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The pursuit of sustainable energy technologies has long inspired the development of efficient photo-
catalysts capable of converting solar energy into hydrogen (H,) via overall water (H,O) splitting. While
inorganic semiconductors, such as metal oxides, oxynitrides, and oxysulfides, have demonstrated
reasonable activity and robustness, their intrinsic limitations in light harvesting and charge separation
continue to hinder their photocatalytic performance. Conversely, organic semiconductors offer compelling
advantages, including tunable electronic structures, visible-light absorption, and synthetic versatility. However,
their application in overall H,O splitting remains constrained by short exciton diffusion lengths, low carrier
mobility, and poor activity in multi-electron processes. Recently, integrating organic and inorganic materials
into hybrid photocatalysts has emerged as a powerful strategy to overcome these bottlenecks. By syner-
gistically combining the efficient charge transport of inorganic frameworks with the structural adaptability and
optoelectronic tunability of organic materials, rationally designed hybrid systems have shown remarkable
potential in enhancing light utilization, facilitating exciton dissociation, and suppressing recombination. These
advances not only improve overall H,O splitting efficiency but also open new avenues for photocatalyst
design. This review critically examines the fundamental principles, interfacial interactions, and photophysical
mechanisms underpinning inorganic—organic hybrid photocatalysts for solar-driven overall H,O splitting.
Received 2nd July 2025 We highlight recent breakthroughs, analyse the remaining scientific and engineering challenges, and propose
DOI: 10.1039/d5¢s00378d strategic directions for next-generation hybrid systems with improved scalability, efficiency, and durability.
Our goal is to establish a forward-looking roadmap that defines the role of hybrid photocatalysts as a
rsc.li/chem-soc-rev transformative platform in achieving a sustainable, carbon-neutral society.
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1. Introduction

Hydrogen (H,), characterized by its high combustion enthalpy
and zero-carbon emissions upon utilization, has long been
recognized as an ideal secondary energy carrier for a sustain-
able future." However, over 90% of current H, production is
still based on conventional methods such as steam methane
reforming (SMR) and coal gasification, both of which rely
heavily on fossil fuels.””> These methods not only contribute
to significant environmental concerns but also fail to align with
the intensification strategies needed for sustainable energy
development. In contrast, solar-driven H, production repre-
sents a compelling alternative by directly converting solar
energy into chemical energy stored in H, molecules.®” This
route not only offers a sustainable solution for solar energy
storage but also enables clean H, generation without fossil
inputs. The process of photo-mediated catalysis, where photon
energy drives the generation of electron-hole pairs that then
participate in subsequent redox reactions, holds immense
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potential. Furthermore, when integrated with proton exchange
membrane (PEM) fuel cells, solar-derived H, can be converted
back to electricity with high energy density, exceptional energy
conversion efficiency, and zero carbon emissions, producing
only water (H,0) as the by-product.®°® This seamless coupling
establishes a closed-loop solar-hydrogen-electricity pathway.'®
Nevertheless, designing a stable and efficient photocatalytic
system capable of driving H, production through overall H,O
splitting still remains one of the most formidable challenges in
solar energy research. Overcoming this barrier, often referred to
as the “holy grail” in the field, would mark a transformative
step toward scalable and carbon-neutral H, production.'*™"*
Photocatalytic overall H,O splitting comprises two coupled
half-reactions, which are H,O oxidation and proton reduction,
necessitating the concerted action of photoexcited holes and
electrons, respectively. Unlike proton reduction, H,O splitting
involves more complex processes, including the cleavage of
O-H bonds and the formation of O—O bonds. This adds
substantial complexity to the reaction, as it demands precise
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control over electron, proton, and bond dynamics."*"® These
complexities impose stringent requirements on the spatial and
temporal control of charge carrier dynamics and reaction
intermediates within the photocatalyst. Under typical illumina-
tion conditions, the absorption of photons by the light-
harvesting material generates single excitons, but the resulting
kinetic barriers and charge accumulation often impede multi-
electron redox reactions.'”*® These challenges are exacerbated
by competing dissipative pathways, including radiative and
non-radiative transitions, energy transfer, and vibrational
relaxation, all of which limit the efficiency of charge separation
and transfer.'®">* Furthermore, the kinetics of proton transfer
play a crucial role in optimizing communication between the
catalytic centres and the substrates involved in the H,O split-
ting reaction. From a thermodynamic standpoint, solar-driven
overall H,O splitting is a non-spontaneous process that must
overcome a significant energy barrier. While the theoretical
thermodynamic minimum for H,O splitting is about 1.23 eV,
the practical systems typically experience overpotentials, often
raising this requirement to over 1.7 eV.>*>* In 1972, Fujishima
and Honda’s pioneering work on TiO,-based photoanodes
under UV light and applied bias voltage demonstrated the
feasibility of photoelectrochemical cells, sparking numerous
subsequent strategies aimed at improving solar-driven H, and
oxygen (O,) evolution from H,O during the past fifty years.*®™>°

Inorganic photocatalysts, including metal oxides, nitrides,
phosphides, sulfides, chlorides, oxynitrides, and oxyhalides,
have long been at the forefront of solar-driven H, production
technologies, owing to their favorable light-response perfor-
mances, chemical stability, and cost-effectiveness.>** These
materials have been extensively studied for their potential in
large-scale solar-driven H, production. For example, Domen
et al. successfully scaled up the aluminum-doped strontium
titanate (SrTiO;:Al) photocatalyst from a 1.0 m?* panel reactor to
a 100 m* outdoor system, achieving stable, large-scale photo-
catalytic H,O splitting with integrated gas collection and
separation modules.*® The system operated stably for months,
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with a solar-to-hydrogen (STH) conversion efficiency of 0.76%.
By loading cocatalysts like Rh/Cr,0; and CoOOH on the
SrTiOj;:Al surface, the anisotropic charge transport, facilitated
by work function differences, suppresses recombination and
enhances the system’s efficiency. Notably, an external quantum
efficiency of 96% was achieved in the 350-360 nm UV range.*”
Despite these achievements, inorganic photocatalysts face lim-
itations, such as narrow light absorption ranges and significant
energy losses due to rapid recombination of photogenerated
carriers. These factors contribute to a persistent gap between
current performance and the benchmark STH efficiency of
>5% required for economically viable solar H, production.
Bridging this gap calls for innovative strategies that extend light
harvesting into the visible spectrum while enhancing charge
transport and catalytic dynamics.

In contrast, organic semiconductors are gaining attention
due to their synthetically tunable molecular structures, which
allow for precise control over light absorption, energy levels,
and charge transport properties.*®*” Their structural versatility
offers unique opportunities for engineering charge migration
pathways and enhancing exciton dissociation. For instance,
Jiang and Scholes synthesized sp> carbon-conjugated covalent
organic frameworks (COFs) linked by C—C bonds, which
demonstrated efficient visible-light absorption and long-range
exciton transport within 2D conjugated planes.*® The incor-
poration of cofacial pyrene moieties within these COFs facili-
tated exciton delocalization, leading to enhanced exciton
mobility and extended diffusion lengths. Moreover, donor-
acceptor conjugated COFs are shown to facilitate ultrafast
charge separation, with phonon-assisted polaron pair genera-
tion being a key mechanism.?® Despite these advances, organic
semiconductors face inherent challenges, including strong
exciton binding energies, limited intrinsic carrier mobility,
and relatively short carrier lifetimes, which collectively con-
strain their overall photocatalytic efficiency.

As depicted in Fig. 1, given the current state of research, the
integration of inorganic and organic semiconductor compo-
nents into hybrid systems presents a highly effective strategy to
overcome persistent limitations in photocatalytic H,O splitting,
such as suboptimal light absorption, inefficient charge carrier
dynamics, and poor thermodynamic compatibility. A prime
example is the hybridization of polyaniline with ZnO, which
promotes directional charge transfer across the inorganic-
organic interface, thereby improving both photocatalytic activ-
ity and stability."® A growing body of literature has demon-
strated that inorganic-organic hybrid photocatalysts can
efficiently modulate energy levels, optimize charge transfer
pathways, and extend the lifetime of photogenerated charge
carriers.*’ These improvements are critical for meeting the
demands of multi-electron and multi-proton reactions required
in the H,O splitting process. The rational design of such hybrid
platforms thus offers a promising route toward achieving the
benchmark STH conversion efficiency needed for scalable solar
H, production.

Fig. 2 clearly demonstrates that the development of integrated
inorganic-organic hybrid platforms is of great significance for

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Harnessing the integrated advantages of inorganic semiconductors and organic counterparts for the enhanced overall H,O splitting toward
H> production.
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Fig. 2 Schematic illustration of the advantages of inorganic—organic hybrid photocatalysts for overall H,O splitting to produce H, and O, (taking
titanium dioxide and covalent organic frameworks as example).

enhancing photocatalytic overall H,O splitting performance and inorganic-organic hybrid systems incorporating emerging materials
for gaining deeper insights into the underlying mechanisms. such as amorphous conjugated polymers and crystalline cova-
In recent years, increasing attention has been directed toward lent organic frameworks (COFs). However, despite important

This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev,, 2025, 54, 9978-10005 | 9981


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00378d

Open Access Article. Published on 24 September 2025. Downloaded on 10/31/2025 7:21:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

advancements, the literature remains fragmented, lacking a
comprehensive and mechanistically focused overview of the
design principles governing hybrid photocatalysts. Key aspects,
such as the role of interfacial carrier dynamics, hybrid band
structure tuning, and synergistic charge transport mechanisms,
have not been systematically reviewed. This Review aims to fill
these gaps by providing an in-depth discussion of hybridization
strategies that enhance overall H, production from H,O
splitting. We emphasize the importance of charge generation,
separation, and transport within hybrid systems, and classify
representative inorganic-organic photocatalysts based on their
electronic band structures. Finally, we outline the prospects and
challenges facing the development of inorganic-organic hybrid
photocatalysts, with the goal of inspiring future research to push
the boundaries of this promising field.

