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With the increased demand for green and sustainable sources of fuels, photocatalytic hydrogen gas
production using semiconductor catalysts is attracting tremendous attention. In this perspective article,
we will discuss the state-of-the-art development of small molecule-based semiconductors for
photocatalytic green hydrogen production. Organic small molecules have the benefits of easy structural
engineering allowing fine modulation of optical and electronic properties for the development of
efficient photocatalysts. Small molecule-based photocatalyst development is advantageous compared to
that of their polymer counterparts due to various reasons including less tedious synthesis, easily tunable
optical and electronic properties, improved water dispersibility, etc. Conjugated donor-acceptor,
porphyrin, perylene, and organic heterojunction nanoparticles are discussed in this article for their
photocatalytic activity in the hydrogen evolution reaction. We have highlighted literature reports
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1 Introduction

The demand for alternate green energy sources is increasing
rapidly with the rapid depletion of fossil fuel sources and the
rise in the global warming rate. Alternate renewable sources of
green energy will prevent global warming and will sustain the
increased energy demand.'® Hydrogen with high energy density
and as a carbon-free source of fuel has attracted widespread
attention.”*® Each kilogram of hydrogen gas as a fuel contains
2.4 times as much energy as natural gas, and it burns without
the production of CO, and NO, gases." Therefore, efficient
production of hydrogen gas using green approaches will
significantly prevent environmental challenges, and circumvent
the energy crisis. Water is a green, inexhaustible and cheaper
source of hydrogen production by water splitting. Electro-
catalysis (photovoltaic-assisted electrolysis), photo-
electrochemical, and photocatalysis are three different
approaches for water splitting/hydrogen production by solar
irradiation.” The photovoltaic-assisted method showed prom-
ising hydrogen production efficiency (>28%);'* however the
production cost is high for industrial-scale hydrogen fuel
production. Solar energy-driven photocatalysis is a green and
low-cost approach for the production of green hydrogen.
Hydrogen production by splitting of water requires
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planarity, crystallinity, molecular packing, water solubility, etc. on photocatalytic performance.

a photocatalyst which will absorb solar energy and achieve the
required charge separation for hydrogen gas production.

The first report on solar energy driven electrochemical water
splitting for hydrogen and oxygen gas evolution was by Fujish-
ima, A. & Honda, K. in 1972 using a TiO, and Pt black electrode
combination as a semiconductor photocatalyst.**** Since then,
various inorganic semiconductor based photocatalysts have
been investigated for hydrogen evolution.'**® Transition metal
complexes are also widely explored for the photocatalytic
hydrogen evolution (PHE) reaction.” Although inorganic
materials are reported for excellent hydrogen evolution reac-
tion, there are a few drawbacks limiting their application for
practical purposes, i.e., the low stability under acidic conditions
and fixed specific arrangement of the d orbital don't allow the
tunability of the electronic energy level. Organic semi-
conductors such as conjugated polymers,**>* graphitic carbon
nitride (g-C3N,),*** covalent organic frameworks,***’ etc. were
recently investigated for photocatalytic hydrogen evolution.
However, difficulty in synthesis and characterisation, batch-to-
batch deviation in molecular weight, porosity, and photo-
physical properties, limited water solubility and dispersibility,
and an unclear understanding of photocatalysis mechanisms
limit their application for photocatalysis.”® The use of small
molecule based photocatalysts has recently attracted attention
since it drastically reduces the synthetic challenges, and the
structural tunability of high photocatalytic performance is
possible.

Organic small molecule semiconductors are monocyclic or
polycyclic extended pi-conjugated aromatic compounds with
molecular weight <1000 dalton and many structural variations.

This journal is © The Royal Society of Chemistry 2024
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Their backbone is formed from earth-abundant carbon, and
heteroatoms, e.g. nitrogen, oxygen, and sulfur, which makes
large-scale synthesis less expensive compared to metal based
photocatalysts. Organic small molecule-based photocatalysts
have pi-orbital energy levels which are tunable by structural
engineering, and the solubility of small molecule-based pho-
tocatalysts can also be modulated by the introduction of the
required functional groups. Therefore, optical and electronic
properties can be modulated by structural engineering. The
reduced complexity of synthesis and less stringent reaction
conditions compared to those of conjugated polymer photo-
catalysts allow for large-scale synthesis and isolation of small
molecules with precise molecular weight and photophysical
properties, which allows reproducibility of photocatalytic
performance. Therefore, the development of organic small
molecule based photocatalysts allows for better flexibility and
tunability required for efficient photocatalytic hydrogen evolu-
tion. In this review article, we will discuss the basic principle of
photocatalytic hydrogen evolution and the applicability of
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different kinds of small molecules as photocatalysts for green
hydrogen evolution.

2 The general strategy for
photocatalysis

Water splitting which involves the splitting of water molecules
to produce hydrogen and oxygen, is an energy uphill reaction
with the Gibbs free energy (AG°) = 237 kJ mol ".*> Therefore,
the reaction doesn't occur spontaneously and the use of a pho-
tocatalyst accelerates the reaction rate for photocatalytic
hydrogen and oxygen gas evolution. Photocatalytic hydrogen
gas evolution involves consecutive steps of photophysical and
redox reactions (Fig. 1).> Upon the absorption of photons,
electrons in the valence band of the photocatalyst are excited to
the conduction band with the creation of holes and excited
electrons in the valence and conduction bands, respectively in
the initial stage. Subsequently, the electrons and holes migrate
to the surface independently, and take part in the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)
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Fig. 1 Mechanism for photocatalytic hydrogen gas evolution.
Reproduced with permission from ref. 29, Copyright © 2020, Elsevier.

on the photocatalyst surface. The effective separation of elec-
trons and holes on the catalyst surface, and a decreased rate of
charge recombination play very important roles in the photo-
catalysis process. The hydrogen evolution and oxygen evolution
reaction involve the following reactions,

2H,0 +4h*— 4H" + O, (1)
and

4H" + 4e” > 2H, (2)

Theoretically, minimum photon energy required for an
overall water splitting (OWS) reaction is 1.23 eV. For an effective
photocatalysis reaction, the conduction band minimum of the
photocatalyst should be more negative than the H'/H, energy
level, while the valence band maxima should be more positive
than the O,/H,O energy level. Semiconductor metal oxides are
found to have excellent photocatalytic activity for the hydrogen
evolution reaction. Usually, metals with d® or d'® are active
elements for photocatalysis and are introduced to construct the
valence band, while the conduction band is formed from non-
metal elements (O, S, and N).***® Other than a catalyst, co-
catalysts play a very important role in PHE. They lower the
activation energy of the reaction by providing redox reaction
sites. Noble metals are extensively used as co-catalysts for the
PHE reaction; however, their scarcity limits their application for
large-scale reactions.

