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ARTICLE INFO ABSTRACT

Keywords: The increasing global energy demand and urgent need to curb greenhouse gas emissions have intensified efforts
Advanced oxidation processes to develop solar-driven hydrogen production technologies. Photocatalytic reforming of organic substrates —
Photocatalysis including biomass-derived compounds, organic species, and wastewater — has emerged as a promising route
E};Ztrz;eefzrmmg capable of simultaneously generating hydrogen and degrading pollutants. Recent advances have led to sub-
Wastewater stantial improvements in photocatalyst performance, with reported hydrogen evolution rates ranging from below

1 mmol/gcarh for non-metal-doped semiconductors to over 50 mmol/gcarh for optimized dye-sensitized and
heterojunction systems, and up to 112 mmol/gcarh for functionalized COF nanosheets. Apparent quantum yields
span a similar breadth, from modest values below 1% to over 80% in state-of-the-art organic frameworks.
Wastewater valorization studies demonstrate both environmental and energetic benefits, achieving hydrogen
productivities up to 6.5 mmol/L in solar pilot plants and pollutant removal efficiencies exceeding 90% for dyes
and pharmaceuticals. Techno-economic analyses indicate that integrated hydrogen-wastewater systems can
reduce levelized hydrogen costs, with some configurations achieving internal rates of return above 10% and
hydrogen yields approaching 800 L H: per kg of organic removed. This review integrates scientific literature with
international patent trends, providing a unified assessment of photocatalyst development, sacrificial agent
strategies, and photoreactor design innovations. Building on these insights, the review delineates a forward-
looking roadmap that prioritizes photocatalyst performance, wastewater matrices, scalable reactor architec-
tures, and techno-economic integration as key research and engineering directions required to translate pho-
tocatalytic reforming from laboratory studies to commercially viable, large-scale hydrogen production.

Photocatalytic reactors

1. Introduction and general overview of the published material

As a direct consequence of global population growth and industri-
alization, recent decades have witnessed an unprecedented increase in
energy consumption [1,2]. Despite their depletion, fossil fuels continue
to lead global energy supply as the most widely employed energy
sources, producing greenhouse gases such as carbon dioxide and nitrous
oxide [3]. Furthermore, fossil fuels are expected to dominate the energy
sector at least until 2050, due to an increase in global energy demand of
1.3% to 2040 [4]. To meet the United Nations Net-Zero goal by 2050,

research and development efforts should focus on the advancement of
clean technologies for energy production from renewable sources,
addressing both environmental concerns and the global energy crisis
[5,6].

Hydrogen is considered one of the most promising alternative energy
sources, due to its significantly higher gravimetric energy density (albeit
with a low volumetric energy density) at room temperature — approxi-
mately three times that of gasoline — and its high-octane number (> 130)
[7,8]. Moreover, Hy-based energy is increasingly recognized as a clean
alternative to carbon-based fuels, since its direct combustion emits
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neither greenhouse gases nor air pollutants [9]. Currently, approxi-
mately 50% of global Hy production is derived from steam reforming of
natural gas (predominantly methane [10]), by far the dominant method
for large-scale hydrogen generation worldwide. Steam reforming re-
quires high temperatures and moderate pressures and is therefore en-
ergy intensive. Methane pyrolysis has emerged as a low carbon emission
technology to produce large quantities of hydrogen from natural gas, yet
the technology is still relatively new, and its advantages and limitations
are not yet fully understood [11,12]. However, due to the recent
development of hydrogen fuel cells, which are an essential component of
the transition to clean energy, there has been an increase in the yearly
demand for hydrogen gas as an alternative fuel [9]. Recent research has
focused on developing environmentally friendly and pollution-free
hydrogen from renewables such as biomass, solar, and wind energy
[13-15]. Given the geographical limitations of geothermal energy and
the inconsistent availability of biomass, solar power is considered to
have the greatest potential among renewable energy sources [16]. Over
recent decades, multiple solar-driven hydrogen production technologies
have been developed, each characterized by distinct operating princi-
ples, maturity levels, and technological challenges. These approaches
can be broadly classified into: (1) photocatalytic and photo-
electrochemical (PEC) water splitting, where semiconductor materials
directly convert solar energy into chemical energy; (2) photovoltaic-
electrochemical water splitting, which couple solar electricity genera-
tion with conventional electrolysis; (3) solar thermochemical water
splitting, based on high-temperature redox cycles; (4) photothermal
catalytic processes that exploit solar heat and light synergistically; and
(5) photobiological Hy generation using microorganism and enzymatic
reaction pathways [17-21].