2. Principles of inorganic—organic
hybridization to enhance
photocatalytic H,O splitting efficiency

In a typical photocatalytic process, photocatalysts absorb
photons with energy equal to or greater than its bandgap on
the femtosecond (fs) timescale, promoting electrons from the
valence band to the conduction band and generating electron-
hole pairs. These charge carriers rapidly thermalize and
migrate to surface active sites over tens to hundreds of pico-
seconds (ps). Interfacial charge transfer and reactions with
adsorbed species then proceed on nanosecond (ns) to micro-
second (ms) scales, in competition with radiative and non-
radiative recombination.”> However, bulk and interfacial
recombination processes proceed on picosecond-nanosecond
timescales and frequently compete with (or exceed) the rates of
productive interfacial charge transfer. Consequently, many
photogenerated carriers recombine before accessing active
sites, constraining the efficiency of overall photocatalytic H,O
splitting. Thus, to enhance H, production, it is essential
to improve ultrafast charge dynamics, particularly at the
nanoscale.*® Strategies such as crystal facet regulation, mor-
phology design, and defect engineering have been shown to
provide localized and directional control over charge migration
in unitary semiconductor photocatalysts.***® Inorganic-
organic hybridization further tailors carrier dynamics by form-
ing intimate heterointerfaces with favorable band alignment
and built-in electric fields, thereby improving charge-transfer
efficiency, extending excited-state lifetimes, and suppressing
recombination.*”*®

As shown in Fig. 3, the exciton dissociation pathways and
interfacial electric field characteristics are systematically com-
pared among representative systems, including inorganic semi-
conductors, organic semiconductors, inorganic-inorganic
heterogeneous interface, organic-organic heterogeneous interface,
and inorganic-organic heterogeneous interface. Inorganic-organic
hybrid materials uniquely integrate the structural tunability of
organic semiconductors with the superior charge transport proper-
ties of inorganic counterparts. The interfacial coupling between
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materials with drastically different dielectric constants and carrier
concentrations is expected to generate strong internal electric
fields (IEF), thereby enhancing interfacial charge separation and
facilitating subsequent catalytic transformations.

To fully understand the benefits of inorganic-organic hybrid
systems, it is crucial to first examine the exciton dynamics in
semiconductor materials. The initial step in photocatalytic
efficiency is light harvesting, which hinges on the balance
between broad-spectrum absorption and suitable redox cap-
ability. The solar spectrum spans a wide range of wavelengths,
but photocatalysts typically absorb photons that excite valence
electrons from the valence band (VB) to the conduction band
(CB), with the energy bandgap (E,) determining the range of
absorbed wavelengths. The relationship between the E; and the
shortest absorption wavelength follows eqn (1). Furthermore,
much of the absorbed energy falls within the ultraviolet (UV)
region, which is limited in terms of total energy and does
not align with the need to improve solar energy conversion
efficiency.” By integrating inorganic and organic materials,
hybrid systems can extend the absorption to lower energy
photons by adjusting functional groups and energy levels, thus
improving overall photocatalytic performance.>® In general, the
VB and CB edge potentials of semiconductors can be approxi-
mately predicted from the Mulliken electronegativity theory.>"
As shown in eqn (2) and (3), Eyg and Ecg denote the potentials
of the valence and conduction bands; y is the absolute electro-
negativity of the semiconductor; and E. is the energy of a free
electron on the hydrogen electrode scale.

Ey = Eyy — Ecp =— = — (1)
Eyg = 7 — Ee — 0.5E, (2)
Ecp = — Ee — 0.5E, 3)

The differences in the dielectric properties between organic
and inorganic semiconductors significantly influence their
photogenerated charge carrier dynamics. When photons are
absorbed by the semiconductor, ground state electrons in the
valence band are excited to the conduction band, leading to the
formation of bound excitons through Coulomb interactions
between the excited electrons and the in situ generated holes.

In inorganic semiconductors, such as TiO,, Ta,0s, and CdS,
the high dielectric constants (¢)—typically above 10, and some-
times exceeding 100—serve to screen the electric field between
electron-hole pairs, reducing the exciton binding energy.”*"
In such a high-dielectric environment, the radius of the
Wannier-Mott excitons often exceeds the lattice constant, and
the binding energy is typically around 0.01 eV, which contri-
butes to the easy dissociation of excitons into free carriers.>*
In contrast, the molecular orbitals in organic semiconductors
are highly localized, and the lower dielectric constants (¢ < 5)
result in higher exciton dissociation energies (eqn (4)). This
limits the charge carrier lifetime () and carrier separation
efficiency (u is the reduced exciton mass, R, is the atomic

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Diagram illustrating the charge transfer kinetics in (a) inorganic semiconductors and (b) organic semiconductors. Comparison of charge transfer
at the (c) inorganic—inorganic heterojunction, (d) organic—organic heterojunction, and (e) inorganic—organic heterojunction (The left side represents
inorganic semiconductors, while the right side represents organic semiconductors. The right figure illustrates the distribution of the IEF potential and

intensity in the space charge region).

Rydberg energy), both critical factors for efficient photo-
catalysis.>>>® The dissociation of Frenkel excitons in organic
semiconductor materials often requires external electric fields
or varying chemical potentials at interfaces to aid in carrier
separation. The interaction of these excitons with the surround-
ing environment plays a key role in modulating the photo-
physical processes, including the lifetime and diffusion length
of charge carriers, both of which are critical for enhancing
photocatalytic redox efficiency. The relationship between the
average exciton diffusion length (Lp), diffusion coefficient (D),
and exciton lifetime (7) can be expressed by eqn (5). During the
diffusion process, excitons tend to recombine and lose their
energy either radiatively or non-radiatively.

The charge transfer efficiency (y.) is determined by both the
charge transfer rate constant (k) and the excited-state lifetime (t)

This journal is © The Royal Society of Chemistry 2025

(eqn (6)). Suppressing charge recombination and increasing k.
both raise .. Within a Marcus-type framework, the k. depends
on the electronic coupling between the donor and acceptor sites
(Hpa) and the reaction driving force at the semiconductor-
solution interface. In addition, the Hp, and reorganization energy
(4;) involved in the transition from initial to final charge states are
both significant dynamic parameters influencing recombination
and relaxation processes. Thus, they are crucial parameters for
optimizing charge dynamics (eqn (7)).°”°® Moreover, surface
states must be managed judiciously. Shallow, catalytically produc-
tive (or co-catalyst-induced) states can transiently localize carriers,
extend interfacial residence times, and facilitate charge transfer,
whereas deep traps promote non-radiative recombination and
should be minimized. While rational design approaches, such
as crystal facet control, doping (including metal and non-metal

Chem. Soc. Rev., 2025, 54, 9978-10005 | 9983
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atoms), and morphology optimization, have shown effective-
ness in modulating charge trapping and improving photocata-
Iytic activity, significant improvements in photocatalytic H,
production from H,O splitting are still required. Hybridization
schemes combining inorganic and organic materials offer a
promising strategy to address these challenges, optimizing the
charge dynamics for efficient H, production.

BRy
E, = 4
b &2my Q)

1
Lp = (D)2 (5)

ket

= —Fk 6
Met kct +kCR ctT ( )

2n
ke = 7|HDA|2

(% + AGY)’ :
4TE/1;kBT ( )

1 exp<
(41‘[)4/(13 T)f

The hybridization strategy integrates distinct organic and
inorganic materials, aligning surface potentials and energy
levels to create favorable pathways for the dissociation and
efficient transfer of excitons. From a carrier dynamics perspec-
tive, this enhanced interaction is primarily driven by the
potential difference at the interface. When organic compounds
or heterogeneous semiconductors come into close contact with
a semiconductor photocatalyst, differences in molecular
dipoles and work functions (Wg) induce changes in the surface
electric field, which in turn affects the distribution and move-
ment of charge carriers. The Wy represents the energy required
for an electron to escape from the material, relative to the Fermi
energy level (Eg) (eqn (8)).”° The discontinuity in the E at the
hybrid interface causes electrons to drift from regions of higher

(i) (ii)

View Article Online
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Er to lower Ey, in accordance with the thermodynamic potential
difference. This results in the accumulation of charge at the
interface, thus creating a dipole layer that forms an IEF across
the surface of the inorganic-organic hybrid system. Moreover,
the IEF can be quantified by the surface voltage (Vgu.f) and
surface charge density (p), which play a crucial role in enhan-
cing interfacial charge interactions, further optimizing the
charge separation and transfer efficiency essential for photo-
catalytic processes (eqn (9)).*°

W= —ep — Ep (8)

e (—i?rfp)% 9)

Vi(x) = jg]ovg'l (x—x0)> —D;<x<0 (10)
Vz(x)zzqgj(?,;(xfxo)z 0<x<D,. (11)

As shown in Fig. 4, contact between the semiconductors
induces carrier diffusion across the junction, establishing
space-charge regions and an IEF. The IEF strengthens until it
exactly balances diffusion (Fermi level align), at which point the
net current vanishes and the band edges bend under the
resulting built-in potential. The electric field is position-
dependent and attains its maximum magnitude at the interface
and decreases toward zero at the boundary of the space-charge
region, where the band bending is most pronounced near the
contact. The IEF at the junction of such heterostructures can be
precisely measured using Kelvin Probe Force Microscopy.®* The
derived eqn (10) and (11) of the Poisson equation describe how
the surface potential (V(x)) evolves with interface coordinates,
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The charge transfer processes in heterojunction (i) before and (i) after contact, (i) under light irradiation and (iv) surface reactions.
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with D; and D, representing the depletion layer widths of the
heterogeneous components (eqn (14) and (15)). The contact
potential difference at the heterojunction is the sum of the
electrical potential drops (Vp, and Vp, ) at the interface. These
potential drops are strongly influenced by the ¢ and carrier
concentrations (N) of the components, as shown in eqn (12)
and (13). This IEF plays a critical role in enhancing charge
separation and migration, significantly improving photocataly-
tic efficiency. Under illumination, non-equilibrium charges are
generated, and their directional drift at the interface is influ-
enced by the IEF. This non-equilibrium state closely resembles
an applied voltage across the heterostructure, and the potential
drop in the space charge region can still be described by
eqn (13) (after accounting for the applied voltage). As photo-
generated charges are transferred, the IEF strength decreases,
and the space charge region narrows, eventually reaching a new
equilibrium state.

Vp = VD1 + VD2 (12)
Q_azNz (13)
VD2 81N|

21V, %
01:(8‘ ) (19)
gNi
267V, 2
& VD
D, = 2) 15
? ( qN> (15)
o = ngu (16)

The unique properties of the inorganic-organic hybrid inter-
face arise from the differences in the physical and photoelectric
characteristics of the organic and inorganic components. These
differences provide potential advantages in promoting exciton
dissociation and migration compared to inorganic-inorganic
or organic-organic interfaces. The p, N, and dielectric proper-
ties of different lattice phases play a critical role in enhancing
the charge separation driven by the IEF. Directional carrier
drift driven by the built-in IEF sweeps electrons and holes away
from surface traps, suppressing nonradiative recombination.
N-Doped organic semiconductors, owing to their high N-dopant
density and favorable dielectric response, can further reinforce
the IEF. However, their limited carrier mobility remains a bottle-
neck for further enhancing catalytic performance (eqn 16). These
limitations can be partially mitigated by hybridizing inorganic
and organic materials, whose complementary thermodynamic
and charge transport characteristics promote more efficient
charge separation and transfer. At the interface of inorganic-
organic hybrid systems, the formation of an IEF-arising from
differences in energy levels and work functions-serves as an
internal driving force that facilitates directional carrier migra-
tion and suppresses recombination.®* Additionally, enhanced
carrier mobility within the hybrid architecture extends carrier
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lifetimes, which is critical for sustaining multi-step photoredox
sequences. Molecular- and atomic-scale interfaces further
suppress trap-mediated losses, promoting more efficient inter-
facial charge transfer. These insights highlight the importance
of rational hybrid design for engineering the IEF, is a key
parameter to enhance the efficiency of overall photocatalytic
H,0 splitting.

