15.31 mV | AE=30.88 mV

200nm 200 200nm o W Fol CeaTIN
= " = built-in electric field enhanced ——
48 10* 500
———Urea-PDI - Urea-PDI
()., € £ /. —Hydrazine-pPDI (d) —— Hydrazine-PDI g (e) 32239
sl E / \\\ —— Ethylenediamine-PD! 10-1 ——— Ethylenediamine-PDI $ 2 3000
) 3 = N F3 -
S 300 i ol \ &3 |
e £ | \Typ=46.76 s w{ | Polymers T, 28 P o
3 ME | N 2 upP 5.21 3 o] Activity increased
s 204 [ \,\ é‘ 10° 4 HP 3.14 € 'g
‘ 1500
g s g \ B 03 £ g s
= » 10°
o 104 ’/' THP=42;2\8 Hs 1 8 10004
0.5 / \ i =
/ \\ 10' LI WA A g L 500 -
0.0 - NN, {"“r‘ '1' 'f"'.".'.? i 1
o8 : i gt wll b b b’ i
10" 107 10 10* 10* 10° 200 250 300 350 400 450 500 550 600 Ethylenediamine-PDI
Decay Time (s) Time (ns) built-in electric field enhanced —

Fig. 17 (a) Surface potential of different polymers detected with KPFM. (b) Zeta potential of different polymers. (c) Lifetime of photo-generated
holes detected by transient SPV. (d) Transient fluorescence spectrum of the polymers. (e) Increased photocatalytic oxygen evolution with
enhanced built-in electric field. Reprinted with permission.?? Copyright 2022, Wiley.

and lower the reaction potential and activation energy of surface photocatalyst, which displayed a strong built-in electric field
O, precipitation.”® Consequently, significant efforts have been induced by its high crystallinity, thereby greatly accelerating the
devoted to developing efficient semiconductor/co-catalyst separation and transfer of photogenerated charges. In the
composite materials, including PDIs, to enhance their perfor- absence of a co-catalyst, PDIs exhibited an excellent photo-
mance for photocatalytic O, production. For example, Shen and  catalytic O, production rate of up to 14.2 mmol g * h™". Alter-
co-workers® developed Co and CoOx cluster co-catalyst- natively, when Co(OH), was loaded on PDIs as a co-catalyst
modified PDIs (Co-PDIs) via an impregnation-calcination using the impregnation method, PDIs demonstrated a break-
method. The O, evolution rate of Co-PDIs under visible light through in photocatalytic O, production from water under
reached 5.53 mmol h™" g~ *, which was about three-times higher  visible light, with an oxygen evolution rate of 40.6 mmolg *h™*
than that of PDIs. The Co atom established a charge transport and apparent quantum efficiency of 10.4% at 400 nm. Notably,
channel between the PDIs layers, while the CoOx cluster acted the O, production rate of this PDI photocatalyst is currently the
as a hole collector, accumulating a large number of holes on the highest among PDI-based photocatalysts. This work empha-
surface of PDIs. The synergistic effect between them accelerated sizes not only the significant enhancement in the photocatalytic
the charge transfer process in Co-PDIs, thereby enhancing the activity of PDIs through the construction of an internal electric
photocatalytic oxidation ability for water. In the O, evolution field but also highlights the importance of designing appro-
reaction on the photocatalyst surface, many efficient non-noble priate co-catalysts for improving the O, production perfor-
metal hydroxides (M = Fe, Co, Ni, etc.) have been developed. mance of PDIs.

However, currently, there are few reports on combining co- 4.1.3 Photocatalytic overall water splitting. Thus far, there
catalysts with the crystal engineering design of PDIs to is limited research focused on the photocatalytic overall water
construct simple, low-cost and efficient photocatalytic systems splitting using PDI-based photocatalysts. Most studies have
for water oxidation. Addressing this gap, Zhong et al.® synthe- primarily investigated either the H, evolution half-reaction or
sized one-dimensional nanocrystals (NCs) of Co-PDI polymer. the O, evolution half-reaction, often requiring the addition of
These NCs showed high photocatalytic O, evolution activity, sacrificial agents during the process. However, obtaining H, in
reaching an optimal value of 27 000 umol ¢~* h™" under visible  this way is inefficient and economically unfavorable due to the
light using Fe (NOs); as the electron acceptor. The excellent high consumption of these agents. Therefore, the development
photocatalytic O, production activity of NCs is attributed to the of sacrificial agent-free photocatalysts for overall water splitting
synergistic effect between one-dimensional nanocrystals and in  is of great significance.