Small molecules play a major role in green energy produc-
tion due to their easy synthesis and purification process.
Moreover, their energy level can be modulated by molecular
engineering. A series of small molecules have been successfully
demonstrated for various photonic devices such as dye-
sensitized solar cells (DSSCs), organic solar cells, perovskite
solar cells, organic light-emitting diodes, etc.*** Recently
small molecules have attracted great attention towards the
production of hydrogen fuel through photocatalysis. The
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fundamental requirements for small molecules to be effective
photocatalysts for the hydrogen evolution reaction are, (a)
broad absorption of organic small molecules covering the UV-
visible-NIR range, which can be achieved via reducing the band
gap of the semiconductor by increasing the conjugation,
functionalizations, planarization, etc. The lower band gap will
maximise absorption of the solar spectrum and increase solar
to hydrogen fuel conversion efficiency. (b) Appropriate posi-
tioning of the energy level with respect to the proton reduction
energy level. (¢) Optimum exciton separations play a very
important role in photocatalysis. Therefore, factors such as the
exciton diffusion length, hetero-junction assembly, use of co-
catalysts and sacrificial reagents, size modulation of nano-
aggregates, etc. contribute to efficient exciton dissociation and
reduced charge recombination. (d) Metal photocatalysts
benefit from fast charge transport resulting in a high photo-
catalytic rate. Therefore, the factors which increase the charge
transport in small molecule semiconductors are effective
overlap of pi orbitals, delocalization of pi-electron density
through donor/acceptor interaction, strong intramolecular
interactions, close packing, crystallinity, etc. which will
significantly improve the photocatalytic rate. (e) Crystallinity or
ordering in self-assembly increases the stacking interaction
within molecules and contributes to the improvement in light
absorption and charge transport properties.*>** Various
classes of functional w-conjugated small molecules containing
extended pi-conjugated chromophores, conjugated donor-
acceptor units, and amphiphilic and charged functional
groups are reported for the photocatalytic hydrogen evolution
reaction, which are summarized below:

2.1 Conjugated donor-acceptor small molecules

Conjugated donor-acceptor molecules are aromatic conjugated
moieties having two or more chromophores of opposite electron
affinity connected by C-C bonds. They have recently been
studied for the photocatalytic hydrogen evolution reaction due
to their intrinsic characteristics of broad absorption, good
quantum yield of emission, and efficient exciton separation.
The complementary electron affinity of an electron-rich donor
and electron-deficient acceptor makes the electron density
concentrated towards the acceptor part of the molecule and
facilitates exciton separation. Cloutet and co-workers reported
donor-acceptor-donor conjugated trimer-type small molecules
for the photocatalytic hydrogen evolution reaction (Fig. 2).*° The
photocatalytic efficiency was tuned by using carbazole (C),
thiophene (T), and 3,4-ethylenedioxythiophene (E) as electron
donors, and benzothiadiazole (B) and quinoxaline (Q) as
acceptors. Solid-state absorption spectral analysis showed
a broad absorption band for all six derivatives (CQC, CBC, TQT,
TBT, EQE, and EBE) with EBE, EQE, and TBT showing more
extended absorption in the visible range. TEM investigation of
microaggregates, prepared by a reprecipitation method showed
the crystalline nature of the aggregate, which is beneficial for
long-range ordering and charge transport. The photocatalytic
activity was checked for all trimers with triethanolamine (TEOA)
as a sacrificial hole scavenger. The photocatalytic hydrogen

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) The chemical structure of trimer photocatalysts, (b) HOMO and LUMO energy levels experimentally determined for trimers, (c) TEM
image of the microaggregate of an EBE trimer, and (d) normalized H, production of trimers under UV-vis light. Reproduced with permission from

ref. 46, Copyright © 2023, John Wiley and Sons.

evolution activity of all trimers was observed to be higher than
that of the TiO, semiconductor, which is due to a lower band
gap within the 1.94-2.63 eV range compared to TiO, (3.2 eV)
facilitating light harvesting capacity of the trimer; moreover,
band positions are suitable for proton reduction. The highest
photocatalytic activity was found for EBE with a HER of 275
umol h™' ¢g™* and 142 pmol h™* g~* under UV and visible light
irradiation (Table 1). The addition of a Pt co-catalyst was found
to reduce the photocatalytic performance of EBE; therefore, co-
catalyst addition was not required for photocatalytic purposes.
Enhanced photocatalytic H, evolution activity of the EBE-TiO,
heterojunction composite was observed due to the formation of
a p-n heterojunction, which can be an advantageous way to
increase the photocatalytic hydrogen evolution activity for small
molecule photocatalysts.

