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Advances in organic semiconductors for
photocatalytic hydrogen evolution reaction

Yan Guo, (2% Qixin Zhou, (2? Bowen Zhu,” Chuyang Y. Tang {2 ** and Yongfa Zhu (2 *®

Using semiconductor materials for solar-driven hydrogen production is a sustainable alternative to fossil
fuels. Organic photocatalysts, composed of elements abundantly available on earth, offer the advantage over
their inorganic counterparts due to their capacity for electronic property modulation through molecular
engineering. However, our understanding of the critical properties of their photocatalytic redox processes has
yet to keep pace, hindering further development toward a cost-competitive technology. Here, we expound
upon our present comprehension of the microscopic mechanisms underlying organic semiconductor
photocatalysis. This article provides an overview of the current state of organic photocatalyst hydrogen
evolution reaction (HER), beginning with a description of the charge transfer model of organic
semiconductors. We then analyze the excitonic behavior after photoexcitation and present various control
strategies aimed at enhancing the efficiency of organic semiconductor photocatalytic hydrogen production.
Additionally, we summarize the research progress of conjugated supramolecular and polymeric organic
photocatalysts. Finally, we evaluate the efficiency and stability of organic photocatalyst HER.

Using semiconductor materials to produce hydrogen from water driven by solar energy is a sustainable alternative to fossil fuels. The origin of this research can
be traced back to 1972 when Fujishima and Honda reported the photoelectrochemical hydrogen production catalyzed by titanium dioxide. Despite more than
five decades of development, photocatalytic materials have advanced considerably in distinct aspects. However, the precise mechanism underlying

photocatalytic hydrogen production, irrespective of whether the catalyst is organic or inorganic, remains incompletely understood. The widely accepted
physical model proposes that light generates electron-hole pairs, which then undergo separation and transfer. This mechanism is comparatively intricate for
organic photocatalysts in contrast to inorganic ones due to the high exciton binding energy and the inadequately defined migration and transport of electron-
hole pairs or free carriers in organic semiconductors. In this review, we present recent research in our group on organic photocatalysts and the findings from

previously reported literature. We provide paradigms for future photophysical mechanisms in organic semiconductors and discuss challenges, which we
believe will offer valuable insights to researchers exploring photocatalytic hydrogen production.
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1. Introduction

Photocatalytic water splitting for hydrogen production has
emerged as a crucial area of research interest."* This technology
employs solar energy to directly convert water into hydrogen
and is thus an important source of clean energy. The develop-
ment of new photocatalytic materials is critical for achieving
efficient water splitting for hydrogen production, given the
rapid progress in materials science, physics, chemistry, and
related fields. Organic semiconductors are a type of semicon-
ductor that consists of organic compounds such as carbon,
hydrogen, oxygen, and nitrogen. Organic semiconductors offer
excellent structural tunability, which can be used to adjust their
absorption spectra and photoelectric properties to enhance
photocatalytic hydrogen production efficiency.>> Moreover,
organic semiconductors exhibit greater processability due to
their inherent flexibility.*” Inorganic semiconductors continue
to be the most commonly used photocatalysts in the study
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of photocatalytic water splitting for hydrogen production,®®
owing to their advantages such as higher photoelectric conver-
sion efficiency and better stability."®"" For instance, the exter-
nal quantum efficiency of aluminum-doped SrTiO; at the
ultraviolet wavelength (350-360 nm) is 96%."> However, given
that less than 5% of solar energy falls within the ultraviolet
spectrum, visible-light-active photocatalysts are needed to
achieve the 5-10% solar-to-hydrogen conversion efficiency
(nSTH) necessary for commercial viability. This has led to
recent interest in the development of organic semiconductor-
based photocatalysts.>'* Although the hydrogen production
rates (HER) of organic photocatalysts based on half-reactions
are now comparable to those of inorganic photocatalysts, the
low rate of overall water splitting (OWS) and their stability
remain a challenge.

The photocatalytic mechanism for hydrogen production
using both organic and inorganic photocatalysts is not yet fully
understood, and the widely accepted physical model involves
processes such as the separation and transfer of photogener-
ated electron-hole pairs, reduction of photogenerated electrons
on the surface of the catalyst, and oxidation of photogenerated
holes on the surface. The migration and transport of electron—
hole pairs/free carriers in organic semiconductors are not clear
due to the high dissociation energy of excitons and molecular
crystal properties, making the exploration of the photocatalytic
mechanism for hydrogen production more complex for organic
photocatalysts.'® Currently, there is no literature that examines
the influence of the electronic structure and exciton behavior of
organic semiconductors on photocatalytic HER. Therefore,
based on our group’s research on organic photocatalysts and
the reported results, we have written this review to provide
inspiration to researchers studying photocatalytic hydrogen
production. We first outline the current status of organic
photocatalyst HER, highlighting the charge transfer model of
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organic semiconductors; then analyze the excitonic behavior
after photoexcitation; provide control strategies to enhance
the efficiency of organic semiconductor photocatalytic hydro-
gen production; summarize the research progress of conju-
gated supramolecular and polymeric organic photocatalysts;
and finally, evaluate the efficiency and stability of organic
photocatalyst HER.

2. Status of photocatalytic HER in
organic semiconductor

Photocatalytic hydrogen evolution reaction (HER) from water
requires a semiconductor photocatalyst with a bandgap energy
that is at least as high as the electrochemical potential needed
to drive the overall water splitting (OWS). Practical photo-
catalysts should have a bandgap of 1.8 to 2.0 eV to accommo-
date the overpotential required for observable reaction rates for
both HER and oxygen evolution reaction (OER). Suitable photo-
catalysts for OWS are attractive and challenging. Currently,
there is controversy in HER regarding sacrificial donors and
co-catalysts. Additionally, the potential for scalable applications
is also gaining attention.

2.1 Requirement of sacrificial donors

Water splitting to produce hydrogen is challenging due to the
four-electron reaction required for O, evolution from water
(0,(g) + 4H'(aq) + 4e~ — 2H,0 (I), E = +0.82 V vs. SHE at pH
7). This has led to the use of sacrificial donors such as
triethylamine (TEA), which is thermodynamically less demand-
ing than water and has a two-electron reaction (diethylamine
(aq) + acetaldehyde (aq) + 2H" (aq) + 2~ — triethylamine (aq) +
H,O0(l), E = —0.72 V vs. SHE at pH 11.5, pH of triethylamine
solution), making it kinetically faster. The challenges and
limited success in OWS have prompted researchers to use
sacrificial agents to separate HER from water oxidation to
independently study the two half-reactions. Common sacrificial
donors used in HER include methanol, triethylamine, ascorbic
acid, triethanolamine, and EDTA. Photocatalytic reactions
consume sacrificial donors, necessitating continuous addition
to maintain H, production. Whether the source of hydrogen in
HER is water or a sacrificial donor has been called for and
requires evidence to clarify.">'®> Because these sacrificial
donors are rich in carbon and hydrogen, the oxidation of
methanol, for example, produces C1 products and hydrogen.
The role of sacrificial donors has been reviewed in detail.*®
Currently, organic photocatalysts for the OWS without sacrifi-
cial donors are attractive but difficult to design."””'® One
approach being the deposition of HER and OER co-catalysts,
where the distribution of the two co-catalysts is critical. Another
approach is to construct a Z schemes, whose complex device
design and higher cost make it less attractive than a single-
step system, and where charge transfer requires overcoming
additional processes related to the interface between the two
materials.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2 Requirement of co-catalysts in organic photocatalysts