situ-generated a-FeOOH, resulting in wide light absorption, fast Artificial Z-scheme photocatalysts, inspired by natural
charge separation, and reduced charge recombination. Zhu's photosynthesis processes, offer significant potential for
group® also prepared a Co(OH),-loaded crystalline PDI achieving highly efficient photocatalytic overall water splitting.**
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By combining the highly-efficient photocatalytic O, evolution
performance of 1D Co-PDIs/Fe*" and the highly-efficient photo-
catalytic H, evolution performance of Ru/SrTiO;:Rh, a traditional
Z-scheme photocatalyst system was constructed. In this system,
Ru/SrTiO;:Rh acts as the photocatalyst for H, evolution, while 1D
Co-PDIs/Fe*" serves as the photocatalyst for O, evolution in the
presence of 1.0 mM Fe**/1.0 mM Fe*" as a redox mediator
(Fig. 18a).* Under visible light, the simultaneous evolution of H,
(~4.0 pmol h™") and O, (~2.0 pmol h™*) with a stoichiometric
ratio 2 : 1 was realized. However, this traditional Z-scheme pho-
tocatalyst has some drawbacks. For instance, photo-generated
electrons and holes with strong redox ability are susceptible to
consumption by shuttle redox ion pairs. The application of
traditional Z-scheme photocatalysts is also limited by factors
such as the light shielding effect, feasibility limitation of solution
systems, and pH sensitivity of solutions. Furthermore, most
redox media are prone to inactivation, resulting in a decrease in
the reaction rate over time.

Compared to traditional Z-scheme photocatalysts, all solid-
state Z-scheme photocatalysts offer several advantages. They
eliminate the need for redox ion pairs, instead relying on excel-
lent electron mediators, such as noble metals and other
conductive materials (Fig. 18b). Generally, all solid-state Z-
scheme photocatalysts are considered superior because they
prevent the consumption of strong redox electron and hole pairs,
enabling the better recovery of photocatalysts. Moreover, they
significantly enhance the carrier transfer through the influence
of electron mediators. For example, Zhu's group”™ successfully
constructed an all-solid-state Z-scheme g-C;N,/rGO/PDI Z-type
heterojunction for overall water splitting. This heterojunction
has a large internal electric field and low resistance, facilitating
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efficient charge separation and transport. During the reaction,
the photo-generated electrons in the CB of PDIs transfer to the
VB of g-C;N, through the rGO interlayer, while the holes follow
the opposite path. This arrangement preserves the strong redox
ability of both semiconductors, enabling complete water split-
ting to generate H, and O,. The H, and O, release rates reached
15.80 and 7.80 pmol g~ ' h™", respectively, without the need for
a sacrificial agent (Fig. 19). These rates surpass that of many
reported g-C;N,-based photocatalysts. However, the construction
process of all solid-state Z-scheme photocatalysts is complex, and
the electron transfer media may introduce challenges such as
shielding effects and high costs.

Compared to traditional Z-scheme and all-solid-state Z-
scheme heterojunction systems, direct Z-scheme photo-
catalysts offer several advantages given that they operate
without the need for redox and charge carrier media, leading to
inhibited reverse reactions and significantly reduced shielding
effects (Fig. 18c). In addition, direct Z-scheme photocatalysts
exhibit good corrosion resistance. For instance, Liu and co-
workers'** reported the preparation of a direct Z-scheme PDI/
Zny gCdo .S heterojunction for photocatalytic overall water
splitting. This heterojunction exhibited an H, evolution rate of
71.98 pumol ¢ * h™ ! and O, evolution rate of 32.44 umolg " h™*,
with a stoichiometric ratio close to 2:1 for H, and O,. Addi-
tionally, the heterojunction displayed excellent cycle stability.
The construction of the PDIs/Zn, gCd, »,S heterojunction resul-
ted in efficient charge separation and strong redox ability,
resulting in significantly enhanced photocatalytic activity for
overall water splitting.

The emerging S-scheme heterojunction, which consists of
reducing and oxidizing photocatalysts, has gained significant
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Reductiony @ @ G 000
(e e reaction (e e ()
jr-;"--A“\ jr""-
{ ) o of Reduction
“*D--' i he - reaction
g h* h* h* h* h* b
—n] Oxidation TN
h* h* h* &eaction i Oxidatio:)h’ h* h* o
reaction
PCIl
(c) (d)
Direct Z-scheme S-scheme heterojunction
600 XX
0 09:5. G060
. S 1 Botucion
o reaction
h* h* h* h* h* h*
———  PCI ~——= RP
Oxidation ) h* h* h* Oxidation |h* h* h*
reaction PC Il reaction oP

Fig. 18

(a) Schematic illustration of charge carrier transfer in traditional Z-scheme heterojunction, (b) all-solid-state Z-scheme heterojunction,

(c) direct Z-scheme heterojunction,’*® and (d) S-scheme heterojunction.**®
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permission.”* Copyright 2021, Wiley.

attention in photocatalytic overall water splitting due to its
seemingly more suitable charge transfer mechanism (Fig. 18d).
A notable example of photocatalytic overall water splitting is the
TiO,/PDI S-scheme heterojunction synthesized by Fang et al.**
through a simple solvent compounding method. The PDI-TiO,
heterojunction exhibited an H, evolution rate of 238 umol g~*
h™" and O, evolution rate of 114.18 umol g~ * h™*, with a stoi-
chiometric ratio close to 2:1 for H, and O,. The excellent
photocatalytic performance of TiO,/PDIs can be attributed to
the S-scheme charge transfer mechanism, which effectively
suppresses the recombination of photo-generated charges and
maximizes the absorption in the full solar spectrum, thereby
greatly improving the H, evolution activity.