Among these technologies, water electrolysis powered by renewable
electricity is currently the most technologically mature, with several
commercial electrolyzers suitable for large-scale applications. The rapid
maturation of photovoltaic technologies over the past two decades,
characterized by improved efficiencies, and long-term operational sta-
bility, has positioned photovoltaic-electrochemical water splitting as the
most commercially advanced solar-driven hydrogen production tech-
nology to date. Nevertheless, the widespread adoption of electrolysis
remains limited by high capital costs and energy efficiency constraints,
highlighting the need for further reduction in electricity consumption
and system costs [22-24]. In contrast, direct solar-driven routes —
particularly photocatalytic and PEC processes — offer the conceptual
advantage of bypassing intermediate electrical conversion step, poten-
tially enabling simpler and more cost-effective systems.

In 1972, Fujishima and Honda reported the first heterogeneous
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photocatalytic Hy production through water splitting (see Fig. 1). Het-
erogeneous photocatalysis utilizes a semiconductor as a catalyst and
light harvester. Five years later, Krich et al. (1979) published the first
homogeneous photocatalytic Hy production using triethanolamine
(TEOA) [25]. In this sense, photocatalytic generation of Hy from organic
solutions provides a complementary and renewable approach for
simultaneous Hy production and wastewater remediation.

Photocatalytic transformations typically involve several elementary
steps, beginning with the absorption of photons by the photocatalyst.
When the photon has sufficient energy to bridge the band gap of the
material, valence band electrons can be transported to the conduction
band resulting in the generation of electron-hole pairs. These mobile
electrons and holes carry negative and positive charges and can partic-
ipate in redox reactions.

However, practical difficulties arise in accurately determining the
number of absorbed photons or reacted electrons due to the scattering
and reflection of light. To address this, the use of the term “apparent
quantum yield” (AQY) is recommended by IUPAC, calculated as follows
Eq. (1):

Number of H, molecules released
Number of incident photons

AQY = (€]

A more precise measure of the potential of a photocatalytic system is the
Solar-to-Hydrogen (STH) conversion efficiency, which can be calculated
using Eq. (2):

Energy of generated H,

%) =
STH (%) Energy of incident solar light * 100 2

As evidence of the growing attention toward photocatalytic
hydrogen production, Fig. 2 (a) shows the percentage of scientific doc-
uments containing the string “photocatal* hydrogen production” over
the total number of papers including the string “photocatal*” in the title,
according to Web of Science. The asterisks represent any group of
characters that might follow “photocatal” e.g. “ysis”, “yst”, and are used
to broaden the search. The figure illustrates that over 25% of the sci-
entific literature in the broad field of photocatalysis is currently focused
on hydrogen production as a specific application.

Numerous recent review articles [26-40] have addressed hydrogen
production via photocatalytic reforming, highlighting substantial
progress in catalyst design and reaction engineering. In particular, Toe
et al. have reviewed the strategies used to improve the selectivity of
photoreforming of organic waste into high-value chemicals and deliver
highly selective photocatalysts [26]. Chang et al. have recently reviewed
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Fig. 1. Schematic illustration of photocatalytic H, production process and mechanism of photocatalytic water splitting.
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Fig. 2. (a) Trend of scientific publications on photocatalytic hydrogen production as a portion of total publications on photocatalysis (1990-2025) according to Web
of Science. (b) Annual trend in scientific publications and technological patents (1990-2025).