This journal is © The Royal Society of Chemistry 2024

Zhang and co-workers reported conjugated donor-acceptor-
donor type trimer molecules for photocatalytic hydrogen
evolution (Fig. 3).*” They have investigated the effect of single-
atom substitution on the band gap, HOMO and LUMO energy
levels and photocatalytic hydrogen evolution activity of the
small molecules. The molecules were designed by attaching
peripheral pyrazole units with different centre aromatic cores by
the substitution of a single atom (O, S, or Se), i.e., M1-M4, and
by controlling the number of N atoms by replacing the
peripheral donor with benzene, pyridine or pyrazole i.e., CM1,
CM2, and M1. They observed good photocatalytic performance
for molecules with a less deep LUMO level and wide absorption
band. Also, the increase in nitrogen atoms increases the dis-
persibility in water by H-bonding interaction; moreover,
nitrogen atoms act as active sites for the photocatalytic reaction.

J. Mater. Chem. A, 2024, 12, 33470-33487 | 33473
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Fig. 3

(a) Chemical structure of conjugate trimers. (b and c) Calculated HOMO and LUMO band positions of CM1, CM2, M1, and M1-M4. (d)

Temporal photocatalytic H, evolution of CM1, CM2, and M1 under visible light illumination (A = 420 nm) and (e) temporal photocatalytic H,
evolution of M1-M4 under visible light illumination (A = 420 nm). Reproduced with permission from ref. 47, Copyright © 2020, American

Chemical Society.

The optical band gaps for CM1, CM2 and M1 were found to be
2.60, 2.54, and 2.40 eV, respectively and 2.40, 3.69, 2.48, and
2.30 eV for M1-M4, respectively. The HOMO and LUMO energy
level calculation showed that the LUMO of CM1 and CM2 is not
negative enough for proton reduction. Similar observations
were made for M1-M4 systems, where heavy atom substitution
significantly impacts the optical band gap. When photocatalytic
activity was studied with 10% TEOA as the sacrificial reagent
and 1 wt% Pt as the co-catalyst, the highest photocatalytic effi-
ciency was found for M1 with a HER of 4 pmol h™" for 50 mg of
the catalyst with an order of M1 > M3 > M4 > M2. The author
concluded that the presence of the highest number of nitrogen
atoms, a suitable band gap, and an appropriate position of the
LUMO energy level of M1 promotes efficient photocatalytic
HER.

Li and coworkers recently reported donor-acceptor-donor pi-
conjugated trimers with methyl substitution at different posi-
tions of the terminal thiophene donor units. They found that
the 3-methyl substitution on terminal thiophene was showing
excellent photocatalytic hydrogen evolution activity attributed
to long-range ordering and a shorter distance for charge carrier
separation.®

Zhang et al. investigated the cyanocarbazole derivative CzPn
in the supramolecular state and polymeric state for photo-
catalytic hydrogen gas evolution.*® The supramolecules of CzPn

This journal is © The Royal Society of Chemistry 2024

showed crystalline plate-like morphology and the CzPn polymer
showed rod-like granular structures (Fig. 4). UV-vis diffuse-
reflectance spectral analysis showed that both the CzPn supra-
molecule and polymer have strong absorption bands in the
visible region, with the polymer having a more expanded
absorption range due to the greater extent of conjugation by
covalent bonding. The band gap of the supramolecule and
polymer calculated from the Tauc plot were 2.37 and 2.22 eV,
respectively. The photocatalytic hydrogen gas evolution activity
of the CzPn supramolecule with 1% Pt as the co-catalyst and
triethanolamine as a sacrificial agent under visible light irra-
diation was found to be 91.8 pmol h™" (1> 420 nm), which is 2.7
and 20.9 times higher than that with r-ascorbic acid and
methanol as the sacrificial agent, respectively. The PHE activity
of the polymer was found to be half that of the CzPn supra-
molecule, even though the Brunauer-Emmett-Teller BET
absorption area and light absorption are significantly broader.
The higher catalytic activity of the supramolecule is due to the
higher crystallinity favouring strong donor-acceptor interaction
and better charge separation. The HOMO and LUMO of the
CzPn molecule were found to be well separated with a LUMO
value —0.92 vs. NHE and HOMO value 1.45 vs. the normal
hydrogen electrode (NHE), which is favourable for generation of
H, gas from H,0 using a Pt catalyst. The apparent quantum
efficiency (AQE) of the CzPn supramolecule was found to be

J. Mater. Chem. A, 2024, 12, 33470-33487 | 33475
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Fig. 4 (a) Synthetic scheme for 2CzPN supramolecule and polymer preparation, (b) SEM image of the 2CzPN supramolecule, (c) SEM image of
the 2CzPN polymer, (d) schematic diagram for photocatalytic hydrogen production by the 2CzPN supramolecule, and (e) the comparison of
photocatalytic hydrogen production by the 2CzPN supramolecule and polymer. Reproduced with permission from ref. 48, Copyright © 2019,

John Wiley and Sons.

7.5%, 6.1%, and 0.8% at 420 nm; at 475 nm, and at 550 nm,
respectively.

The effect of crystallinity on the photocatalytic hydrogen
evolution reaction is demonstrated by Wan et al. They designed
crystalline micro/nanosheets of a conjugated donor-acceptor
molecule containing benzo[1,2-b:5,4-b']dithiophene (BDT) as
the electron donating unit and cyano-functionalized pyridine as
the electron withdrawing unit for photocatalytic hydrogen
evolution. The molecule crystallized into a sheet shape crystal
with a long-range ordered stacking arrangement (Fig. 5).*° The
highly compact arrangement of the molecules favours efficient
intra- and intermolecular donor-acceptor interaction, which
facilitates charge migration from the bulk phase to the surface
where the electron is captured by a co-catalyst and hole by
a sacrificial reagent suppressing exciton recombination, and
charge transport mobility was reported to be 0.25 cm®> V' s,
The broader bandwidth and red shift in UV-vis absorption and
photoluminescence spectra were observed for the crystal state
compared to diluted solution which indicates strong absorption
properties of the crystal. The photocatalytic hydrogen evolution
experiment in the presence of triethanolamine (TEOA) and
hexachloroplatinic acid(H,PtCls) as the hole scavenger and co-
catalyst, respectively showed that the HER was highly efficient

33476 | J. Mater. Chem. A, 2024, 12, 33470-33487

with a rate of 8143 pmol g¢~* h™' in the ground state and
3943 mmol g~' h™" without grinding. Therefore, as a rugged
surface decreased transparency, an enhanced hydrogen evolu-
tion rate was observed. The AQE was calculated to be 3.9% and
3.5% at 405 nm and at 420 nm, respectively.