The above-mentioned studies on overall water splitting were
realized in the presence of co-catalysts, which reflects that
cocatalysts play an important role in the reaction of overall water
splitting. In this case, although cocatalysts themselves usually do
not have light absorption properties, coupling them with semi-
conductor materials can significantly improve their photo-
catalytic activity. The main functions of cocatalysts are as follows:
(1) inhibiting the occurrence of reverse reactions, (2) inhibiting
photo-corrosion and improving the stability of photocatalysts, (3)
reducing the activation energy or overpotential of H, and O,
generation reactions on semiconductor surfaces and providing
reactive sites and (4) improving the separation efficiency of
photogenerated electrons and holes at the interface of the main
photocatalyst. Therefore, the reasonable design and construction
of oxidation and reduction cocatalysts on the surface of the
catalyst are very important for promoting the development of
PDI-based photocatalysts for overall water splitting.

4.2 Applications in the degradation of pollutants

Photocatalysis technology has emerged as a crucial, econom-
ical, and effective approach to tackle environmental pollution
issues. Leveraging the advantages of PDIs as photocatalysts,
PDIs-based photocatalysts have been widely reported to effec-
tively remove a variety of organic pollutants, including phenols,
pesticides, and antibiotics. When a PDI-based heterojunction is

This journal is © The Royal Society of Chemistry 2024

excited under illumination, the photo-generated electrons on
the CB can reduce the dissolved O, attached to the surface of the
material to generate strong oxidizing free radicals of 'O, and
'0,. Meanwhile, the photo-generated holes on the VB migrate to
the surface of the material, resulting in the formation of strong
oxidizing free radicals of "OH and h*. These active free radicals
engage in oxidation reactions with organic pollutants, leading
to their degradation into non-toxic inorganic substances and
low-toxic small molecules.

For instance, Miao et al.™* used the electrostatic adsorption
method to synthesize a PDI@AuNP visible-light photocatalyst.
The excitation of plasmon resonances resulted in energy
transfer from AuNPs to PDIs, promoting the carrier separation
and enhancing photocatalytic efficiency. Compared to PDI
nanowires, the degradation rate of phenol by PDIS@AuNPs
increased by 1.72 times. In another study, Chen et al.*** inves-
tigated the degradation capability of PDI nanofibers using
ofloxacin as a model pollutant and compared their photo-
catalytic activity under different water qualities. The results
showed degradation rate constants of 0.334 £ 0.195, 0.250 +
0.018, 0.208 £ 0.014 and 0.224 £ 0.009 min !, for ofloxacin in
ultrapure water, tap water, Pearl River water, and wastewater,
respectively. Although the degradation performance slightly
decreased in tap water, Pearl River water, and wastewater, the
effective degradation of ofloxacin was still achieved, high-
lighting the applicability of PDI nanofibers in real environ-
mental conditions.

Furthermore, Zhang et al.** prepared PDI nanofibers and
constructed a heterojunction with Bi,WO4 to evaluate the
degradation performance of Bi,WO4/PDIs for phenol. The
photocatalytic degradation process generated a large amount of
superoxide radicals for the degradation of phenol. The apparent
rate constant of Bi,WO,/PDIs was 7.65-times higher than that of
Bi,WOg alone and 1.75-times higher than that of self-assembled
PDIs, demonstrating the significantly enhanced photocatalytic
activity of the Bi,WOg/PDI heterojunction. In the study by Liu
and co-workers,** PDI/mpg-C;N, composites were synthesized
and employed for the degradation of bisphenol A (BPA). Among
the tested samples, 20% PDIs/mpg-C;N, had the highest visible
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light catalytic activity, achieving a degradation efficiency of
90%. The degradation rate of BPA by 20% PDIs/mpg-C3;N, was
7.3-times and 3.4-times higher than that of mpg-C;N, and self-
assembled PDIs, respectively.

However, although the above-mentioned studies meaning-
fully improved the degradation rate of PDI-based photocatalysts
for pollutants, relatively few studies have been conducted on
their mineralization rate. If the complete mineralization of
organic pollutants into inorganic substances can be achieved,
their toxicity will be completely eliminated. For example, the hp-
PDI-NA photocatalyst reported by Zhu et al.™ degraded 100% of
phenol within 6 h, but its mineralization rate was only 16%. Zhu
et al.*® also reported that the degradation rate of phenol by
nano-PDI reached 60% within 12 h, but its mineralization rate
was only 20%. Obviously, it is still very challenging to achieve
a high mineralization rate of PDI-based photocatalysts for the
degradation of pollutants.

Significant advancements have been achieved in the degra-
dation of organic pollutants using PDI-based heterojunctions. To
highlight and compare their performance for degrading various
pollutants, in this section, we summarize the latest significant
progress in the photocatalytic degradation of organic contami-
nants by PDI-based heterojunctions, as presented in Table 4.
However, the low efficiency of photo-generated carrier migration
and the rapid recombination of electron-hole pairs remain
challenges that impede the widespread application of PDI-based
photocatalysts in pollutant degradation.