Photocatalytic water splitting differs from electrocatalytic water
splitting in that it relies on photogenerated carriers to drive
the associated redox reactions, whereas electrocatalytic water
splitting depends on an external potential to supply the charge
and driving force. Despite differences in the generation and
transport of charges to active sites, both electrocatalytic and
photocatalytic systems share a localized electrochemical pro-
cess for reactant-to-product conversion. The use of metal
co-catalysts with electrocatalytic properties is often necessary
to provide active sites for photocatalysts,"**°
have become the preferred choice due to their exceptional
catalytic properties, despite their high cost and scarcity. To reduce
the loading of noble metals in organic photocatalysts while
maintaining performance, several approaches, including single-
atom catalysis, bimetallic co-catalysts, and the exploration of
metal-free photocatalytic systems, can be used to optimize
resource utilization and achieve a balance between the crucial
role of co-catalysts and the need for environmental sustain-
ability in photocatalysis.

2.2.1 Atomically dispersed metal centers. The utilization of
atomically dispersed metal centers has been investigated in the
synthesis of single-atom photocatalysts for H, evolution on two-
dimensional PCN, a commonly used organic semiconductor.
The abundant surface trapping sites for isolated atoms on PCN
make it an excellent host support. Various types of isolated
metal sites, including noble and non-noble metals (e.g., Pt,*' >
Pd,>*** Rh,*® Au,”” and Ag®®) and non-noble metal (e.g., Fe,*
Co,*° Ni,>* Cu,”* and Ga*®), have been decorated on PCN to
significantly lower the energy barrier for H2 evolution and
reduce the metal loading. However, the achievement of uni-
form dispersion of isolated reaction centers on semiconductor
supports requires sufficient distances between each metal
precursor to prevent agglomeration and ensure the formation
of single-atom photocatalysts with specific geometric environ-
ments after post-processing. These strict requirements on
the support limit the widespread application of single-atom
co-catalysts to a certain extent.

2.2.2 Bimetallic co-catalysts. Bimetallic nanoparticles have
been found to improve the intrinsic activity of cocatalysts and
reduce loading capacity. They do so by regulating the separa-
tion and migration kinetics of interfacial photogenerated car-
riers and providing abundant surface-active sites. The band
hybridization between the two metals and the charge redis-
tribution within the bimetal also enhance the charge separa-
tion efficiency. Furthermore, bimetallic nanoparticles offer
numerous catalytic active sites for surface reactions, which
regulate the adsorption and activation behavior of reactants
and target products on the catalyst surface. This improves the
activity and selectivity of photocatalytic reactions. Benefiting
from the intrinsic properties and delicate design of bimetallic
NPs, the specific activity of organic semiconductor/bimetallic
NPs-based catalysts is significantly better than that of mono-
metallic catalysts (e.g., Pt/Au,>**> AuPd,*® PtCo,*” FeCu,*®
NiCu,*® NiMn*?).

and noble metals
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2.2.3 Entirely metal-free photocatalytic systems. In pursuit
of green and sustainable chemistry, the exploration of efficient
and stable entirely metal-free photocatalysts for water photo-
reduction to H, remains a formidable challenge. One potential
approach involves utilizing metal-free co-catalysts (e.g., Carbon
Dots,*" Black Phosphorous®?), which entirely circumvent the
introduction of metal elements. Moreover, recent reports have
shown that the synthesis of these polymers or precursors was
carried out via metal catalysts,”*** which may leave residual
metal and have the potential to act as a co-catalyst. This
highlights the importance of developing metal-free synthetic
routes for these co-catalysts.

2.3 Scalable application

The application of the particle suspension process to industrial
production presents challenges such as power consumption for
powder dispersion and powder separation from the suspen-
sion. Therefore, the immobilization of photocatalyst powder
onto a specific substrate is necessary to scale up photocatalytic
HER from laboratory to plant scale. Although a solar-to-
hydrogen (STH) efficiency of 5-10% is required for economically
viable solar hydrogen production, few reports have achieved STH
of almost 10%. However, as mass transfer in immobilization is
less effective than in the suspension industry, further studies on
immobilized photocatalyst systems are necessary for future appli-
cations. For inorganic photocatalytic HER, aluminum-doped
strontium titanate has been reported with an STH of 0.76% in a
100 m? plate reactor array. The devices are made by depositing
aluminum-doped strontium titanate onto frosted glass via a
programmed spray system with the addition of hydrophilic silica
particles to form mesoporous channels in the inter-particle voids
and facilitate water and gas transfer. InGaN/GaN NWs supported
on silicon wafers were synthesized by molecular beam epitaxy,
achieving an STH of 9.2% at 70 °C". Organic semiconductors can
be prepared as flexible devices by forming thin films on flexible
substrates using solution processing techniques without requiring
high temperatures, vacuum or atmospheric conditions. This
allows for a wide range of applications in large area and mass
production. Flexible devices have been prepared by cementing
PTA onto cellulose nonwovens via hydrogen bonding.** In our
recent study, hydrogen-bonded organic frameworks have also
been prepared into flexible devices through hydrogen bonding
for scalable photocatalytic HER. Other mechanically strong
substrates should be considered to obtain more stable flexible
devices.

3. Charge carrier transfer and
photoexcited electron processes
in organic semiconductors

During the process of photocatalytic HER, organic semiconduc-
tors absorb light energy and generate electron-hole pairs
(A neutral exciton since Coulomb interaction is strong). These
excitons can migrate and diffuse to the semiconductor surface,
where they combine with protons in water to form hydrogen
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Fig. 1 Schematic diagram of organic semiconductor photocatalytic HER.

(as shown in Fig. 1). The structure of the organic semiconduc-
tor is critical in the generation and diffusion of photoinduced
excitons.

