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ABSTRACT: Photocatalytic  green  hydrogen  (H2)  production
technology, as a clean technology that replaces traditional fossil fuel-
based H2 production, has emerged as a research focus in addressing
energy  shortages  and  environmental  pollution  due  to  its  unique
advantage  of  being  driven  by  solar  energy.  In  recent  years,
remarkable  advancements  have  been  made  in  the  design  of
photocatalysts  and  the  investigation  of  reaction  mechanisms,  but
the  restricted  light  absorption  range,  high  recombination  rate  of
photogenerated  carriers,  and  insufficient  stability  are  still  serious
constraints  on  the  increase  in  energy  conversion  efficiency.  The
development  of  high-performance  photocatalysts  is  crucial  for
achieving  efficient  solar-to-hydrogen  (STH)  conversion.  This  review
deeply analyzes the fundamental principles of photocatalytic green
H2 production  from  three  dimensions:  optimization  of  light
absorption  performance,  regulation  of  charge  dynamics,  and
enhancement  of  surface  reaction  kinetics.  It  systematically  reviews
the  recent  research  achievements  in  this  field  and  deeply
deconstructs  the  design  strategies  of  photocatalysts,  aiming  to
provide  references  for  the  rational  design  of  ideal  photocatalysts
and  more  in-depth  mechanism  analysis.  Finally,  future  research
directions  and potential  breakthroughs  are  discussed,  with  the  aim of  accelerating the  development  and practical  application of
solar-driven green H2 production technology.
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1    Introduction
Energy  shortages  and  environmental  pollution  are  two  serious
challenges  to  the  sustainable  development  of  society  [1−3].  With
the  rapid  development  of  the  global  economy,  the  continuous
increase in energy demand has led to the excessive consumption
of  traditional  fossil  energy,  which  not  only  results  in  decreasing
reserves  of  energy  sources  but  also  causes  a  series  of  serious
environmental  problems,  such  as  greenhouse  gas  emissions  and
atmospheric  pollution  [4−6].  Therefore,  it  is  urgent  to  develop
clean and sustainable new energy sources.  Among the numerous
alternative  energy  sources  that  have  attracted  much  attention,
hydrogen  energy,  as  an  energy  carrier  with  high  energy  density,
has become the ideal candidate for meeting the long-term energy
needs of humankind, with its significant advantages of clean, zero

carbon, and no secondary pollution [7−9]. According to the “2024
Global  Hydrogen Review”,  the global  demand for H2 reached 97
million  tons  in  2023,  an  increase  of  2.5%  over  the  previous  year
[10]. H2 can be categorized as gray hydrogen, blue hydrogen, and
green  hydrogen  based  on  the  degree  of  carbon  emissions
generated  during  H2 production  [11−13].  Gray  hydrogen  is
derived  from  fossil  fuels  through  techniques  such  as  steam
methane  reforming  or  coal  gasification,  offering  low  costs  but
generating  significant  carbon  emissions  [14,15].  Blue  hydrogen
also  utilizes  fossil  fuels  but  incorporates  carbon  capture,
utilization, and storage technology, resulting in substantially lower
carbon emission intensity [16]. Green hydrogen is generated from
renewable  energy  sources  such  as  wind power,  hydropower,  and
solar  power  through  technologies  including  water  thermolysis,
photolysis,  and  electrolysis,  achieving  zero  carbon  emissions 
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during the production process [17−19]. Currently, H2 production
remains in a stage characterized by “gray H2 dominance, blue H2
transition, and green H2 incubation” [20,21]. Ninety-six percent of
H2 production relies on fossil fuels, with each kilogram of gray H2
production  generating  10–12  kg  of  CO2 emissions  [22−24].  The
electricity  cost  for  H2 production  through  water  electrolysis  is
high,  and the efficiency and durability  of  the electrolysis  cells  are
insufficient,  resulting  in  high  operational  and  maintenance  costs
[16,25,26].  Photocatalytic  water  splitting  for  H2 production
technology  utilizes  photogenerated  carriers  in  semiconductor
materials,  creating  a  new  path  for  the  direct  conversion  of  solar
energy into chemical energy, with simple system design, low cost,
and  scalability  [1,27,28].  By  2025,  the  global  annual  solar
irradiation  is  projected  to  reach  approximately  120,000  TW,  far
exceeding the energy consumption of humanity per year (30 TW)
[29−31].  Photocatalytic  H2 production  technology  converts
abundant  but  intermittent  solar  energy  into  chemical  energy,
demonstrating  great  potential  for  large-scale  applications.  The
development  of  this  technology  is  expected  to  promote  the
transformation of the energy structure and alleviate the reliance of
humanity on traditional energy sources.

Since  Fujishima  and  Honda  [32]  discovered  that  TiO2
electrodes can decompose water to produce H2 under light in the
1970s,  photocatalytic  technology has attracted extensive attention
from  the  scientific  community  and  has  become  one  of  the
research  hotspots  in  the  fields  of  energy  and  environment
[32−36]. As displayed in Fig. 1, in recent years, this technology has
made significant progress in the research of photocatalysts and the
exploration  of  reaction  mechanisms  [37−41].  Among  them,  the
unsatisfactory  performance  of  the  photocatalyst  is  the  key  factor
restricting its development. Photocatalysts often suffer from a high
recombination  rate  of  photogenerated  carriers,  narrow  light
absorption range, and limited catalytic active sites, which results in
low H2 production efficiency and makes it difficult to achieve large-
scale  industrial  applications  [42−46].  Therefore,  developing
efficient  photocatalysts  has  become  the  core  task  for  promoting
the  progress  of  photocatalytic  H2 production  technology.
Common photocatalysts include metal  sulfides (CdS, ZnS, MoS2,
ZnIn2S4 (ZIS)), transition metal oxides (TMOs; TiO2, MnO, CuO,
ZnO),  carbon  nitrides  (g-C3N4),  perovskite  materials  (SrTiO3
(STO),  Cs2SnI6,  Cs3Cu2Br5),  etc.  [47−59].  Among  them,  metal
sulfides, with their narrow bandgap, possess a wide range of light
absorption and exhibit excellent photocatalytic performance
[30,60−64]. However, these materials have poor chemical stability
and  are  prone  to  photocorrosion  under  light  and  reaction
conditions.  The  S2− on  the  surface  of  metal  sulfides  is  prone  to
being  oxidized  by  photogenerated  holes  to  form  S  or  SO4

2−.  In
addition, some metal sulfides (e.g., CdS) are toxic, posing harm to
the  environment  [38].  Transition  metal  oxides  exhibit  excellent
photochemical stability, along with wide availability and low cost,
making  them  suitable  for  large-scale  applications  [28,65−68].
Nevertheless,  the  large  bandgap  results  in  limited  utilization  of
visible  light,  which  restricts  the  efficiency  of  photocatalytic  H2
production  to  a  certain  extent  [69].  Carbon  nitride  (g-C3N4)
features  a  suitable  bandgap  structure,  along  with  favorable
characteristics such as good chemical stability, low cost, and easily
available  raw  materials  (e.g.,  urea  and  melamine).  However,  it
tends to agglomerate during the preparation process, resulting in a
poor  specific  surface  area  that  undermines  mass  transfer
efficiency.  Meanwhile,  the  high  recombination  rate  of
photogenerated  carriers  due  to  inferior  crystallinity  further
restricts  its  photocatalytic  performance  [70−75].  Benefiting  from
their  excellent  structural  tunability,  the  bandgap  of  perovskite
materials can be adjusted within a wide range through component

regulation, but they exhibit poor chemical stability and are prone
to  decomposition  by  water,  oxygen,  and  light  [59,76−78].
Moreover,  most  high-efficiency perovskite  photocatalysts  contain
heavy  metal  ions  (Pb2+),  which  tend  to  leach  from  the  lattice
during  photocatalytic  reactions,  causing  water  pollution  [79].
Although lead-free perovskite photocatalysts have been developed,
their  photocatalytic  activity  and stability  are  still  inferior  to  those
of lead-based perovskites,  making complete replacement difficult.
As  mentioned  above,  various  types  of  photocatalysts  have  their
own  advantages  and  inherent  limitations  in  the  field  of  H2
production.  It  is  of  great  practical  significance  to  systematically
summarize the latest research progress on these photocatalysts in
H2 production.  In  recent  years,  existing  reviews  have  primarily
focused  on  the  technical  details  of  individual  modification
strategies  [80,81].  Therefore,  there  is  an  urgent  need  for  a
comprehensive and timely review that systematically summarizes
the  breakthrough  achievements  in  this  field,  deeply  analyzes  the
microscopic  regulatory  mechanisms  behind various  modification
strategies, and provides clear references for the precise positioning
of future research directions in this field.

This  review  systematically  summarizes  the  latest  research
progress in the field of photocatalytic H2 production, with a focus
on  elaborating  the  design  concepts,  controllable  synthesis
methods, and performance regulation strategies of photocatalysts,
as  displayed  in Fig.  2.  Based  on  the  fundamental  principles  of
photocatalytic  H2 production,  this  review  comprehensively
analyzes the regulatory mechanisms and inherent laws underlying
modification  strategies  from  three  core  perspectives:  light
absorption,  charge  dynamics,  and  surface  reaction  kinetics.  By
integrating the current research status and core challenges faced in
this  field  (such  as  low  separation  efficiency  of  photogenerated
carriers  and  insufficient  stability),  this  review  further  looks
forward  to  future  development  directions  (such  as  the
construction of multifunctional composite photocatalysts and the
development  of  in  situ  characterization  technologies  for  reaction
mechanisms). This study not only provides novel insights into the
design of high-performance photocatalysts but also offers valuable
guidance  for  promoting  in-depth  theoretical  research  and  the
expansion  of  practical  applications  of  photocatalytic  H2
production technology.

2    Mechanisms of photocatalytic H2 production
The  reaction  process  of  photocatalytic  H2 production  is  roughly
divided  into  several  core  steps  [82−84].  As  depicted  in Fig.  3(a),
the  first  stage  is  light  absorption.  The  photocatalyst  absorbs
photons  of  specific  wavelengths,  exciting  electrons  in  the  valence
band  (VB)  to  the  conduction  band  (CB)  and  forming
photogenerated  electron–hole  pairs  [85−87].  Subsequently,  the
second  stage  is  charge  migration.  The  photogenerated  carriers
separate and migrate to the active sites of photocatalysts [88−90].
Finally, the third stage is the surface reaction. The photogenerated
electrons  participate  in  the  reduction  reaction  of  protons  to
generate  H2,  while  holes  are  consumed  by  oxidation  of  the
sacrificial  agent  or  water  [91−93].  In  this  process,  the
photogenerated  charges  need  to  overcome  the  losses  from  bulk
recombination and surface recombination [94,95]. Meanwhile, the
potential of the photogenerated electrons involved in the reaction
must  be  more  negative  than  the  proton  reduction  potential  to
ensure  the  thermodynamic  requirements  of  the  reaction  [96,97].
The bandgap structures  of  common photocatalysts  are  shown in
Fig.  3(b).  For  the  commercialization  of  photocatalytic  H2
production  technology,  the  core  requirement  is  to  exceed  the
critical threshold of 10% for solar-to-hydrogen (STH) production
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efficiency [98,99]. The STH efficiency is synergistically determined
by  three  factors:  light  absorption  capacity,  charge  separation
efficiency,  and  surface  reaction  efficiency  [100−102].  However,
achieving  this  target  still  faces  multiple  core  challenges.  First,  the
narrow  visible  light  response  range  of  photocatalysts  results  in  a
low  utilization  rate  of  solar  energy.  Second,  the  sluggish  charge
dynamics  process  and  insufficient  migration  and  separation
efficiency of photogenerated carriers directly limit the number of
active species participating in surface reactions. Third, the scarcity
of  surface  active  sites  further  restricts  the  progress  of  reaction
kinetics.  Based  on  this,  the  following  sections  systematically
explore  the  core  regulation  strategies  and  related  mechanisms  of
light absorption, charge dynamics, and surface reaction kinetics.

From the perspective of the electronic structure, the essence of
the  light  absorption  process  is  that  electrons  in  semiconductors
absorb  the  energy  of  photons  and  undergo  energy  level
transitions,  which  are  closely  related  to  the  characteristics  of  the
electron  distribution  in  the  VB,  CB,  and  bandgap.  The  energy
band  structure  of  semiconductors  arises  from  the  interactions
between  atomic  energy  levels  [104].  In  isolated  atoms,  electrons
move  around  the  nucleus  and  have  discrete  energy  levels,  with
significant  energy  differences  between  the  levels  [105].  A  large

 

Fig. 1    (a) Publication trend of articles on photocatalytic H2 production over past decade. Data are sourced from Web of Science.  (b) Chronology of representative
photocatalysts for solar H2 production.