The combination of photocatalysis and the persulfate (PS)
advanced oxidation process is considered one of the most effi-
cient, low energy consumption, and environmentally friendly
methods for activating PS and removing persistent organic
pollutants.”” This coupling effect between photocatalysts and
PS serves multiple purposes, i.e., it inhibits the recombination
of photo-generated carriers, accelerates their separation, and
generates multiple active free radicals (including SO, ~, '0,,
0,"7, h*, and "OH") to achieve the oxidative degradation and
mineralization of organic pollutants. However, photocatalysts
still face certain limitations in the photocatalysis-coupled PS
systems, including low solar energy utilization efficiency, easy
recombination of photo-generated carriers, low matching
between energy band structure and PS activation energy,
limited exposure of active sites, and insufficient stability. These
shortcomings contribute to the weak coupling effect between PS
and the photocatalyst, consequently hampering the wider
application of photocatalysis coupled with the advanced
oxidation process of PS in the treatment of pollutants.

PDI-based heterojunction photocatalysts possess various
advantages including affordability, rich chemical composition,
broad light absorption range, precise molecular structure design,
controllable energy band structure, high carrier mobility, and
strong electron affinity. These properties make PDI-based het-
erojunctions highly promising for the photocatalytic activation
and degradation of organic pollutants coupled with PS.

For instance, in the study conducted by Yang and co-
workers,” a novel PDI/PS/Vis system was constructed and
evaluated for its photocatalytic performance using bisphenol A
as the target pollutant. As shown in Fig. 20a, the minimal
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Table 4 Summary of the photocatalytic activity of PDI-based photocatalysts toward phenol degradation
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degradation of bisphenol A was observed under visible light or
PS/visible light alone. However, both PS and PDIs (P5) individ-
ually achieved approximately 28.8% BPA degradation within
15 min. P5 under visible light irradiation achieved 50%
bisphenol A degradation. Nevertheless, the degradation rate
was still too slow, possibly due to the low concentration of free
radicals due to electron and hole recombination. After adding
PS, bisphenol A was completely degraded within 15 min in the
PDI/PS/Vis system. Notably, the reaction rate constants of the
PDI/PS/Vis system were 123, 49.2, 35.1- and 12.3-times higher
than that of the Vis system, PS/Vis system, PDI/PS system, and
PDI/Vis system, respectively. These results show that the pho-
tocatalytic coupling with the PS system significantly improves
the photodegradation efficiency.

To understand the intermediate products and their toxicity
during pollutant degradation, high-performance liquid
chromatography-mass spectrometry and DFT calculations were
employed. These analyses revealed the generation of 12 types of
intermediate products during the degradation process. Addi-
tionally, the toxicity of each intermediate was predicted using
the ecological structure-activity relationship (ECOSAR)
program. The findings indicated that BPA has high biological
toxicity, while the intermediate products from the degradation
of bisphenol A in the PDI/PS/Vis system initially increased, and
subsequently decreased, ultimately generating non-toxic ring-
opening products. These insights are crucial for assessing the
environmental impact of the pollutant degradation process.

However, the removal rate of pollutants by the PDI/PS/Vis
system still remained relatively low, which is mainly due to the

This journal is © The Royal Society of Chemistry 2024

predominant role of superoxide radicals (‘O,”) rather than
hydroxyl radicals (‘OH) in the degradation process (Fig. 20b and
¢). The "OH species is more effective in degrading persistent
organic pollutants due to its high oxidation potential (~2.8 V).
Thus, to improve the efficiency of PDI/PS/Vis systems, a new
approach involves constructing PDI-based materials capable of
generating "OH more easily. In this regard, Yang et al.'* devel-
oped a novel binary photocatalyst consisting of biochar loaded
with PDIs (PDIs/BC). As shown in Fig. 20d, both BC and PDIs
individually exhibit good degradation activity towards iohexol.
However, when BC and PDIs were combined, their degradation
activity was significantly enhanced. Through free radical capture
experiments, it was evident that the active free radicals involved
in IOH degradation are h*, ‘OH, '0,, ‘0,  and SO;, with ‘OH
playing a primary role in the IOH degradation process (Fig. 20e
and f). The enhanced performance of BC/PDIs for the degrada-
tion of iohexol can be attributed not only to the introduction of
BC, which enhances the utilization efficiency of photo-generated
carriers, but also because it changes the free radical generation
pathway, resulting in increased ‘OH production.

Although PDI-based photocatalysts have primarily been
applied to liquid-phase pollutants, there are still limited reports
on the degradation of gas-phase pollutants, which warrants
further exploration.

4.3 Applications in other photocatalytic reactions

4.3.1 Photocatalytic N, fixation. Ammonia (NH;) is an
essential compound widely used in various fields such as agri-
culture, industry, and pharmaceuticals, serving as a vital green
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energy carrier and basic chemical. At present, the industrial
synthesis of NH; relies on the energy-intensive Haber Bosch
reaction, which generates significant CO, emissions. Therefore,
it is urgent to develop a low-energy, cost-effective, and envi-
ronmentally friendly process to continuously convert atmo-
spheric nitrogen (N,) into NH;3. In this case, photocatalytic N,
fixation, often regarded as the “holy grail” reaction,*”® offers
a promising solution due to its economic viability, sustain-
ability, safety, and simple operation, emerging as the most
attractive technology for the synthesis of NH;. However, N,
molecules have extremely strong nonpolar N=N triple bonds,
presenting a significant challenge for efficient photocatalytic N,
fixation. Furthermore, current photocatalysts still suffer from
slow charge transfer, resulting in unsatisfactory activity for N,
fixation. Therefore, the development of highly efficient photo-
catalysts for N, fixation is crucial.