3.1 Charge carrier transport in organic semiconductors

The highly ordered structure and minimal defects of crystals
provide a prerequisite for revealing the mechanism of charge
transport. In organic semiconductors, the carrier transport
model is complex due to non-covalent interactions between
adjacent molecules.*® Few studies have explored the transport
of charge carriers in organic semiconductors in the field of
photocatalysis, with most only evaluating the efficiency of
charge carrier transport based on charge separation results.
Several theories for evaluating the charge carrier transport
mechanism in organic semiconductors exist in the field of
semiconductor physics, including band-like transport, small
polaron hopping, multiple trapping and releasing models, and
their modifications.”” Organic photocatalysts often have a
conjugated aromatic ring structure, enabling good light absorp-
tion and excitation capabilities and facilitating electron trans-
port in molecular materials.*® The transport of excitons is often
realized through a band-like transport mode in the photo-
chemical reaction process of reported organic photocatalysts.*’
This mode involves the transport of excitons formed by the
transition of electrons between molecular energy levels within
the molecular material. The conjugated structure within the
molecular material enables electrons to move inside the mole-
cule and transition between adjacent molecular energy levels.
Understanding how the electrons and holes generated in
organic semiconductors after photoexcitation are transported
within the material can help researchers comprehend the rate
and efficiency of catalytic reactions and guide the design of new
materials.>

3.2 Generation of excitons

When light energy exceeds the optical bandgap of the organic
material, photons are absorbed by the molecule, causing a
transition from the ground state to the excited state. Electrons
in the molecule transition from the HOMO to the LUMO or
higher energy levels, forming excitons or bound electron-hole
pairs within the molecule. Excitons can be classified into three

© 2023 The Author(s). Published by the Royal Society of Chemistry
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categories based on the distance between the electron-hole
pair: Frenkel excitons, CT excitons, and Wannier excitons.
Frenkel excitons, with the smallest radii and average electron—
hole distances within a lattice constant of about 5 A, indicate that
electrons and holes are confined to the same molecule and
possess strong Coulomb binding energies of about 0.3-1.0 eV.
Wannier excitons have an exciton radius of about 40-100 A and
a much lower binding energy than Frenkel excitons, at approxi-
mately 0.01 eV. The presence of Frenkel excitons is observed in
organic systems due to their low dielectric constant, whereas
Wannier excitons are typically present in inorganic systems.>'
CT excitons have an exciton radius between that of Frenkel and
Wannier excitons, within one or two lattice constants. After
exciton formation, they may diffuse or evolve, dissociate into
electron-hole pairs, merge into a single exciton, split into two
excitons, be trapped or localized, and ultimately annihilate or
emit.”” To achieve efficient photocatalytic processes, enhancing
photon absorption, extending the exciton diffusion length and
effective dissociation, rapid transport of electron-hole pairs,
and minimizing electron-hole pair recombination are crucial.

3.3 Migration and diffusion of exciton

Organic semiconducting materials with high exciton migration
rates and diffusion lengths are beneficial for enhancing photo-
catalytic HER.>>? Exciton migration and diffusion rates deter-
mine the transport efficiency of photogenerated electrons and
holes within the material. Faster exciton migration rates allow
for easier movement of charge carriers within the material,
enhancing hydrogen production performance. Conversely, slow
exciton migration rates result in charge carrier recombination
within the material, leading to reduced hydrogen production
efficiency. Excitons have a finite lifetime and move within a
solid, interacting with other excitons, molecules, or lattice
defects.>® The exciton diffusion length is the average distance
that an exciton moves from its initial position within its life-
time and is related to the exciton’s lifetime, the material’s
lattice structure, and its optical properties.

The diffusion coefficient D is used to measure the diffusion
ability of excitons, which is related to the exciton diffusion
length L and lifetime ¢ in space and time, respectively. For
homogenous diffusion, the exciton diffusion length is descri-
bed by eqn (1):>®

L=+vVZDr (1)

where 7 is the exciton lifetime, D is the diffusion coefficient,
and Z is equal to 1, 2, or 3 for one-dimensional, two-
dimensional, or three-dimensional diffusion, respectively.

Only charge carriers that successfully reach the surface of
the photocatalyst can participate in the photocatalytic hydrogen
production process. The mobility of organic semiconductors
can be enhanced by improving their crystallinity.>®

3.4 Dissociation of excitons

Excitons in organic semiconductors do not spontaneously
dissociate into free electron-hole pairs due to their relatively
high binding energy. However, exciton dissociation can occur

© 2023 The Author(s). Published by the Royal Society of Chemistry
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at the interface between electron/hole acceptors, and strong
electric fields can also assist the separation process.”>>” For
example, fullerenes have a lower LUMO than many organic
semiconductors, promoting electron transfer and exciton disso-
ciation. Fullerenes can dissociate excitons within 45 fs, much
shorter than the typical exciton lifetime (~0.5 ns), making
them efficient quenchers.”®®® Exciton density, PL intensity,
and PL decay time are characteristics used to measure exciton
dissociation. Choosing the appropriate exciton dissociation
method is necessary to optimize photocatalytic performance
of specific organic photocatalysts or device structures, and adding
a sacrificial agent donor can promote exciton dissociation.

3.5 Proton reduction from water

Based on the dissociation of excitons, photogenerated electrons
are typically involved in two scenarios for reducing protons
in hydrogen production. In one scenario, the undissociated
exciton reaches the interface between the photocatalyst and
water. The hole in the exciton is captured by the absorbed H,O/
sacrificial donor, while the electron is separated and used to
reduce the reductive adsorbed proton.®" Alternatively, the exci-
tons are separated into electrons and holes in the bulk of
photocatalyst. The electrons then arrive at the surface and
reduce the adsorbed protons. In half-reaction hydrogen pro-
duction from organic photocatalysts, it is essential to deter-
mine the source of protons, whether from the catalyst,'® water,
or the sacrificial donor, which can be accomplished by analyz-
ing the reaction products. Furthermore, detecting the proton
source requires the use of D,0 instead of H,O. In addition to
the aforementioned factors, pH is also a critical determinant of
the origin of hydrogen protons. In acidic conditions, the
concentration of protons in water is high, and water serves as
the primary source of hydrogen protons. Conversely, under
alkaline conditions, the concentration of hydrogen ions in
water is low, and sacrificial donors become the primary source
of hydrogen protons. Probing the source of hydrogen protons
allows a better understanding of the photocatalytic HER
mechanism and enable the optimization of HER conditions.

4. Strategies for enhancing the
photocatalytic HER in organic
semiconductor

The great advantage of organic semiconductors lies in the
structure tunability. Compared to inorganic photocatalysts,
it is easy to enhance the photocatalytic efficiency by modulating
chemical and crystal structures. To improve the efficiency of
photocatalytic HER, effective strategies include expanding the
light absorption range, tuning appropriate reduction ability,
dissociating more excitons, exposing more active sites and
optimizing exciton behavior (Fig. 2).

4.1 Light absorption range

Conjugated structure pertains to the uninterrupted n-electron
system in organic molecules. Extending the conjugated structure

EES Catal, 2023,1, 333-352 | 337
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Fig. 2 Strategies for enhancing the photocatalytic HER of organic semiconductor.

by introducing aromatic, nitrogen-containing, oxygen-containing,
or sulfur-containing heteroatoms can broaden the light absorp-
tion range of organic photocatalysts.®>** These heteroatoms alter
the distribution of n-electrons in the molecule, augment the size
and complexity of the conjugated system, and amplify the mole-
cular absorption spectrum range. Furthermore, controlling the
arrangement of the conjugated system can modulate the optical
properties of organic molecules. For instance, altering the posi-
tion and orientation of double bonds can regulate the length and
shape of the conjugated system, thereby modifying the absorption
spectrum range and optical properties of organic molecules.