 

Fig. 2    Overall structure diagram of this review.
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number  of  atoms  combine  through  chemical  bonds  to  form
semiconductor crystals, where the extranuclear electron clouds of
adjacent  atoms  overlap  [106].  The  interaction  between  atoms
causes the originally discrete energy levels to split,  and these split
levels  merge  to  form energy bands.  In  the  electronic  structure  of
semiconductors, the VB is formed by the hybridization of atomic
bonding orbitals and is the energy band filled with electrons [107].
The  CB  is  composed  of  atomic  antibonding  orbitals  or  high-
energy  level  empty  orbitals  and  is  an  energy  band  that  is  not
occupied  by  electrons  or  contains  only  a  small  number  of
electrons [108].  The bandgap between the top of the VB and the
bottom of the CB is the energy interval in which electrons cannot
exist  stably  [109].  As  shown  in Fig.  4(a),  semiconductors  can  be
categorized  into  direct  bandgap  semiconductors  and  indirect
bandgap  semiconductors  [5].  Specifically,  the  VB  maximum
(VBM)  and  CB  minimum  (CBM)  of  direct  bandgap
semiconductors  are  located  at  the  same  wave  vector  position  in
the  Brillouin  zone.  For  such  semiconductors,  electron  transition
only  requires  the  absorption  of  photon  energy  and  can  be
accomplished  without  the  assistance  of  phonons  to  compensate
for the momentum difference. When photons irradiate the surface
of  semiconductors,  electrons that  are  originally  bound in the VB
gain  energy  and  then  leap  to  the  CB,  becoming  free-moving
photogenerated electrons, while positively charged holes are left in
the  VB  [110].  Notably,  only  photons  with  energy  matching  the
bandgap can enable the electrons to complete the transition. The
following equation needs to be satisfied between the energy of the
incident  photon  and  the  bandgap  of  photocatalysts: hv = hc/λ ≥
Eg = EVB − ECB.  Here, h represents  the  Planck  constant
(≈  6.626×10−34 J·s−1), v is  the  frequency  of  the  incident  photon, c
signifies the speed of light (≈ 3.0×108 m·s−1) in a vacuum, λ is the
light wavelength,  and Eg corresponds to the bandgap energy. EVB
and ECB represent  the  energy  levels  of  VB  and  CB,  respectively

[111]. For indirect bandgap semiconductors (Fig. 4(b)), the VBM
and  CBM  are  located  at  different  wave  vector  positions  in  the
Brillouin  zone.  When electrons  in  such semiconductors  undergo
transition,  they  not  only  need  to  absorb  photon  energy  but  also
have to compensate for the momentum difference by absorbing or
emitting  phonons  to  satisfy  the  law  of  momentum  conservation
[110].  The  involvement  of  phonons  increases  the  complexity  of
the electron transition process, resulting in a much lower electron
transition probability in indirect bandgap semiconductors than in
direct bandgap semiconductors [5]. The light absorption capacity
of  photocatalysts  can  be  quantitatively  compared  based  on  the
absorption  coefficient, α(hv),  which  is  determined  by  all  possible
band transitions  that  occur  from the VB to  CB: α(hv) ∝ ∑P12 ×
gV(EVB)  × gC(ECB).  In  the  equation, P12 denotes  the  transition
probability  of  electrons  from  the  VB  to  CB. gV(EVB)  and gC(ECB)
correspond  to  the  density  of  states  (DOS)  in  the  VB  and  CB,
respectively [5]. The former reflects the number of electrons in the
VB  that  participate  in  transitions,  while  the  latter  represents  the
number of vacancies in the CB that accommodate the transitioned
electrons.  In  experimental  characterization,  ultraviolet‒visible
diffuse  reflectance  absorption  spectroscopy  is  commonly  applied
to  compare  the  light  absorption  capabilities  of  different
photocatalysts.  The  ideal  photocatalysts  are  equipped  with
exceptional light-harvesting capabilities. In the energy distribution
of  the  solar  spectrum,  infrared  light  (52%–55%)  possesses
insufficient  energy  to  drive  reactions,  while  ultraviolet  light
(3%–5%),  despite  its  high  energy,  induces  severe  photocorrosion
that deactivates catalysts [112]. Visible light (42%–43%), however,
offers  moderate  energy  intensity  and  abundance.  Therefore,
efficient  capture  of  visible  light  contributes  to  excellent
photocatalytic  performance.  As shown in Figs.  4(c)  and 4(d),  the
dye sensitization and localized surface plasmon resonance (LSPR)
strategies  are  two  typical  means  of  regulating  light  absorption

 

Fig. 3    (a) Reaction process of photocatalytic H2 production. Reproduced with permission from Ref.  [80],  © Elsevier Ltd. 2023. (b) Bandgap structures of common
photocatalysts. Reproduced with permission from Ref. [103], © The Authors 2018.
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performance.  These  methods  improve  the  light  absorption
capacity  of  the  photocatalyst  by  broadening  the  light  response
range  and  enhancing  the  local  light  field  intensity.  Dye
sensitization  (Fig.  4(c))  refers  to  the  process  of  anchoring  dye
molecules with visible light response properties onto the surface of
photocatalysts  [113].  When  dye  molecules  absorb  photons  of
specific wavelengths, electrons in their VB undergo a transition to
the excited state. Once the energy level of the excited state for the
dye is higher than that of the CB for the photocatalyst, the excited
electrons will be rapidly injected into the CB of the photocatalyst,
while  the  dye  molecules  are  oxidized  and  subsequently
regenerated  via  reduction  by  electron  donors  in  the  reaction
system [114]. Dye sensitization can significantly broaden the light
response  range  of  wide  bandgap  photocatalysts.  Moreover,  the
diverse types of dye molecules enable targeted absorption of light
at  specific  wavelengths.  Plasma  photocatalysts  are  based  on  the
LSPR effect of metal nanostructures [11]. When the frequency of
incident  light  matches  the  plasmon  oscillation  frequency  of
metal  nanoparticles,  it  triggers  the  collective  resonance  of  free
electrons,  resulting  in  a  strong  localized  electromagnetic  field
enhancement  effect  [114].  On  the  one  hand,  the  enhanced
localized field significantly boosts the light absorption intensity of
the  photocatalyst.  On  the  other  hand,  the  high-energy  hot
electrons  generated  by  resonance  can  be  injected  into  the  CB
of  the  photocatalyst  to  participate  in  the  reaction,  while  the
thermal  effect  produced  during  the  process  also  assists  in
facilitating  the  photocatalytic  reaction  [115].  In  addition,  the
Schottky  junction  interface  formed  between  the  metal  and
photocatalyst  suppresses  the  recombination  of  photogenerated
charges,  thereby  further  improving  the  conversion  efficiency  of
photogenerated charges [116].

The photocatalytic H2 production reaction needs to satisfy both
thermodynamic  and  kinetic  requirements.  First,  from  a
thermodynamic  perspective,  the  decomposition  of  1  mol  H2O
requires 237 kJ of energy under standard conditions, so the energy

of  incident  photons  should  be  greater  than  1.23  eV  [117].  To
maximize  the  utilization  of  solar  energy,  the Eg of  the
photocatalyst  must  be  less  than  3.0  eV,  corresponding  to  a  light
absorption boundary of approximately 400 nm [118]. At the same
time,  the  potential  of  CB  should  be  lower  than  the  reduction
potential  of  protons.  The  kinetics  mainly  include  charge  carrier
dynamics  and  surface  reaction  kinetics.  Charge  dynamics  in
photocatalysis  refer  to  the  behavior  of  photogenerated  carriers
from generation to migration into the surface active sites. The core
process  involves  the  generation  of  photogenerated  carriers  from
photons  absorbed  by  the  photocatalyst,  followed  by  efficient
separation  of  the  carriers,  overcoming  Coulombic  attraction  and
arriving  at  the  surface  of  the  catalyst  via  bulk  phase  migration.
Among  them,  the  exciton  binding  energy,  which  is  the  energy
required for an exciton to dissociate into free electrons and holes,
directly  affects  the  dissociation  efficiency  of  photogenerated
carriers  [116].  Its  magnitude  is  closely  related  to  the  dielectric
constant,  the effective mass of electrons,  and the crystal  structure
[119].  Following  charge  separation,  photogenerated  carriers
migrate  to  active  sites  through  diffusion  and  drift  mechanisms
(Fig.  5(a)).  The  diffusion  mechanism  is  a  random  thermal
movement driven by concentration differences and follows Fick’s
law  [120].  Drift  is  a  migration  process  influenced  by  an  external
electric  field  [110].  Common  methods  to  establish  an  external
electric  field  include  constructing  heterojunctions,  establishing
polarization  fields,  and  introducing  vacancies  or  element  doping
[121−123].  These  methods  utilize  the  interfacial  energy  band
bending,  built-in  electric  field,  and  local  electric  potential
difference to drive the directional migration of charges or promote
charge  separation  by  forming  electron  traps  [124,125].  Based  on
recent  research  advances,  energy  band  engineering  has  been
demonstrated as a core strategy for regulating the charge transfer
dynamics  and  enhancing  the  separation  efficiency  of
photogenerated charges,  which serves as an effective approach to
boost the photocatalytic performance [126]. As shown in Fig. 5(b),

 

Fig. 4    Process  of  light  absorption  in  (a)  direct  bandgap  semiconductors  and  (b)  indirect  bandgap  semiconductors.  (c)  Dye  sensitization  and  (d)  LSPR  strategies.
Reproduced with permission from Ref. [5], © American Ceramic Society 2019.
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according  to  the  differences  in  energy  band  structures,
heterojunctions can be categorized into type I, type II, and type III
heterojunctions,  as  well  as  Z-scheme  and  S-scheme
heterojunctions  and  Schottky  junctions  [5].  Among  them,  the
photogenerated  electrons  and  holes  in  type  I  heterojunctions
migrate  together  into  a  single  semiconductor  phase,  facilitating
their  recombination.  Type III  heterojunctions  with split  bandgap
structures struggle to achieve directed charge separation due to the
lack  of  an  effective  driving  force  for  the  relative  migration  of
photogenerated  electrons  and  holes,  thereby  limiting  their
potential to enhance photocatalytic performance [127]. Z-scheme
heterojunctions  with  a  staggered  band  structure  can  drive  the
directional  migration  of  photogenerated  charges  along  the  Z-
scheme pathway by virtue of the built-in electric field induced by
the Fermi energy level (EF) difference at the interface. This process
enables the selective consumption of photogenerated carriers with
weak  redox  capability  while  retaining  those  with  strong  redox
activity  to  participate  in  the  photocatalytic  reaction,  thereby
significantly enhancing the photocatalytic efficiency [128]. The S-
scheme heterojunction is formed by the combination of oxidative
semiconductors with reductive semiconductors, exhibiting similar
characteristics  to  the  Z-scheme  heterojunction  in  terms  of
bandgap  arrangement  and  charge  migration  pathways.  When
metals  or  semiconductors  with  metallic  properties  come  into

contact  with photocatalysts,  the energy band of  the photocatalyst
at  the  interface  bends  upward,  thereby  establishing  a
unidirectional photogenerated charge transport channel from the
photocatalyst  toward  the  metal  [63].  This  strategy  effectively
facilitates the separation of photogenerated carriers and ultimately
achieves a significant enhancement in photocatalytic performance.
In addition, as displayed in Fig. 6(a), the separation and transfer of
charges  need  to  span  complex  temporal  and  spatial  scales  from
femtoseconds to seconds and from atoms to micrometers,  which
is a key factor affecting the photocatalytic performance [129,130].
Importantly,  the  recombination  of  photogenerated  charges  is
much  faster  than  their  migration  and  depletion  in  the
photocatalyst bulk (a few ps) and at the surface (tens of ns) [131,132].
Only a small  amount of  photogenerated charges can be involved
in  the  final  surface  reaction,  resulting  in  a  low  photocatalytic
performance.  Therefore,  the  merit  of  charge  dynamics  is  one  of
the  important  factors  that  directly  determines  the  overall
performance of the photocatalytic reaction.

The  surface  reaction  kinetics  in  photocatalytic  H2 production
mainly  focus  on  the  process  where  the  photogenerated  electrons
migrate  to  the  catalyst  surface  and  then  react  with  the  adsorbed
protons  to  form  H2.  This  involves  several  key  steps,  such  as  the
adsorption  of  reactants,  charge  transfer,  reaction  energy  barriers,
intermediate  formation,  and  product  desorption  (Fig.  6(b)).