PDIs, which are known for their good chemical stability,
simple preparation, high abundance, and low cost, hold great
potential for photocatalytic N, fixation."”” In the study con-
ducted by Yang and coworkers,"® PDIs were applied in the
photocatalytic N, fixation process. They designed a novel BOPDI
photocatalyst, which incorporated polar bridged electron
donor-acceptor units (D-A). The introduction of the D-A
structure in BOPDIs led to an asymmetrical spatial configura-
tion, effectively increasing the molecular dipole moment and
enhancing the internal electric field. The strong internal electric
field improved the separation and transfer efficiency of photo-
generated carriers, thereby enhancing the photocatalytic
activity performance.

Remarkably, without the need for sacrificial agents or co-
catalysts, the BOPDI photocatalyst achieved an NH; produc-
tion rate of 74.0 umol g~ * h™*, which was 11-times higher than
that of the original PDIs. The AQY of NH; over BOPDIs under
450 nm monochromatic light was measured to be 1.29%. The
photocatalytic mechanism of N, fixation by BOPDIs was
attributed to the strong internal electric field, which facilitated
electron migration to the embedded units. Meanwhile, the
photoinduced holes remained on the benzene ring and perylene
units, forming long-lived intermediate states. These electrons
were capable of activating N, to generate NHj, while the
remaining holes participated in the activation of H,O to
produce O,. Notably, this work marked the first application of
PDI composite materials in photocatalytic N, fixation for NH;
synthesis.

4.3.2 Photocatalytic H,O, production. Hydrogen peroxide
(H,0,) has been widely recognized as a green oxidant, and thus
employed in sterilization and industrial wastewater treatment.
It is also considered an excellent energy carrier. However, the
conventional industrial method for producing H,O,, the
anthraquinone oxidation method, presents challenges such as
complex processes, high energy consumption, and generation
of toxic by-products. Hence, it is necessary to develop alternative
methods that are safe, energy-efficient, and environmentally
friendly for H,O, production. In recent years, photocatalytic
technology has received significant attention for H,O, produc-
tion due its availability to address these requirements and
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facilitate H,O, production in a safe, low-energy, and sustainable
manner.**3*

An example of these advancements is the creation of an MIL-
125-PDI heterojunction for H,O, production by Yamashita and
co-workers.” The H,0, production rates for MIL-125-NH, and
the PDA precursor were measured to be 1111 and 1511 uM g~ *
h™', respectively. However, the physical mixture of MIL-125-
NH, and PDA showed an unsatisfactory H,0, yield (1022 uM g~
h™"). In contrast, the MIL-125-PDI heterojunction demon-
strated a significantly higher H,0, production rate of 4800 pM
g ' h™", surpassing that of MIL-125-NH, by a factor of 4.3. The
AQY value for H,0, production decreased with an increase in
the wavelength of the incident light. This result is consistent
with the optical properties of MIL-125-PDIs, highlighting the
crucial role of light absorption ability in the photocatalytic
activity of H,O, production. To elucidate the mechanism of
H,0, production by MIL-125-NH, and MIL-125-PDIs, a capture
experiment of active species was conducted. In the case of MIL-
125-NH,, the photoreduction of O, to H,0, requires a two-step
single-electron process. In the case of MIL-125-PDIs, besides the
original two-step single electron process (constituting 19% of
the mechanism), a dominant one-step double electron O,
reduction process (making up 81%) occurs, leading to the
formation of H,0,. This work demonstrates that PDIs still
retain photocatalytic activity for H,O, production; however,
their performance remains very low. This is a research prospect
for the development of PDI-based photocatalysts aimed to
promote the practical application of PDIs in H,0, production.

4.3.3 Photocatalytic CO, reduction. The burning of fossil
fuels is a major contributor to the release of large amounts of
CO, into the atmosphere as a result of human activities, leading
to severe adverse effects on the climate and environment. Thus,
to address these issues and mitigate environmental and energy-
related challenges, the conversion of excessive CO, into high-
value-added fuels has emerged as a promising approach.
Among the various methods, photocatalytic CO, reduction
stands out due to its environmentally friendly nature and mild
reaction conditions.**?

Photocatalytic CO, reduction holds great potential given that
it can yield a diverse range of products. However, the stable
chemical structure of CO, molecules poses a significant chal-
lenge, given that their reduction at room temperature is
extremely difficult. This difficulty further adds to the complexity
of achieving efficient photocatalytic CO, reduction.

Hu and co-workers™® introduced a novel approach by
anchoring PDI photosensitizers on mesoporous nanocrystalline
zirconia (ZrO,) through salicylic acid groups. The resulting
ZrO,|PDI composite, together with Re(bpy) (CO);Cl and TEOA as
a sacrificial electron donor in DMF, exhibited remarkable
photocatalytic CO, reduction under 100 mW c¢cm > LED white
light illumination. The measured turnover number (TON) of
CO, to CO catalysis achieved by ZrO,|PDIs was comparable to
previously reported photosensitive CO, catalysis TON values.
The strong anchoring of salicylic acid on the surface of ZrO, and
efficient electron transfer at low catalyst concentrations make
ZrO,|PDIs a promising candidate for CO, photoreduction
applications.