4.2 Redox capacity

The redox ability of a photocatalyst during photocatalytic HER
is determined by its conduction band position, which is
influenced by the molecular structure, specifically functional
groups and conjugated structures within the molecule.®®
A higher reduction potential is favorable for overcoming the
overpotential in the HER process. However, increasing the
reduction potential may widen the band gap, leading to a
narrower absorption range. By introducing electron-donating
or electron-withdrawing functional groups and conjugated
structures, the conduction band position of organic photocata-
lysts can be controlled.®® For example, adding elements such as
nitrogen, oxygen, and sulfur to organic molecules modifies
their electron affinity and transport properties, thereby affect-
ing the conduction band position. In addition, changes in the
spatial position of the molecular functional groups affect the
electron conjugation, which can be monitored by calculating
the electron cloud in the © orbitals.

4.3 Exciton dissociation

Electrons involved in photocatalytic hydrogen production via
water reduction originate from exciton dissociation. Frenkel
excitons in organic molecular crystals generally possess bind-
ing energies exceeding room temperature thermal energy,®”
impeding the spontaneous dissociation of photogenerated

338 | EES Catal, 2023, 1, 333-352

excitons into unbound charge carriers 51. Moreover, the exciton
diffusion length in organic crystals is shorter than in inorganic
counterparts, complicating exciton separation. To facilitate
exciton dissociation, an exciton confinement region can be
established by creating a proximal interface, subsequently
diminishing electron-hole pair migration distances. Addition-
ally, modulating internal electric fields (IEFs) has proven
effective in dissociating organic excitons.’®®® To dissociate
excitons into unbound charge carriers, the IEF strength must
surpass exciton binding energy.

g X € X Figp > Eg (2)

Here, rg is the Bohr radius of the exciton (nm), e is the
electronic charge, Figr is the strength of the IEF within the
photocatalyst (mV nm™ "), and Eg is the binding energy of
excitons (meV). The testing methods for the strength of the
IEF have been summarized in the literature, and the binding
energy of excitons can also be obtained by fitting variable-
temperature fluorescence emission data.

Utilizing eqn (2), the adequacy of IEF strength for exciton
dissociation into unbound charge carriers can be determined.
Consequently, organic photocatalyst design necessitates con-
sideration of both IEF strength and interface structures to
facilitate Frenkel exciton dissociation and augment photocata-
lyst efficiency. In recent years, materials including porous and
2D substances have demonstrated potential in diminishing
exciton migration distances from bulk to dissociation interface,
thereby promoting exciton dissociation. These discoveries
offer valuable insights for designing and optimizing organic
photocatalysts.

4.4 Active aites for HER

Photocatalytic water splitting efficiency and hydrogen produc-
tion selectivity are contingent on catalyst active sites.””? Active
sites/regions for hydrogen production include adsorption of *H
sites, —H-containing functional groups, and photogenerated
electron-rich areas. The diiron [Fe,S,] subunit operates as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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proton reduction catalytic center, with the [Fe,S,] cluster facili-
tating electron transfer to and from the H-cluster active site.”®
Incorporating functional groups like oxides and nitrides onto
transition metal surfaces can enhance *H site adsorption.
Moreover, constructing donor-acceptor structures and separat-
ing electrons and holes can generate photo-induced electron-
rich regions.”* Regulating active site local electronic structures
can also improve hydrogen production efficiency. For example,
forming a Pt-I; site on a photocatalyst surface results in a
potent metal-carrier interaction, yielding hydrogen production
performance approximately 176.5 times greater than that of
Pt nanoparticles on the photocatalyst.”> Implementing these
regulatory approaches necessitates a comprehensive under-
standing of photocatalyst electronic structures and catalytic
reaction mechanisms, drawing from interdisciplinary knowl-
edge in chemistry and physics.

4.5 Crystal structure

The exciton behavior and surface reactions in organic semi-
conductors are influenced by crystallinity, molecular stacking
mode, and morphology, subsequently impacting the hydrogen
evolution reaction (HER) performance of organic photo-
catalysts.”®’” Highly crystalline materials generally facilitate
carrier migration while ameliorating surface and structural
defects,”® diminishing free carrier quenching, and augmenting
catalyst active site density. Organic semiconductors exhibit
instability under high-energy electron beam irradiation, posing
limitations on crystallinity characterization.

Anisotropic molecular arrangements dictate charge carrier
migration rates in organic semiconductor materials, enabling
regulation of migration rates by controlling molecular stacking
modes. Within organic field-effect transistor (OFET) research,
n-1 stacking is deemed the most effective charge carrier trans-
port method.”®®° Large n-n overlap (more delocalized states)
stabilizes +1 or —1 charged states, fostering polarizable or
band-like charge carrier transport and enabling efficient inter-
molecular charge transfer. Solvent vapor treatment can regulate
molecular stacking modes and control n-n stacking formation.

Morphology can modulate the exposure of active sites such
as *H, -H, and photo-generated electron-rich regions. Con-
structing porous structures effectively exposes active sites, with
the confinement effect generated by pores being more conducive
to hydrogen production.

5. Applications of organic
semiconductors in photocatalytic HER

Recently, the investigation of organic semiconductors in photo-
catalytic hydrogen evolution reaction (HER) research has gar-
nered significant interest, primarily concentrating on two
classes of organic semiconductors: conjugated supramolecular
systems and polymers. In the context of the former, this review
emphasizes the utilization of small molecule aggregates and
metal-organic frameworks (MOFs) as organic photocatalysts
for HER. For the latter, the potential of covalent organic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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frameworks (COFs) and polymer carbon nitride (PCN) organic
photocatalysts for HER is examined.

5.1 Conjugated supramolecular organic semiconductor
photocatalysts

Conjugated organic molecules generally comprise numerous
aromatic rings or conjugated double bonds, with their n
electrons establishing a conjugated system exhibiting favorable
electron conductivity and light absorption.®" Intermolecular
interactions facilitate the formation of stacked structures.®
The photocatalytic hydrogen production performance is pre-
dominantly dictated by the chemical and crystal structures.
We emphasize the regulation of exciton behavior and reduction
capacity by the chemical structure of conjugated molecules.