 

Fig. 5    (a) Schematic diagram of light excitation and carrier migration processes. Reproduced with permission from Ref. [110], © The Authors 2024. (b) Energy band
structure of types I, II, III heterojunctions, Z-scheme, S-scheme, and Schottky junction systems. Reproduced with permission from Ref. [127], © Elsevier B.V. 2021.
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Specifically, protons or water molecules first bind to the reduction
active sites (e.g., metal cocatalysts, defective sites) on the surface of
the  photocatalyst  through  physical/chemical  adsorption.  Then,
photogenerated  electrons  are  transferred  from  the  surface  to  the
adsorbed protons, undergoing the intermediary transformation of
H+ → H* → H2 (H* is  hydrogen atoms adsorbed at the active site)
[133]. Finally, the two molecules of H* are bound together to form
H2 and  desorbed.  The  rate  of  this  process  is  determined  by  the
number  of  active  sites,  adsorption  strength,  charge  transfer
efficiency,  and reaction energy barrier,  and it  is  also regulated by
the surface electron density,  temperature,  and pH of the solution
[134−136]. In the field of photocatalysis and other heterogeneous
catalysis,  the  turnover  number  (TON)  and  turnover  frequency
(TOF)  are  core  performance  indicators  directly  related  to  the
catalytic  activity  and  surface  reaction  kinetics  and  can
quantitatively  characterize  the  efficiency  and  kinetic  features  of
surface reactions [137]. Among them, TON is defined as the ratio
of  the  number  of  electrons  participating  in  the  photocatalytic
reaction  to  the  number  of  active  sites  in  the  photocatalyst  [138].
The  number  of  reactive  electrons  can  be  quantitatively  derived
from  the  amount  of  H2 production  by  photocatalysis  [139].
However,  since  the  number  of  active  sites  in  photocatalysts  is
usually difficult  to determine accurately,  the number of  atoms or
surface  atoms  in  the  photocatalyst  is  often  used  for  approximate
calculation  in  practical  research.  It  should  be  noted  that  this
approximation method counts inactive atoms as equivalent active
sites; thus, the calculated TON values are generally lower than the
actual  values  [138].  The  core  value  of  TOF  lies  in  its  ability  to
directly reflect the catalytic reaction efficiency of a single active site
within a unit of time, making it a key indicator for evaluating the

intrinsic  activity  of  photocatalysts  [138].  Although  in  actual
reaction  systems,  the  composition  and  surface  structure  of
photocatalysts  are  complex  and variable,  which makes  it  difficult
to accurately obtain the true TOF values, TOF can still effectively
eliminate  interference  from  nonintrinsic  factors  such  as
photocatalyst  dosage  and  specific  surface  area.  It  serves  as  an
important  parameter  for  comparing  the  surface  reaction  kinetics
of  similar  photocatalysts  in  a  horizontal  manner  [139].
Furthermore, the hydrogen adsorption free energy (ΔGH*) directly
governs  the  adsorption–desorption  behavior  of  the  key
intermediate  H* on  the  surface  of  photocatalysts,  serving  as  the
core  descriptor  determining  the  surface  reaction  rate  of
photocatalytic  H2 production  [140].  A  negative  value  of  ΔGH*
indicates  that  the  binding  of  H* to  the  active  sites  on  the
photocatalyst  surface  is  excessively  strong,  which  will  hinder  the
desorption of the product H2 and lead to sluggish surface reaction
kinetics  [141].  Conversely,  an  excessively  positive  ΔGH* value
indicates  the  poor  adsorption  of  H* onto  active  sites,  hindering
proton reduction to H2 and similarly limiting reaction rates [142].
Only when ΔGH* approaches 0 eV, the adsorption and desorption
of  H* reach  a  dynamic  equilibrium,  and  the  surface  reaction
activity  achieves  its  maximum  value  [143].  ΔGH* enables  precise
correlation  between  the  structure  and  intrinsic  activity  of
photocatalysts, providing a crucial theoretical basis for the rational
design  of  highly  active  photocatalysts  and  the  optimization  of
surface reaction kinetic pathways [139]. It  has been reported that
the loading of cocatalysts not only facilitates charge separation and
transfer  but  also  optimizes  the  reaction  pathway  to  lower  the
energy barrier.  For example,  the modification of  Pt  can optimize
ΔGH*,  lower  the  reaction  energy  barrier,  and  significantly

 

Fig. 6    (a) Schematic diagram of time scale for semiconductor photocatalytic process. Reproduced with permission from Ref. [126], © Elsevier B.V. 2025. (b) Factors
affecting photocatalytic H2 production and future applications.
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accelerate  the  kinetics  of  H2 generation,  while  the  presence  of
surface  hydroxyl  groups  further  enhances  the  reaction  rate  by
facilitating  proton  transfer  [144−146].  Surface  defects  and
vacancies  significantly  increase  the  adsorption  rate  of  reaction
molecules [147−149]. Specific active sites significantly enhance the
reaction  activity  and  selectivity  by  stabilizing  key  intermediates
[150,151].  In  addition,  compared  with  traditional  photocatalysts,
single-atom photocatalysts  (SAPCs) exhibit  unique advantages in
terms  of  surface  reaction  kinetics  [121].  SAPCs  are  catalytic
systems  formed  by  anchoring  metal  active  components  in  the
form of individual atoms onto the surface or lattice of the carrier
[12,60]. The adsorption energy of their single-atom active sites can
be  precisely  regulated  by  controlling  the  carrier  types  and  the
coordination structures of single atoms [22]. SAPCs can not only
selectively  capture  the  oxygen  atoms  in  H2O  molecules  through
atomic-level  structure  design,  effectively  weakening  the  H–O
bond  energy  to  promote  the  dissociation  of  H2O  molecules  but
also  precisely  control  the  adsorption  strength  of  the  products,
ensuring  that  the  H2 molecules  are  quickly  desorbed  from  the
surface  of  the  photocatalyst  after  their  formation,  thus  avoiding
the  occupation  of  active  sites  [23].  Additionally,  SAPCs offer  the
significant  advantages  of  nearly  100%  atomic  utilization  and
uniform active sites.

3    Photocatalysts for solar H2 generation
Solar-driven  H2 production  via  photocatalysis  is  a  highly
promising  strategy  for  renewable  energy  conversion,  and  the
rational  design  of  photocatalysts  is  pivotal  to  enhancing  its
efficiency  [5].  Photocatalysts  for  H2 generation  are  typically
classified  based  on  their  chemical  composition  and  structural
characteristics  [110].  This  review  systematically  surveys
representative  photocatalyst  systems,  primarily  including  metal
sulfides,  transition  metal  oxides,  carbon  nitrides,  perovskite
materials, MXenes, and porous organic frameworks [47,48,50,55].
Starting from the general characteristics of various photocatalysts,
the  specific  modification  strategies  and  recent  research  progress
are  elaborated in  detail.  The activity  of  the  photocatalyst  and the
detailed modification strategies are summarized in Table 1.

3.1    Metal sulfides
Metal sulfides possess excellent visible light absorption properties,
tunable  surface  electronic  configurations,  and  abundant  active
sites  and  have  drawn  extensive  attention  from  numerous
researchers  in  STH  conversion.  Generally,  metal  sulfides  are
formed by the combination of metal cations (e.g., Cd2+, Zn2+, Mo4+,
In3+,  etc.)  with  sulfur  anions  (S2−)  and  have  a  wide  variety  of

 

Table 1    List of H2 production performance for photocatalysts

Photocatalyst Measure Sacrificial agent Cocatalyst Activity (μmol·g−1·h−1) Light source Ref.

CdS/NiCoAl-LDH Type Ⅱ heterojunction Na2S, Na2SO3 — 2116.1 300 W Xe lamp (AM 1.5G) [38]

ZIF-8/CdS Type Ⅱ heterojunction Na2S, Na2SO3 Ni2P 21,050 300 W Xe lamp (λ > 420 nm) [152]
CdS/Ni/TiN Schottky junction Na2S, Na2SO3 — 469,430 300 W Xe lamp (AM 1.5G) [97]

SnNb2O6/CdS S scheme heterojunction — Ni2P 11,992 300 W Xe lamp (λ > 420 nm) [98]
Co8POM@MXene-CdS Schottky junction 10 vol% TEOA — 8130 300 W Xe lamp (AM 1.5G) [153]

CdS/MoO2/MoS2 Bifunctional cocatalyst-modified 10 vol% lactic acid — 5000 300 W Xe lamp (AM 1.5G) [154]

In2S3-In(OH)3-ZnS Type Ⅱ heterojunction Na2S — 223,600 A 5 W blue LED light [155]
CdS/MoS2/Ti3C2 Type Ⅱ heterojunction 10 vol% lactic acid — 14,880 300 W Xe lamp (λ > 420 nm) [50]

MoS2/g-C3N4 Type Ⅱ heterojunction 0.1 M TEOA — 1155 300 W Xe lamp (λ > 420 nm) [156]
MoS2/UiO-66-NH2 Schottky junction 10 vol% TEOA — 2070 300 W Xe lamp (λ > 420 nm) [157]

MoS2@TiO2 Type Ⅱ heterojunction TEOA — 2160 300 W Xe lamp (AM 1.5G) [158]
MoS2/ZnO Type Ⅱ heterojunction Na2S, Na2SO3 — 235 300 W Xe lamp (λ > 420 nm) [99]

ZnFe2O4@ZnIn2S4 Type Ⅱ heterojunction TEOA Au 1145.38 300 W Xe lamp (AM 1.5G) [159]
Co3O4@ZnIn2S4 S scheme heterojunction TEOA — 18,900 300 W Xe lamp (AM 1.5G) [86]

Zn3n2S6 In-doping Na2S, Na2SO3 — 11,410 300 W Xe lamp (λ ≥ 400 nm) [160]
ZnIn2S4 Core–shell structure 10 vol% TEOA — 2,970 300 W Xe lamp (λ > 420 nm) [87]

In2O3/ZnIn2S4 Type Ⅱ heterojunction 10 vol% TEOA Pt 2,180 300 W Xe lamp (λ > 420 nm) [89]
MoS2@ZnIn2S4 P–N heterojunction TEOA — 22,250 300 W Xe lamp (λ ≥ 400 nm) [161]

ZnIn2S4 Mo-doping TEOA — 26,700 300 W Xe lamp (λ ≥ 400 nm) [90]
ZnIn2S4/ReS2 Z scheme heterojunction Na2S, Na2SO3 — 1322 300 W Xe lamp (λ ≥ 420 nm) [91]

ReO2/ReS2/Zn2In2S5 S scheme heterojunction TEOA — 6,750 300 W Xe lamp (λ ≥ 420 nm) [162]
ZnCdS/NiCrO4 P–N heterojunction Na2S, Na2SO3 — 760.89 300 W Xe lamp (λ ≥ 420 nm) [92]
CuInS2/CeO2 S scheme heterojunction Na2S, Na2SO3 Pt 226,600 300 W Xe lamp (λ > 420 nm) [94]

TiO2/Ni-Zn0.2Cd0.8S S scheme heterojunction Benzylamine — 4,550 300 W Xe lamp (λ > 420 nm) [96]
P-doped h-BN/ZnIn2S4 Z scheme heterojunction TEOA — 59,460 300 W Xe lamp (λ > 420 nm) [62]

MnCdS/NiCo2S4 Schottky junction Na2S, Na2SO3 — 34,280 300 W Xe lamp (λ > 420 nm) [95]
CdS Adjustment of crystallinity 10 vol% lactic acid Pt 16,060 350 W Xe lamp (λ ≥ 420 nm) [84]

Cu3SnS4/Mn0.3Cd0.7S S scheme heterojunction Na2S, Na2SO3 — 72,500 300 W Xe lamp (λ ≥ 400 nm) [37]
WO3−x/ZnIn2S4 S scheme heterojunction TEOA — 14.05 NIR light (λ > 800 nm) [163]

g-C3N4/ZnIn2S4 Type Ⅱ heterojunction TEOA Pt 20,738 300 W Xe lamp (λ > 420 nm) [164]

ZnCdS/PO/FeCoNiPi-MnO Type Ⅱ heterojunction NaH2PO2 — 1140 300 W Xe lamp (λ > 420 nm) [165]
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chemical  formulae,  including  binary  (e.g.,  CdS,  ZnS,  and  MoS2)
[9,97,149],  ternary  (e.g.,  ZnIn2S4,  Mn0.3Cd0.7S,  and  CuInS2)
[37,87,120,130,132],  and  multivariate  systems  (e.g.,  Cu2ZnSnS4
and AgInZnS) [186−188].  The metal  centers  of  these sulfides are
mostly transition metals, which have abundant d electron orbitals.
Their VBs are occupied by the 3p orbitals of S, resulting in a lower
positive  VB  and  higher  photogenerated  hole  mobility  [189].  By
adjusting  the  types  and  ratios  of  the  metals,  the  light  absorption
and photocatalytic activity can be optimized, giving them a unique
advantage  in  the  field  of  photocatalytic  H2 production  [190].
Moreover,  as  displayed  in Fig.  7,  the  crystal  structures  of  metal
sulfides  are  diverse.  The  hexagonal  wurtzite  structure  (CdS),
composed  of  tetrahedrally  coordinated  metal  and  sulfur  atoms,
exhibits  anisotropic  photogenerated  carrier  transport  properties
(Fig.  7(a))  [191].  The  layered  structure  (MoS2)  is  formed  by
S–Mo–S  sandwich  layers  stacked  by  van  der  Waals  forces,  in
which edge sites (e.g.,  coordinated unsaturated sites of Mo) serve
as active centers for photocatalytic H2 production (Fig. 7(b)) [191].
A  spinel  or  layered  hexagonal  structure  (ZnIn2S4),  consisting  of
alternately  arranged  metal-sulfur  polyhedra,  has  an  open
framework  that  facilitates  photogenerated  charge  separation  and
surface reactions (Fig. 7(c)) [192].

3.1.1    Binary metal sulfides

CdS is regarded as an ideal photocatalyst owing to its appropriate
bandgap  (~2.4  eV)  and  excellent  visible  light  absorption  ability,
and is  a  typical  representative  of  binary metal  sulfides.  Xue et  al.
[193]  synthesized  highly  dispersed  Cu-doped  CdS  (CCS)
nanoparticles  by  the  cation  exchange  method.  As  shown  in
Fig.  8(a),  Cu  doping  caused  the  CB  of  CdS  to  shift  toward  the
positive  direction,  reducing  the  bandgap  of  CdS  and  enhancing
visible  light  absorption.  The  phase  diagram  (Fig.  8(b))  of  ΔGH*
indicated that the adsorption of hydrogen atoms in pure CdS was
an  endothermic  process,  and  the  reduction  of  hydrogen  atoms
was thermodynamically difficult to carry out. The adsorption sites
of  S  atoms  coordinated  with  two  Cd  atoms  and  one  Cu  atom
(−0.753  eV)  showed  lower  ΔGH* than  those  coordinated  with
three  Cd  atoms  in  CCS  (−0.550  eV).  The  results  of  theoretical
calculations and experimental characterization confirmed that Cu
doping  altered  the  surface  electron  distribution  of  CdS,  which
improved  the  hydrogen  adsorption  capacity  of  the  surface  active
sites. Compared with pure CdS, the photocatalytic H2 production
activity  was  improved  by  11  times.  Layered  double  hydroxides
(LDHs)  are  often  used  as  matrix  materials  in  composite
photocatalysts due to their unique layered structure. Yang et al. [38]

Table 1 (Continued)
 

Photocatalyst Measure Sacrificial agent Cocatalyst Activity (μmol·g−1·h−1) Light source Ref.