The charge transfer processes between the organic and
inorganic components in inorganic-organic hybrid photocata-
lysts can typically be classified into four primary modes: (1) the
sensitization mechanism, (2) type I heterojunction, (3) type II
heterojunction, and (4) Z-scheme heterojunction. Each of these
modes involves distinct mechanisms for facilitating the trans-
fer of photogenerated carriers across the interface, and their
effectiveness is largely determined by the electronic structure,
energy band alignment, and interface properties of the hybrid
materials. The sensitization scheme involves the transfer of
energy from the organic component to the inorganic semicon-
ductor, promoting the generation of charge carriers in the
latter. Type I and II heterojunctions, on the other hand, rely
on the alignment of energy bands between the two materials to
drive the separation of electrons and holes, with type I hetero-
junctions favoring electron transfer to the inorganic compo-
nent, while type II heterojunctions facilitate more efficient
separation and migration of both charge carriers across the
interface.

The Z-scheme heterojunction, inspired by the natural photo-
synthesis process, allows for the simultaneous separation of
electrons and holes at different components, thereby enhan-
cing charge transfer and photocatalytic efficiency. Under two-
photon excitation, electrons accumulate at the component with
the more negative conduction band while holes concentrate at
the one with the more positive valence band.®*** This preserves
strong reduction and oxidation potentials, relaxes the per-
photon energy requirement compared with single-absorber
schemes, and suppresses recombination by spatially isolating
redox sites. When band positions appear similar, the direction
of carrier flow is governed by the contact potential difference
and the associated interfacial band bending established upon
junction formation.®>®®

The distinctive nature of charge transfer at inorganic-organic
interfaces arise from the intrinsic composition and structure
differences between inorganic and organic semiconductors.
Inorganic semiconductors, such as metal oxides, are typically
composed of atoms held together by strong covalent or ionic
bonds, resulting in extended electronic delocalization and high
¢. These features facilitate efficient light absorption and the
generation of free charge carriers upon photoexcitation.®®
In contrast, organic semiconductors are held together by weak
intermolecular interactions (i.e., van der Waals forces, n-n
stacking, hydrogen bonding), leading to the localized electronic
states and lower ¢ than that of inorganic counterparts. These
characteristics limit their charge separation efficiency, and the
formation of carriers often requires external electric fields to
assist in dissociation of the bound excitons. The four primary
charge transfer modes outlined previously demonstrate that the
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chemical potential differences across the interfaces between
inorganic and organic components provide an effective means
for generating intrinsic photogenerated carriers and facilitating
exciton dissociation. For example, the hierarchical ZnIn,S,/
2-C;N, inorganic-organic heterostructure photocatalyst devel-
oped by Huang et al demonstrates enhanced photocatalytic
performance by leveraging efficient interfacial charge transfer
and reduced recombination loss.”” When compared to single
semiconductors or conventional inorganic heterojunction photo-
catalysts, such as those materials based on Fe,O; or CeO,, this
inorganic-organic hybrid platform offers a more effective photo-
induced charge transfer efficiency, ultimately leading to superior
photocatalytic performance.””*

In addition to optimizing charge transfer modes, inorganic-
organic hybrid photocatalytic platforms offer the advantage of
providing more active sites for surface reactions. The tailored
integration of organic and inorganic components leads to
changes in the surface lattice structure and functional group
composition.”* Due to the inherent differences in crystal struc-
ture and bonding, hybrid interfaces expose a greater number
of active sites, enhancing the dispersion of photocatalysts and
promoting more efficient charge transfer. Compared to bulk
semiconductors, where charge carriers tend to recombine
before reaching the surface, the hybrid structure facilitates
the migration of carriers to the surface, where they can more
readily participate in subsequent reactions. For example, Wang
et al. demonstrated the effectiveness of this optimization
strategy by constructing a g-C;N,/polyaniline/ZnO ternary
heterostructure, where carbon nitride nanosheets served as
supports.”* The synergy between organic polymers and inor-
ganic semiconductors increased the specific surface area of the
photocatalytic system, enhanced charge separation efficiency,
and broadened the light absorption range. As a result, the
visible-light catalytic efficiency of the hybrid system was more
than three times higher than that of the individual compo-
nents. The flexibility in tuning the structure of organic compo-
nents also accelerates surface reactions by adjusting functional
groups and molecular arrangements. For instance, in the CuNi
alloy nanoparticle/g-C3N, hybrid system, the C—=O functional
groups in the organic layer were used to modulate the work
function and H, adsorption free energy, resulting in a photo-
catalytic H, production rate of 2.36 mmol g~ * h™" under visible-
light irradiation.”® Additionally, the introduction of functional
groups such as carboxyl, amino, and hydroxyl groups can further
enhance photocatalytic performance by improving substrate selec-
tivity and expanding the width of the space charge region, thereby
optimizing overall H,O splitting catalytic efficiency.”®””

3. Synthetic approaches toward
inorganic—organic hybrid
photocatalysts

Inorganic-organic hybrid systems, due to their unique hetero-

interfacial properties, have gained significant attention for
their potential to enhance carrier dynamics and address key
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challenges (e.g., mass transfer and stability) in photocatalytic
H, production via overall H,O splitting. These systems typically
involve the coupling of organic molecules or semiconductors
with inorganic counterparts, leveraging the complementary
advantages of both material classes. By modulating the redox
properties and the electrical conductivity of these hybrids,
significant improvements in photocatalytic performance have
been achieved.”®®® Notably, hybrid semiconductor architec-
tures incorporating bandgap engineering provide more versa-
tile charge modulation pathways than conventional sensitized
or conductive systems, while maintaining strong redox capabil-
ities. This versatility allows for greater flexibility in optimizing
charge transport and separation processes, which are critical
for enhancing photocatalytic performance of H,O splitting.
In this context, we focus on hybrid systems composed of
organic semiconductors and bandgap-engineered inorganic
semiconductors. These systems can be further classified into
two categories: amorphous organic polymers and crystalline
COFs, based on the distinct structural characteristics of the
organic semiconductor components.

The synthesis strategies employed to construct such hybrid
materials play a decisive role in determining their interfacial
properties, structural integrity, and functional perfor-
mance.®"® Over the years, numerous reviews have extensively
explored various approaches for constructing these hybrid
catalysts. In this section, we provide a concise overview of the
synthesis techniques most commonly employed for hybrid
systems that integrate organic and inorganic semiconductors.

In situ synthesis is widely employed, either by growing
inorganic phases from precursors on organic semiconductors
or by polymerizing organic monomers directly on inorganic
substrates.®**®” This method enables the formation of contin-
uous, well-integrated hybrid networks with strong interfacial
bonding and efficient electronic coupling.®*°° Techniques
such as electrochemical deposition and solvothermal synthesis
offer fine control over reaction parameters, including tempera-
ture, pH, and precursor concentration, allowing precise tuning
of hybrid interface properties. This approach has been success-
fully applied to fabricate hybrid electrodes and powder photo-
catalysts with well-defined morphologies, enhanced stability,
and improved charge separation efficiency.”"°> Nevertheless,
achieving precise synthesis via this route remains highly sensi-
tive to the substrate’s surface chemistry and morphology, as
well as to the specific processing conditions.

Physical mixing is a straightforward, versatile method that
integrates organic and inorganic semiconductors by co-dispersing
them in a common solvent, typically with ultra-sonication used
to promote uniform distribution.®*** Non-covalent interactions,
such as hydrogen bonding and n—n stacking, play critical roles in
stabilizing the hybrid system and defining the binding modes
between the components.”® This method allows for the creation
of highly ordered hybrid interfaces and offers the flexibility to
tailor the interfacial structures by modulating the semiconductor
properties. Such tailored interfaces are beneficial for facilitating
efficient electron-hole separation and promoting directional
charge transfer, which significantly enhances the catalytic
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performance of the hybrid materials. However, due to the
relatively weak interfacial binding, challenges remain, including
poor interfacial coupling and limited control over morphology
and structure.

Mechanical ball milling offers an efficient, scalable route to
integrate organic and inorganic components.’®®” High-energy
impact and shear promote intimate, homogeneous mixing,
suppress agglomeration, and can induce interfacial bonding.
This approach often requires minimal or no solvent and
utilizes mechanochemical conditions to drive the synthesis.
The grinding process introduces defect sites into the hybrid
products, which may result from uncontrollable reactions
triggered by the applied high activation energy.’® Additionally,
requirements regarding material viscosity and dispersibility
can pose limitations on material development. Under the
optimized conditions, ball milling can produce diverse hybrid
interfaces with enhanced structural and functional properties,
providing an effective means of material synthesis.

Surface functionalization provides an additional route for
constructing hybrid interfaces via covalent bonding. Functional
groups such as hydroxyl, amino, or carboxyl moieties can be
introduced onto the surfaces of organic and inorganic semi-
conductors to facilitate chemical coupling.®>'°° However, the
limited reactivity of certain semiconductor surfaces may restrict
the diversity of achievable hybrid structures. Furthermore, the
inherent experimental complexity and associated costs pose chal-
lenges for large-scale fabrication. Despite these challenges, sur-
face functionalization remains a powerful means to improve
interfacial compatibility, accelerate charge transfer kinetics, and
tailor the overall photocatalytic performance in hybrid systems.

Together, these synthesis methods offer a toolkit for tailor-
ing the composition, morphology, and electronic properties of
inorganic-organic hybrid photocatalysts. The careful selection
and optimization of synthetic approaches are critical to achiev-
ing the structural precision and functional integration required
for efficient, scalable solar-to-hydrogen conversion.

4. Typical inorganic—organic hybrid
systems for photocatalytic overall H,O
splitting

Organic semiconductors, primarily represented by amorphous
organic polymers, have attracted extensive interest due to
their facile synthesis, chemical stability, and amenability to
molecular-level design. In hybrid systems, these materials can
serve dual roles: harvesting light and facilitating charge trans-
fer. A key advantage of organic semiconductors lies in their
intrinsic ambipolar transport behavior, which enables the
concurrent migration of electrons and holes. This property is
particularly valuable in the construction of inorganic-organic
hybrid photocatalysts, where efficient charge separation and
transport are essential for high-performance solar-driven H,O
splitting. Substantial progress has been made in integrating
organic polymers with well-established inorganic semiconductors
such as TiO,, CdS, and Fe,05.)°"% The interfacial interaction
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between the organic and inorganic phases critically influences
photocatalytic activity by modulating light absorption charac-
teristics, exciton generation dynamics, and charge separation
efficiency. These hybrid systems have shown considerable
potential to meet both the thermodynamic and kinetic require-
ments of overall H,O splitting. The following sections will present
case studies and detailed analysis of their working principles.