This journal is © The Royal Society of Chemistry 2024
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However, the photocatalytic activity of pure PDIs for CO,
reduction is largely affected by their near-zero CB bottom level,
resulting in low thermodynamic-energy photoexcited elec-
trons.’** Thus, to address this limitation, the construction of
PDI-based heterojunctions enables the precise adjustment of
the energy band structure of PDIs and promotes photo-
generated charge separation, thereby improving their photo-
catalytic performance in CO, conversion using H,O as an elec-
tron donor. Metal phthalocyanines (MPcs), as planar
conjugated macrocyclic molecules, have suitable HOMO energy
levels, which are slightly lower than the CB bottom of PDIs,
making them compatible with Z-scheme band alignment. Jing's
group®* extensively investigated MPcs in CO, photoreduction.
For example, they developed an ultrathin phosphate-modulated
zinc phthalocyanine (ZnPc)/PDI supermolecule Z-scheme het-
erojunction. Surprisingly, the optimized ZnPc/PDI hetero-
junction showed CO, photocatalytic reduction activity of about
30-times higher than that of the original PDIs. This excellent
photocatalytic performance can be mainly attributed to the
closely interconnected Z-type heterojunction, which greatly
enhances the charge transfer and separation, as well as the
negative field formed by the modified phosphate anions on
PDIs, facilitating the capture of photo-generated holes.

In another study, to achieve efficient CO, photoreduction
with pure water as an electron donor, Jiang et al.** designed an
imide-based 2D covalent organic polymer, CoPcPDA-CMP, by
polyimidization reaction of tetraaminophthalocyanatocobalt(u)
(COTAPc) and PTCDA. The resulting nanosheets, CoPcPDA-CMP
NSs, demonstrated exceptional light absorption, charge sepa-
ration efficiency, and electronic conductivity. When employed
for efficient CO, photoreduction under visible light, using H,O
as a sacrificial agent, they achieved a CO yield of 14.27 pmol g "
h™" and CO selectivity as high as 92%. These results establish
CoPcPDA-CMP NSs as competitive with state-of-the-art organic
photocatalysts for overall CO, photoreduction reactions. Spec-
tral experiments confirmed the photoexcited electron transfer
process in the CoPcPDA-CMP NSs, validating the Z-type pho-
tocatalytic mechanism. This work contributes to the advance-
ment of highly active organic photocatalyst design and
synthesis for CO, conversion.

Photosynthetic  biological hybridization systems, as
emerging technology, offer a promising platform for the
synthesis of high-value-added chemicals from CO, by
leveraging the excellent light collection ability of semi-
conductors and the synthesis capabilities of biological cells or
enzymes. However, although organic semiconductor-bacteria
biohybrid photosynthetic systems have demonstrated excel-
lent performances, the use of inorganic semiconductors faces
challenges due to the difficulties in adjusting their optical
properties and concerns regarding the toxicity and phototoxicity
of heavy metals. Thus, to overcome these issues, the use of
organic semiconductors presents an effective solution.

Taking advantage of the excellent solar capture ability of -
conjugated molecules, the biocompatibility and hole/electron
separation efficiency of the p-n PFP/PDI heterojunction, and
the enhanced electron transfer from PFP/PDIs to M. thermoa-
cetica, Wang et al.**® constructed a non-photosynthetic bacteria-

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 (a) Photosynthetic production of acetic acid. (b) The produced
acetic acid amount of PDIs/PFP/M. thermoacetica in an alternating
light—dark cycle of 3 days. (c) Photosynthetic production of acetic acid
by conjugated molecules/M. thermoacetica under light and deletional
controls. (d) The produced acetic acid amount of PDI/PFP/M. ther-
moacetica in an alternating light-dark cycle of 12 hours each.
Reprinted with permission.*** Copyright 2020, Wiley.

based photosynthetic biohybrid system for CO, photoreduction
(Fig. 21a and b). Under light irradiation, the PDI/PFP/M. ther-
moacetica system exhibited the significant production of acetic
acid, surpassing the yields achieved by the PDI/M thermoacetica
and PFP/M. thermoacetica systems. Importantly, the system
demonstrated no significant attenuation in performance over
a period of three days (Fig. 21c and d). This innovative approach
holds great promise for efficient CO, photoreduction in
photosynthetic biological hybridization systems, offering
improved sustainability and chemical synthesis capabilities.