CuS/MoS2 Type Ⅱ heterojunction — — 85,604 300 W Xe lamp (AM 1.5G) [8]
Co/MnO/GDY S scheme heterojunction TEOA — 2117.33 300 W Xe lamp (λ > 420 nm) [28]

Quartz/TiO2 Piezoelectric photocatalysis Lactic acid — 20,400 300 W Xe lamp (λ > 420 nm) [43]
TiO2 Adjustment of crystallinity Methanol — 4230 300 W Xe lamp (λ > 420 nm) [39]

Ni/TiO2 P−N heterojunction Formic acid Ni 2416 300 W Xe lamp (λ > 420 nm) [83]
TiO2/MoS2/Cu2S Oxygen vacancies Methanol — 3376.7 300 W Xe lamp (λ ≥ 400 nm) [166]

MnO/CCN S scheme heterojunction BzOH TEOA 791.6 300 W Xe lamp (λ > 420 nm) [167]
ZnO/CeVO4 Z scheme heterojunction Na2S, Na2SO3 — 1289 300 W Xe lamp (λ > 420 nm) [168]

ZnO/graphene Localelectric field effect TEOA — 1400 Natural sunlight [169]
ZnO/ZnS Z scheme heterojunction Na2S, Na2SO3 — 71,860 300 W Xe lamp (λ > 420 nm) [170]

ZnO Oxygen vacancies Na2S, Na2SO3 Pt 5780 250 W Hg high-pressure lamp [171]
ZnO@ZnS S scheme heterojunction TEOA Pt 207.95 300 W Xe lamp (λ > 420 nm) [172]
CDs/TCN Photothermal effect of carbon dots TEOA — 12,940 300 W Xe lamp (λ > 420 nm) [54]

g-C3N4 Ultrathin nanosheet 10 vol% TEOA Pt 4300 300 W Xe lamp (λ > 420 nm) [173]
g-C3N4 Introduction of phosphate groups TEOA Pt 976,700 300 W Xe lamp (λ > 420 nm) [174]
PCN K-doping TEOA Pt 7840 300 W Xe lamp (λ > 420 nm) [40]

600-CuMn2O4/GDY-40% S schemeheterojunction 15 vol% TEOA Mn2O3 1586.54 300 W Xe lamp (λ > 420 nm) [175]
NiCS3/g-C3N4 Built-inelectric field TEOA — 951 300 W Xe lamp (λ > 420 nm) [42]

TiO2/g-C3N4 Type Ⅱ heterojunction — — 808.97 300 W Xe lamp (λ > 420 nm) [176]
g-C3N4 Schottky junction TEOA — 2181 300 W Xe lamp (λ > 420 nm) [177]

CdSe@Ti3C2 Schottky junction — — 763.2 300 W Xe lamp (λ > 420 nm) [57]
BTT-COFs Regulation of conjugation degree Ascorbic acid Pt 5220 150 W Xe lamp (λ > 420 nm) [178]

COF-Cu3TG Single-atom electronic bridge TEOA — 10,470 300 W Xe lamp (λ > 420 nm) [22]

TiO2/MOF Type Ⅱ heterojunction TEOA — 176.8 300 W Xe lamp (λ > 420 nm) [179]
Al-Pd/SrTiO3 Schottky junction Methanol — 1430 300 W Xe lamp (AM 1.5G) [77]

SrTiO3 Ag-doping — — 48.62 300 W Xe lamp (AM 1.5G) [180]
Cs3Cu2Br5 Ag-doping H3PO2/HBr — 488 300 W Xe lamp (λ > 420 nm) [181]

SrTiO3 P-doping 18 vol% Methanol Pt 400 300 W Xe lamp (λ > 420 nm) [76]
Cs2SnI6 Schottky junction HI, 20 vol% H3PO2 Pt 430 300 W Xe lamp (λ > 420 nm) [182]

CsPbBr3@ZEO-1 Nanoconfinement effect HI Pt 4826 300 W Xe lamp (λ > 420 nm) [183]
PMA2PbI4/MoS2 Z scheme heterojunction HI — 1545 300 W Xe lamp (AM 1.5G) [184]

MHPs K-doping — — 11.2 300 W Xe lamp (λ > 420 nm) [185]
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loaded  CdS  nanoparticles  onto  NiCoAl-LDH  with  a  layered
structure.  The  abundant  and  tight  contact  interface  provided
favorable  conditions  for  photogenerated  charge  transfer.  The
enhancement  of  the  interface  charge  transfer  efficiency  and  light
absorption performance significantly improved the photocatalytic
performance.  Moreover,  after  four  cycles  of  tests,  the
photocatalytic  H2 production  activity  remained  at  94%.  Studies
have shown that the lifetime of photogenerated charges is closely
related to the surface and electronic structure of the photocatalyst
[97]. Liu et al.  [97] prepared CdS nanowires by a chemical vapor
deposition  (CVD)  method  and  deposited  Ni  and  TiN  layers
sequentially  on  their  surface  to  construct  a  CdS/Ni/TiN
heterostructure.  The  Ni  layer  passivated  the  defect  states  on  the
surface  of  CdS,  which  reduced  the  nonradiative  recombination
centers  on  the  surface  of  CdS  and  prolonged  the  lifetime  of
electrons.  The  LSPR  effect  of  TiN  effectively  enhanced  light
absorption,  generated  high-energy  hot  electrons  to  participate  in
the  reaction,  and  accelerated  charge  transfer  through  the  high
conductivity  of  TiN.  The  single-molecule  fluorescence  (SMF)
images  (Figs.  8(c)–8(h))  indicated  that  the  discontinuous
distribution  of  Ni  and  the  rough  surface  formed  by  the  TiN
coating  increased  the  reaction  contact  area  and  provided  more
active  sites.  Furthermore,  as  depicted  in Figs.  8(i)  and 8(j),  the
stepped energy band structure of  CdS/Ni/TiN facilitated electron
migration from CdS to TiN, while the holes were enriched toward
the interior of CdS, achieving spatial charge separation. The STH

of  the  optimized  CdS/Ni/TiN  reached  14.2%,  and  the
photocatalytic  H2 production  rate  reached  469.43  mmol·g−1·h−1,
which  was  20.55  times  that  of  the  original  CdS.  Replacing
conventional  Pt,  Ni2P  functions  as  an  economical  cocatalyst  that
not only acts  as an electron trap to inhibit  charge recombination
but  also  provides  reactive  sites,  significantly  reducing  the
overpotential  of  the  reaction.  The  photocatalytic  H2 production
efficiency  of  Ni2P/ZIF-8/CdS  reached  21.05  mmol·g−1·h−1,  and
the  Ni2P-modified  S-type  SnNb2O6/CdS-diethylenetriamine
photocatalytic  system exhibited a  quantum efficiency of  35.8% at
420 nm [98,152].

Chang et al.  [155] prepared In2S3–In(OH)3–ZnS nanofibers by
combining  hydrothermal  and  electrospinning  methods  and
explored  the  effects  of  InCl3 concentrations  on  the  material
morphology,  crystal  structure,  and  photocatalytic  H2 production
performance.  As  depicted  in Fig.  9(a),  the  hollow  sphere
photocatalyst  of  CdS/MoO2/MoS2 was  constructed  by  the
simultaneous  sulfidation  and  reduction  of  CdMoO4 to  generate
MoS2 and  MoO2 on  the  CdS  surface  [154].  Among  them,  MoS2
served  as  a  reduction  center  to  accumulate  electrons  for  H2
production,  while  MoO2 acted  as  an  oxidation  center  to  capture
holes  and  oxidize  lactate  (LA)  for  the  generation  of  pyruvic  acid
(PA). This method of coupling photocatalytic H2 production with
organic synthesis enabled the realization of dual reaction pathways
while  achieving  directional  migration  and  efficient  separation  of
photogenerated  charges.  Analogously,  using  Ti3C2 as  the  2D

 

Fig. 7    Crystal structures of (a) wurtzite (left) and zinc-blende (right) CdS and (b) MoS2. Reproduced with permission from Ref. [191], © Wiley-VCH GmbH 2022.
(c) Hexagonal, cubic, and rhombohedral ZnIn2S4. Reproduced with permission from Ref. [192], © Elsevier Inc. 2011.
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substrate, MoS2 and CdS were uniformly loaded on the surface of
Ti3C2 through  self-reduction  and  a  microwave  hydrothermal
method  to  form  a  ternary  composite  photocatalyst
CdS@MoS2/Ti3C2 [50].  Density  functional  theory  (DFT)
calculations (Fig. 9(b)) verified the existence of strong interactions
at  the interface between CdS and Ti3C2/MoS2,  where electrons at
the  interface  tended  to  transfer  from  Ti3C2 to  CdS  (3.90  e)  and
subsequently  from  CdS  to  MoS2 (0.33  e).  The  high  electrical
conductivity  of  Ti3C2 and  the  Ti  vacancies  on  its  surface  were
utilized  to  rapidly  transfer  charges  and  capture  holes,  therefore
avoiding  S2− oxidation.  By  taking  advantage  of  the  edge  S  active
sites of MoS2 to capture electrons and subsequently participate in
the  proton  reduction  reaction,  the  reduction  of  Cd2+ was
prevented.  This  targeted  charge  trapping  strategy  not  only
enhanced  the  charge  separation  efficiency  but  also  avoided  the
photocorrosion of CdS, significantly improving the stability of the
photocatalyst.  The  photocatalytic  H2 production  rate  of
CdS@MoS2/Ti3C2 reached  14.88  mmol·h−1·g−1,  and  the  cycling
stability lasted for up to 78 h.

3.1.2    Ternary metal sulfides

Ternary metal sulfides have garnered extensive focus due to their
outstanding  catalytic  activity,  stability,  and  multifunctionality
[194].  Zhang et  al.  [37]  prepared  S-type  heterojunctions  of
Cu3SnS4/Mn0.3Cd0.7S (CTS/MCS) using an ultrasound-assisted self-
assembly method (Fig. 10(a)). Through the synergistic effect of the

photothermal  effect  of  CTS  and  the  S-type  heterojunction,
photogenerated  charge  separation  was  promoted,  which
significantly enhanced the photocatalytic H2 production efficiency.
In detail,  as  shown in Fig.  10(b),  the  photothermal  effect  of  CTS
increased the  surface  temperature  of  the  catalyst  (up to  74.1  °C),
which  lowered  the  reaction  energy  barrier  and  accelerated  the
reaction  kinetics.  The  S-type  charge  transfer  pathway  promotes
the  separation  of  photogenerated  charges  and  retains
photogenerated  carriers  with  strong  reduction/oxidation
capabilities.  The  charge  transfer  pathways  at  the  heterojunction
interface  and  the  mechanism  of  the  internal  electric  field  were
revealed  by in  situ X-ray  photoemission  spectroscopy  (XPS)  and
DFT  calculations.  The  ability  of  the  photocatalyst  to  resist
interference  from  salt  ions  in  a  simulated  seawater  environment
was  verified,  demonstrating its  potential  for  practical  application.
The  metal  atoms  and  sulfur  atoms  in  ZnIn2S4 are  arranged
alternately  to  form  a  layered  structure,  and  the  layers  are
connected  with  each  other  by  van  der  Waals  forces.  The  unique
structure  makes  it  easy  to  modify  or  compound  with  other
semiconductor catalysts. Chen et al. [163] loaded WO3−x quantum
dots  (QDs)  onto ZIS nanosheets  by  means of  a  low-temperature
water  bath  method.  By  taking  advantage  of  the  synergistic  effect
between  the  LSPR  generated  by  WO3−x QDs  and  the  built-in
electric  field  within  the  interface,  the  H2 production  rate  of
WO3−x/ZIS  was  enhanced  by  14.5  times  compared  to  pure  ZIS
under  the  photothermal-assisted  effect  driven  by  near-infrared

 

Fig. 8    (a) Energy band structure of CCS and (b) phase diagram of ΔGH*. Reproduced with permission from Ref. [193], © Hydrogen Energy Publications LLC. 2024. Site-
specific photoreduction activities of (c–e) CdS and (f–h) carbon nanotubes (CNTs): (c, f) bright-field images, (d, g) SMF images, and (e, h) corresponding activity density
maps. (i) Interface characteristics and active sites of CdS/Ni/TiN; (j) energy band structure of CdS/Ni/TiN. Reproduced with permission from Ref. [97], © Wiley-VCH
GmbH 2025.
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(NIR) light, reaching 14.05 μmol·g−1·h−1. As illustrated in Figs. 10(c)
and 10(d),  the  LSPR  effect  generated  by  WO3−x QDs  containing
oxygen vacancy defects successfully broadened the photoresponse
of  the  photocatalysts  to  the  NIR  region  (800–1500  nm).  DFT
calculations  and  Kelvin  probe  force  microscopy  (KPFM)
characterization  revealed  the  facilitation  of  charge  separation  by
the  interfacial  electric  field  (IEF).  This  study  provided  new  ideas
for  designing  photocatalytic  systems  with  NIR  responses.  The
hollow tubular  structure  has  unique advantages  in  photocatalysis
by  enhancing  light  trapping  capability  through  multiple  light
scattering/reflection  and  shortening  carrier  transport  paths.  As
displayed in Fig. 10(e), the unique 3D hierarchical hollow tubular
design  of  g-C3N4/ZIS  (HTCN/ZIS)  combined  with  the  charge
separation advantage of the type-II heterojunction realized highly
efficient photocatalytic H2 production with an apparent quantum
efficiency (AQE) of 7.5% (420 nm) [164].