4.1 Integrating inorganic semiconductors with 1D organic
polymers for photocatalytic overall H,O splitting

Linear polymers are among the most well-developed organic
semiconducting materials, consisting of hydrocarbon chains
that are soluble in organic solvents (Fig. 5(a) and (b)).'*> Their
inherent stretchability makes them ideal for various applica-
tions. It has been demonstrated that the linear polymers can
drive photocatalytic H,O splitting with the assistance of suita-
ble cocatalysts (Fig. 5(c) and (e))."%* Moreover, their flexibility
enhances their ability to meet interfacial contact area and
compatibility requirements, which are essential for the devel-
opment of efficient inorganic-organic hybrid photocatalysts.
In this regard, Cooper and Sprick et al. demonstrated the
coupling of the homopolymer of dibenzo[b,d|thiophene sulfone
(P10) with BivO,, which facilitated photocatalytic overall H,O
splitting (Fig. 5(f) and (g))."** The resulting inorganic-organic
hybrid system was particularly effective in promoting a
Z-scheme charge transfer mechanism, which enhanced the
redox abilities of the photogenerated charge carriers, overcoming
the thermodynamic challenges of H,O splitting. Conjugated
linear polymers provide a dynamic platform for charge migration,
improving charge transfer between the two phases. In this system,
the linear polymer enriched photogenerated electrons to generate
H,, while BiVO, was responsible for oxidizing H,O to produce O,.
Under broad-spectrum illumination (e.g:, 300 W Xe light source),
the hybrid photocatalyst achieved H, and O, production rates
of 10.8 and 4.5 pumol h™", respectively, thereby giving an STH
conversion efficiency of ~0.0014%. Zhang et al synthesized
CueSns/polyaniline composite via a combination of chemical
reduction and hydrothermal methods and employed as photo-
catalyst for overall H,O splitting under sunlight irradiation.'®’
The hybrid photocatalyst exhibited H, and O, evolution rates of
121.3 and 58.6 pmol g ' h™", respectively. The enhanced photo-
catalytic performance was attributed to the synergistic effect of the
bimetallic CusSns component and polyaniline matrix. In this
system, polyaniline served as an acceptor that effectively trapped
plasmonic holes and promoted charge separation and utilization,
thereby improving the efficiency of the light-driven overall H,O
splitting. This successful integration of linear conjugated poly-
mers with inorganic semiconductors paves the way for the use of
other linear polymers, such as polydopamine and polypyrrole, in
photocatalytic applications.'*®'%”

4.2 Integrating inorganic semiconductors with 2D organic
polymers for photocatalytic overall H,O splitting

While linear polymers offer flexibility and versatility, their
relatively simplistic structure and limited stability under irradia-
tion restrict their potential for further enhancement of
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Fig. 5

(a) Structures of typical linear polymers for photocatalysis. (b) TD-B3LYP predicted potentials of the charge carriers and excitons in the linear

polymer photocatalysts. Adapted with permission from ref. 102. Copyright 2020, Wiley-VCH. (c) Alignment of the P10 energy levels. (d) Photocatalytic
H,O splitting performance of photocatalyst based on P10. (e) Dependence of gas evolution rates on the different co-catalyst loaded onto P10 under
visible-light illumination. Adapted with permission from ref. 103. Copyright 2022, Wiley-VCH. (f) Time course of overall H,O splitting on P10 and BiVO,.
(g9) Wavelength dependence of the photocatalytic overall H,O splitting activity of P10 and BiVO4. Adapted with permission from ref. 104. Copyright 2020,

Royal Society of Chemistry.

photocatalytic efficiency. To overcome these limitations, extend-
ing the conjugated network in two dimensions or in a plane,
thus expanding the delocalized system formed by overlapping
n orbitals, presents a promising strategy to optimize their photo-
electronic properties. Various amorphous polymers, based on
different chemical bonds, have been explored for designing
advanced hybrid systems. A notable example is the direct
Z-scheme catalytic system formed by the photo-deposition of
Fe,0; on g-C3N,4, which exhibits remarkable photocatalytic activity
for H,O splitting.'®® This hybrid system circumvents the need for
redox couples, inducing band bending in both the organic and
inorganic components, which facilitates the transfer of photo-
generated electrons to the conduction band of g-C;N, and holes to
the valence band of Fe,0;. Charge tracking and reactive oxygen
species (ROS) experiments further confirm the formation of the
Z-scheme charge transfer mechanism. At 380 nm, the apparent
quantum efficiency is enhanced by a factor of 3.5 compared to
pristine g-C;N,.

The efficiency of photocatalytic H,O splitting is highly
dependent on the structural characteristics of both organic

9988 | Chem. Soc. Rev., 2025, 54, 9978-10005

polymers and inorganic semiconductors. For example, Ajayan
et al. demonstrated that loading o-Fe,O; nanosheets onto
ultrathin two-dimensional g-C;N, significantly improved H,
production efficiency by reducing the migration distance of
photogenerated carriers on the two-dimensional scale (Fig. 6(a)).""
The tightly integrated interface between the organic and inorganic
components in this all-solid-state Z-scheme heterojunction
structure resulted in H, and O, evolution rates of 38.2 and
19.1 umol g ' h™?, respectively, without the need for sacrificial
donors. With the addition of TEOA as a sacrificial agent, the H,
production rate exceeded 30 mmol g* h™'. In addition, the
external quantum efficiency of this system at 420 nm was
significantly enhanced to 44.35%, surpassing that of other
2-C3N,-based photocatalysts (Fig. 6(b) and (c)).

Beyond conventional two-dimensional conjugated networks,
nitrogen-rich covalent organic polymers can also be integrated
with inorganic semiconductors to form photocatalysts with
diverse structural characteristics."'® As shown in Fig. 6(d),
in situ growth of covalent organic polymers on the TiO, surface
creates a core-shell structure, facilitating close contact between

This journal is © The Royal Society of Chemistry 2025
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Fig. 6

(a) HRTEM image of a-Fe,O3/2D g-CsN4 hybrid photocatalyst. (b) The wavelength dependence of external quantum efficiency of a-Fe,Oz/2D

g-CsNy4 hybrid photocatalyst. (c) Photocatalytic overall H,O splitting performance of the hybrid photocatalyst. Adapted with permission from ref. 109.
Copyright 2017, Wiley-VCH. (d) Synthetic route of nitrogen-rich covalent organic polymers and TiO,@covalent organic polymers hybrids. (e) Transient
photocurrent responses of TiO, and hybrid photocatalyst. Adapted with permission from ref. 110. Copyright 2018, Elsevier. (f) Schematic for preparation
process of CogSg/CdS@PP12. (g) H, and O, evolution rates as a function of time. Adapted with permission from ref. 124. Copyright 2024, Wiley-VCH.

the organic and inorganic phases. Although pristine TiO, typically
responds only to ultraviolet light due to its wide bandgap, the
hybridization with organic polymers with a narrow bandgap of
2.53 eV can enhance visible-light absorption. The graphene-like
conjugated framework and nitrogen doping further improve the
photocatalytic efficiency under visible light due to the optimized
charge and mass transfer processes. The hybrid photocatalyst
exhibited enhanced photoresponse performance (Fig. 6(e)),
as confirmed by transient photocurrent measurements, and
the H, production rate reached 162.7 pumol h™".

Liu et al developed a one-step hydrothermal method to
construct TiO,/g-C;N, heterojunction, where the exposed (001)
crystal face of anatase TiO, facilitated the formation of a
heterogeneous surface, thereby enhancing the separation of
photogenerated carriers and improving photocatalytic H, pro-
duction efficiency."'" Incorporating B-Ni(OH), onto WO; or
BivO, improves the overall efficiency of H,O splitting for H,
and O, generation in the presence of I /I0; or Fe**/Fe** redox

This journal is © The Royal Society of Chemistry 2025

mediators. Under optimized conditions, the apparent quantum
yield (QAY) of this Z-scheme hybrid system at 365 nm and
405 nm is ~4.9% and ~4.0%, respectively. The hybrid system
composed of CoO and g-C3;N, demonstrates photocatalytic
overall H,O splitting activity, with the type II charge transfer
mechanism facilitating electron enrichment on CoO and hole
accumulation on g-C;N,.""> The enhanced photocatalytic activity
of the CoO/g-C3N, heterojunction can be attributed to the syner-
gistic effects at the junction and interface between CoO and
g-C3N,. The H, and O, evolution rates reached 2.51 and
1.39 pmol h™', respectively. Notably, 30 wt% CoO/g-C5N,
exhibited exceptional long-term photocatalytic stability, main-
taining its stability for more than 15 cycles due to the large
specific surface area and flexible two-dimensional structure of
g-C3N,, which effectively prevents the aggregation-induced
deactivation of CoO nanoparticles. The integration of CoO
nanorods with C;N, leads to the formation of a tightly cou-
pled heterointerface, enabling the construction of a hybrid
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photocatalyst with an optimized H, evolution rate of up to
92 umol h™'. This enhanced photocatalytic performance is
primarily attributed to the formation of a heterojunction
at the CoO/C;3N, interface, which significantly facilitates the
efficient separation and transfer of photogenerated charge
carriers.""?

Wang et al. designed and fabricated a Z-scheme composite
photocatalyst consisting of g-C3N,/ITO/Co-BiVO,, in which
g-C3N, functions as the H, evolution photocatalyst, Co-doped
BiVO, serves as the O, evolution photocatalyst, and ITO nano-
particles act as a conductive electron mediator. Without the use
of any sacrificial agents, the g-C;N,/ITO/Co-BiVO, composite
exhibited H, and O, evolution rates of 95.41 and 40.23 pmol g~ *
h™*, respectively, under full arc irradiation, approximately four
times higher than those of the g-C;N,/Co-BiVO, system.''*
Zou and co-workers designed the charge transfer pathway
in a Z-scheme heterojunction by tuning the work function of
semiconductors.'®

A heterojunction composed of BiVO, and polymeric carbon
nitride (PCN) was constructed, in which the direction of
band bending within the space charge region was reversed by
controlling the crystal growth of BiVO,. Specifically, the oxygen
vacancy concentration in BiVO, was reduced from 8.9% to
3.8%, resulting in an increase in its work function from below
to above that of PCN. As a consequence, the interfacial electric
field was reoriented to promote more favorable charge transfer
at the interface. A direct Z-scheme van der Waals heterojunction
composed of ultrathin WO;-H,0 and g-C;N, nanosheets also
demonstrated efficient overall H,O splitting without any sacrificial
reagents."'® The WO;-H,0/g-C;N, nanosheet hybrid achieved H,
and O, evolution rates of 482 and 232 pmol g * h™". Notably, this
heterojunction exhibited a quantum efficiency of 6.2% at 420 nm.