4.3.4 Photocatalytic conversion of organic molecules. The
synthesis of 3,4-dihydroisoquinoline (DHIQ), a crucial inter-
mediate in the production of morpholine and isoquinoline
alkanes, traditionally involves the dehydrogenation of 1,2,3,4-
tetrahydroisoquinoline (THIQ). However, this conventional
method relies on high valence metal oxidants, which contradict
the principles of green chemistry and do not allow the recovery
of the catalyst. Thus, in recent years, heterogeneous photo-
catalytic dehydrogenation has emerged as an attractive
approach for the sustainable and environmentally friendly
synthesis of high-value-added organic compounds. In this
context, as a highly stable n-type semiconductor material, PDIs
have strong photocatalytic oxidation capabilities, making them
promising candidates for efficient DHIQ synthesis by the pho-
tocatalytic oxidization of THIQ.
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Fig. 22 (a) Photocatalytic selective oxidation of 1,2,3,4-tetrahydroisoquinoline to 3,4-dihydroisoquinoline over different photocatalysts. (b)
Continuous catalytic runs for the oxidation of 1,2,3,4-tetrahydroisoquinoline to 3,4-dihydroisoquinoline over triphenylamine-PDls. (c) Substrate
scope. (d) Proposed reaction mechanism for the photocatalytic oxidation of THIQ to DHIQ. Reprinted with permission.**¢ Copyright 2022, Wiley.
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Zhu's  group developed an  ultrathin  porous
triphenylamine-diimide (PDI) photocatalyst with photooxida-
tion abilities for the oxidation reaction of THIQ to DHIQ. After
15 h of illumination, the conversion rate of triphenylamine-
PDIs reached 90%, with a selectivity of 92% and 84% yield
(Fig. 22a). Remarkably, even after four catalytic cycles, the
triphenylamine-PDI photocatalyst showed a minimal decrease
in performance, demonstrating its structural stability due to its
covalent linkage (Fig. 22b). Notably, the yields of other n-
heterocyclic substrates also exceeded 90% (Fig. 22c). The high
photocatalytic activity of triphenylamine-PDIs is attributed to
the electron donor-acceptor structure formed by triphenyl-
amine and PDIs, which enhances the driving force for the effi-
cient generation and separation of photo-generated charges.
The high crystallinity of triphenylamine-PDIs facilitates the
rapid transfer of photo-generated charges. Based on free radical
trapping experiments, the photocatalytic mechanism was
elucidated, as shown in Fig. 22d. Under illumination, the photo-
generated electrons on CB reacted with adsorbed O, to generate
‘0, , while the photo-generated holes on the VB are involved in
THIQ oxidation reactions. This work provides feasible options

J. Mater. Chem. A

and promising prospects for advancing photocatalytic selective
oxidation technology.

Imines play a crucial role as intermediates in various
industries, such as dyes, pharmaceuticals, and fine chemicals.
The photocatalytic synthesis of imines using PDIs offers a green
and sustainable approach. Despite the highly positive VB
potential of PDIs, which suggests that photo-generated holes
can serve as strong oxidants for the synthesis of imines, the
intrinsic defects caused by non-covalent systems lead to ineffi-
cient carrier transport in PDI photocatalysts, resulting in a poor
photocatalytic performance.

Thus, to overcome these limitations, Li et al.®® developed
a covalent bond PDI/mesoporous g-C3N, (mpgCN) Z-scheme
heterojunction for the photocatalytic oxidative coupling of
amines. The optimal PDI/mpgCN heterojunction achieved
a conversion efficiency as high as 99%, which was 8.1-times, 2.4-
times, and 11.4-times higher than that of the CN, mpgCN, and
PDIs samples, respectively. Additionally, the selectivity of n-
benzyl benzylamine reached 99%. The outstanding photo-
catalytic activity of PDIs/mpgCN was attributed to the maximum
separation and transfer of interfacial charges facilitated by
covalent bonding.

This journal is © The Royal Society of Chemistry 2024
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Based on free radical capture experiments and previous
reports, the authors proposed a possible photocatalytic oxida-
tive coupling process of benzyl amine over PDIs/mpgCN.
According to the Z-scheme electron transfer pathway, the
photo-generated electrons accumulated on the CB of mpgCN
reduce O, to O, under illumination. Simultaneously, PDIs is
oxidized by photo-generated holes, forming PDIs"" as an inter-
mediate. Subsequently, PDIs'" reacts with benzylamine to
generate PhCH,NH, ". Subsequently, PhCH,NH, " is further
converted into PhCH=NH, which couples with another ben-
zylamine molecule to form the n-benzylethyl benzylamine
product. However, the photocatalytic performance of PDI-based
photocatalysts is not high. Thus, to address these challenges, it
is necessary to develop PDI photocatalyst materials with strong
driving force for photo-generated charge separation and pho-
tocatalytic oxidation ability, which can effectively function in
aqueous solution.

5. Outlooks

All-organic n-type PDI materials, as semiconductors, are
emerging as the next generation of visible-light-driven “star”
photocatalysts in energy and environmental applications. These
materials possess an attractive band structure, high molar
extinction coefficient, abundant element resources, excellent
photothermal stability, and convenient synthesis routes. Thus,
to further enhance their photocatalytic activity, the current
research on PDI-based photocatalysts is focused on regulating
their intrinsic structure.

The strategies aimed at improving the photocatalytic
performance of PDI photocatalysts include molecular structure
design, enhancing their crystallinity, and controlling their
morphology. To date, considerable progress has been made in
optimizing these factors in intrinsic PDI materials, resulting in
improved photocatalytic activity. Additionally, the construction
of PDI heterojunctions has emerged as another strategy for
enhancing the photocatalytic performance of PDI-based
photocatalysts.

However, despite the rapid development of PDI-based pho-
tocatalysts in addressing environmental pollution and renew-
able energy production, several significant limitations and
challenges persist. Thus, considering these issues, we propose
the following research directions.