3.2    Transition metal oxides
Metal oxides have a long-standing research history in the field of
photocatalysis [32]. Endowed with excellent chemical stability, low
preparation  cost,  and  straightforward  synthesis  processes,  they
have  emerged  as  highly  promising  candidate  materials  for
advancing  solar  H2 production  technology  toward  practical
applications  [195−197].  Among  them,  transition  metal  oxides,
featuring  unique  advantages,  such  as  variable  oxidation  states,
flexible  electron transfer  capability,  and diverse  crystal  structures,
are  frequently  employed  as  photocatalyst  hosts,  cocatalysts,  or

carriers  of  composite  photocatalysts  [198−200].  Through
modification  strategies,  including  doping  and  heterojunction
construction,  the  core  photocatalytic  properties,  such  as  light
absorption range  and charge  carrier  separation efficiency,  can be
precisely  regulated,  thereby  further  expanding  their  application
prospects  in  the  field  of  solar  H2 production  [201−203].  Typical
representatives  with  the  widest  applications  include  TiO2,  MnO,
CoO, CuO, and ZnO [8,166,167,170,172].

3.2.1    TiO2

Since Fujishima and Honda first reported the photocatalytic water
splitting performance of TiO2 in 1972, TiO2 has gained extensive
research in the field of photocatalytic green H2 production, owing
to its high thermal stability, excellent resistance to photocorrosion,
and  matching  thermodynamic  characteristics  for  water-splitting
reactions  [32,39].  Zhang et  al.  [39]  adopted advanced gliding arc
plasma  (GAP)  technology  to  rapidly  synthesize  high-crystalline
mesoporous TiO2 homojunctions in one step without the need for
a  template.  As  shown  in Fig.  11(a),  the  sample  contained  an
anatase phase (80%) and a rutile phase (20%), and the two crystal
phases were closely combined at the interface. The built-in electric
field  formed  by  the  bandgap  difference  (Fig.  11(b))  effectively
drove  the  directional  migration  of  photogenerated  electrons  and
holes,  reducing  the  recombination  of  photogenerated  carriers.
During  the  synthesis  process,  the  size  of  TiO2 nanoparticles
decreased  from  56  to  15  nm  with  increasing  gas  flow  rate,  the
morphology changed from spherical to irregular, and the specific

 

Fig. 9    (a) Schematic diagram of synthesis process and TEM images of CdS/MoO2/MoS2. Reproduced with permission from Ref. [154], © Wiley-VCH GmbH 2025.
(b) Bader electron transfer at CdS/Ti3C2 and CdS/MoS2 interfaces. Reproduced with permission from Ref. [50], © Elsevier B.V. 2023.
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surface area grew from 30 to 98 m2·g−1.  The optimization of mass
transfer  and  the  improvement  of  photogenerated  carrier
separation  efficiency  enabled  a  significant  enhancement  of  the
photocatalytic  H2 production  performance.  Researchers  have
investigated the influence of piezoelectric potential changes on the
photocatalytic  performance  of  TiO2 by  combining  quartz  with
TiO2 [43]. It was found that the piezoelectric potential varied with
the  microstructure  and  was  significantly  enhanced  when  the
quartz  grain  size  increased.  The  ultrasonic  power  was  also
positively correlated with the piezoelectric potential strength. The
weak piezoelectric potential caused the CB of TiO2 to tilt upward,
promoting charge separation and enhancing the reduction ability
of  electrons,  while  the  strong  piezoelectric  potential  led  to  an
excessive  downward  curvature  of  CB,  weakening  the  reduction
ability of electrons. The “piezoelectric switches” were designed to
regulate  the performance of  photocatalytic  H2 production,  which
was  achieved  by  adjusting  the  shape  and  size  of  piezoelectric
materials or ultrasonic power to precisely control the piezoelectric
potential. The research revealed that Pt-C/TiO2 exhibited superior
H2 production  performance  under  simulated  sunlight  compared
to  visible  light,  which  was  ascribed  to  the  fact  that  the
photocatalyst  excited  by  ultraviolet  light  generates  more
photogenerated  electrons  [69].  Meanwhile,  the  surface  of  Pt-
C/TiO2 retained  a  part  of  Ti2+/Ti3+,  and  the  surface  oxygen
vacancies  acted  as  electron  traps,  favoring  charge  separation.
However,  as  depicted  in Fig.  11(c),  incident  light  with  strong
energy  can  cause  the  oxidation  of  the  carbon  layer  to  produce
O–C=O and C–O and oxidize the sacrificial agent 2-propanol to

form  propionic  acid.  The  coverage  of  propionic  acid  on  the
surface of  the active sites  significantly reduced the stability of  Pt-
C/TiO2. In contrast, using visible light as the light source sacrificed
part  of  the  photocatalytic  activity  of  Pt-C/TiO2 but  improved  its
stability. Li et al. [166] prepared mesoporous black TiO2 (b-TiO2)
with  visible  light-responsive  properties  by  hydrogenation
treatment. Hierarchical tandem heterojunctions were constructed
by  vertically  growing  MoS2 nanosheets  and  loading  Cu2S
nanoparticles  with  b-TiO2 as  the  substrate.  The  vertically  grown
MoS2 exposed a  large  number  of  edge-active  sites  and effectively
facilitated  charge  transfer  as  an  electron  transport  bridge.  The
Cu2S  with  a  near-infrared  photothermal  effect  increased  the
temperature of the reaction system to 58.2 °C, and the heightened
temperature  accelerated  the  reaction  kinetics.  The  layered
heterostructure  of  b-TiO2/MoS2/Cu2S  utilized  the  synergistic
effects of light absorption extension, electron transport bridge, and
photothermal  action,  resulting  in  a  16-fold  enhancement  of  the
photocatalytic H2 production performance compared to b-TiO2.

Guo et  al.  [8]  constructed  a  gas‒solid  biphasic  photocatalytic
system  (water  steam/catalyst/hydrogen)  by  spin-coating
photocatalysts  onto  carbonized  pinewood  substrates.  Compared
with  the  traditional  gas‒liquid‒solid  triphasic  system  (liquid
water/photocatalyst/hydrogen),  the  biphasic  system  facilitated
sufficient  contact  between  water  molecules  and  photocatalysts
(Fig.  12(a)).  Notably,  the  adsorption  free  energy  of  water
molecules  in  the  gas  phase  (−0.212  eV)  was  significantly  lower
than  that  in  the  liquid  phase  (0.331  eV).  Additionally,  the
diffusion  coefficient  of  generated  H2 in  the  gas  phase  (2.65×

 

Fig. 10    (a) Charge transfer path of S-type heterojunction CTS/MCS. (b) Infrared thermographic image. Reproduced with permission from Ref. [37], © Elsevier Inc.
2024. (c) Absorption spectra of samples; (d) schematic diagram of NIR light-responsive behavior of WO3−x QDs achieved through the LSPR effect. Reproduced with
permission from Ref. [163], © Elsevier Inc. 2024. (e) Mechanism of HTCN/ZIS for photocatalytic H2 evolution. Reproduced with permission from Ref. [164], © Elsevier
Inc. 2021.
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10−3 m2·s−1)  was  markedly  higher  than  that  in  the  liquid  phase
(5×10−5 m2·s−1),  which  effectively  reduced  the  resistance  of  gas
escape,  thereby  enabling  superior  photocatalytic  performance  for
H2 production.  Furthermore,  as  illustrated  in Fig.  12(b),  the
multichannel  structure  of  carbonized  pinewood  effectively
immobilized the catalyst particles and prevented agglomeration to
adequately  expose  active  sites.  Remarkably,  as  a  substrate,  the
unique photothermal effect of carbonized pinewood improved the
photocatalytic  H2 production  performance  by  promoting  the
kinetic process of the photocatalytic reaction and the formation of
water  vapor  (Fig.  12(c)).  The  experimental  results  confirmed  the
universal applicability of this biphasic system for photocatalytic H2
production. For example, CoO, MoS2, C3N4, TiO2, and CuS-MoS2
all  exhibited  excellent  photocatalytic  H2 production  performance
in this system (Fig. 12(d)).

3.2.2    MnO

Compared  with  TiO2,  MnO  is  a  typical  narrow-bandgap  TMO
with  a  bandgap  width  of  1.0–2.0  eV  [28,167,204,205].  This
characteristic  enables  it  to  efficiently  capture  the  visible  light

region,  which  accounts  for  approximately  43%  of  the  solar
spectrum,  successfully  overcoming  the  inherent  limitation  of
traditional  wide-bandgap  TMOs  that  can  only  respond  to
ultraviolet  light,  thereby  significantly  improving  the  solar  energy
utilization efficiency. In addition, MnO possesses a higher electron
mobility than TiO2,  and its unique Mn2+/Mn3+ redox pairs endow
it  with  abundant  surface  catalytically  active  sites,  which  can
effectively reduce the activation energy of the photocatalytic water-
splitting reaction for H2 production and promote charge transfer
[167,206].  Based  on  the  aforementioned  advantages,  MnO
demonstrates  irreplaceable  and  distinctive  competitiveness  in  the
field  of  photocatalytic  green  H2 production.  The in  situ
synthesized heterojunction features an intimate interfacial contact,
which not only enhances charge transport and separation but also
avoids  the  agglomeration  typically  induced  during  the
combination of individual photocatalyst components. Wang et al.
[28]  synthesized  a  Co/MnO  Ohmic  junction  in  one  step  by
directly calcinating the bimetallic precursor MnCo-PBA under an
inert  atmosphere.  Subsequently,  graphdiyne  (GDY)  was
introduced  via  physical  stirring  to  construct  the  Co/MnO/GDY

 

Fig. 11    (a) TEM images and (b) schematic diagram of photocatalytic H2 generation for TiO2 homojunctions. Reproduced with permission from Ref. [39], © Wiley-
VCH GmbH 2025.  (c)  Reaction mechanisms of  charge transfer  and H2 generation in Pt-C/TiO2 under simulated sunlight  (left)  and visible  light  (right)  conditions.
Reproduced with permission from Ref. [69], © Elsevier Ltd. 2024.
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composite  catalyst.  As  shown  in Fig.  13(a),  DFT  calculations
revealed that the work functions (Φ) of GDY, MnO, and Co were
5.74,  5.61,  and  4.87  eV,  respectively.  After  contact,  the EF at  the
interface tended to equilibrate, resulting in electron transfer from
the  side  with  a  higher EF to  the  side  with  a  lower  EF.  Under
nonillumination  conditions,  electrons  transferred  from  Co  to
MnO  at  the  interface,  forming  an  ohmic  junction.  At  the
GDY/MnO  interface,  electrons  transferred  from  MnO  to  GDY,
resulting in upward band bending of  MnO and downward band
bending  of  GDY,  thereby  generating  a  built-in  electric  field
oriented  from  MnO  to  GDY.  Under  illumination,  the
photogenerated  charges  followed  a  Z-scheme  transfer  pathway
driven by this built-in electric field, as illustrated in Fig. 13(c). As
shown in Fig. 13(b), in situ XPS characterization indicated that the
binding  energies  of  O  1s  and  Mn  2p  decreased  under
illumination,  while  that  of  C  1s  increased,  suggesting  that  MnO
gained  electrons  and  GDY  lost  electrons  under  light.  These
observations aligned with the direction of photogenerated electron
transfer  illustrated  in Fig.  13(b).  Cu/Zn  heterojunctions  were
synthesized in  situ by  high-temperature  calcination  of  Cu/Zn
bimetallic  organic  frameworks.  Hu et  al.  [167]  employed  a  one-
step salt-assisted thermal  polymerization process  to synthesize p-

type  MnO  semiconductors in  situ on  the  surface  of  n-type
crystalline  carbon  nitride  (CCN),  successfully  constructing  an  S-
scheme p-n heterojunction photocatalyst (MCN). This innovation
enables the synergistic utilization of photogenerated electrons and
holes,  simultaneously  achieving  clean  energy  production  and
oxidative  organic  synthesis.  Through  its  unique  band  structure
design,  MCN  retains  the  strong  redox  capability  of
photogenerated charges, while the built-in interfacial electric field
breaks  the  Coulomb  interaction  between  MnO  and  CCN,
significantly promoting the efficient separation of photogenerated
carriers.  Specifically,  CCN serves as  the reduction semiconductor
responsible  for  proton  reduction  to  produce  H2,  while  MnO
functions  as  the  oxidation  semiconductor  to  catalyze  alcohol
oxidation,  realizing  the  spatial  separation  of  reduction  and
oxidation  reactions.  Under  visible  light  irradiation,  the
photocatalytic  H2 evolution  efficiency  of  MCN  reaches  7  times
that of pure CCN, and it efficiently and selectively converts benzyl
alcohol to benzaldehyde, demonstrating excellent catalytic activity
and reaction selectivity.