5.1.1 Small molecule crystals. Effective exciton dissocia-
tion transpires at the interface of electron/hole capture agents,
with a robust electric field assisting in exciton separation. Uneven
charge distribution within molecules generates molecular dipoles,
and orderly stacking amplifies the internal electric field (IEF)
within molecular crystals. Altering functional groups in organic
molecules can impact their molecular dipoles, enabling effective
separation of photogenerated electron-hole pairs through the
strategic design of functional groups to regulate dipole fields.
Our research group has extensively investigated the dipole field in
molecular crystals of a single-molecule-thick Perylenetetra-
carboxylic acid (PTA) nanosheet photocatalyst.*’

As depicted in Fig. 3a, PTA molecular electrostatic potential
calculations reveal a minimal electrostatic potential on the
terephthalic plane, whereas the edge carboxyl groups exhibit
a negative potential, creating a local dipole from the terephtha-
lic acid molecule’s center to its edge. Conversely, the electro-
static potential of the phthalocyanine derivative (PTCDA) is less
distinct. The dipole field direction within the crystal was
determined based on the established PTA molecular stacking
direction and crystal structure. Additionally, the hydrogen bond
polarization of the carboxyl group in PTA can enhance the IEF.
As illustrated in Fig. 3b, the ordered crystallinity of PTA con-
tributes to macroscopic IEF accumulation. The IEF direction
was verified through Mn,0O; and Pt photodeposition (Fig. 3¢
and d). The charge transfer resistance of PTA, as determined by
impedance spectrum fitting, is 36 kQ, lower than that of PTCDA
(21770 kQ) (Fig. 3e). The enhanced IEF enables a carrier
generation rate of 90.6% for PTA nanosheets, with a 2.9-fold
increase in electron migration rate (Fig. 3f), signifying that the
enhanced IEF facilitates charge transfer from bulk to surface.
The photocatalytic hydrogen evolution rate of PTA reaches an
impressive 118.9 mmol g ' h™.

Porphyrins are large conjugated molecules characterized
by an extensive m aromatic ring structure and 18 delocalized
electrons. Prior research in photocatalysis has emphasized
employing the effective light absorption and electron transfer
properties of porphyrins as photosensitizers. Nonetheless, the
self-degradation of porphyrin molecules during sensitization
has posed a significant challenge. Recently, nano self-assembly
has effectively addressed the stability issue, with the formation
of self-assembled aggregates enhancing solar absorption and
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Fig. 3 (a) Molecular dipole calculations. The dipole moment of PTCDA (left) and PTA (right) based molecular electrostatic potential. (b) Schematic
diagram of IEF in PTA cell. ADF-STEM photodeposition on PTA with (c) Pt and high resolution and mapping, (d) Mn,Os (inset: Mn element liner scan).
(e) impedance and (f) transient absorption decay kinetics at ~5000 nm of PTCDA and PTA. Reproduced with permission from ref. 45 (Copyright 2022,
Springer Nature).

improving cycling stability.®*** various porphyrin derivatives position of porphyrin molecules (Fig. 4a). The polarity differ-

arise from attaching different electronegative substituents, ences of these groups regulate the dipole moment of the
such as pyridine, cyanide, and carboxyl groups, to the R porphyrin molecule.

a R
R=H Porphyrin, PP
R R Rp= \_/N 5,10,15,20-Tetra(4-pyridyl)porphyrin, TPyP
R;-—@—cu 5,10,15,20-Tetra(4-cyanophenyl)porphyrin, TCyPP
Rg= COOH 5,10,15,20-Tetra(4-carboxyphenyl)porphyrin, TCPP
R
b p=0.08 D p=4.08 D -5.51it10-2
oq

g
=}
T

PTA

Fig. 4 (a) Molecular structures of several porphyrin derivatives with different dipoles. (b) Diagram of molecular dipoles and electrons distribution in
three porphyrin derivatives, unit of dipole moment: Debye. Reproduced with permission from ref. 85 (Copyright 2019, Wiley-VCH). (c) The localized
orbital locator-rn (LOL-7) isosurface. (d) The band structures of PTCDA and PTA measured experimentally. Reproduced with permission from ref. 45
(Copyright 2022, Springer Nature).
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Theoretical calculations suggest that electronegative substi-
tuents augment the dipole moment of the porphyrin molecule.
As demonstrated in Fig. 4b, employing a carboxyl group as a
substituent result in a substantial potential difference between
the central and end substituents of the porphyrin ring, with the
maximum dipole moment reaching 4.08 Debye. In comparison
to the photocurrent of TCPP, approximately 0.1 pA cm™?, the
photocurrent of SA-TCPP is as high as 3.52 pA em™?, signifying
that a strong dipole electric field enhances charge separation
efficiency. Upon effectively separating the photogenerated elec-
tron-hole pairs with a robust dipole electric field, the photo-
generated charges are transported along the n-n channel to the
surface, allowing TCPP photocatalysts to produce hydrogen and
oxygen from water without the assistance of a co-catalyst.®

The degeneracy of the isolated molecule LUMO energy level
increases, forming degenerate bands in organic crystals. The
LUMO energy level of organic molecules is influenced by their
electron affinity and electron-withdrawing properties, which
are closely related to the molecular structure.®® Generally,
molecules with higher electron affinity and lower electron-
withdrawing properties possess lower LUMO energy levels,
whereas those with lower electron affinity and higher electron-
withdrawing properties exhibit higher LUMO energy levels.
Factors such as substituent groups (e.g., oxygen atoms, halogens,
and methylene groups), conjugated structures, and molecular
shape also impact the LUMO energy level. Conjugated structures
can enhance the degree of m-electron conjugation in the molecule,
thereby augmenting its electron-withdrawing property and low-
ering its LUMO energy level. Moreover, molecular shape can affect
the distribution of m-electron cloud in the molecule via steric
hindrance and spatial orientation.

For instance, rotating or twisted bonds in a molecule can
hinder the n-electron cloud at these positions,®” disrupting the
conjugation (also known as steric hindrance effect). For a
molecule containing a phthalocyanine plane, altering the edge
from an anhydride structure (PTCDA) to a carboxylic acid
structure (PTA) decreases the molecule’s planarity due to
the steric hindrance of the carboxylic acid and the twisting of
the phthalocyanine plane, resulting in reduced conjugation
throughout the entire molecule.®® The = orbitals in the mole-
cule were measured using a localized orbital locator-n (LOL-1t)
isosurface. As shown in Fig. 4c, the n orbitals of the PTCDA
molecule extend to the entire molecular plane. Conversely, a
nodal plane appears on the m orbital of the PTA molecule,
where the phthalocyanine plane intersects the carboxyl group.
This decrease in molecular conjugation leads to a lower LUMO
energy level for PTA, endowing PTA nanosheets with adequate
reduction potential for HER (Fig. 4d).

5.1.2 Metal-organic frameworks (MOFs). Metal-organic
frameworks (MOFs) are semiconductor materials formed through
self-assembly driven by coordination between metal or metal
cluster centers and photoactive organic ligands, displaying
exceptional potential in photocatalysis due to their excellent
structural designability and regular porous structure.’® The
ligand-to-metal charge transfer (LMCT) process is nearly a
universal principle in the design of MOF photocatalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Two MOFs, Tiz-BPDC-Ir and Ti;-BPDC-Ru, have been reported,™
which investigates the charge transfer process. Photophysical and
electrochemical studies reveal that electrons are transferred from
the reducing photosensitizer to Tiz(OH),, resulting in photocatalytic
hydrogen production with conversion rates of 6632 and 786,
respectively. Based on the well-defined catalytic center structure
in MOFs, the researchers propose a photocatalytic HER through a
Ti" -hydride intermediate (Fig. 5a and b). The low-coordinate Ti™
center accepts a proton from H,O and an electron from another
reducing photosensitizer [Ir(ppy)2(dcbpy)] to form a Ti"-hydride
intermediate, thereby performing proton-coupled electron transfer.
Protonation of Ti" -hydride produces hydrogen gas and regenerates
Ti™-OH catalysts.