the different photocatalytic materials used for methanol photoreforming
from the perspective of the reaction mechanism [27]. Li et al. provided a
detailed review of S-scheme heterojunction photocatalysts for hydrogen
production [28]. The literature presents review articles concentrating on
the use of specific sacrificial agents in photoreforming processes, such as
biomass-derived feedstocks [29-33], lignocellulosic biomass [34], and
waste polymers [35]. Additionally, several review papers have explored
specific photocatalytic systems and architectures, including hierar-
chically porous photocatalysts [36], plasmonic nanocatalysts [37],
carbon nitride-based materials [38], and organic-inorganic hybrid
photocatalysts [39]. Several investigations have examined the role of
tailored sacrificial agents in photocatalytic reforming, with particular
attention to biomass-derived substrates [30-34], lignocellulosic re-
sources [35], and waste polymer streams [36]. These studies collectively
highlight photocatalytic reforming as a promising platform for con-
verting waste materials into hydrogen and value-added chemicals, in
line with circular economy principles. Nevertheless, a comprehensive
evaluation of scalability and real-world applicability remains largely
absent from the existing literature findings. A very recent review high-
lighted the key technical and economic challenges hindering large-scale
implementation and discussed emerging strategies to improve effi-
ciency, stability, and cost-effectiveness for practical deployment; the
authors observed critical challenges in photocatalyst durability under
prolonged and realistic operating conditions, consistency of catalytic
performance upon scale-up, solar-to-hydrogen conversion efficiency
under outdoor irradiation, and the design of scalable, cost-effective
photocatalytic reactors [40,41]. Recent efforts aimed at advancing
practical implementation have focused on the development of chemi-
cally and photochemically stable, low-cost photocatalysts, and the
adoption of immobilized catalyst configurations and continuous-flow
reactor concepts to facilitate catalyst handling and enhance scalabil-
ity. A rigorous and critical analysis of these factors is crucial to narrow
the gap between proof-of-concept studies and industrially relevant ap-
plications and to realistically assess the potential of photocatalytic
reforming as a viable and sustainable route for hydrogen production.
While the existing body of reviews in the literature provides valuable
insight into hydrogen production from photoreforming, a critical gap
remains in addressing the barrier that hinders the industrial-scale
implementation of these technologies. Beyond the academic domain,
patents serve as a critical indicator of technological maturity and com-
mercial potential. In these regards, Fig. 2 (b) presents a comparative
temporal analysis of the annual number of patents filed and research
articles published annually in the field of photocatalytic hydrogen pro-
duction between 1990 and 2025. Patent data and research article data
were obtained from Espacenet and from Web of Science, respectively,

using the search string “photocat* hydrogen production” applied to ti-
tles or abstracts. Both datasets reveal a clear upward trajectory, with
exponential growth observed from 2005 onward. The parallel growth of
these two indicators underscores the dynamic interplay between scien-
tific discovery and innovation, highlighting how fundamental research
is increasingly driving the development of practical solutions for sus-
tainable hydrogen production. While the existing body of reviews in the
literature provides valuable insight into hydrogen production from
photoreforming, a critical gap remains in addressing the barrier that
hinders the industrial-scale implementation of these technologies.

This review article aims to bridge the gap between academic
research and technological innovation by integrating a critical analysis
of both the scientific literature and patent landscape, focusing on
assessing the efficiency of photoreforming technologies in the context of
hydrogen production. To our knowledge, only one review paper since
2014 has systematically analysed patent literature in the field [42].

This work will specifically target (i) the hydrogen evolution reaction
(HER), (ii) the solar-to-hydrogen (STH) energy efficiency, and (iii) the
apparent quantum yield (AQY). Firstly, the most relevant photocatalytic
materials, as reported in both scientific literature and patent applica-
tions, are described in detail in Section 2. Section 3 addresses the most
commonly employed sacrificial agents, with a focus on both mechanistic
roles and economic considerations. Finally, Sections 4 and 5 provide an
overview of the latest development in reactor configurations and asso-
ciated challenges.

Through this integrated approach, we aim to provide a holistic
overview of the current state of photocatalytic hydrogen production and
offer actionable insights that can inform future research directions and
accelerate the development of scalable and industrially viable photo-
catalytic systems.

2. Review of photocatalytic materials

This section provides a detailed review of recent developments in the
design and synthesis of photocatalytic materials for hydrogen produc-
tion. Table 1 and Table 2 summarise key findings from recent (2023
onward) literature and patent applications, respectively. This extensive
survey of the field indicates that detailed, quantitative comparisons
across studies remain challenging due to substantial variations in the
experimental conditions, including light sources, sacrificial agents,
catalyst loading and reactor configuration. It is worth noting that the
purpose of this data collection is not to establish a direct performance
ranking among distinct research efforts, but rather to provide a
comprehensive and timely overview of recent academic literature. The
routine reporting of efficiency metrics, such as AQY and STH efficiency,
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Table 1
Summary of the recent academic literature on photocatalytic H, production from photoreforming of organics published between 2023 and 2025.