3.2.3    ZnO

The  electron  mobility  of  ZnO  is  significantly  superior  to  that  of

 

Fig. 12    (a) Schematic diagram of biphasic and triphasic systems. (b) Schematic of fabrication process for wood/photocatalyst structure. (c) Photocatalytic H2 production
efficiency of CoO NPs as a function of reaction temperature. (d) H2 evolution rates of wood/MoS2, wood/C3N4, and wood/TiO2 systems. Reproduced with permission
from Ref. [8], © The Author(s) 2021.
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TiO2 and MnO. The efficient electron transport property directly
accelerates  the  migration  of  photogenerated  carriers,  providing
kinetic support for photocatalytic reactions [171,206]. However, as
a  typical  wide-bandgap  TMO,  ZnO  has  a  bandgap  width  of
3.30–3.38  eV and a  high  free  exciton  binding  energy  of  60  meV
[171].  These  characteristics  limit  its  response  only  to  ultraviolet
light,  which accounts  for  less  than 5% of  solar  energy,  restricting
its light-harvesting range. Meanwhile, the high recombination rate
of photogenerated carriers severely constrains the improvement of
photocatalytic  activity.  Studies  have  confirmed  that  introducing
oxygen vacancies into the ZnO lattice via an annealing process can
effectively  narrow  the  bandgap  and  construct  charge  trapping
sites,  thereby  enhancing  the  visible  light  absorption  and  carrier
separation  efficiency  and  significantly  optimizing  photocatalytic
performance  [170−172].  Innovatively,  an in  situ sulfidation
method  based  on  ion-by-ion  growth  mechanisms  was  employed
to grow ZnS directly on the ZnO surface, thereby constructing the
ZnO−ZnS  heterojunction  [170,171].  This  strategy  not  only
preserves the original crystal structure of ZnO but also avoids the
common  lattice  mismatch  problem  in  traditional  heterojunction
preparation.  While  reducing  the  interfacial  charge  migration
impedance,  it  effectively  suppresses  the  recombination  of
photogenerated  carriers  by  forming  Type-II  or  S-scheme  charge
transfer pathways, providing an efficient and feasible modification
approach  for  performance  breakthroughs  of  ZnO-based

photocatalysts.  Xie et  al.  [170]  successfully  synthesized  oxygen
vacancy-rich  ZnO–ZnS  hollow  porous  spheres  (Ov-ZOS)  by
optimizing  the  calcination  process  combined  with  a  template
approach.  The  unique  structure  can  enhance  photon  harvesting
through multiple refractions and scattering of light and synergize
with  the  narrow-bandgap  effect  induced  by  oxygen  vacancies  to
significantly improve light absorption performance. Consequently,
the  photocatalytic  H2 evolution  activity  of  Ov-ZOS  is  notably
superior  to  that  of  ZnO–ZnS  nanosheets.  However,  the  ZnS  on
the outer layer of ZnO is directly exposed to the reaction solution,
where S2− in  its  lattice  is  easily  oxidized by photogenerated holes,
triggering  photocorrosion  that  severely  impairs  the  long-term
cycling  stability  of  photocatalysts.  Different  from  the
aforementioned strategy, Lu et al. [172] designed and synthesized
a core–shell heterojunction ZnO@ZnS (ZnS as the core and ZnO
as the shell) rich in Zn, S, and O vacancies using a metal–organic
coordination  polymer  as  the  template.  The  ZnO  shell  layer
effectively  isolates  the  reaction  environment  and  inhibits  the
photocorrosion of the ZnS core, thereby enhancing the stability of
ZnO@ZnS. In addition, the synergistic effect of multiple vacancies
and  heterojunctions  simultaneously  achieves  the  dual  goals  of
efficient  photocatalytic  H2 production  and  degradation  of
oxytetracycline in seawater. Chen et al. [207] synthesized an in situ
Cu/Zn-bimetallic  organic  framework on reduced graphene oxide
(RGO),  which  was  subsequently  calcined  to  obtain  the

 

Fig. 13    (a) Work functions of GDY, MnO, and Co. (b) High-resolution XPS spectra of O 1s, Mn 2p, and C 1s. (c) Schematic diagram of photocatalytic H2 generation for
Co/MnO/GDY and RGO/CuO–ZnO. Reproduced with permission from Ref. [28], © American Chemical Society 2025. Reproduced with permission from Ref. [207],
© American Chemical Society 2025.
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RGO/CuO–ZnO  heterojunction.  Serving  as  a  channel  for  fast
electron transport, RGO effectively promoted charge transfer and
separation  while  enhancing  the  light  absorption  capability  of  the
photocatalyst.  As  shown  in Fig.  11(c),  benefiting  from  the
synergistic  effects  of  the  Z-scheme  charge  transfer  pathway  and
RGO,  the  RGO/CuO–ZnO  heterojunction  achieved  an  AQE  of
8.96% at 420 nm even without loading noble metal cocatalysts.

3.3    Carbon nitrides
g-C3N4 is  a  highly  representative  metal-free  polymeric
semiconductor  photocatalyst.  It  was  prepared  from  inexpensive
and  readily  available  nitrogen-containing  compounds  such  as
melamine  and  urea  through  a  simple  thermal  polymerization
process [127,208]. The core structure is composed of a conjugated
framework formed by triazine or  heptazine rings  [209,210].  As a
typical two-dimensional material, it exhibits a graphite-like layered
structure, with the layers connected by weak van der Waals forces.
This  characteristic  endows  it  with  a  potentially  high  specific
surface  area,  providing  abundant  active  sites  for  photocatalytic
reactions  [211,212].  Moreover,  g-C3N4 possesses  prominent
advantages,  such  as  nontoxicity,  environmental  friendliness,
excellent  chemical  stability,  low  preparation  cost,  and  intrinsic
visible  light  response.  It  is  widely regarded as  a  highly promising

green  photocatalytic  material  [213−215].  However,  pure  g-C3N4
exhibits  a  significant  drawback  of  low  electrical  conductivity,
resulting  in  poor  transport  efficiency  of  photogenerated  carriers
and  a  tendency  toward  charge  recombination.  Additionally,  it
tends  to  induce  a  light-shielding  effect  in  aqueous  solutions,
thereby limiting its  photocatalytic  performance [110,216,217].  To
overcome  these  bottlenecks,  various  modification  strategies  have
been  widely  employed,  among  which  cocatalyst  loading  and
heterostructure construction represent two of the most commonly
used and highly effective approaches [40,54,174,218,219].

3.3.1    Cocatalyst loading

Cocatalyst loading can reduce the activation energy of the reaction
and  promote  the  separation  of  photogenerated  carriers,  which  is
an effective strategy to enhance the photocatalytic performance of
g-C3N4.  Shi et  al.  [42]  synthesized  the  nonmetallic  cocatalyst
NiCS3 by a precipitation method and combined it with g-C3N4. As
shown in Fig. 14(a), DFT calculations revealed that the C sites in
NiCS3 possessed an excellent ΔGH* (0.195 eV) as the active site for
photocatalytic  H2 production,  indicating  that  H+ preferentially
adsorbs  and undergoes  activation at  the  C sites.  The distribution
of charge density (Fig.  14(a)) demonstrated that the g-C3N4 layer
at the heterogeneous interface acted as an electron depletion layer,

 

Fig. 14    (a) ΔGH* and calculated charge density difference of NiCS3/g-C3N4 (yellow and blue represent electron accumulation and depletion, respectively). Reproduced
with permission from Ref. [42], © Elsevier Inc. 2024. (b) Curves of PL and EIS. Reproduced with permission from Ref. [73], © Hydrogen Energy Publications LLC. 2024.
(c) d-band centers and ΔGH*. Reproduced with permission from Ref. [220], © Elsevier B.V. 2024.
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while the NiCS3 layer served as an electron accumulation layer to
receive  electrons  and  further  reduce  adsorbed  H+ at  the  C  sites,
thereby generating H2.  Sun et al.  [73] prepared a bimetallic ZnNi
cocatalyst  by  the  chemical  reduction  method.  Through
optimization  of  the  loading  amount,  3%  ZnNi/CN  exhibited  the
highest  performance  of  photocatalytic  H2 evolution,  achieving
1822.75  μmol·g−1·h−1,  which  was  superior  to  the  modification  of
single-metal  cocatalysts  (Zn/CN,  Ni/CN).  The  loading  of  the
bimetallic  ZnNi  cocatalyst  reduced  the  bandgap  of  the
photocatalyst  from  2.87  to  2.80  eV,  effectively  broadening  the
range  of  light  absorption  and  simultaneously  supplying  more
active  sites  for  the  photocatalytic  reaction.  As  depicted  in
Fig.  14(b),  photoluminescence  (PL)  spectroscopy  and
electrochemical impedance spectroscopy (EIS) confirmed that the
charge  separation  efficiency  of  3%  ZnNi/CN  exhibited  a
significant  improvement  compared  with  that  of  CN.  Similarly,
Li et  al.  [220]  prepared  the  composite  photocatalyst  CoRu/TCN
by  loading  CoRu  nanosheets  on  tubular  g-C3N4 (TCN).  The
Schottky  barrier  between  CoRu  and  TCN  impeded  the  electron
backflow  from  CoRu  to  TCN,  which  significantly  enhanced  the
charge  separation  efficiency.  As  displayed  in Fig.  14(c),  the
calculated d-band center clearly illustrates the interaction between
reaction intermediates and metal active sites. Compared to Co, the
d-band center of Ru was closer to EF, indicating that Ru sites were
more  favorable  for  hydrogen  adsorption.  Consequently,  after
alloying Co and Ru, CoRu exhibited an optimized d-band center
position,  which  balanced  hydrogen  adsorption  and  desorption.
Furthermore, compared to Co, Ru, and Pt, CoRu showed a ΔGH*
closer to zero (Fig. 14(c)), corresponding to an optimal hydrogen
binding  energy.  Ultimately,  the  photocatalytic  H2 evolution
efficiency  of  CoRu/TCN reached  1601.32  μmol·g−1·h−1,  surpassing
that  of  Pt/TCN  (1271.32  μmol·g−1·h−1).  Lu et  al.  [54]  prepared
CDs/TCN  by  loading  carbon  dots  (CDs)  on  TCN.  The  unique
hollow  tubular  structure  of  TCN  enhanced  the  light  absorption
property  through  multiple  scattering  and  reflection  of  photons.
The  photothermal  effect  of  CDs  was  utilized  to  reduce  the
reaction  activation  energy  and  promote  the  reaction  kinetics
through  the  local  temperature  increase.  Meanwhile,  CDs  as
electron  traps  effectively  promoted  photogenerated  charge
separation.

3.3.2    Construction of heterojunctions

The  construction  of  heterojunctions,  which  can  further  suppress
charge  recombination  and  broaden  the  light  absorption  range
through bandgap matching and interfacial electric field regulation,
represents  a  core  strategy  for  optimizing  the  photocatalytic
performance of g-C3N4. Wu et al. [221] prepared CoAl-LDH/Cv-
CN  heterojunctions  by  electrostatic  self-assembly,  combining
CoAl-LDH  with  g-C3N4 containing  carbon  vacancies  (Cv-CN).
The  carbon  vacancies  introduced  intermediate  energy  levels  in
g-C3N4 to  optimize  the  energy  band  structure  (Figs.  15(a)  and
15(b))  and  extend  the  light  absorption  performance.  Meanwhile,
as an electronic trap, the capture of electrons by carbon vacancies
facilitated  the  separation  of  charges.  Additionally,  the  layered
structure  of  CoAl-LDH  offered  plentiful  active  sites  for  the
reaction. The staggered band structure of CoAl-LDH and Cv-CN
formed  a  Z-scheme  charge  transfer  path,  which  not  only
facilitated  charge  separation  but  also  preserved  the  strong  redox
capacity  of  photogenerated  charges.  The  tetracycline  degradation
efficiency  of  30%  CoAl-LDH/70%  Cv-CN  (CCN-2)  reached
93.1%  with  a  H2 production  rate  of  2515  µmol·g−1.  The  thermal
treatment  of  g-C3N4 with  ammonium  carbonate  can  introduce
abundant  carbon  vacancies  and  pore  structures  [222].  Carbon

vacancies improve the photocatalytic performance by modulating
the  electronic  structure  of  g-C3N4 and  introducing  defect  energy
levels.  The  optimization  of  the  energy  band  structure  and  the
increase  in  the  specific  surface  area  improved  the  photocatalytic
H2 production performance of g-C3N4 by 1.54 times. Gu et al. [174]
modified  the  surface  of  g-C3N4 using  the  phosphate  group  of
amino tris (methylene phosphonic acid) (ATMP), which engaged
with  water  molecules  through  hydrogen  bonds  and  accelerated
the  migration  of  H+ to  the  active  sites.  Meanwhile,  as  shown  in
Figs.  15(c) and 15(d),  the phosphorylation (CN-P) led to a space
charge  density  separation  of  the  highest  occupied  molecular
orbital  and  lowest  unoccupied  molecular  orbital  (HOMO-
LUMO),  effectively  inhibiting  the  recombination  of  charge.
Moreover,  after  phosphorylation,  the  bandgap  of  g-C3N4 was
reduced from 2.65 to 2.51 eV, and the light-absorbing ability was
obviously  enhanced.  After  optimization,  the  photocatalytic  H2
production  performance  of  g-C3N4 under  visible  light  reached
976.7  μmol·g−1·h−1.  Wang et  al.  [40]  achieved  K+ doping  and
material  nanofabrication  using  a  salt  (KCl)-assisted  method.  K+

doping caused the  CB of  g-C3N4 to  shift  negatively  by −1.32 eV,
enhancing  the  reduction  property  of  electrons.  Moreover,  the
contact  angle  of  g-C3N4 decreased  from  54.7°  to  18.6°,  and  the
significant  enhancement  of  hydrophilicity  improved  the
dispersibility  of  g-C3N4 in  water.  The  nanosized  g-C3N4 exposed
more  edge-active  sites,  resulting  in  a  significant  enhancement  of
photocatalytic H2 production performance.