Interestingly, another study found that the introduction of
different functional groups significantly affects the lifetime of
Ti*" intermediates generated during the LMCT process,”
resulting in significantly different dark state photocatalytic
hydrogen production activity (Fig. 5c). The number of Ti**
intermediates generated by MIL-125-NH, with electron-
donating groups is large and has a long lifetime, exhibiting
enhanced activity, while the number of Ti** intermediates
generated by MIL-125-X (X = NO,, Br) with electron-with-
drawing groups is small and has a short lifetime (Fig. 5d),
showing reduced activity (Fig. 5e).

The Ag(1) cluster-based nodes can allow efficient LMCT or
MLCT/CLCT and help improve photocatalytic performance,
while the plasmonic effect of silver-containing materials pro-
duces a synergistic effect. For example, Ag-AgMOM has been
developed,®” with the highest occupied valence band (HOVB)
rotating upward and located on the AgO, junction, while the
lowest unoccupied conduction band (LUCB) rotates downward
and is distributed in the porphyrin of TCPP (Fig. 5f). The strong
interaction between the plasmonic AgNPs and excited AgMOM
promotes the photocatalytic HER (Fig. 5g), exhibiting a hydro-
gen production rate of up to 1025 pmol h™* ¢~ in visible light
photocatalysis and further increasing to 3153 umol h™' g~*
under full-spectrum irradiation (Fig. 5h).

5.2 Conjugated polymer organic semiconductor
photocatalysts

5.2.1 Covalent organic frameworks (COF) polymer. Covalent
organic frameworks (COFs) are two-dimensional or three-
dimensional network materials formed by organic molecules
connected by covalent bonds,” displaying unique attractive-
ness in photocatalysis applications due to their tunable structure
and pore size.”* The design and synthesis of COFs, as well as the
control of pore structure and confinement effects, have been
extensively reviewed.”>” In this discussion, we emphasize the
degree of conjugation between the linker and monomer, which is
one of the critical factors in achieving excellent photocatalytic
performance of COFs. Furthermore, we aim to highlight the study
of exciton behavior in COFs.

First, the degree of conjugation between the monomer and
linker has a significant impact on the optoelectronic properties
of COFs.”® When the n-electron energy levels of the linker and
monomer are coupled, a conjugated system is formed, which
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Fig. 5 (a) Proposed Catalytic Cycle for the Visible Light-Driven HER Catalyzed by Tiz-BPDC-Ir; (b) detailed catalytic mechanism on the Ti Site via the

TiV/Ti" Cycle. Reproduced with permission from ref. 90 (Copyright 2019, American Chemical Society). (c) Illustration showing the dark photocatalysis
over MIL-125 and MIL-125 with different functional groups, MIL-125-X (X = NH,, NO,, Br). (d) Dark photocatalytic hydrogen production activity
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topologies of MOM. (g) Proposed visible-driven photocatalytic mechanism of Ag-AgMOM. (h) Hydrogen generation rate under 300 W irradiation in the
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permission from ref. 92 (Copyright 2023, Springer Nature).

increases the conductivity and light absorption of COFs.
Therefore, tuning the m-electron structure and conjugation
degree between the monomer and linker can effectively control
the optoelectronic properties of COFs. For example, TP-EDDA
and TP-BDDA COFs were synthesized using acetylene (-C=C-)
and dialkyne (-C=C-C=C-) linkers, respectively (Fig. 6a).”
The edge absorption wavelengths of the two COFs were red-
shifted by 20 and 25 nm, respectively (Fig. 6b). This study
suggests that the dialkyne moiety is responsible for high charge
transfer mobility, making it easy for the photoexcited excitons
to migrate to the surface of the photocatalyst. The average rate
of hydrogen production for TP-BDDA was 324 pmol h™" g,
while no distinguishable hydrogen production was observed for
TP-EDDA and TP-DTP COFs (Fig. 6¢). When the degree of
conjugation between the monomer and linker is weakened, it
leads to lower crystallinity and poorer charge carrier behavior.
For example, when the imine sonoCOF-F2 was converted to an
acylamide-linked COF, the crystallinity decreased, and electron
conjugation was lost,'°® resulting in decreased photocatalytic
activity. However, after introducing benzyl alcohol to reduce the
destruction of the imine bonds, the photo-stability of sonoCOF-F2
was enhanced.

342 | EES Catal.,, 2023,1, 333-352

Investigating exciton dynamics in COFs for photocatalytic
hydrogen production presents challenges. These challenges
arise from the poor optical quality of COF samples, caused
by their insolubility and the difficulty in obtaining colloidal
suspensions, which complicates optical characterization, parti-
cularly the acquisition of absorption spectra.'®" Nevertheless, a
universal model of the electronic processes and optical proper-
ties of a series of imine-linked COFs was obtained through the
study of electronic processes and optical properties of imine-
linked COFs by highly sensitive optical spectroscopy techniques
(PL, PDS and TA).'%* After photoexcitation, the initially gene-
rated singlet state undergoes singlet-singlet annihilation at a
high rate, indicating that the initially produced excitons may
be significantly delocalized, resulting in fast bimolecular pro-
cesses. The singlet-singlet annihilation process generates
trapped free charges, producing long-lived charges lasting from
tens to hundreds of microseconds (Fig. 6d-f). This physical
model is of reference value for designing COFs for photo-
catalytic HER.”®

5.2.2 Polymer carbon nitride (PCN). Polymer carbon nitride
(PCN) has garnered significant attention in the field of photo-
catalytic hydrogen production, with considerable advancements

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Scheme of the synthesis of TP-EDDA and TP-BDDA COFs (b)
UV-vis diffuse reflectance spectra of TP-BDDA, TP-EDDA, and TP-DTP.
The inset shows Tauc plots and optical images of the COF powders. (c)
Photocatalytic hydrogen evolution performance of TP-BDDA, TP-EDDA,
and TP-DTP catalysts under visible light irradiation (=395 nm) using TEOA
as sacrificial agent. Reproduced with permission from ref. 99 (Copyright
2018, American Chemical Society). Model of the photoinduced electronic
processes in COFs. (d) Absorption of photons leads to the formation of
singlet excitons. (e) These singlets diffuse through the conjugated network
(1) and can eventually collide with another one (2), i.e., singlet-singlet
annihilation. This process results in free charges (f) which eventually locate
onto isolated, trap-like states leading to long lifetimes over tens of
microseconds. Reproduced with permission from ref. 90 (Copyright
2022, American Chemical Society).

in structural design, synthesis, understanding of photocatalytic
hydrogen production mechanisms, and performance research.”
While many reviews have addressed the progress of PCN in
photocatalysis,"®*™'% this paper specifically emphasizes the crys-
tallinity and tunability of PCN.