In addition to conventional inorganic oxide semiconductors,
a broader range of inorganic materials has been explored in
combination with g-C3N, for overall H,O splitting. Chen et al.
developed a ternary CdS/Ni,P/g-C3N, composite that exhibited
overall H,O splitting activity under visible-light irradiation. The
optimized composite containing 3 wt% Ni,P achieved H, and
0, evolution rates of 15.56 and 7.75 umol g ' h™", representing
a ~4-fold enhancement compared to the binary CdS/g-C;N,
system.'” The introduction of Ni,P acted as an efficient elec-
tron mediator, accelerating charge transfer from the conduc-
tion band of g-C3N, to that of CdS. The Coz(PO,)s/g-C3N,
heterojunction, assembled via Coulombic electrostatic inter-
action, exhibited an expanded light absorption range and
enhanced interfacial contact, which promoted effective charge
separation and transfer across the interface. The 35%
Co3(P0O,)s/g-C3N, composite demonstrated H, and O, evolution
rates of 375.6 and 177.4 umol g h™", respectively, along with
an apparent quantum efficiency of 1.32% at 420 nm.""® More-
over, this hybrid system exhibited excellent stability and recycl-
ability during prolonged photocatalytic operation. The simple
coupling model composed of g-C;N, nanosheets and CdS nano-
rods was developed, in which dual cocatalysts including 3 wt%
Pt and 4 wt% MnO, were deposited in situ to enhance the
photocatalytic performance.® Under visible-light irradiation,
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the optimized system achieved a H, evolution rate of
924.4 umol g~ * h™" and an O, evolution rate of 460 umol g~ h™™".
The apparent quantum efficiencies reached ~3.4% at 400 nm
and 1.7% at 420 nm. Wang et al. employed reduced graphene
oxide (RGO) nanosheets as a solid-state electron mediator to
construct an electron shuttle channel between the H, evolution
photocatalyst and the O, evolution photocatalyst.'*® By rationally
tuning the interfacial contact in the Fe,O3/RGO/PCN composite,
efficient charge transport between PCN and Fe,O; was achieved,
enabling overall H,O splitting with enhanced activity. The photo-
catalytic performance of overall H,O splitting can also be opti-
mized by in situ growth of crystalline carbon nitride in LaOCL"*
The IEF at the hybrid interface facilitates spatial charge carrier
separation, with crystalline carbon nitride promoting efficient
photogenerated charge transfer across the heterogeneous inter-
face. Compared with the polymer carbon nitride/LaOCl hybrid,
the crystalline carbon nitride/LaOCl system significantly enhances
H, and O, generation rates by a factor of 3 and 28, respectively.

In addition to the extensive development of carbon nitride-
based materials, researchers have also pioneered alternative
polymer-based hybrid photocatalysts for overall H,O splitting.
Yang et al. made significant advancements by developing an
inorganic-organic hybrid photocatalyst that integrates poly-
merized carbon-oxygen semiconductors (PCOS) with Ni,P."*?
The strategic incorporation of Ni,P enhances hole accumula-
tion, while the presence of NiS, supported on the surface of
nickel phosphide, serves as an active site for H, production.
This Ni,P/NiS@PCOS catalyst promotes a two-step, two-
electron reaction pathway, enabling selective H,O oxidation and
efficient photocatalytic performance. The synergistic effects of
PCOS and NiS modify the electron-rich hole states of Ni atoms,
optimizing the dissociation thermodynamics of H,O and enhan-
cing electron migration kinetics. As a result, this system yields
photocatalytic H, and O, production rates of 150.7 and 70.2 pmol
h™* via overall H,O splitting, respectively.

Perylene dimethylimide (PDI) is another commonly used
organic component in the design of photocatalytic systems.
Recent studies have demonstrated that overall H,O splitting
can be efficiently achieved by anchoring ZnIn,S, nanosheets
onto the surface of highly crystalline PDI supramolecular
nanorods.'®® The unique hierarchical branching structure cre-
ated by this inorganic-organic hybrid significantly increases
the surface area and light-harvesting capabilities of the photo-
catalyst. Fourier-transform infrared spectroscopy (FT-IR) and
X-ray photoelectron spectroscopy (XPS) confirm robust covalent
bonding between HC-PDI and ZnIn,S,. This intimate connec-
tion, along with the IEF, facilitates rapid charge transfer and
establishes a Z-scheme heterojunction. The optimized HC-
PDI@ZnIn,S, hybrid demonstrates remarkable visible-light-
driven catalytic activity for overall H,O splitting, with H, and
0, evolution rates reaching 275.4 and 138.4 umol g ' h™,
respectively, without the need for sacrificial agents. Moreover,
this system exhibits excellent stability for over 40 hours of
operation.

Organic polymers also serve as excellent supports in hybrid
photocatalysts, stabilizing co-catalysts and promoting efficient
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interfacial charge transfer. Recently, a hydrothermal method
was reported to in situ grow CdS and CogSg on porous polymer
microreactor (PP12) as the light absorption component and
co-catalyst,"** respectively (Fig. 6(f)). The interaction between
PP12 and the inorganic components enhanced charge separa-
tion, while the bonding between CooSg and PP12 created
abundant catalytic active sites. Without the use of sacrificial
reagents, the hybrid photocatalyst achieved H, and O, produc-
tion rates of ~4.4 and ~2.2 mmol g ' h™', respectively
(Fig. 6(g)). This represents a significant enhancement in effi-
ciency compared to conventional stirred tank reactors, which
exhibit a much lower H, rate of 0.004 mmol g " h™".

The tunable structure and inherent stability of polymer-
based photoelectrode coatings make them ideal for optimizing
charge transport pathways in photocatalytic systems. For instance,
Fonzo and Antognazza et al. demonstrated this by fabricating
a hybrid organic/inorganic photocathode composed of FTO/
Cul/P3HT:PCBM/TiO,/Pt layers through precise layer-by-layer
deposition.’* The conjugated polymer P3HT, with its 1.9 eV
bandgap, enhances the visible light response of the hybrid
electrode. The energy band structure formed by the gradient
arrangement of organic and inorganic materials matches the
electrochemical potential needed for efficient H, production,
providing an inherent potential gradient. The inclusion of high-
quality hole-selective layers (PCBM and Cul) effectively separates
photogenerated electrons and holes, reducing recombination
losses of free charge carriers. This hybrid system achieved
a faradaic efficiency of 100% during the H, evolution process
and an incident photon-to-electron conversion efficiency
(IPCE) exceeding 50%, demonstrating exceptional photocatalytic
performance.

Optimizing the stability of organic components is essential
for improving the efficiency of photocatalytic H, production,
as many organic polymers face challenges in terms of long-term
durability under reaction conditions. Covalent triazine frame-
works (CTFs), a chemically robust class of semiconducting
polymers, offer an attractive solution due to their tunable
electronic structures, which can be modified with lightweight
functional groups to enhance performance. For example, we
developed a durable photocathode by integrating triazine units
with a bithiophene moiety,'*® and further employed CTFs to
modify the surface of Mo-doped BiVO, to construct a high-
performance photoanode (Fig. 7(a) and (b)). The well-matched
band structure and alignment of the hybrid photoelectrochem-
ical (PEC) H,O splitting system enable the modified CTF-BTh to
form both p-n junctions with inorganic photocathodes and
type II heterojunctions with photoanodes. The staggered energy
levels and efficient charge transfer routes between the hetero-
geneous layers facilitate the sequential transfer of charges,
optimizing the overall PEC performance (Fig. 7(c)). Moreover,
the CTF-BTh film serves as an effective anti-corrosion layer,
protecting the photoelectrodes from photo-corrosion and
enhancing the stability of the system. Remarkably, the photo-
current density of both photoelectrodes coated with CTF-BTh
only showed a marginal decrease of 10% after 150 hours
of operation. As depicted in Fig. 7(d), the interfacial electron
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transfer and stability of the inorganic-organic hybrid photo-
electrode enable a light energy conversion efficiency of 3.24%,
even after continuous operation for 120 hours, which is in the
top realm among related studies (Fig. 7(e)).

In addition, coating conjugated polycarbazole frameworks
(CPF-TCzB) on the Sb,S; photoanode introduces a new pathway
for charge transport (Fig. 7(f)), see the hybrid interface struc-
ture in Fig. 7(g) and (h)."> In the type II heterojunction
configuration, the more negative conduction band energy level
of the CPF-TCzB layer improves the stability of the tandem
device. The appropriate band-edge energy shift of Sb,S;
induced by the heterojunction also enhances charge separation
(Fig. 7(i)). As shown in Fig. 7(j), the enhanced IEF at the hybrid
interface further facilitates the separation of photogenerated
charges. The carbazole-based conjugated polymer, which is an
effective hole-transport material with high mobility, contri-
butes to a photocurrent density of 10.1 mA cm™> at 1.23 V.
This hybrid photoanode maintains stability for at least 12 hours
under continuous illumination, producing H, and O, ata 2:1
ratio. The unbiased photoelectrochemical tandem device achieves
a STH conversion efficiency of 5.21% (Fig. 7(k)), with a photo-
current density loss of less than 10% after 100 hours of contin-
uous operation.

The chemically robust structure and diverse tunable proper-
ties of amorphous organic conjugated polymers have been
extensively investigated for their use in corrosion-resistant
coatings or as intermediate layers to modulate photophysical
processes in photocatalysis.'*®"'* Given the advancements in
polymer and semiconductor catalysis, there is significant
potential for further exploration of a broader range of polymer
materials combined with inorganic semiconductors. While
current research is focused on a limited selection of conjugated
organic polymers, expanding the scope to include materials
with exceptional mechanical strength and optimizing the con-
tact area and mass transfer performance between the organic
and inorganic phases will be crucial for developing more
efficient inorganic semiconductor-organic polymer hybrid
systems. These innovations will provide new opportunities for
enhancing the efficiency of photocatalytic H,O splitting for H,
production.