5.1 Improving the charge separation and migration
efficiency

Although highly active PDI photocatalysts have been reported,
their separation and migration efficiency of photo-generated
charges still needs to be improved. In this case, surface
defects offer an effective way to manipulate their charge trans-
port behavior, band structure, and surface catalytic reactions,**”
thus greatly improving their photocatalytic performance. The
precise engineering of surface defects can improve the charge
separation efficiency and facilitate the construction of stable
heterojunctions with other semiconductors, changing the
interface interaction from electrostatic adsorption to chemical

This journal is © The Royal Society of Chemistry 2024
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bridging."*®* However, limited research has been conducted on
the impact of surface defect modifications on the photocatalytic
activity of PDIs. Therefore, investigating PDI-based hetero-
junction photocatalysts formed by combining the surface
defect-modified PDIs with other semiconductors holds impor-
tant research significance in constructing PDI-based hetero-
junctions with highly efficient contact interfaces and improved
photocatalytic activity.

5.2 Exploiting crystal facets for enhanced photocatalysis

Different crystal facets with distinct geometric and electronic
structures results in diverse physical and chemical properties,
such as surface energy, defect formation ability, and affinity for
foreign elements.*®® The photocatalytic activity of PDIs is highly
dependent on their crystal facets, but there are few reports
exploring the different crystal facets of PDIs. Therefore, the
preparation of PDIs with specific exposed crystal facets and
their integration into heterojunctions with other semi-
conductors will play a crucial role in constructing well-defined
interfaces and improving their photocatalytic activity.

5.3 Exploring diverse PDI nanostructures

Morphology plays a vital role in photocatalytic performance.
Certain photocatalysts with unique morphologies have advan-
tages such as large specific surface area, low photo-generated
charge recombination, and high light energy utilization.
Although PDI nanostructures, such as nanosheets, nanowires,
and nanorods, have been extensively investigated, the further
exploration of PDI nanostructures with high specific surface
areas and high exposed active sites is needed. Examples include
quantum dots, hollow tubes, and hollow spheres. Additionally,
the multiple construction and stacking modes between PDI
heterojunctions and other semiconductors significantly impact
the interface characteristics, thus improving the photocatalytic
performance of PDI-based heterojunctions.

5.4 Investigating isotype heterojunctions of PDIs

Iso-type heterojunctions between different phases of identical
substances, characterized by staggered bandgaps, exhibit
higher stability, close contact, and natural compatibility
compared to hetero-type heterojunctions. Notably, excellent
photocatalytic performance has been observed in various iso-
type heterojunctions such as rutile/anatase TiO,,"*® monoclinic/
tetragonal BiVO,,'** and iso-type heptazine-/triazine-g-C;N,.**
Although different phases, compositions, and structures have
been prepared, no reports have explored PDI iso-type hetero-
junction photocatalysts. Thus, investigating PDI iso-type het-
erojunctions will become a significant research direction for
PDI heterojunction studies in the future.

5.5 Elucidating charge transfer routes and photocatalytic
mechanisms

The transfer routes of photo-generated charges and the under-
lying photocatalytic mechanism in different types of PDI-based
heterojunctions require further clarification. For instance, PDI/
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g-C3N, heterojunctions prepared through different methods or
applied in different fields exhibit significantly different transfer
routes, such as type II or Z-scheme heterojunctions. Thus,
understanding why these differences arise in the same PDI-
based heterojunction is essential. Accordingly, advanced char-
acterization methods such as in situ irradiated XPS, radical
trapping, fs-TAS, operando Kelvin probe force microscopy,
nanoelectrochemistry, and DFT calculations should be
employed and further developed to unravel these complexities.

5.6 Enhancing interface stability in PDI-based
heterojunctions

The interface stability of PDI-based heterojunctions is a critical
factor to consider. These heterojunctions are assembled by
combining PDIs with semiconductors through electrostatic
interactions, non-covalent bonds, covalent bonds, chemical or
physical adsorption, and more. However, during long-term
photocatalytic reactions, the interaction between the semi-
conductors may gradually weaken, compromising the transfer
of photo-generated charges at the interface and reducing the
photocatalytic activity. Therefore, further research is required to
enhance the interface interaction in PDI-based heterojunctions,
ensuring their long-term stability and suitability for practical
applications.

5.7 Photocatalytic reaction performed without sacrificial
agents

Water oxidation is a complex process with high energy
consumption and slow kinetics, which is characterized by
a high thermodynamic energy barrier, multi-electron, multi-
proton transfer, and oxygen-oxygen bond formation. There-
fore, in addition to reports on the photocatalytic degradation of
pollutants, antibacterial activity, etc., most performance tests of
PDI-based photocatalysts have been conducted in the presence
of a sacrificial agent, such as H, production, O, production, N,
fixation, and CO, reduction. However, sacrificial agents are
relatively expensive, which is unrealistic in the production
process, and it also has a great impact on the research of
catalytic mechanisms. Therefore, it is of great significance to
realize and explore photocatalytic reactions without adding
sacrificial agents. In addition, by adding low-value chemicals to
capture photogenerated holes, realizing their high value and
improving their photocatalytic efficiency are also important
directions for future research on PDI-based catalysts.
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