2.2 Organic photovoltaic small molecules

Organic photovoltaic molecules possess broad absorption in
the visible range and showed promising solar energy to elec-
tricity conversion efficiency (18-20%),*** Recently, they have
attracted increased attention as photocatalysts for hydrogen
fuel production. A shorter exciton diffusion length (5-10 nm)
and high exciton binding energy in organic semiconductors
severely limit their photocatalytic performance. Therefore, there
is a requirement to increase the exciton diffusion length. Lin
and co-workers reported a photovoltaic organic photocatalyst
with nitrogen heterocyclic electron-donating units at both ends
connected with the centre benzene core (Fig. 6).*° The F1 film
was found to have absorption extended till 901 nm with a higher
molar extinction coefficient. The molecule was observed to have
high quantum yield (9.3%) in emission. Grazing incidence
wide-angle X-ray scattering (GIWAXS) showed a high crystalline
coherence length (CCL) both in the in plane and out of plane

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) The chemical structure and HOMO/LUMO distribution of PCPyBDT, (b) the microscope images of a sheet like single crystal under
normal light, (c) the band gap alignment calculated by the CV method, and (d) HER activity study with PCPyBDT sheets before and after grinding.
Reproduced with permission from ref. 49, Copyright © 2021, Royal Society of Chemistry.
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Fig.6 (a) Chemical structure of the photovoltaic organic photocatalyst (F1) and (b) absorption coefficient and normalized PL of the F1 film and Y6
film. (c) Cryo-TEM image of Pt cocatalyst deposition of F1 NPs. (d) UPS and LEIPS spectra of F1, with respect to the Fermi energy level (EF) at 0 eV
(work function (WF) values are labelled). (e) F1 NPs (6.67 ug mL™Y) under AM 1.5G (100 mW cm™2) investigated for recycling experiments of
hydrogen evolution. Reproduced with permission from ref. 50, Copyright © 2022, American Chemical Society.
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Fig.7 (a and b) Chemical structures of Y6, Y6CO, Y6-S, and Y6-R and (c) the CD spectra recorded for Y6, Y6-R, and Y6-S in chloroform solution.
The gaps is the dissymmetry factor. (d) The CD spectra recorded for Y6, Y6-R, and Y6-S NPs dispersed in water. (e) The diffuse reflection circular
dichroism (DRCD) spectra were recorded for single crystal powders of Y6, Y6-R, and Y6-S. (f) Hydrogen evolution per gram catalyst vs. illu-
mination time of Y6, Y6-R, and Y6-S NPs under AM 1.5G, 100 mW cm™2 simulated solar light. (g) EQE of Y6, Y6-R, and Y6-S NPs at 500, 600, 700,
and 808 nm. Reproduced with permission from ref. 52, Copyright © 2023, John Wiley and Sons.

directions. Therefore, the F1 film has fewer grain boundaries, separation for the hydrogen evolution reaction. When hydrogen
resulting in higher QY, contributing to an increased exciton evolution performance was evaluated for F1 nanoparticles with
diffusion length (Lp) (20 nm),**** which led to efficient charge a 0.4 wt% sodium 2-(3-thienyl) ethyloxybutylsulfonate (TEBS)
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surfactant, 33 wt% Pt as the co-catalyst and ascorbic acid as the
sacrificial reagent, the highest average HER maximum was
found to be 152.60 mmol h™* g~ for (15.63 ug mL ") for 10 h
under AM 1.5G (100 mW cm ).

Cryo-transmission electron microscopy showed the NPs with
a 44.2 £ 14.8 nm diameter and the recyclability study showed
good stability of NPs with HER rates of 77% and 68% for the
first cycle. The photocatalytic HER of F1 NPs was one of the
highest reported among organic photocatalysts and much
better than that of many inorganic photocatalysts.

Lin and co-workers designed an organic photovoltaic mole-
cule Y6CO (Fig. 7) with a carbonyl group for attaching to Pt by o—
7 coordination, which lowers the energy as well as stabilizes the
Pt in the metallic state.”* The photocatalytic hydrogen evolution
investigation showed an enhanced HER of 230.98 mmol h™* g *
and 323.22 mmol h™" g~ for Y6CO and PM6/Y6CO (PM6 acts as
a polymer donor) heterojunction nanoparticles under simulated
solar light which is four times higher than that of Y6 nano-
particles without any coordination site, and external quantum
efficiency for PM6/Y6CO heterojunction nanoparticles was found
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to be 10% under visible and NIR light. Therefore, o-1 anchoring
is demonstrated as a useful strategy for the integration and
stabilization of metallic co-catalysts for the photocatalytic HER,
which can be extended to other photocatalyzed reactions. The
same group reported chiral organic semiconductors having
chiral alkyl chains for the photocatalytic HER. Upon the intro-
duction of the chiral alkyl chain on the conjugated main chain of
chiral nanoparticles, it exhibits reduced charge recombination
due to chirality-induced spin polarization (Fig. 7).*> As a resul,
the chiral Y6-S and Y6-R analogues exhibit 60-70% higher pho-
tocatalytic activity than achiral Y6. The circular dichroism (CD)
spectral analysis showed the silent CD response in chloroform
solution of both Y6-S and Y6-R derivatives, whereas a pronounced
CD signal was observed from the aggregated state of the NP
dispersion in water, with a positive CD response from Y6-R and
negative CD response from Y6-S, respectively.