4.3 Integrating inorganic semiconductors with COFs for
photocatalytic overall H,O splitting

COFs are crystalline porous polymers assembled via reversible
bond-forming reactions, enabling the precise integration
of molecular building blocks into highly ordered architec-
tures.'**'*! These materials exhibit low density, high specific
surface area, well-defined pore channels, and tunable active
sites, enabling them highly promising for a wide range of
applications, including heterogeneous catalysis, gas adsorption,
chemical sensing, and energy storage.’***** Notably, COFs have
emerged as promising crystalline organic semiconductors for
photocatalysis due to their extended n-conjugation, tunable opto-
electronic properties, and periodic porosity. They exhibit strong
potential in H, evolution, CO, reduction, and pollutant
degradation,"***® and several COF-based photocatalysts have
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(a) Preparation process of the hybrid photoanode. (b) Schematic diagram of the photolysis H,O system. (c) Schematic representation of band-

position alignments and heterojunction energy structure. (d) The long-term J—-t curve of the tandem device with STH efficiencies. (e) STH efficiencies and
operating durations summarized from reported tandem PEC H,O splitting devices. Adapted with permission from ref. 126. Copyright 2021, Wiley-VCH.
(f) The illustration of the CPF-TCzB/Sb,Ss hybrid photoanode. (g) Cross-sectional SEM image of the CPF-TCzB/Sb,Ss photoanode. (h) HRTEM image

showing the interface between Sb,Ss and CPF-TCzB. (i) Band structures
(k) Summarized STH efficiencies from reported unbiased PEC devices for o
Wiley-VCH.

also demonstrated activity for overall H,O splitting."*”"*° How-
ever, a fundamental challenge for COFs, as with many organic
semiconductors, is the strong exciton effect and large exciton
binding energy, which significantly hinder the generation of free
carriers and impede efficient charge separation. These intrinsic
properties limit their effectiveness in driving multi-electron pro-
cesses required for photocatalytic overall H,O splitting. As dis-
cussed above, the integration of organic COF materials with
inorganic semiconductors provides a viable strategy to overcome
these inherent limitations and improve the photocatalytic perfor-
mance of COFs.

9992 | Chem. Soc. Rev,, 2025, 54, 9978-10005

of the Sb,S3z and CPF-TCzB. (j) Relative IEF intensity in hybrid interface.
verall H,O splitting. Adapted with permission from ref. 127. Copyright 2022,

The light harvesting process is critical for the efficient
operation of the interfacial photo-induced electron transfer
process. The connectivity within COFs is primarily mediated
by borate esters, imine, hydrazone, or triazine units, which
exhibit high bond reversibility,"*°™**® but their chemical bond-
ing modes are relatively constrained (Fig. 8(a)). Despite this, the
structural flexibility and ease of modification inherent in the
COF frameworks are invaluable in optimizing the light absorp-
tion performance of hybrid catalytic systems. In photocatalytic
applications, organic dye molecules such as Eosin Y and
Rhodamine B, as well as photosensitive metal complexes, are

This journal is © The Royal Society of Chemistry 2025
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often incorporated to enhance the photoresponse perfor-
mance.'**%¢ For flexible porous frameworks, chromophores
like porphyrin and triphenylamine can be embedded into the
COF framework via in situ chemical reactions to boost their
light absorption properties.'*”"**® Due to these unique proper-
ties, COFs often function as self-sufficient photocatalytic plat-
forms that obviate the need for additional photosensitizers.
For example, Lan et al. utilized bipyridine ruthenium and
zinc porphyrin as photosensitive moieties to construct a three-
dimensional COF via Schiff-base reaction.'*® Solid-state diffuse
reflectance spectroscopy revealed that the resulting photocatalyst

C<O) ataY

W
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exhibited significantly broadened light absorption, resulting in
enhanced H, production efficiency. More recently, Zhao et al.'*°
synthesized a series of COFs with varied ratios of B-ketoenamine
to imine moieties and evaluated the photocatalytic activity for H,
and O, generation (Fig. 8(b)). The integration of COFs with
inorganic NH,-Ti;C,T, MXenes in a hybrid photocatalytic plat-
form further enhances the lifetime of excited states and charge
mobility. B-ketoenamine linkage in the backbone serves as a
photosensitizer, optimizing the photoresponse performance of
the hybrid system. The strong covalent coupling between these
components endow the system with superior charge separation
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catalytic
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(a) Typical reversible covalent linkages in the reported COFs structures. (b) Synthesis of COFs and hybridization with NH,-TizC,T, MXenes.

Adapted with permission from ref. 150. Copyright 2020, American Chemical Society. (c) Schematic illustration of the synthesis, structure and energy band
structure of the ZnPtP-CP/BiVO4 hybrid. Adapted with permission from ref. 151. Copyright 2021, Wiley-VCH.
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capabilities, enabling effective H, and O, production under
visible light.

In addition, the ZnPtP-CP, a class of photosensitive COFs
containing porphyrin groups,'® was connected to ultrathin
BivO, through a Zn-O-V bridging bond by Li and Peng
(Fig. 8(c)). This hybrid system forms a Z-scheme charge transfer
mechanism between the inorganic and organic heterolayers,
resulting in efficient electron enrichment on ZnPtP-CP and
hole accumulation on BiVO,. The highly dispersed PtN, centers
within the grafted heterometallic porphyrins act as efficient
single-atom catalytic sites for the reduction of H,O. The cas-
cade charge transfer process, coupled with a two-step excitation
mechanism, significantly enhances overall H,O splitting,
producing H, and O, without requiring sacrificial reagents or
external bias. The apparent quantum yield of the ZnPtP-CP/
BiVO, inorganic-organic hybrid photocatalyst at 400 nm
reaches 9.85% for H, evolution, demonstrating a remarkable
improvement in photocatalytic efficiency.

In addition to the rational modification of the original
framework, post-modification techniques, such as hybridizing
with inorganic materials, provide an effective strategy to
enhance the light absorption properties of COFs. For instance,
the II-VI semiconductor CdS, with its size-dependent electronic
characteristics and a suitable bandgap of 2.4 eV, is a promising
candidate for photocatalytic H,O splitting. By integrating CdS
with COFs to form a heterostructure photocatalyst, issues such
as photocorrosion and low photocatalytic performance can be
effectively addressed."? The photocatalytic activity of the CdS-
COF hybrid catalyst, formed via the photo-deposition method,
is significantly improved due to the exposure of additional
active sites. Time-resolved spectroscopy and electrochemical
impedance spectroscopy confirm that the hybrid photocatalytic
platform exhibits superior charge separation and transport
efficiency. The hexagonal layered structure of SnS,,*>® with
exposed S atoms on its surface, facilitates the formation of
hydrogen bonds with H,O molecules, enhancing the photocata-
lytic performance. To form the heterojunction, a ketoenamine-
based COF (TpPa-1-COF) with well-matched energy band posi-
tions is selected, promoting the directional migration of photo-
generated electrons and holes at the interface. UV-vis diffuse
reflectance spectroscopy shows a red-shifted absorbance edge to
700 nm for the hybrid photocatalyst. Under 600 nm light irradia-
tion, the hybrid system achieves an apparent quantum efficiency
of 0.23% towards H, evolution, which is 21.7 times higher than
that of the original TpPa-1-COF. Unlike other organic semi-
conductors, this heterogeneous hybridization allows for the
incorporation of inorganic materials within the pores of COFs,
promoting uniform assembly and optimizing photocatalytic
processes.

Due to their tunable electronic bandgap and high molar
extinction coefficient,'>* we have systematically investigated the
use of semiconductor quantum dots (QDs) in artificial photo-
synthesis. For instance, by passivating the defect states on the
surface,'* the turnover number of photocatalytic H, evolution
is greatly enhanced to (4.4 & 0.3) x 10°, ~110-fold to that of
unmodified CdSe QDs under identical conditions (Fig. 9(a)).
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Recently, a well-designed dot-on-rod nano-heterostructure is
established to solve the problem of sluggish hole transfer and
utilization,™®® successfully coupling H,O oxidation with CO,
reduction under visible light (Fig. 9(b) and (c)). Moreover, the
abundant surface sites and ultra-small size make them ideal
candidates for encapsulation in COF channels through coordi-
nation or covalent interactions for advanced photochemical
transformations.”” This encapsulation offers greater control
over the size of the inorganic nanocrystals, enhances photo-
catalyst stability, and suppresses the aggregation-induced
quenching effect commonly observed in QDs. Meanwhile, the
ordered structure of COF channels improves QD dispersion,
passivates defect states on QD surfaces, and significantly
improves their stability in photocatalytic environments. This
integration strategy also enhances the light-harvesting perfor-
mance of the inorganic-organic hybrid photocatalyst. Recent
studies have explored hybrid photocatalytic systems that incor-
porate other QDs with COFs, demonstrating the potential for
significant improvements in efficiency.'*®

Despite the favorable carrier transport properties of single
inorganic semiconductors, their photocatalytic performance
often requires further enhancement in terms of suppressing
carrier recombination, refining thermodynamics, and improv-
ing stability. In this context, COFs materials offer a stable
platform with extensive conjugation and facilitate the for-
mation of multiple electronic structures when coupled with
inorganic semiconductors. The heterojunction formed by the
energy level alignment between inorganic and organic compo-
nents generates a robust IEF, which aids in directed charge
transport. This internal field allows electrons and holes to
migrate to energetically favorable positions for oxidation and
reduction reactions, both thermodynamically and kinetically
optimized.

For example, Lan et al. integrated TaPa-1-COF with piezo-
electric BiFeO; nanosheets through covalent bonds," resulting
in the formation of highly efficient Z-scheme heterostructured
photocatalysts for H,O splitting (Fig. 9(d)). The detailed analysis of
the H,O splitting process driven by this hybrid photocatalyst
(Fig. 9(e)) shows that the polarization potential generated by
the IEF effectively separates charge carriers, thus leading to
significant improvements in H,O splitting efficiency. TaPa-1-
COF efficiently captures electrons, while BiFeO; efficiently
accumulates holes. Photoelectric tests show that the BiFeO;@
TaPa-1-COF hybrid exhibits superior photocurrent density,
resistance, and overpotential compared to control groups.
Under ultrasonic and simulated sunlight irradiation, this
photocatalytic system achieves H, production at a rate of
1416.4 pmol g ' h™! and O, at a rate of 708.2 umol g~* h™".
These results highlight the critical role of the ultrasound-driven
polarization potential, which functions as an IEF, facilitating
the separation and transfer of photogenerated carriers. Further-
more, the charge transport mode established by the COF-based
hybrid platform significantly enhances the reaction thermo-
dynamics for H,O splitting. The photocatalytic and piezo-
electric photocatalytic efficiencies of BiFeO;@TpPa-1-COF
surpass those of other COF or C;N,-based photocatalysts,

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) Quantum dots for photocatalytic H, evolution without external cocatalysts. Adapted with permission from ref. 155. Copyright 2018, Wiley-

VCH. (b) Scheme of charge transfer processes and radial distribution function. (c) Illustration of the overall reaction mechanism of CO, photoreduction
taking H,O as an electron donor. Adapted with permission from ref. 156. Copyright 2021, Wiley-VCH. (d) The schematic illustration of the BiFeOz@
TpPa-1-COF synthetic processes and heterojunction structure. (e) Proposed photocatalytic pathway of H, and O, evolution. (f) The rate of H, and O,
production of photocatalysis. (g) Comparison of photocatalytic overall H,O splitting rate of different systems based on COF and C3N4. Adapted with

permission from ref. 159. Copyright 2022, Wiley-VCH.

demonstrating the outstanding performance of this hybrid
system (Fig. 9(f) and (g)).