Academic Literature

Material Preparation Reactor Sacrificial agent/ Radiation STH* AQY* HER* Stability/ Ref Year
method Configuration scavenger Reusability
AuPd/ TiO, Anodization and Cylindrical Triethanolamine AM 1.5G Not Not 2.92 Good stability [49] 2025
vapor deposition reactor with a Simulated reported  reported mmol/ within 4 cycles
method quartz glass Sunlight Searh
window system
C3N4/TiOy Polymerization, Custom-made Triethanolamine 250 Wvisible  Not Not 0.692 Not reported [199] 2023
sol-gel and photo- quartz reactor light reported  reported  mmol/
anchoring 8earh
methods
Pt-PCN Not reported Loop Methanol 365 nm LEDs  Not 0.75% 4.188 Stable for 70 h [321] 2024
photoreactor reported mmol/
gcal'h
Ag-La-CaTiO3 Sol-gel Lab-made closed  None 1200 W Not Not 2.974 Stable for 30 h [322] 2024
gas system metal halide reported  reported mmol/ (10 cycles)
lamp 8earh
AuNP@ CoTPyP Physical mixing Lab-made Methanol 300 W Xe Not Not 3.21 Stable for 45 h [323] 2023
reactor lamp reported reported mmol/ (15 cycles)
Zearh
ZnS/CdS Wet-chemical Pyrex glass Na,S and Na,SO3 300 W Xe Not 60% 29 Good stability [324] 2023
procedure and reactor lamp reported mmol/ within 5 cycles
physically mixing Searh
Pt/TiOy Chemical Lateral Acetic acid, butyric 30 W LED Not Not 0.445 Decreased [325] 2025
reduction irradiated acid, ethanol and (365 nm, reported  reported mmol/ hydrogen
stirred tank buthanol 150 W/m?) 8earh generation after
reactor in batch the 1st cycle
mode
SiC-g-C3N4 Thermal synthesis Home-made Polyethylene, 300 W solar Not Not 0.018 Not reported [326] 2025
via urea Pyrex jacketed terephthalate and lamp 10.7 reported  reported mmol/
decomposition reactor bisphenol A mW/cm? 8earh
Pt-CdS/TiOy/ Low temperature Airtight pyrex Acetonitrile with 300 W xenon  Not Not 12.77 Good stability [327] 2024
biochar solvothermal container NayCO3 or NaOH lamp reported  reported mmol/ within 5 cycles
synthesis 8earh
Cu,0-TiO, Ball milling Compound Glycerol, ethanol Solar 1.71% Not 188 Not reported [328] 2025
Parabolic and glucose radiation reported  mmol/
Collector 8earh
photoreactor
CuNi/TiO, Photodeposition Side-illuminated Cellulose 0.49 W UV Not Not 0.489 Not reported [329] 2025
slurry reactor LED (365 reported  reported mmol/
nm) Zeath
Pt/TiOy Hydrothermal Gas-tight quartz Glucose or AM 1.5G Xe Not Not 4.5 Not reported [330] 2025
method and reactor wastewater lamp (1000 reported  reported mmol/
photodeposition samples mW/cm?) 8earh
of Pt
Au/TiO, Photodeposition Annular glass Formic acid 125 W Hg Not 11.34% 3.61 Good stability [331] 2025
from waste batch reactor lamp reported at 420 mmol/ within 4 cycles
derived Au nm 8earh
PtO,/TiO; Ball milling Annular glass Methanol 400 W Hg 15.6% 38% in 54 Good stability [100] 2025
batch reactor lamp the UV- mmol/ within 4 cycles
A range 8earh
Carbon dots/TiO, ~ Microwave- Cylindrical Ethanol, glycerol 300 W xenon  Not Not 0.51 Good stability [332] 2024
assisted synthesis pyrex reactor lamp reported  reported mmol/ within 3 cycles
and hydrothermal 8earh
method
Pt-g-C3N4-TiO, Impregnation - Penn Triethanolamine, LED (A = Not Not 13.2 Not reported [333] 2024
calcination photoreactor Glycerol, 365nm, reported reported mmol/
Glyceraldehyde 213mW/cm? Zearh
and and A =
Dihydroxyacetone 450nm,
325mW/
cm?)
CuO/TiO, Mechanical Compound Glycerol Solar 1.42% Not 118.94 Not reported [334] 2024
mixing - Parabolic radiation, reported mmol/
calcination Collector Quv 47 kJ/L Zearh
photoreactor
g-C3Ny4/CdS/NiS Hydrothermal Batch reactor Polylactic acid 300 W xenon  Not Not 30.44 Decreased [335] 2024
synthesis lamp reported reported mmol/ productivity
8earh during the first 5
h of irradiation
ReS,/ZnIn,Sy Solvothermal LabSolar-6A Furfural alcohol 300 W xenon Not 1.8% at 1.08 Good stability [336] 2023
method lamp reported 420 nm mmol/ within 4 cycles
Zearh