Employing the photoelectrochemical method, the effect of
chirality-induced spin polarization of Y6-R and Y6-S NPs on the
amount of available delocalized charge was investigated on
a fluorine doped tin oxide (FTO) electrode, which exhibits
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Fig. 8 (a) Schematic representation of the preparation of the ZnP NS and rubrene-ZnP NS heterostructure in the aqueous solution; SEM images
of (b) only ZnP NS and, rubrene-ZnP NS heterostructure with (c) 1:6, (d) 1:3 and (e) 2:3 molar ratios of rubrene: ZnP, and (f) schematic
representation of consecutive photoexcited electron transfer, FRET, and photo hydrogen evolution under light irradiation over the rubrene-ZnP
NS photocatalyst. (g) PHE of rubrene/ZnP-NS (3:1) over time at different pH with MV, TEOA, and 3.8 wt% Pt present in aqueous system.
Reproduced with permission from ref. 53, Copyright © 2016, Royal Society of Chemistry.
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higher photocurrent density than achiral Y6 NPs. In a photo-
catalytic activity study with Pt as the co-catalyst, higher
hydrogen evolution was observed for chiral NPs than achiral
ones under the same experimental conditions, which indicates
the significant impact of chirality on photocatalytic activity.
With 16% Pt loading, an optimum nanoparticle concentration
of 3.33 pg mL " and ascorbic acid as the sacrificial agent, Y6-S
and Y6-R showed a hydrogen evolution rate (HER) of 205 and
217 mmol h™" g™, which is higher than that for Y6 NPs with
a hydrogen evolution rate of 129 mmol h™" g~ under AM 1.5G,
100 mW cm ? simulated solar light for 10 h. Under the opti-
mized conditions when the concentration is higher than 26.67
ng mL " for Y6-S and Y6-R NPs, the external quantum efficiency
(EQE) was found to be 1.5-2 times higher than that of Y6 NPs
with 2.7%, 1.6%, 1.7%, and 2.1% at the wavelengths of 500, 600,
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700, and 808 nm. Therefore, a higher HER and EQE signify the
significant impact of spin polarization on charge-carrier sepa-
ration, although the similar HER and photoelectrochemical
measurement exclude the possibility of chirality selective
catalysis. On blending Y6-R/S NPs with 20% polymer a reduc-
tion in CD signal and photocatalytic activity was observed,
which supports that chirality-induced spin polarization reduced
the charge-carrier recombination and improved the photo-
catalytic hydrogen evolution rate.

2.3 Porphyrin based small molecules

Porphyrin with a large conjugated macrocyclic core shows good
light harvesting properties and excellent electron delocaliza-
tion. It is possible to modulate the band structure required for
efficient photocatalysis. Yao and coworkers reported a zinc
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(a) The chemical structure of Pro-FN and schematic presentation of photocatalytic hydrogen evolution by Por-FN in the (b) monomeric

PorFN, TEOA, and chlorine ions at pH = 7. (e) Photocatalytic hydrogen

evolution study for PorFN in the presence of TEOA as the sacrificial reagent and Pt as the cocatalyst with simulated solar light (AM 1.5G, 100 mW
cm~2). Reproduced with permission from ref. 54, Copyright © 2019, John Wiley and Sons.
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porphyrin (ZnP) based derivative as a hydrated supramolecular
nanostructure for the PHE reaction.® The author reports
synthesis of a ZnP nanostructure by the liquid phase chemical
reaction method with the formation of square nanoflakes which
have an edge length of 900 nm and a thickness of <100 nm
(Fig. 8). The PHE reaction was performed with ZnP as the
photocatalyst and TEOA as a sacrificial electron donor. The PHE
rate was observed to be 0.16 mmol g~* h™'. When ZnP as
a photocatalyst was combined with rubrene as the photosensi-
tizer in a 1: 3 ratio, the PHE efficiency of the rubrene-ZnP het-
erostructure was improved with a PHE rate of 0.56 mmol g *
h™'. The formation of the rubrene/ZnP-NS heterostructure in
the aqueous solution facilitates the FRET from rubrene to ZnP.
As a result, light absorption capability of ZnP increases and the
recombination of photoinduced electrons and holes get
reduced. Further use of methyl viologen (MV) and H,PtCle-
-6H,0 increased the PHE efficiency to 9.3 mmol g "h ' at pH 7.
MV functions as an electron relay for electron transfer from the
photosensitizer rubrene to the Pt center, while Pt acts as a co-
catalyst in the composite.
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The water solubility and dispersibility of organic small
molecules can be easily modulated by the introduction of
charged and polar functional groups, unlike organic polymers.
Cao and co-workers reported water-soluble positively charged
porphyrin derivatives for the photocatalytic hydrogen evolution
reaction (Fig. 9).>* The porphyrin derivative (ProFN) contains
four alkyl ammonium group functionalized cationic fluorene
units connected to the meso-position of the porphyrin core via
a phenyl bridge leading to enhanced light absorption and
electron donating ability. The polycationic porphyrin derivative
stays in the monomeric state in water with a particle size of
1.5 nm. Due to the limited interface contact area in the
molecular state, the loading of the co-catalyst will be hindered.
Therefore, self-assembly was induced by addition of chloride
ions. With the addition of increasing concentration of sodium
chloride (NaCl) ie., 0.1, 0.25, 0.5, 0.65, and 1.0 M, nano-
aggregate formation was observed and particle size increases
with sizes of 11.7, 91.3, 1281, 1718, and 3091 nm, respectively.
Therefore, with increasing NaCl concentrations, larger aggre-
gate formation was observed. The LUMO energy level (—0.74 eV)
for proFN was found to be appropriate for the HER when
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Fig. 10 (a) Chemical structure of amphiphilic perylene carboxylic acid derivative, (b) the chemical structure of the Ni catalyst, (c) chemical
structure of perylene amphiphiles with different methylene linker lengths, (d) the chemical structures of perylene amphiphiles with electron-
donating and withdrawing groups, and (e) the comparative representation of the TON for photocatalytic hydrogen evolution by different
perylene amphiphiles. (f) Energy level diagram for perylene amphiphiles with oxidation potentials of ascorbate and a reduction potential of
MosS;3. Reproduced with permission from ref. 56, Copyright © 2018, American Chemical Society.
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compared with NHE. The photocatalytic HER was performed
employing PorFN along with TEOA as sacrificial hole scavengers
and photo-deposited Pt nanoparticles as co-catalysts under
irradiation of simulated solar power (AM 1.5G, 100 mW cm ™ 2).