Li et al. reported a novel inorganic-organic hybrid S-scheme
heterojunction photocatalyst for overall H,O splitting,"® con-
structed by integrating a fluorenone-based covalent triazine
framework (FOCTF) with a Zn,sCdysS (CZS) solid solution
(Fig. 10(a)). The in situ growth of CZS on the FOCTF surface
enabled the formation of a well-defined S-scheme CZS-FOCTF
heterojunction with enhanced charge separation and transfer
efficiency. Both theoretical calculations and experimental ana-
lyses confirmed that the band alignment and work function
disparity between FOCTF and CZS facilitated the generation of
a strong IEF, which is critical for driving directional charge

This journal is © The Royal Society of Chemistry 2025

migration. Under illumination, photogenerated carriers with
weak redox potentials underwent recombination via the
S-scheme pathway, whereas those with strong redox abilities
were preserved to participate in surface redox reactions.
Consequently, the catalyst exhibited a H, evolution rate of
~247.6 mmol ¢ ' h™", representing a 3.8-fold enhancement
over pristine CZS.

In a separate study, Zhang et al. developed a noble-metal-
free Cu,O/TpPa-2-COF photocatalyst exhibiting self-accelerating
H, evolution performance.'® Upon visible-light irradiation, the
initial H, evolution rate reached 4.41 mmol g¢~* h™" and con-
tinuously increased to 27.27 mmol g ' h™ " after 25 h, indicating a
6.2-fold activity enhancement. The binary Cu,O/TpPa-2-COF
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(a) Scheme of the CZS-FOCTF synthesis. Adapted with permission from ref. 160. Copyright 2024, Wiley-VCH. (b) Synthesis diagram of TSCOFW.

(c) Total density of states and partial density of states of Ov-WO3z and TSCOF. (d) Energy band structure of WOz and TSCOF. (e) Time profiles of
photocatalytic H, and O, evolution. Adapted with permission from ref. 162. Copyright 2023, Wiley-VCH.

system evolved into a ternary Cu-Cu,O/TpPa-2-COF hetero-
junction, which further improved charge carrier dynamics and
catalytic efficiency. Density functional theory (DFT) calculations
revealed that the Schottky barrier height at the Cu-Cu,O (111)
interface was substantially lower than that at the Pt-Cu,O (111)
interface. The tailored hybrid interface provides a robust and
efficient platform for photogenerated charge separation, thereby
boosting photocatalytic H, production.

To overcome the challenges of charge recombination and
poor H,O oxidation capability,'®* Li et al. successfully in situ
synthesized TSCOF on oxygen vacancy (O-vacancy) WOz
nanosheets through W-O-C chemical bonds (Fig. 10(b)). These
interfacial covalent bonds not only enhance the IEF but also
reduce carrier diffusion distance due to the layered structure of
O-vacancy WO; (O,-WOj3) and TSCOF, resulting in significant
boost in the overall efficiency of photocatalytic H,O splitting.
Combining ultraviolet photoelectron spectroscopy (UPS) and
density functional theory (DFT) calculations, the authors deter-
mined that the work function difference between TSCOF and
WO; is approximately 1.3 eV (Fig. 10(c)). This difference in work

9996 | Chem. Soc. Rev., 2025, 54, 9978-10005

function and Fermi level generates an IEF that facilitates the
establishment of a Z-scheme charge transfer mechanism
(Fig. 10(d)), promoting efficient charge separation and transfer.
As a result, the light absorption performance in the long-
wavelength region is notably enhanced, which improves the
photocatalytic H, evolution half-reaction rate of the TSCOF-
WO; composite to 593 mmol g~' h™'. Furthermore, the
composite demonstrates impressive photocatalytic activity with
H, and O, evolution rates of 146 and 68 pmol g~ ' h™},
respectively, under optimal conditions. These values surpass
those of most previously reported hybrid photocatalysts for
overall H,O splitting (Fig. 10(e)), highlighting the superior
performance of this integrated system.

Hybrid materials composed of COFs and metal-organic
frameworks (MOFs) have recently emerged as a promising class
of photocatalysts for overall H,O splitting. As prototypical
porous crystalline materials, MOFs are constructed by the
coordination of metal ions or clusters with organic linkers, and
their structural diversity and high designability have enabled
broad applications in photocatalysis. Several representative

This journal is © The Royal Society of Chemistry 2025
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MOF-based systems have demonstrated potential for overall
H,O0 splitting through rational linker design to prolong charge
carrier lifetimes, suppress radiative recombination, and the
integration of appropriate cocatalysts.’®® Building upon this,
the incorporation of MOFs into COF platforms offers an
opportunity to further regulate interfacial electric fields and
promote directional charge transfer, which is critical for enhancing
H, evolution performance.

Recently, Lan et al. developed a novel MOF/COF hybrid
photocatalyst by covalently integrating NH,-MIL-125(Ti)(DE-NM)
with TpBpy-COF for overall H,O splitting,'®* as shown in Fig. 11(a).
By precisely controlling the exposed crystal facets, a strong IEF was
established at the DE-NM/TpBpy-COF interface, which signifi-
cantly accelerated the separation of photogenerated carriers.
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The resulting hybrid system exhibited excellent photocatalytic
overall H,O splitting activity under visible light, achieving
H, and O, evolution rates of 331.6 and 165.7 pmol g * h™%,
respectively. In another study, Liu et al. reported a structurally
analogous system by immobilizing a triangular prismatic
metal-organic cage (MOC-Q3) onto a highly crystalline p-keto-
enamine-linked COF (EA-COF), thus forming a Z-scheme piezo-
photocatalytic system for H,O splitting (Fig. 11(b) and (c)).**®
Obviously, these findings underscore the great potentials of
MOF/COF hybrid systems for efficient solar-to-hydrogen energy
conversion via H,O splitting.

Collectively, these examples highlight the potential of
inorganic-organic hybrid materials in photocatalytic overall
H,O splitting for solar H, generation. Table 1 summarizes,
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(a) Schematic illustration of the synthetic route and band structure of the NH,-MIL-125(Ti)/TpBpy-COF hybrid photocatalyst. Adapted with

permission from ref. 164. Copyright 2025, Wiley-VCH. (b) Preparation of MOC-Q3 and EA-COF. (c) Working mechanism of the MOC-Q3/EA-COF
system. Adapted with permission from ref. 165. Copyright 2024, American Chemical Society.
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Table 1 Summary of representative inorganic—organic hybrid photocatalytic systems for overall H,O splitting
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STH
Photocatalyst Light source H, production rate O, production rate Stability efficiency Ref.
P10/BiVO, 300 W Xe lamp (4 > 420nm) 10.8 pmol h™" 4.5 pmol h™" 70 h 0.0014% 104
CugeSns/PANT 300 W Xe lamp 121.3 pmol g h™?! 58.6 umol g~ * h™* 20 h — 105
o-Fe,05/g-C3N, 300 W Xe lamp (2 > 400nm) 38.2 umol g ' h™! 19.1 pmol g~ ' h™* 5h — 109
CoO/C3N, 300 W Xe lamp 2.51 umol h™* 1.39 umol h™ 25 h — 112
CoO nanorod/C;N, 300 W Xe lamp (2 > 400 nm) 92 pmol h™" — — — 113
g-C3N,/ITO/Co-BivO, 300 W Xe lamp 95.41 pmol g " h ™! 40.23 pmol g ' h™* 18 h 0.028% 114
BiVO,/PCN 300 W Xe lamp 14 pmol h™! 6.8 umol h™" 18 h — 115
WO;-H,0/g-C3N, 300 W Xe lamp 482 pmol g ' h™! 232 ymol g ' h™! 24 h — 116
CdS/NiyP/g-CsN, 300 W Xe lamp (1 > 420 nm) 15.56 pmol g " h™" 7.75 umol g~ ' h™* 30 h — 117
C03(PO,),/g-C3N, 300 W Xe lamp (2 > 400 nm) 375.6 pmol g ' h™* 177.4 umol g ' h™" 15 h — 118
Pt-CdS/g-CsN,~MnO, 300 W Xe lamp (2 > 400 nm) 924.4 pmol g ' h™* 460 pmol g~ ' h™* 18 h — 119
Fe,03/RGO/PCN 300 W Xe lamp 43.6 pmol h™* 21.2 pmol h™* 24 h — 120
CCN/LaOCl 300 W Xe lamp 60.6 pmol h™* 28.1 umol h™* 20 h — 121
Ni,P/NiS@PCOS 300 W Xe lamp 150.7 pmol h™* 70.2 pmol h™* 3h 0.91% 122
PDI@ZnIn,S, 300 W Xe lamp (4 > 400 nm) 275.4 pmol g ' h™" 138.4 umol g * h™* 40 h — 123
C0oSs/CdS@PP12 300 W Xe lamp (4 > 420 nm) 4.41 mmolg ' h™! 2.20 mmol g ' h™! 20 h — 124
(MoS,/CTF-BTh/Cu,0): 300 W Xe lamp ~50 pmol h™* ~25 pmol h™" 120 h 3.24% 126
(NiFeO,/CTF-BTh/Mo:BiVO,)
(Pt/TiO,/Si):(NiCoFe-Bi/ 300 W Xe lamp ~0.067 mmol em > h™"  ~0.033 mmolem >h™" 12 h 5.21% 127
CPF-TCzB/Sb,S;)
ZnPtP-CP/BiVO, 300 W Xe lamp (4 > 400 nm) 77.3 pmol h™* 39.5 pumol h™* 15h — 151
BiFeO;@TpPa-1-COF 300 W Xe lamp (1 > 420 nm) 1416.4 pmol g ' h™* 708.2 pmol g " h™! 2h — 159
Ov-WO3/TSCOF 300 W Xe lamp (7 > 420nm) 146 pmol g " h™* 68 umol g ' h™* 15 h — 162
DI-NM/Pt@TpBpy-COF 300 W Xe lamp 331.6 pmol g ' h™* 165.7 umol g ' h™" 25 h 0.21% 164

for each system, the performance figures of merit, the operat-
ing parameters, and the stability metrics of representative
inorganic-organic hybrid photocatalytic systems for overall
H,O0 splitting.