(continued on next page)
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Table 1 (continued)
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Academic Literature

Material Preparation Reactor Sacrificial agent/ Radiation STH* AQY* HER* Stability/ Ref Year
method Configuration scavenger Reusability
Co304/ZnInyS, Wet chemistry LabSolar-6A Triethanolamine 300 W xenon  Not 8.51%at 3.84 Good stability [97] 2023
approaches in lamp (> 400 reported 438 nm mmol/ within 4 cycles
conventional oven nm) Searh
(Co0304) and oil
bath heating
(composite)
CuyS4/ Combination of Quartz reactor Na,S (0.1 mol/L) 300 W xenon Not 6.7% at 2.57 Good stability [95] 2023
Zng »Cdy gS solvothermal and with a top and Na,SO3 (0.1 lamp (> 420 reported 440 nm mmol/ within 4 cycles
co-precipitation exposure mol/L) nm) 8earh
methods
Pt/PM6:ITCC-M: Microemulsion LabSolar-6A 0.2 M Ascorbicacid 300 W xenon  Not 5.9% at 307.0 Good stability [337] 2023
IDMIC-4F with amphiphilic lamp (320 - reported 600 nm mmol/ within 4 cycles
surfactant 780 nm 8earh
Au/TiO, Deposition- Glass reactor 10% v/v glycerol 300 WXenon  Not 26.7%at  14.695 Good stability for [128] 2023
precipitation with inlet and as an electron lamp reported 365 nm mmol/ upto8h
method in the outlet for donor 8eath
presence of urea purging gas and
for Au deposition collecting
on TiO, gaseous
products
Cu/CeO, Hydrothermal Quartz tube Methanol (50% v/ Xenon lamp Not Not 36 mL/ Good stability for [143] 2023
(CeO5) and reactor V) (Microsolar reported reported Zearmin uptol2h
precipitation- 300,
deposition of Cu Simulated
Sunlight)
Ag-Fe/TiOy Sol-gel method Pyrex glass Ethanol (50% v/v) 300 WXenon  Not Not 2.38 Not reported [134] 2023
reactor lamp (visible  reported  reported mmol/
light) 8earh
Au/Carbon dots/ Hydrothermal Quartz reactor Na,S (0.35 M) and 300 W xenon  Not Not 0.646 Good stability for [129] 2023
Cds method for carbon NayS03 (0.25 M) lamp (> 395 reported  reported  mmol/ upto2h
dots and CdS nm) 8earh
Au/SrTiO3/TiO, Combination of Pyrex reactor Methanol (10% v/ 300 W xenon  Not Not 0.328 Good stability [130] 2023
hydrothermal, V) lamp reported  reported  mmol/ within 4 cycles
etching and Searh
calcination
methods for
SrTiO3 and TiO»
Au/ZnO/CuO Sol-gel method N-filled vessel Glycerol (10% v/v) ~ 300 W xenon  Not Not 4.65 Good stability [131] 2023
lamp (> 400 reported  reported mmol/ within 5 cycles
nm) gcarh
Cu/TiO, artificial Ion exchange, 8.5 mL Glycerol (10% v/v) 150 W Xe Not Not 3.56 Not investigated [58] 2023
olive leaf (Cu- calcination cylindrical lamp reported  reported mmol/
AOL) reactor Newport 8earh
solar
simulator
Pt@BIT-108(Fe) Solvothermal 20 mL reactor 1, 3-dimethyl-1, 3- Xe lamp (A > Not Not 0.32 No decreased [338] 2023
method dihydro-2-phenyl- 420 nm) 100  reported  reported = mmol/ activity after 3
2H-benzimidazole mW/cm? 8earh cycles (3 h each)
Pt@TMF-Pt In-situ partial 100 mL quartz Ascorbicacid (1 M) 300 W Xe Not Not 33.18 No decreased [339] 2023
hydrogenation window sealed lamp (A > reported  reported  mmol/ activity after 3
with Pyrex 420 nm) 8earh cycles (5 h each)
reactor
Co-TCPP(Pd) Solvothermal 100 mL optical Ascorbicacid (1 M) 300 W Xe Not 3.79% 4.4 Slight decrease [340] 2023
method reaction vessel lamp (A > reported (420 mmol/ after 3 cycles
420 nm) nm) 8earh
Pt@NH,-MIL-125 Solvothermal Reaction vessel TEOA (15% v/v) 300 W Xe Not 4.0% 2.64 No decreased [341] 2023
method with Pyrex top- lamp (A > reported (420 mmol/ activity after 3
irradiation type 420 nm) nm) 8earh cycles (3 h each)
Au@PCN(C0)70 Solvothermal Quartz-type TEOA (10% v/v) Solar Not 1.7% 1.015 No decreased [221] 2023
method photoreactor simulator reported (420 mmol/ activity after 4
(150 mW/ nm) 8earh cycles
cm2)
[MosS;35] 2@ZnP- Solvothermal Quartz flask Lactic acid (15% v/ 300 W Xe Not 3.6% 11 No decreased [342] 2023
Pz-PEO-COF method V) lamp (A > reported (600 mmol/ activity after 6
420 nm) nm) 8earh cycles (2 h each)
Co/Zn-Salen-COF  Precipitation and Pyrex top Ascorbic acid (5 300 W Xe Not Not 1.378 Not investigated [343] 2023
metalation irradiated vessel ~ mM) lamp (A > reported  reported mmol/
420 nm) 8earh
Pt@Ni-COF- Solvothermal 250 mL pyrex Ascorbic acid (0.1 350 W Xe Not 43.2% 197.46 No decreased [344] 2023
SCAU-1 method top-irradiated M) lamp (A > reported (420 mmol/ activity after 5
reaction cell 420 nm) nm) 8earh cycles (6 h each)