Crystallinity. Researchers have been committed to improving
the crystallinity of PCN in order to enhance photocatalytic
activity and characterization.'”” "% PCN synthesized by tradi-
tional thermal-induced polymerization typically exhibits low
crystallinity, due to the high thermodynamic activity of nitro-
gen, which tends to form molecular nitrogen even at moder-
ately elevated temperatures. LiCl-KClI eutectic mixture has good
solvating properties for nitrides, carbides, cyanides, cyanates,
and thiocyanates. Inspired by this, ionothermal methods
have been used to synthesize PCN with higher crystallinity at
high temperatures. In 2008, a lithium ion and chlorine ion-
embedded molten salt method was reported to produce

© 2023 The Author(s). Published by the Royal Society of Chemistry
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heptazine PCN that exhibited many well-resolved and strong
X-ray diffraction patterns,"’® as shown in Fig. 7a. The space
group and cell parameters were determined to be P 6 3 cm (185)
based on XRD results. Scanning electron microscopy (SEM)
images show the formation of hexagonal prisms, indicating
the inherent single-crystal characteristics of CN. Clear lattice
fringes were obtained from high-resolution transmission elec-
tron microscopy (HRTEM) images (Fig. 7b and c), and the
interplanar spacing was consistent with XRD analysis. Two-
dimensional triazine-based carbon nitride crystalline films
were obtained by ionothermal interfacial reaction (Fig. 7d),""
and ordered triazine crystallinity was observed by aberration-
corrected transmission electron microscopy (Fig. 7e and f).
Although these highly crystalline PCNs have not been used in
photocatalytic reactions, they are useful for exploring photo-
catalytic mechanisms.

In 2020, a study was reported that revealed the photocatalytic
active surface of PCN based on highly crystalline PTI/Li"Cl ~
structures. Due to their high degree of crystallinity (Fig. 8a and b),
they are relatively stable under high-energy electron beam
irradiation, enabling characterization of the photocatalytic
process using high-angle annular dark-field scanning transmis-
sion electron microscopy, energy dispersive spectroscopy, and
aberration-corrected imaging (Fig. 8c). In the photodeposition
experiments, it was found that Pt tends to deposit on the edges
of Pt clusters, specifically on the {1010} plane as shown in
Fig. 8d-f. PTI/Li"Cl™ crystals with different aspect ratios were
further prepared, and their overall water-splitting performance
was found to be linearly related to the relative surface area of
the {1010} and {0001} planes. PTI-550, which has more {1010}
exposed crystal planes, achieved maximum hydrogen and oxygen
evolution rates of 189 and 91 pmol h™?, respectively (Fig. 8g).
Therefore, this study indicates that the prism {1010} plane is more
active than the basal {0001} plane.®” Highly crystalline PCNs
provide conditions for investigating the photocatalytic active
surfaces, but the study of the exciton generation and transfer
processes in PCNs is still scarce and requires spectroscopic
characterization.

Tunability. The local molecular structure of PCN plays a
critical role in determining its physicochemical properties,
which subsequently influence its performance and potential
applications. Consequently, modulating the molecular struc-
ture of PCN serves as a crucial approach to enhance its
performance. PCN not only possesses numerous polymer pro-
perties and characteristics akin to graphite-like materials but
also exhibits unique in-plane voids and intralayer hydrogen
bonds, offering a multitude of possibilities for tunability in
carbon nitride materials.

Due to the bottom-up synthesis approach of PCN, its elec-
tronic structure, molecular, and structural architecture can
be tailored not only by copolymerizing another structurally
compatible organic group with the CN precursor but also
by incorporating external impurities into the CN framework.
Various atoms, including B,'*>"* ¢,'*>!¢ 0,"'7''® ' and
P,"?° have been integrated into the CN structure. Among these,
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(evacuated at each hour after sampling). The error bars show standard deviation. Reproduced with permission from ref. 111 (Copyright 2020, Springer
Nature).

B-doped PCN is a notable example,'"* designed and synthe-
sized as ultra-thin PCN and B-doped PCN (BDCNN) layers that
electrostatically self-assemble into a 2D/2D Z-type heterostruc-
ture for photocatalytic water splitting (Fig. 9a). Considering
the relatively large energy gap (~2.72 eV) of PCN, which limits
visible light absorption, the narrow bandgap BDCNN is
employed as a hydrogen evolution catalyst and combined with
another BDCNN layer as an oxygen evolution component
(Fig. 9b). This enhances the performance of photocatalytic water
splitting, achieving a solar-to-hydrogen conversion efficiency of
1.16% under one-sun illumination (Fig. 9c).
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Analogous to graphene, carbon nanotubes, and other car-
bon nanostructures, chemical modification of PCN serves as an
efficient method to introduce various functional moieties onto
the outer surface of PCN.'*' Due to the incomplete condensa-
tion or polymerization in pristine PCN, ample amino groups
persist on the edge planes, enabling the direct incorporation
of functional groups into the PCN framework. NaBH, can be
thermally decomposed to generate hydrogen, introducing cyano
end groups as electron acceptors into PCN structures.">* The
as-prepared PCN exhibits both p-type and n-type conductivity.
This homojunction structure facilitates charge transfer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Tunability of PCN. (a) Schematic of the synthesis of BDCNN derived from CNN. (b) Band structure alignments for CNN and BDCNN. (c) Cycling of
photocatalytic overall water splitting over CNN/BDCNN, where each cycle was started with a one-hour argon flush. Reaction conditions: 40 mg
photocatalyst, 0.9 wt% Pt and 3.0 wt% Co(OH), co-catalysts were loaded onto CNN and BDCNN, respectively. Reproduced with permission from ref. 112
(Copyright 2021, Springer Nature). (d) The schematic Z-scheme charge transfer mechanism. (e) TEM image and (f) the corresponding HRTEM image of
PCN/rGO/PDIP. (g) The repeated cycles of photocatalytic overall water splitting. Reproduced with permission from ref. 124 (Copyright 2021, Wiley-VCH).

and separation, resulting in an enhancement in photo-
catalytic HER.