3.4    Perovskite materials
Perovskite  materials,  with  the  general  formula  ABXn (where  A
and  B  are  cations  with  different  radii,  and  X  is  an  anion),  have
emerged as star  materials  in the field of  green H2 production via
water  splitting  due  to  their  unparalleled  structural  tunability
[182,223,224]. By flexibly substituting the ions at sites A (e.g., Cs+,
La3+), B (e.g., Ti4+, Sn4+), and X (e.g., O2−, I−), the bandgap, mobility
efficiency of photoinduced carriers, and surface chemical property
can  be  precisely  regulated  to  optimize  the  photocatalytic
performance [225−227]. Over the past decade, significant progress
has been made in the research of perovskite-based photocatalysts,
covering  multiple  aspects  from  the  fundamental  structure–
property  relationships  to  performance  optimization  strategies
[228−230]. However, challenges such as the inherent instability of
perovskite  materials,  limited  carrier  lifetime,  and  the  presence  of
toxic  components  still  restrict  their  large-scale  application.
According  to  the  differences  in  anion  types,  perovskite
photocatalysts  for  H2 production  are  primarily  categorized  into
oxide perovskites and halide perovskites.

3.4.1    Oxide perovskites

The oxide perovskites are characterized by the classic ABO3 with
O2− as  the  X-site  anion.  Among  them,  lead-free  oxide  perovskite
materials  have  emerged  as  important  candidates  in  the  field  of
photocatalysis  due  to  their  environmental  friendliness,  tunable
band  structure,  efficient  charge  separation  capability,  and
multifunctional catalytic activity [231−233]. SrTiO3, a typical lead-
free perovskite material,  has attracted considerable interest  in the
field  of  photocatalytic  H2 production  because  of  its  excellent
photostability  [234,235].  However,  the  large  bandgap  of  STO
(3.3  eV)  limits  its  photocatalytic  performance,  as  it  can  only  be
excited  by  ultraviolet  light.  STO  is  composed  of  eight  [TiO6]
octahedra,  with Ti4+ located at  the center  of  [TiO6]  to  form a 3D
octahedral  network.  Sr2+ fills  the  twelve  coordination positions  in
the octahedral gaps, maintaining charge balance, and O2− occupies
the  vertex  positions  of  the  octahedra.  Among them,  Ti4+ and Sr2+
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are easily replaced by other ions, so element doping is one of the
common  means  to  modify  the  photocatalytic  activity  of  SrTiO3
[236]. As displayed in Fig. 16(a), DFT calculations showed that Ag
doping  reduced  the  water  decomposition  energy  of  the  (001)
crystal plane to 5.74 kJ·mol−1 for STO (Ag-(001)-STO), which was
94%  lower  than  that  of  undoped  (001)-STO  [180].  It  is  worth
mentioning  that  water  decomposition  is  a  key  step  in  H2
production,  but  it  does  not  proceed  spontaneously  (ΔG ≈
237  kJ·mol−1).  The  calculated  hydrogen  generation  Gibbs  free
energy of Ag-(001)-STO was −302 kJ·mol−1, which proved that Ag
doping made the standard half-reaction of H2 generation in STO
proceed spontaneously,  offering  promising  application prospects.
Jiang et  al.  [77]  prepared  the  composite  photocatalyst  Pd-ASTO
by loading Pd on Al-doped STO (ASTO). As shown in Fig. 16(b),
the Φ of Pd (5.12 eV) was significantly greater than that of ASTO
(4.43  eV).  Therefore,  after  Pd  and  ASTO  came  into  contact,  the
energy band of ASTO bent upward, forming a Schottky barrier at
the  interface.  The  Schottky  barrier  effectively  enhanced  the

separation efficiency of photogenerated charges. After component
optimization,  the  H2 production  efficiency  of  Pd-ASTO-1.5%
increased to 1.43 mmol·g−1·h−1, which was 140 times that of ASTO.
Liu et  al.  [76]  prepared  amorphous  red  phosphorus-modified
STO  (P/STO)  by  phosphorylating  STO  with  NaH2PO2.  As
depicted  in Fig.  16(c),  compared  with  STO,  the  light  absorption
boundary of P/STO was broadened from 370 to 600 nm, and the
light absorption ability was significantly enhanced. Meanwhile, the
heterojunction  effect  facilitated  charge  separation,  and  the
photocatalytic H2 yield reached 80 μmol·h−1.

3.4.2    Halide perovskites

Halide perovskites with halide ions (Cl−,  Br−,  and I−) as the X-site
component  feature  general  formulas  such  as  ABX3,  A2BX6,  and
A3B2X5.  Compared  with  oxide  perovskites,  halide  perovskites
exhibit better light absorption capabilities [237−240]. As shown in
Fig.  17(a),  Zhou et  al.  [182]  synthesized  an  inorganic  perovskite
material  Cs2SnI6 (PtSA/Cs2SnI6)  with  single-atom  Pt-I3 site

 

Fig. 15    Calculation model, energy band structure, and DOS for (a) g-C3N4 and (b) Cv-CN. Reproduced with permission from Ref. [221], © Elsevier 2024. DOS and
electronic structure with corresponding charge distribution of CBM and VBM for (c) CN and (d) CN-P. Reproduced with permission from Ref. [174], © Elsevier 2024.
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modification  by  combining  hydrothermal  and  impregnation
methods,  achieving  efficient  solar  decomposition  of  HI  for  H2
production. Compared with Cs2SnI6 loaded with Pt nanoparticles,
PtSA/Cs2SnI6 benefited  from  strong  interactions  between  single-
atom  Pt  and  Cs2SnI6,  which  promoted  photogenerated  charge
separation and transfer,  along  with  a  significant  reduction in  the
energy  barrier  for  H2 production.  As  a  result,  the  photocatalytic
H2 production  performance  achieved  a  176.5-fold  enhancement
and  exhibited  excellent  cycling  stability.  Zhang et  al.  [181]
prepared  the  inorganic  bimetallic  perovskite  Cs6Cu3AgBr10 and
Cs3Cu2Br5 through  the  cold  crystallization  method.  The
experiments  demonstrated  that  the  doping  of  Ag+ reduced  the
bandgap  value  of  Cs3Cu2Br5.  Correspondingly,  the  absorption
edge extended from 344 to 380 nm (Fig. 17(b)). Additionally, the

introduction  of  Ag+ provided  many  new  active  sites  for  the
reaction  and  decreased  the  exciton  binding  energy.  Therefore,
Cs6Cu3AgBr10 exhibited  excellent  photocatalytic  H2 production
performance of 14.64 μmol·h−1. Fu et al. [184] successfully coupled
photocatalytic H2 evolution and O2 evolution half-reactions using
the  I3

−/I− redox  pair  as  an  electron  transfer  bridge,  achieving
efficient  production  of  H2 and  O2 in  stoichiometric  ratios.  This
study  innovatively  constructed  a  dual-catalyst  system,  employing
the  halide  perovskite  PMA2PbI4 (PMA  =  C6H5CH2NH2)  loaded
with MoS2 as the photocatalyst for H2 evolution and RuOx loaded
with  WO3 as  the  photocatalyst  for  O2 evolution.  This  design
effectively  overcomes  the  limitations  of  single  narrow-bandgap
photocatalysts  in the light absorption range and redox capability,
addressing  the  bottleneck  of  their  inability  to  independently

 

Fig. 16    (a) Reaction mechanism, enthalpy variation, and Gibbs free energy of Ag-(001)-STO and (001)-STO. Reproduced with permission from Ref. [180], © Hydrogen
Energy Publications LLC 2024. (b) Energy band structure and charge transfer mechanism of Pd-ASTO. Reproduced with permission from Ref. [77], © Hydrogen Energy
Publications LLC 2024. (c) Absorption spectra and photocatalytic H2 production performance under visible light irradiation. Reproduced with permission from Ref. [76],
© Hydrogen Energy Publications LLC. 2024.
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achieve  complete  water  splitting.  Ultimately,  the  system  achieves
an  STH  conversion  efficiency  of  2.07%.  Guo et  al.  [185]
systematically  revealed  the  regulatory  mechanism  of  alkali  metal
doping  on  the  photocatalytic  performance  of  metal  halide
perovskite materials. In this study, K+ was doped into the CsPbBr3
lattice  by  the  anti-solvent  precipitation  method.  It  was  clearly
confirmed  that  as  the  doping  content  increased,  the  occupation
position  of  K+ in  the  lattice  gradually  changed  from  A-site
substitution to interstitial doping. When the doping concentration
of  K+ was  optimized  to  11.1%  (A-site  substitution),  the
photocatalytic  H2 production  efficiency  reached  the  optimum,
which was 11 times that of pure CsPbBr3. Similarly, A-site doping
of  other  alkali  metals,  such  as  Li,  Na,  and  Rb,  also  significantly
improved  the  photocatalytic  H2 production  performance.  The
experimental  characterization  combined  with  theoretical
calculation results indicated that the lattice strain relaxation caused
by  A-site  doping  could  significantly  promote  the  charge  transfer
process  and  effectively  regulate  the  band  structure  of  CsPbBr3,
thereby enhancing its photocatalytic performance.

3.5    Others
MXenes are often employed as cocatalysts in photocatalysis due to
their  good  electrical  conductivity,  large  specific  surface  area,  and
abundant  surface  functional  groups  [57,74,241,242].  CdSe
nanorods  and  Ti3C2 MXene  nanosheets  were  combined  to  form
the  composite  photocatalyst  CdSe-MXene  by  a  one-step
hydrothermal  method.  Due  to  the  difference  in EF,  electrons
flowed  from  CdSe  to  MXene  at  the  interface,  and  the  upward
bending  of  the  energy  bands  for  CdSe  effectively  suppressed  the
electron  backflow  and  promoted  charge  separation.  Compared
with  CdSe,  the  photocatalytic  H2 production  efficiency  of  CdSe-
MXene achieved a 6-fold improvement. Similarly, Ti3C2 MXene is
often  applied  to  photocatalytic  H2 production  by  constructing
Schottky heterojunctions with g-C3N4 [74,242]. Photocatalytic H2
production  efficiency  increased  from  393  to  2181  μmol·g−1 after
the  combination  of  protonated  g-C3N4 and  Ti3C2 MXene  [242].
Kseniya O. Potapenko et al. [74] further investigated the influence

of the types of terminal groups (–F, –O, and –OH) and sacrificial
agents  (triethanolamine,  ethanol,  and  glucose)  on  the
photocatalytic  H2 production  efficiency  of  Ti3C2Tx/g-C3N4
composites.

Porous  organic  framework  materials  provide  an  efficient  and
sustainable  solution  for  photocatalytic  H2 production  through
their  unique  structural  tunability,  high  specific  surface  area,
functionalization site design, and stability. Four benzotrithiophene-
based  covalent  organic  framework  materials  (BTT-COFs)  with
different  conjugated  structural  units  were  designed  and
synthesized by Jeon et al.  [178]. Experimental and computational
results showed that the electron affinity and conjugation degree of
building blocks had an important effect on the photocatalytic H2
production performance. The electron affinity can characterize the
ability of the active site to attract electrons. As shown in Fig. 18(a),
the  electron affinity  of  BTT-COFs  increased  with  the  number  of
aromatic rings. When the length of the aromatic rings was similar,
the  electron  affinity  depended  on  the  degree  of  conjugation.
Correspondingly,  the  photocatalytic  performance  gradually
improved  as  the  electron  affinity  increased.  However,  excessive
electron  affinity  led  to  a  decrease  in  the  photocatalytic  H2
production efficiency. The experimental results demonstrated that
a  suitable  electron  affinity  was  conducive  to  the  capture  of
electrons  and  inhibited  charge  recombination.  However,  when
electrons  are  strongly  immobilized  at  the  active  site,  charge
transport  and  transfer  can  be  hindered,  resulting  in  charge
recombination  and  reducing  the  catalytic  performance.  Li et  al.
[22]  innovatively  designed  novel  metal-covalent  organic
framework  (COF-Cu3TG)  materials  using  small-sized  metal
clusters  and  nitrogen-rich  ligands.  The  small  metal  clusters
effectively  shortened  the  charge  transport  distance  and  increased
the number of active sites for the reaction. By anchoring Ru atoms
with  nitrogen-rich  organic  ligands  as  nodes,  a  single-atom
electronic  bridge  (N-Ru-N)  structure  was  formed.  This  not  only
enhanced the  light  absorption of  the  catalysts  but  also  promoted
electron  transfer  between  the  layers,  achieving  improved
photocatalytic  performance.  As  displayed  in Fig.  18(b),  the

 

Fig. 17    (a) Schematic diagram of preparation process for PtSA/Cs2SnI6. Reproduced with permission from Ref. [182], © The Author(s) 2021. (b) Absorption spectra and
energy band structure. Reproduced with permission from Ref. [181], © Elsevier B.V. 2024.
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introduction of  hydroxyl  and imine-N sites  in the structural  unit
of the COF can achieve the precise adsorption of the Pt precursor
(PtCl62−)  and  the  uniform  deposition  of  highly  dispersed  Pt
clusters  [243].  The  results  of  theoretical  calculation  (Fig.  18(c))
showed that  the COF generated via  the Schiff-base  condensation
reaction  between  1,4-dihydroxybenzidine  (DHBD)  and  1,3,6,8-
tetra(4-formylphenyl)pyrene  (PY-CHO)  (denoted  as  PY-DHBD-
COF) had the lowest PtCl62- adsorption energy, with its adsorption
sites localized around the hydroxyl and imine sites. From the hole
and electron distribution diagram of  site  1  (Fig.  18(d)),  it  can be
found  that  PY-DHBD-COF-PtCl62− had  a  smaller  S  value  and  a
larger  D  value,  showing  a  stronger  photogenerated  charge
separation ability.  The S value represented the overlap integral of
the  hole  and  electron  distribution,  while  the  D  value  was  the
distance  between  the  centers  of  holes  and  electrons.  Benefiting

from the introduction of hydroxyl and imine-N sites, PY-DHBD-
COF  exhibited  excellent  PtCl62− adsorption  energy  and  charge
separation  efficiency,  with  a  H2 production  rate  as  high  as
42,432 μmol g−1·h−1 at 1 wt% Pt loading.