It was observed that the photocatalytic hydrogen gas evolu-
tion rate increased drastically from 0.2 mmol h™* g~ for only
monomeric pristine PorFN solution to 10.9 mmol h™* g~ with
the addition of 0.5 mM sodium chloride. When the HER was
carried out with simulated seawater, a similar HER (10.8 mmol
h™" g') was observed. HER investigation with increasing
intensity of simulated solar irradiation also showed increased
HER with a rate of 8 mmol h™' g~ ! at an irradiation intensity
of40 mW cm ™2, resembling morning sunlight or a cloudy day.

In a study from Wang's research group, they demonstrated
metal-free porphyrin as a photocatalyst for both H, and O,
evolution reactions under visible light irradiation without the
use of a co-catalyst.®® Araujo and co-workers designed a series of
meso-substituted porphyrin derivatives containing donor-
acceptor components for the hydrogen evolution reaction.”
They have investigated the effect of chain length, atomic
substitution of sulfur by selenium in the acceptor part, and
extension of the thiophene donor unit on the photocatalytic
hydrogen evolution reaction.

2.4 Perylene based small molecules

Stupp and coworkers explored perylene chromophores con-
taining supramolecular self-assembly for light harvesting and
solar-to-fuel conversion applications. In one of their seminal
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0
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View Article Online

Perspective

studies, they reported the amphiphilic perylene monoamide
(PMI) derivative containing sodium hexanoate functionalized
perylene anhydride as a self-assembled hydrogel scaffold for the
catalytic hydrogen evolution reaction (Fig. 10a).® The use of
hydrogel based soft materials has several advantages compared
to photocatalysis in a solvent medium, e.g. the use of a large
volume of solvent can be avoided, co-catalyst can be integrated
into the gel fiber and device fabrication can be performed. The
PMI amphiphilic derivative undergoes self-assembly with the
formation of ribbon-like nanostructures which are approxi-
mately 40 = 7 nm wide and several microns long. Furthermore,
the addition of salt poly(diallyldimethylammonium) chloride
(PDDA) (300 mM), CaCl, (150 mM) or NaCl (300 mM) for
chromophore amphiphile (CA) assembly led to the formation of
an irreversible gel. When the photocatalysis was performed with
the overnight aged gel suspended in a solution containing
a nickel catalyst ([Ni(P, PhN, Ph),](BF,),) (Fig. 10b)*® with
ascorbic acid at pH 4, the hydrogen production turnover
frequency (TOF) and turnover number (TON) were found to be
19 h™" and 340 + 50 in 150 hours, respectively. Similar photo-
catalytic activity was not observed for the solid precipitate of
protonated CA. Therefore, the porous structure of the gel allows
the diffusion of the Ni catalyst and ascorbic acid for efficient
photocatalysis. The author performed photocatalytic hydrogen
production with the hydrogel on glass, which showed a similar
photocatalytic rate, although the rate diminishes with dried gel
immersion in catalyst/ascorbic acid solution. This is the first
report of the use of a small organic molecule-based hydrogel
scaffold for photocatalytic hydrogen evolution.
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Fig. 11 (a) Chemical structure of perylene tetracarboxylic acid, (b) AFM images of PTA nanosheets, (c) the height profile and simulated structure
comparison, and (d) the photocatalytic HER of PTA nanosheets under different irradiation conditions of the full spectrum (2 = 300 nm), visible
light (A = 420 nm) and AM 1.5G, (~100 mW cm™2). Reproduced with permission from ref. 57, Copyright © 2022, Springer Nature.
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The author further investigated the photocatalytic hydrogen
evolution by using an amphiphilic perylene alkyl carboxylic acid
self-assembled hydrogel with variations of the chain length (n =
1, 2, 3, 4, 5, 7, 9) (Fig. 10c),* and they reported the highest
photocatalytic activity for amphiphiles with 5 and 7 methylene
linkers (L5 and L7), while for L1-4 a lower TON was observed for
the H, evolution reaction (Fig. 10e). The shorter distance for L1-
4 assists electron transfer; however, the charge recombination
rate was also high, and therefore low TONs were observed. The
relatively high H, production efficiency for L5 was probably due
to the molecular packing, which led to the red-shifted absorp-
tion peak and significant in phase HOMO-LUMO overlap. The
author concluded that although the effect of the linker length
on the photocatalytic performance was elusive, the packing and
exciton splitting proficiencies have significant effects on pho-
tocatalytic performance. Later, they explored the photocatalytic
H, gas production efficiency of electron donating and electron
withdrawing group substituted perylene self-assembly (Fig. 10d
and f).>* Photocatalytic hydrogen evolution was observed for
NH,-CA and CH;-CA self-assembly but not for CN-CA self-
assembly. The lower energy offset (0.3 eV) between the LUMO
of CN-CA and Mo catalyst is the probable reason for no photo-
catalytic activity.

Guo et al. explored perylene tetracarboxylic for the photo-
catalytic hydrogen evolution reaction (Fig. 11).>” The presence of
carboxylic groups at the periphery of the perylene core creates
an internal electrical field and increases the charge carrier
separation, furthermore, the photogenerated electron and hole
migration to the edge and the central core, respectively, The
self-assembly of perylene tetracarboxylic acid led to the forma-
tion of nanosheets with a thickness of ~1.5 nm, which is equal
to the length of the PTA molecule. Hence this signifies that the
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1.5 nm nanosheet consists of PTA molecules arranged based on
pi-pi interaction. The ordered pi-pi stacking provides a channel
for electron migration to the surface. The ultra-thin crystal
plane formation inhibits the charge carrier recombination. The
presence of hydrophilic groups at the periphery modulates the
solubility in an aqueous medium as well as the structural
engineering result in the high reduction potential required for
the HER. The estimated HER for a perylene nanosheet in the
presence of Pt as the co-catalyst was observed to be 118.9 mmol
g ' h™" under irradiation of visible light (=420 nm). The
hydrogen evolution reaction was carried out for five consecutive
cycles with no significant reduction in hydrogen production,
demonstrating the stability and recyclability of the
photocatalyst.