(continued on next page)
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Academic Literature

Material Preparation Reactor Sacrificial agent/ Radiation STH* AQY* HER* Stability/ Ref Year
method Configuration scavenger Reusability
Pt@COF-JLU35 Gradient heating Standard Ascorbic acid (0.1 300 W Xe Not 3.21% 70.8 No decreased [345] 2023
method photocatalytic M) lamp (A > reported (500 mmol/ activity after 5
reactor 420 nm) nm) Searh cycles (4 h each)
TpBD COF@ZIS- Microwave- On-line trace Ascorbic acid 300 W Xe Not 5.02% 2.3 No decreased [346] 2023
10 hydrothermal gas analysis (0.05 M) lamp (A > reported (420 mmol/ activity after 8
method photoreaction 420 nm) nm) Zearh cycles (3 h each)
device
Cyano- Suzuki-Miyaura Pyrex top- TEOA (25% v/v) 300 W Xe Not 8.4% 16.7 No decreased [347] 2023
functionalized or Stille cross- irradiation lamp (A > reported (420 mmol/ activity after 5
polymers coupling reactions  reaction vessel 420 nm) nm) Searh cycles (5 h each)
5.5% TizCo/ Self-assembly Quartz glass 10% TEOA 300 W Xe Not Not 4.095 After 3 cycles, [179] 2023
graphitic method reactor with a lamp reported reported mmol/ there was no
carbon nitride side illuminated Searh significant decline
(PGCN) window observed in the
rate of hydrogen
production of 5.5
wit% TizCy/
(PGCN)
TizCy Etching and Closed vessel 0.35 M Na,S 300 W Xe 1.3% Not 0.763 Across five cycles, [348] 2023
delaminating with a gas 0.25 Na,SO3 lamp reported mmol/ CdSe@10wt%
method (LiF-HCI) circulation 8earh TizCo
system demonstrated
consistent high
photocatalytic
activity
Mny 25Cdo.75S/ Calcination and Quartz reactor 0.35 M NaySO3/ 300 W Xe Not Not 21.53 After 4 [349] 2023
100mg g-C3N4 hydrothermal 0.25 M Na,S lamp reported  reported mmol/ coonsecutive
methods 8earh cycles, the
hydrogen
production rate of
Mny.25Cdo.75S/
100mg g-C3N4
exhibited a
decrease of 12%
CoMo0,4/g-C3N4/ Hydrothermal 65 mL quartz 10% TEOA 5 W LED 1.78% Not 4.92 After 4 [162] 2023
Sulfur Coal- method reactor lamp (420 reported  mmol/ consecutive
based carbon nm) 8earh hydrogen
QDS evolution cycles,
CoMo004/g-C3N4/
8%SQDS
maintained its
stability
1% Pt 50% NH,4I Hydrothermal and Batch reactor 10% 425 LED Not Not 2.12 After 4 [161] 2023
50% melamine calcination triethanolamine, lamp reported  reported mmol/ consecutive runs,
g-C3Ny methods 0.1 M NaOH 8earh the hydrogen
production rate
declined by 62%
15% V2C/g-C3N4 Physical mixing 150 mL slurry 5% methanol/ 35 W Xe Not Not 0.36 The photostability ~ [160] 2023
method photocatalytic triethanolamine lamp reported reported mmol/ was poor in the