4    Conclusions and outlooks
This  review  systematically  investigates  the  latest  advances  in  the
field of photocatalytic green H2 production and provides in-depth
analyses  ranging  from the  design  and  synthesis  of  photocatalysts
and the charge dynamics process of photogenerated carriers to the
surface  reaction  mechanism.  This  highlights  the  critical  role  and
great  potential  of  photocatalytic  technology  in  the  energy
transition.  Photocatalytic  green  H2 production,  which  exploits
solar  energy  to  drive  the  decomposition  of  water  for  H2
generation,  offers  a  promising  solution  to  the  energy  crisis  and

 

Fig. 18    (a) Calculated electron affinities and photocatalytic H2 production performance. Reproduced with permission from Ref. [178], © Wiley-VCH GmbH 2022.
(b) HR-TEM, HAADF-STEM, and EDX mapping images of PY-DHBD-COF loaded with Pt. (c) Adsorption energy of PtCl62−. (d) Distribution of electrons and holes at
site 1 for PY-DHBD-COF. Reproduced with permission from Ref. [243], © The Author(s) 2022.
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environmental  challenges.  It  has  the  potential  to  restructure  the
global  energy  landscape  and  is  one  of  the  core  technologies  to
achieve the goal of sustainable development.

The development of this field still faces the serious challenges of
low  efficiency,  limited  mass  transfer  and  insufficient  stability  of
photocatalysts. Currently, most photocatalysts have problems such
as  a  narrow  light  absorption  range  and  severe  carrier
recombination,  which  makes  it  difficult  for  the  photocatalytic
efficiency  to  meet  the  demands  of  industrialized  large-scale
production.  The  rational  design  of  high-performance
photocatalysts  is  the  key  to  breaking  through  the  above
bottlenecks  and  achieving  efficient  solar  energy  conversion.
Energy  band  engineering  is  a  valid  means  to  realize  the  precise
regulation  of  photocatalysts  [127].  The  introduction  of  impurity
energy  levels  through  element  doping  constructs  electron  traps
and  promotes  charge  separation  while  extending  the  light
absorption  range  by  modulating  the  bandgap  structure  [160].
Compounding  narrow  bandgap  semiconductors  with  wide
bandgap  semiconductors  to  create  multicomponent  heterojun-
ctions,  such  as  Type  II  and  Type  Z  heterojunctions,  not  only
retains  the  visible  light  absorption  ability  of  narrow  bandgap
materials but also promotes carrier separation through interfacial
charge transfer [8,128,170]. Loading metal quantum dots (such as
Au  and  Ag)  or  semiconductor  quantum  dots  (such  as  PbS)
enhances visible light absorption through the LSPR effect,  and at
the  same  time,  the  band  structure  can  be  regulated  through  the
quantum  confinement  effect  to  expand  the  light  response  range
[11,115,116].  Upconversion  materials  that  can  convert  long-
wavelength  infrared  light  into  visible  light  are  another  powerful
way  to  improve  solar  energy  utilization  [244].  Moreover,
cocatalyst  modification  and  the  introduction  of  defects  are  key
strategies  to  suppress  carrier  recombination  [154,157,245].
Cocatalysts  with  high  conductivity  promote  charge  migration
while acting as active sites to facilitate proton reduction [154,157].
The introduction of vacancies captures electrons and reduces their
direct  recombination  with  holes  [245].  In  the  multiphase
photocatalytic system, the low mass transfer efficiency between the
reactants, products, and photocatalysts seriously hinders the rapid
transfer  of  photogenerated  carriers  to  reactants,  which  makes  it
difficult  to  increase  the  H2 production  rate.  The  design  of
innovative structures is crucial for promoting mass transfer. Low-
dimensional  structures  such  as  nanowires  and  nanosheets  can
shorten  the  carrier  migration  path  and  reduce  the  probability  of
recombination in the bulk phase [246]. Meanwhile, a high specific
surface  area  provides  more  active  sites  to  accelerate  the  surface
reaction.  The  core–shell  structure,  as  a  special  composite
structure,  can  simultaneously  optimize  key  performance
indicators such as light absorption, carrier separation, and stability
through  the  cooperative  effect  between  the  core  and  shell  layers,
which  is  one  of  the  important  research  directions  in  the  future
[247].  In  addition,  under  actual  reaction  conditions,  the
photocatalyst  is  prone  to  being  affected  by  photocorrosion,
structural collapse, and toxicity, resulting in a dramatic decrease in
photocatalytic  activity  with  reaction  time.  This  phenomenon  is
particularly  prevalent  in  metal  sulfide  and  perovskite-based
photocatalytic materials [38,59,128,248]. To address this issue, the
strategy of  band structure modulation is  commonly employed to
accelerate  the  separation  efficiency  of  photogenerated  charges.
This  approach  facilitates  the  rapid  depletion  of  photogenerated
holes, reducing their accumulation in both the bulk and surface of
the  photocatalyst.  Consequently,  it  effectively  suppresses  the
oxidative  corrosion  of  photocatalysts  and  significantly  enhances
the photochemical stability of the materials. Surface passivation is

an  effective  strategy  for  enhancing  the  stability  of  perovskite
materials.  By  precisely  modifying  the  surface  and  regulating  the
interface  of  perovskite  materials,  photoinduced  phase  separation
and ion migration can be significantly suppressed, thereby greatly
improving  their  photochemical  stability  and  long-term  cycling
stability. Furthermore, cation doping can simultaneously enhance
lattice  rigidity  and  effectively  regulate  internal  defect
concentrations,  thereby  synergistically  improving  both  the
structural  stability  and  photocatalytic  stability  of  perovskite
materials [249,250].

Photocatalytic  water  splitting for  H2 production often requires
sacrificial  agents  to  consume  photogenerated  holes  and  achieve
efficient  separation  of  photogenerated  charges.  The  employment
of  sacrificial  agents  not  only  increases  the  cost  of  industrial
applications  but  also  pollutes  the  environment.  In  contrast,  the
overall  water  splitting  system  does  not  need  to  continuously
replenish  sacrificial  agents  and  can  be  designed  as  a  closed-loop
system,  facilitating  integration  and offering  greater  advantages  in
practical  applications  [251,252].  Photocatalysts  with  a  suitable
band  structure  can  utilize  photogenerated  electrons  and  holes  to
simultaneously produce H2 and O2 with a  specific  stoichiometric
ratio,  achieving  100%  atomic  utilization  efficiency.  However,  the
overall  water  splitting  reaction  requires  the  simultaneous
occurrence  of  oxidation  and  reduction  half-reactions  on  the
surface of the photocatalyst. In this case, photogenerated electrons
and  holes  migrate  to  different  active  sites  to  participate  in  the
reaction,  making recombination more likely  to  occur during this
migration  process.  Meanwhile,  this  reaction  imposes  more
stringent requirements on the band structure of the photocatalyst.
The  potential  of  CB  must  be  more  negative  than  the  reduction
potential of hydrogen, while the potential of VB should be higher
than the oxidation potential of water.  Notably, seawater accounts
for approximately 97% of the total global water resources, making
it  a  raw material  with  vast  reserves  that  can  be  directly  accessed.
Photocatalytic  seawater  splitting  for  H2 production  does  not  rely
on  scarce  freshwater  resources  [253,254].  Meanwhile,  this
technology can be integrated with wave energy and tidal energy to
synergistically achieve the piezo-photocatalytic effect, emerging as
a crucial and highly promising development direction in the field
of  photocatalytic  H2 production.  The  oxidation  of  the
photocatalyst  by  photogenerated  holes  is  the  main  reason  for  its
insufficient  stability.  Furthermore,  the  kinetic  balance  between
hole  consumption  by  sacrificial  agents  and  proton  reduction
critically  governs  the  overall  photocatalytic  reaction  rate.  By
coupling  the  oxidation  half-reaction  with  reactions  such  as
biomass  conversion  and  alcohol  oxidation,  the  photogenerated
holes  can  be  consumed  in  time  to  enhance  the  stability  of  the
photocatalyst  while  achieving  the  synthesis  of  high-value
chemicals  [255,256].  For  example,  using  organic  substances  such
as  methanol,  ethanol,  and  glycerol  as  sacrificial  agents,  methanol
oxidation  can  produce  formaldehyde  and  formic  acid,  and
glycerol  can  be  oxidized  to  form  propylene  glycol  or  hydroxy-
acetone  [256−258].  Therefore,  achieving  the  joint  production  of
clean  H2 energy  and  value-added  organic  chemicals  under  solar
illumination  is  a  green  and  sustainable  approach.  In  conclusion,
these development directions are more conducive to realizing the
industrial application of photocatalytic green H2 production.

Clarifying  the  reaction  mechanism  is  a  prerequisite  for  the
accurate  design  of  photocatalysts.  The  ambiguity  of  the  reaction
mechanism  often  leads  to  the  design  of  photocatalysts  being
trapped  in  a “trial  and  error” exploration  approach.  Therefore,
analyzing  the  reaction  mechanism  at  the  atomic  and  molecular
levels  and  establishing  the “structure–property–mechanism”
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relationship  are  fundamental  guarantees  for  achieving  precise
design of  photocatalysts  and breaking through the bottlenecks of
efficiency  and  stability.  It  is  also  the  basis  to  promote  the
technology of photocatalytic H2 production from the laboratory to
practical  applications.  Advanced  characterization  techniques
achieve  dynamic  tracking  of  light  absorption,  charge  separation,
and surface reaction processes through real-time, in situ capture of
the dynamic changes in active species during the reaction process,
which provides sufficient data support for in-depth analysis of the
mechanism.  Advanced  computational  methods,  such  as  DFT
calculations, can reveal the relationship between the structure and
performance  of  photocatalysts  at  the  atomic  scale  and  accurately
predict  and  design  the  structure  of  photocatalysts.  Machine
learning,  through  the  data-driven  approach,  has  broken  through
the  limitations  of  the “trial  and  error” method  in  traditional
material research and is an important engine for the development
of  materials  science  toward  efficiency  and  precision.  By  dealing
with massive data and mining hidden laws, on the one hand, the
characterization  data  can  be  integrated  to  accurately  identify  the
key  parameters  affecting  the  reaction  mechanism.  On  the  other
hand,  it  can  efficiently  predict  the  energy  barriers  of  reaction
pathways  and  the  stability  of  intermediates,  excavating  potential
mechanisms  that  are  difficult  to  cover  with  traditional
experiments. For example, by training the neural network model,
the ΔGH* on the surface of different alloy cocatalysts can be rapidly
predicted,  revealing  its  quantitative  relationship  with  the  H2
production  activity  and  providing  theoretical  guidance  for  the
design of  active  sites.  Based on the  above,  the  combination of  in
situ  characterization  techniques,  advanced  computational
materials science, and machine learning is an important means for
in-depth  analysis  of  mechanisms  and  accelerating  the  research
and development process.

In  summary,  photocatalytic  green  H2 production  technology
offers  a  clean  and  efficient  approach  for  the  acquisition  of
sustainable  H2 energy.  With  the  advantages  of  solar-driven
processes  and  minimal  environmental  impact,  it  has  become  an
important  breakthrough  in  addressing  energy  crises  and
environmental  issues.  In  recent  years,  although  significant
progress  has  been  made  in  photocatalyst  design,  reaction
mechanism  analysis,  and  system  optimization,  the  realization  of
large-scale  applications  still  faces  serious  challenges,  such  as  a
restricted  light  absorption  range,  a  high  recombination  rate  of
photogenerated  carriers,  and  insufficient  photocatalyst  stability.
We have reviewed the latest research achievements in the field of
green  H2 production  through  photocatalysis,  covering  the
construction strategies  of  efficient  photocatalysts,  the advances in
charge  dynamics  and  surface  reaction  mechanisms,  and
specifically  proposed  future  development  directions  to  break
through  the  existing  bottlenecks.  We  expect  that  this  work  can
provide  valuable  references  for  designing  high-performance
photocatalytic systems and promoting the practical application of
photocatalytic green H2 production technology and contribute to
the green and sustainable development of society.
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