5. Conclusions and perspectives

Driven by the imperative of decarbonization and the pursuit of
sustainable energy carriers, the global hydrogen economy is
undergoing a pivotal transformation. As of 2023, global hydro-
gen demand has reached 97 million tonnes, the vast majority
of which is still supplied by fossil-fuel-based processes such as
steam methane reforming (SMR)."°® This method continues to
dominate due to its entrenched infrastructure and low produc-
tion cost ($$1-3 per kg H,) (Fig. 12(a))."®” However, the envir-
onmental cost is substantial as the so-called ‘““‘gray H,” results
in over 600 million tonnes of CO, emissions annually.
This highlights the urgent need to restructure H, production
pathways toward clean and sustainable alternatives.

To mitigate the carbon footprint associated with fossil-based
H,, blue H, has gained increasing attention. By integrating
carbon capture, utilization, and storage (CCUS) technologies
into conventional SMR processes, blue H, can reduce CO,
emissions by more than 55%."°® However, this approach raises
the production cost to approximately $$2-5 per kg H,,'®’
depending on factors such as capture efficiency, energy losses,
and the feasibility of geological storage (Fig. 12(a)). While large-
scale blue H, projects have been launched, concerns remain
regarding methane leakage, the long-term stability of carbon
storage, and the compatibility of blue H, with long-term net-zero
commitments.

9998 | Chem. Soc. Rev, 2025, 54, 9978-10005

In contrast, green H, produced via H,O electrolysis powered
by renewable energy—particularly photovoltaic (PV) electri-
city—offers a carbon-neutral solution. However, this pathway
remains cost-intensive. Depending on electricity prices, electro-
lyser efficiency, and deployment scale, the average production
cost of green H, typically ranges from $$5 to 7 per kg H,
(Fig. 12(a))."®” According to the International Energy Agency
(IEA), the cost gap between fossil-derived and low-emission H,
is projected to narrow to $1-3 per kg by 2030. Recently,
laboratory-scale photovoltaic (PV)-driven electrolyser has
achieved STH efficiencies of up to 30%, and several pilot-
scale facilities based on this technology have been established
globally.'® Nevertheless, large-scale H, production assisted by
PV electricity is still anticipated to remain costlier than fossil-
based H, in the foreseeable future.

Among emerging technologies, photocatalytic H,O splitting,
particularly particulate suspension systems, offers a structu-
rally simplified and potentially scalable approach to solar H,
production. At STH efficiencies of ~10%, particle-based sys-
tems may reach H, production costs of $1.60-3.20 per kg H,
(Fig. 12(a)), rivalling both SMR and electrolysis, provided chal-
lenges in efficiency, gas separation, and catalyst durability are
addressed.'®” The compatibility of these systems with earth-
abundant (Fig. 12(b)), low-cost materials and their suitability
for decentralized deployment further strengthen their promise
for distributed H, infrastructure."’® PEC H,O splitting inte-
grates solar harvesting and electrochemical conversion, offer-
ing system compactness but currently constrained by high
materials costs, modest stability, and integration complexity.
Technoeconomic assessments indicate that PEC-based centra-
lized systems span a broad levelised cost of $1.60-10.40 per kg
H,, with viability hinging on surpassing 10% STH threshold

This journal is © The Royal Society of Chemistry 2025
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and ensuring long-term stability."”" While some perovskite-

based PEC systems have demonstrated STH efficiencies of up
to 15%, their scalability and long-term reliability remain critical
challenges to overcome.'”> We provide a detailed comparison
of various H, production technologies in Fig. 12, highlighting
their technical characteristics and operational costs. Although
photocatalytic approaches are still primarily at the laboratory
research stage, they demonstrate significant potential in terms
of sustainability and cost competitiveness.

Efficient overall H,O splitting through photo(electro)-
catalysis has long been a central goal in the field of renewable
energy, which has been investigated for more than 50 years.
Extensive research has focused on novel materials construction,
including inorganic semiconductors, organic semiconductors, and
their hybridized systems, to facilitate H, and O, production via
photocatalytic H,O splitting. The inorganic-organic hybrids in
Fig. 13(a) refer to the integration of organic and inorganic semi-
conductors with distinct bandgap structures. Although the overall
efficiency of inorganic-organic hybrid materials remains relatively
modest, there is significant potential for further improvement in
this class of materials. Inorganic-organic hybrid photocatalysts
combine heterogeneous organic and inorganic components, offer-
ing unique interfacial properties and superior carrier dynamics.
Despite the demanding requirements for multiple charge and
mass transfer processes in photocatalytic H,O splitting, these
hybrid platforms present promising pathways for efficient H,
and O, production through careful modulation of the hybrid
interface.

The inorganic-organic hybrid strategy offers numerous
advantages, positioning it as a highly promising platform for
solar-driven H,O splitting and other photocatalytic processes.
The diversity of hybrid catalyst structures and the design
flexibility enable the incorporation of additional photosensitive
units and the modulation of energy band structures, thus
significantly enhancing the utilization of solar spectrum. The
construction of large conjugated systems, combined with pre-
cise control over morphology, facilitates the directed migration

This journal is © The Royal Society of Chemistry 2025

of electrons and holes to specific active sites, optimizing
photocatalytic performance. Furthermore, the IEF formed at
the inorganic-organic hybrid interface plays a crucial role in
promoting the directional movement of charges between the
two phases, improving charge separation and transport effi-
ciency. The interaction between the energy bands of organic
and inorganic semiconductors fosters a broader range of charge
transfer modes, such as Z-scheme heterojunctions, which are
particularly beneficial for photocatalytic applications. Meanwhile,
interface-mediated charge transfer mitigates the unfavorable
charge recombination processes that often limit the efficiency of
photocatalytic reactions. The multi-component nature of hybrid
systems also enhances the exposure of surface active sites, accel-
erating kinetic processes such as mass transfer and the dissocia-
tion of reactants in photocatalytic reactions. More importantly, by
employing rationally designed conjugated polymers, the common
challenge of lattice mismatch in the fabrication of inorganic
semiconductor-based heterojunctions can be effectively miti-
gated, leading to the formation of high-quality interfaces with
improved compatibility and activity. This advantage in stability
enhances the compatibility between the catalyst structure and
reactive oxygen species during H,O splitting. Compared with
conventional heterostructure, inorganic-organic hybrids offer
suitable balance between production cost and photocatalytic
performance. As highlighted in the previous sections, these
integrated advantages are critical for significantly improving the
efficiency and capability of photocatalytic H,O splitting systems.

Despite substantial progress in the development of in-
organic-organic hybrid photocatalysts for overall H,O splitting,
a significant gap remains between current performance levels
and the energy efficiency thresholds required for practical,
large-scale H, production. As the field continues to mature,
several critical challenges must be addressed to unlock the full
potential of hybrid systems (Fig. 13(b)). Based on recent
advances and our fundamental understanding of photocataly-
tic principles, future research should prioritize the following
directions:
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(1) The current hybrid photocatalytic platforms still face
limitations in terms of efficiency, partly due to a restricted
selection of inorganic and organic components. These limita-
tions hinder the full potential of the hybrid systems. For
instance, many COFs rely on a narrow set of linkages (e.g:,
imine, boronate ester, triazine), which restrict structural diver-
sity and charge transport pathways. Expanding the chemical
toolbox to include COFs with fully conjugated linkages
(e.g., C=C) and leveraging weak non-covalent interactions,
such as hydrogen bonding, van der Waals interaction and n-n
stacking, could provide enhanced flexibility in designing high-
performance hybrids. Such interactions may facilitate better
interfacial contact and charge delocalization, thereby improv-
ing catalytic efficiency.

(2) The structure of a photocatalyst plays a pivotal role in
determining its physical and chemical properties, particularly
in terms of exposing active sites for adsorption and catalysis.
The controlled growth of specific crystal planes is critical for
maximizing photocatalytic efficiency. However, achieving precise
control over crystal facet orientation and surface morphology
remains technically challenging. Future research should focus

10000 | Chem. Soc. Rev,, 2025, 54, 9978-10005

on advancing fabrication techniques that allow for fine-tuning
of the catalyst’s shape and surface properties, which can lead to
more efficient exposure of active sites and improved photo-
catalytic performance.

(3) A deeper understanding of interfacial charge carrier
dynamics is fundamental for performance enhancement. While
techniques such as surface photovoltage spectroscopy and
Kelvin probe force microscopy have shed light on IEF and
surface potentials, they lack the temporal resolution to capture
ultrafast charge transfer processes. Development and applica-
tion of advanced time-resolved techniques, such as transient
absorption spectroscopy, ultrafast photoluminescence, and
operando scanning probe methods, will be crucial for visualizing
charge migration pathways and identifying kinetic bottlenecks at
relevant timescales.

(4) A more comprehensive understanding of catalytic
mechanisms and charge dynamics at heterointerfaces is crucial
for designing next-generation photocatalysts. As computational
models and machine learning techniques continue to advance,
their role in predicting and optimizing catalytic behavior is
becoming increasingly important. Computational tools can

This journal is © The Royal Society of Chemistry 2025
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assist in screening candidate materials, identifying optimal
band alignments, and simulating charge dynamics at hybrid
interfaces. Integrating theoretical insights with experimental
work will be a valuable approach to optimizing hybrid systems
and improving photocatalytic efficiency.

(5) Beyond performance metrics, the economic viability and
long-term operational stability of hybrid photocatalysts are
essential for real-world applications. The primary methods
include two aspects: (i) enhancing interfacial bonding strength
by constructing strong interfacial chemical bonds to replace
weak physical interactions; (ii) developing more stable novel
organic semiconductors, such as COFs and HOFs. The selection
of earth-abundant elements, low-cost components and the
mitigation of photocorrosion and interfacial degradation must
be emphasized. Strategies to enhance stability include surface
passivation, protective layer integration, and robust covalent
bonding across interfaces.

(6) Artificial intelligence (AI) holds transformative potential
for the rational design of inorganic-organic hybrid systems.
Machine learning (ML) algorithms can extract structure-prop-
erty relationships from high-throughput data, optimize inter-
facial energy alignments, and fine-tune parameters such as
light absorption, carrier mobility, and synthesis conditions.
Al can also facilitate in situ polymerization design and guide
surface modification strategies, enabling faster, more cost-
effective development of high-performance hybrid materials.
This approach not only speeds up the development process but
also reduces costs, facilitates in situ polymerization, and
improves surface modifications, all of which are essential for
advancing photocatalytic efficiency.

In summary, inorganic-organic hybrid photocatalysts repre-
sent a promising frontier in the pursuit of efficient solar-to-
hydrogen energy conversion. While significant thermodynamic
and kinetic barriers remain, continued progress in materials
innovation, mechanistic understanding, and data-driven mate-
rials design is steadily closing the gap between laboratory
research and practical implementation. With further interdis-
ciplinary integration across chemistry, materials science, and
computational modeling, inorganic-organic hybrid photocata-
lysts are promising to become an economically viable, low-cost
strategy for addressing global energy demands and contribut-
ing to the future energy landscape.
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