Zang and coworkers reported a perylene diimide derivative
functionalized with either dodecyl or phenylamino groups or
hetero-functionalized with dodecyl and benzyl amino groups
for the formation of nanofibers.” The photocatalytic hydrogen
evolution experiment on nanofibers with an in situ deposited
TiO, layer and Pt co-catalyst showed the highest catalytic
performance for the PDI with a phenyl amino group and
dodecyl group attached to each end. The better photocatalytic
activity for the asymmetric PDI is due to the inter- and intra-
molecular charge transfer. A recent review article by Sengupta
et al. extensively reviewed the progress of perylene-based small
molecules as photocatalysts for hydrogen gas evolution
reactions.”

Other than the various photocatalysts discussed above,
Cooper et al. reported dibenzo [b,d]thiophene sulfone and flu-
orene oligomers derivatives for the photocatalytic hydrogen
evolution reaction. The author observed the significant impact
of chain length and planarity on the photocatalytic activity.”
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Fig. 12 (a) Chemical structure of the positional isomers. (b) DFT study for HOMO and LUMO calculation of the heterostructures. (c) P-FL/g-CN,
P-PT/g-CN, P-TP/g-CN, and g-CN investigated for photocatalytic H, evolution rates. (d) P-FL/g-CN, P-PT/g-CN, and P-TP/g-CN studied for
time-dependent photocatalytic hydrogen evolution. Reproduced with permission from ref. 58, Copyright © 2023, Royal Society of Chemistry.
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2.5 Organic heterojunction nanoparticles

In a study by Long and coworkers, they reported the structural
isomers with same molecular formulae but different molecular
compositions which have dramatic impact on the HER.*® They
have designed two metal-free organic small molecules (OSMs) P-
PT and P-TP by replacing two phenyl rings of P-FL with hetero-
cyclic thiophene at symmetric positions and connecting the
phenyl and thiophene ring with a methylene linker to inhibit free
rotation (Fig. 12). The P-TP molecule was found to have better
planarity in the structure compared to P-PT due to less steric
hindrance induced by the small thiophene ring, which is bene-
ficial for a fast intermolecular charge transfer process. The P-TP
molecule with the alternate phenyl and thiophene rings shows
that the negative charge is distributed on each phenyl ring and
positive charge is localized on the upper and lower side. Whereas
the P-PT derivative had negative charge in the phenyl centre and
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the positive charge was accumulated at both ends. Both P-TP and
P-PT isomers showed good visible light-capturing ability. The
author investigated the OSMs-g-CN heterostructures for the
photocatalytic hydrogen gas evolution reaction. The DFT calcu-
lation for P-PT-g-CN and P-TP-g-CN heterostructures showed that
the HOMO was localised on OSMs and LUMO on the graphitic
carbon nitride (g-CN) centre, which facilitates effective charge
transfer. The HOMO-LUMO band gap calculated for OSM-g-CN
materials was observed to be 1.96 and 1.83 eV respectively for
PPT-g-CN and PTP-g-CN, respectively. The photocatalytic
hydrogen evolution carried out for OSMs-g-CN in aqueous solu-
tions containing triethanolamine (TEOA), showed excellent HER
for PTP-g-CN with a rate of 7.71 mmol h™* g™, which is 2.26
times higher than that of P-PT/g-CN (3.41 mmol h™" g ') under
visible light irradiation (A > 420 nm).

In contrast to earlier reports of single small molecule based
photocatalysts for the hydrogen evolution reaction, Tian et al.
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Fig. 13 (a) Schematic for preparation of NPs by nanoprecipitation fro

Time (h)

m POZ-M and ITIC, (b) energy diagram for possible charge and energy

transfer mechanisms, and (c) UV-vis absorption (solid lines) and emission (dashed lines) spectra of POZ-M NPs (orange), POZ-M: ITIC NPs (green)
and ITIC NPs (blue) in water. Cryo-EM images of heterojunction NPs (d) before and (e) after the photocatalytic reaction and (f) photocatalytic
hydrogen evolution activity for single molecule ITIC NPs (blue line), POZ-M NPs (orange line), and POZ-M: ITIC NPs (green line). Reproduced
with permission from ref. 59, Copyright © 2023, Royal Society of Chemistry.
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reported all-organic small molecule-based heterojunction NPs
for the first time, where both the donor and acceptor are small
molecules, for the photocatalytic hydrogen evolution reaction.
They have reported a dithiophene substituted phenoxazine
(POZ-M) small organic donor molecule for synthesis of organic
donor-acceptor hetero-junction nanoparticles with small
acceptor molecules (ITIC)” (Fig. 13).*> The POZ-M:ITIC hetero-
junction nanoparticle synthesis was performed by the nano-
precipitation method with the formation of a stable NP
dispersion of 30 nm diameter. While donor POZ-M exhibits
absorption in the 400-570 nm range, acceptor ITIC exhibits
absorption in the 520-700 nm range which is complementary to
donor absorption. The powder X-ray diffraction analysis showed
the crystalline nature of the co-assembly. The energy level
calculation showed the staggered (type II) energy alignment of
donor POZ-M and acceptor ITIC. Therefore, multiple factors
contribute to the efficient charge separation i.e., by electron
transfer from the donor to the acceptor or hole transfer from the
acceptor to the donor, energy transfer from the donor to the
acceptor, and the crystalline arrangement of the donor and
acceptor. Photocatalytic H, evolution activity of heterojunction
NPs loaded with 6 wt% platinum under LED 50 mW cm ™2 in the
420-750 nm range is equivalent to that under simulating solar
light conditions, which showed a H, production rate of
63 mmol g—' h™ ', which is significantly higher (2 and 100 times,
respectively) than that of only ITIC NPs (29.5 mmol g ' h™") and
POZ-M NPs (0.6 mmol g~' h™%), respectively. The Cryo-EM
images recorded for the heterojunction NPs 22 h after the
photocatalytic activity didn't show any distinct morphology
change, signifying the robustness of the system.