However, covalent modification can damage the sp’-
dominated structure of PCN, leading to defects and the loss
of electronic properties. In contrast, non-covalent functionali-
zation is generally preferred, as it preserves the structure and
electronic properties of PCN while simultaneously binding PCN
to various substances, such as polymers, aromatic molecules,
and graphene.'*® These non-covalent interactions encompass
n-7 stacking, electrostatic interactions, and hydrogen bonding.
For instance, reduced graphene can also engage in efficient n-n
stacking interactions with PCN. Our group successfully con-
structed a PCN/rGO/PDIP Z scheme to achieve efficient photo-
catalytic water splitting, as shown in Fig. 9d-f."** A substantial
internal electric field is established, which enhances charge
separation efficiency by 8.5 times. PCN/rGO/PDIP exhibited
efficient photocatalytic OWS with H, and O, release rates of
15.80 and 7.80 pmol h™", respectively. Concurrently, AQY of
4.94% at 420 nm and STH of 0.30% were achieved, surpassing
many reported PCN-based photocatalysts. And no notable
deactivation emerged during continuous measurement for
more than 120 h (Fig. 9g).

6. Efficiency and stability of organic
semiconductors for photocatalytic
HER

6.1 Evaluation standard

It is common practice to report HER values in mmol g~* h™*
units, which facilitates more effective comparisons among
different photocatalysts than using mmol h™'. When compar-
ing the HER activity of various photocatalysts, it is essential to

© 2023 The Author(s). Published by the Royal Society of Chemistry

consider the mass distribution of the photocatalyst dispersed
in the liquid. For suspended photocatalysts, an optimal mass
of photocatalyst per liquid volume is required to achieve the
highest HER. Excessive amounts lead to light scattering, while
insufficient amounts result in unsaturated light utilization.
Consequently, it is necessary to test hydrogen production rates
at different photocatalyst loadings to identify the optimal
amount.>** The HER rates are comparable among different
photocatalysts at the optimum photocatalyst dosing. It is
important to note that the determining factor for optimal
loading is the extinction coefficient of the photocatalyst.
Organic photocatalysts typically exhibit a high extinction coeffi-
cient, attributed to the extensive m-conjugation and strong
intramolecular charge transfer of organic semiconductor

materials.*>>1%¢

This provides a foundation for efficient photon
utilization, implying that light absorption saturation can be
achieved at lower loadings. Furthermore, as the measured gas
release rate varies with experimental conditions and the light
source employed, it is necessary to report AQE and/or STH
values for specific wavelengths."” However, when hydrogen
production occurs at the expense of the donor, the efficiency of

organic photocatalysts is comparable to that of inorganic ones.

6.2 Efficiency

The reported STH efficiency of the state-of-the-art PCN system
is 1.16%,""* while the highest documented STH efficiency for
covalent organic frameworks (COFs) is 0.40%,"'*® despite their
generally broader light absorption range. In the case of metal-
organic frameworks (MOFs), organic ligands in these materials
are susceptible to replacement by water molecules in aqueous
environments, potentially causing framework collapse. To date,
no reports on the STH efficiency of MOFs have been published,
possibly due to challenges in quantifying their low activity.
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It is evident that the STH efficiencies of widely studied PCN,
MOF, and COF organic photocatalysts are considerably lower
than the target STH of 10%. This underscores the difficulty
in constructing a complete water-splitting system using only
organic photocatalysts. However, organic photocatalysts remain
promising due to their tunable band structures, providing
opportunities for further research and development to enhance
their efficiency and stability in photocatalytic water-splitting
applications. Persistent investigation and optimization of these
materials may eventually yield photocatalysts that approach or
surpass the desired STH efficiency, advancing the field toward
greener and more sustainable energy solutions.

6.3 Photocatalyst stability

For conjugated supramolecular organic photocatalysts, aggregate
formation relies on m-n interactions, hydrogen bonding, and
other non-covalent interactions. In a dispersion environment,
factors such as temperature, pH, and co-existing ions may
all influence the stability of hydrogen bonding. Consequently,
the sensitivity of catalyst morphology and crystalline phase to
the dispersion environment increases when the formation of
supramolecular aggregates is not primarily driven by n-m
interactions.">*"°

This may be due to supramolecular photocatalysts being
relatively new in HER applications, resulting in limited atten-
tion given to studying their stability in dispersions. For the few,
we have discussed the stability in the aqueous phase when
reporting on PTA supramolecular nanosheet photocatalysts.*>
For MOF photocatalysts, the aqueous stability in photocatalytic
HERs requires further review, as metal-ligand coordination
interactions are strongly influenced by water.”*' In contrast,
polymer photocatalysts linked by covalent bonds exhibit better
chemical stability. Several studies have reported that the XRD
patterns of conjugated organic frameworks (COFs) linked by
olefins remained relatively unchanged after immersion in
strong acidic and alkaline environments.'**'** Moreover, the
stability of photocatalysts may be affected by cavity oxidation in
the absence of a sacrificial agent in the dispersion, leading to
corrosion, leakage, and reduced photostability of the catalyst.
Therefore, when evaluating photocatalyst performance, it is
crucial to consider their stability and sustainability in real-
world application environments.

Organic photocatalysts typically contain conjugated struc-
tures in which n electrons can absorb photons, be excited to
high energy levels, and form excited states. However, the energy
of these excited states is usually high, leading to reactions with
surrounding molecules that produce highly reactive species
such as radicals and ions, which can easily cause oxidation
and degradation of organic semiconductor materials. This
can manifest as morphological changes and crystal phase
transitions, a form of corrosion.”**'** In contrast, inorganic
semiconductors generally consist of a single element or a few
elements, and their structures are relatively simple, resulting
in lower corrosivity. Additionally, impurities and defects
between organic molecules can also produce highly reactive
species under light, leading to photodegradation of organic
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semiconductors. Increasing the crystallinity of organic semi-
conductors can reduce the presence of internal defects and
impurities, thereby improving the stability of the material.
More importantly, high crystallinity reduces the accumulation
of charge carriers in localized regions of organic semiconductors,
consequently decreasing their reactivity towards the crystal itself.
Furthermore, avoiding the use of overly strong light sources or
prolonged exposure to light can also reduce the occurrence of
photodegradation.

7. Conclusion

Despite significant advancements in the development of novel
organic semiconductors for photocatalytic HER, there remain
four major challenges to overcome in this field.

The first challenge pertains to the photophysical charac-
terization of organic semiconductors. Due to their low tolerance
for high-energy electrons and molecular packing properties, char-
acterizing organic semiconductors using electron microscopy and
in situ methods proves difficult.

The second challenge involves distinguishing exciton and
charge carrier behavior in organic semiconductors. Given the
complexity of the electronic structure and limitations in char-
acterization methods, the migration and diffusion of excitons,
as well as the separation process, remain contentious issues.

The third challenge concerns the long-term stability of
organic semiconductors under operating conditions. Although
polymer stability has been demonstrated for at least a few
consecutive days in the absence of sacrificial donors, most
organic semiconductors are susceptible to photodegradation.
Hence, strategies beyond improving crystallinity should be
explored.

The fourth challenge is to develop photocatalytic HER
systems that do not rely on hole scavengers. Thus far, there
are relatively few organic photocatalyst systems for efficient
OWS. The full potential of cost-effective, tunable, and flexible
organic photocatalysts can only be realized when the STH
efficiency matches that of inorganic photocatalysts.
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