3 Conclusions and future
perspectives

In summary, we have discussed state-of-the-art developments of
molecularly engineered small molecule-based photocatalysts for
green hydrogen production. We have demonstrated various
classes of small molecules such as donor-acceptor, organic
photovoltaic small molecules, porphyrins, perylene, and organic
heterojunction nanoparticles as photocatalysts. Small molecules
used in organic photovoltaics are also showing promising
performance as photocatalysts for the hydrogen evolution reac-
tion. Therefore, they have shown the potential to compete with
inorganic semiconductors. The literature reports showed that
structural tunability has a significant impact on the photocatalytic
hydrogen evolution rate. The literature so far reported not only
conjugated donor-acceptor or single small molecules as photo-
catalysts but also donor-acceptor heterojunction nanoparticles
with good photocatalytic efficiency. The advantages of easy
synthesis and structural tunability allow for intricate structural
engineering to achieve outstanding photocatalytic performance.

The following conclusions can be drawn from the literature
reports so far:

(a) Various structural factors play very important roles in the
modulation of the photocatalytic hydrogen evolution rate. The
molecules containing heteroatoms, especially nitrogen and
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sulfur have better photocatalytic performance. This may be
because they assist in proton reduction by providing lone pair of
electrons. The hetero-atom substitution decreases the HOMO
and LUMO energy gap as well as increases the internal charge
polarizability within the molecule, which results in the reduc-
tion of the band gap andwide absorption in the UV-vis range.
Moreover, intricate control of the positioning of HOMO and
LUMO energy is feasible by structural engineering for devel-
oping small molecule based efficient photocatalysts.

(b) The amphiphilic small molecules with charged func-
tional groups have an internal electric field which facilitates
charge carrier separation and reduces charge recombination,
thereby favouring hydrogen evolution. The introduction of ionic
functional groups at the periphery of molecules provides
molecules with water solubility and dispersibility; therefore,
a combination of extended pi conjugation and ionic functional
group incorporation can be considered an important factor for
organic small molecule based photocatalyst development.

(c) Long-range ordering and crystallinity have significant
impacts on the overall photocatalytic hydrogen evolution
activity. The suitable substitution on pi conjugated small
molecules leads to the arrangement of small molecules in an
organized fashion. Close-packed structure formation results in
better donor-acceptor interaction and pi-orbital overlap, and
hence improved charge carrier separation is possible. There-
fore, crystal engineering can provide organic photocatalysts
with superior photocatalytic activity. Various reports show that
molecular packing and crystallinity have a significant impact on
photocatalytic efficiency.

(d) The formation of nanoaggregates allows the organic
semiconductors to undergo self-assembly with better molecular
packing and more surface area, which may help in efficient
exciton separation compared to bulk aggregated structures and
contribute to an improved photocatalytic rate.

(e) From the reports of various groups, it can be concluded
that the role of co-catalysts is not very clear. Even though most
of the reports demonstrate the use of noble metals as co-
catalysts, a few reports showed good photocatalytic perfor-
mance in the absence of co-catalysts. Therefore, the role of a co-
catalyst is still elusive and more research is required in this
direction.

(f) Attempting overall water splitting to hydrogen and oxygen
gas requires long-lived electrons and holes, for both reactions to
proceed, which is difficult to achieve. The sacrificial reagent
plays a very important role by scavenging the holes generated
during photoexcitation and reducing the recombination
propensity. Since the oxidation of the sacrificial reagent is
thermodynamically more favourable compared to water oxida-
tion to produce oxygen, the use of sacrificial reagents or hole
scavengers enriches the photocatalyst with electrons for
enhanced proton reduction. The reports so far demonstrated
the important role of sacrificial reagents in the photocatalytic
hydrogen evolution reaction. There are only a few reports on
water splitting without the use of a sacrificial regent, and in that
case, an extensive design of the photocatalytic system is
required.
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(g) Although different types of small molecules are showing
promising activity, as well as stability under photocatalytic
reaction conditions, the long-term instability of small mole-
cules under experimental conditions by photo-oxidation limits
their application. When organic molecules excited with high-
intensity light irradiation there is a high chance of photo-
bleaching and unwanted side reactions. Therefore, the exposure
time to UV-visible light and intensity of radiation need to be
controlled for omitting long term photo-instability.

Still, there is plenty of scope for exploration. The reports on
small molecule-based photocatalysts are limited and they are
still in their early stage of development. The number of small
molecule photocatalysts having broad absorption in the visible
range is also limited. The quantum yield of the small molecule-
based photocatalyst needs to be improved to increase the PHE
rate. The impact of various structural modifications on the
photocatalytic hydrogen evolution rate is not well established
yet. The impact of crystallinity and ordering is another area that
requires much attention. One critical drawback of organic small
molecule semiconductors is the high exciton binding energy
that results in inefficient charge separation. Therefore, signifi-
cant research is required in this direction to establish the area
of organic small molecule semiconductors with better photo-
catalytic performance. The research on small molecules as
photocatalysts for green hydrogen fuel production is growing
rapidly. Additionally, organic semiconductors are being
explored extensively as photocatalysts for conversion of small
molecules into other fuels and they can be an attractive alter-
native to polymer and inorganic semiconductors for photo-
catalytic reactions.
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