reactor (TEOA) Searh water-methanol
mixture (5 cycles)
while it showed
high stability in
the water-TEOA
mixture after 4
consecutive
cycles.
Cdo.9Zng 1S/5% Hydrothermal - 20% TEOA 300 W Xe 2.98% Not 4.5 After 4 cycles, a [178] 2023
TizCy method lamp with an  at 370 reported mmol/ notable decline
AM-1.5 filter nm 8earh can be detected
0.81% for Cdg 9Zng 1S/
at 456 TizCo,
nm

*STH: Solar to hydrogen efficiency; AQY: Apparent quantum yield; HER: Hydrogen evolution reaction.

in addition to HER, could represent an important step toward improved
standardization. However, as shown in Tables 1 and 2, these metrics are
still not consistently reported in photocatalysis literature. This limita-
tion underscores the continued need for greater standardization in the

evaluation and reporting of photocatalytic performance.

2.1. Inorganic semiconductors

Intrinsic semiconducting materials exhibit conductive properties
only when they are either sufficiently doped (to be n-type or p-type) or
sufficient energy is supplied to excite electrons from the valence band
(VB) to the conduction band (CB). As such, semiconductors possess a
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Table 2
Summary of some photocatalysts used for hydrogen production and some novel photocatalysts patented between 2022 and 2025. STH was excluded from the table
being not reported in the patents.

Patents
Material Preparation Reactor Sacrificial agent ~ Radiation AQY* HER* Stability/ Country Ref Year
method Config. Reusability
Ti3CoTyx/CdS Hydrothermal Not reported Lactic acid/ 300 W Hg Not 7.562 Not reported China [186] 2024
method cellulose lamp reported  mmol/ CN118894490A
Zearh
TizCoTyx/CdS Hydrothermal Not reported Biomass 300 W Hg Not 20.427 Not reported China [187] 2024
method lamp reported  mmol/ CN118904373A
gcal'h
Rh-Cr co-catalyst Calcination and Reactor tank None 300 W Xe Not 24 Not reported China [571] 2025
loaded Al-doped physical mixing lamp reported  mmol/ CN120054530A
SrTiO3 /TiO4 methods 8earh
TiO2/ReS; 2Sep g Calcination and Not reported Ethanol 300 W Xe Not 1.0175 Good stability China [99] 2025
photodeposition lamp reported  mmol/ for 4 cycles (2 CN120243064A
method 8carh h each)
Cu-TiO, Pyrolysis Not reported Methanol 300 W Xe Not 0.308 Not reported China [61] 2025
treatment lamp reported  mmol/ CN119386866A
gcat'h
BiaWO4-TiO2 Sol-gel and Photocatalytic None 300 W Xe Not 0.00248 Not reported China [98] 2023
hydrothermal reaction device lamp reported  mmol/ CN116920823B
method 8cath
MoSe,/MAPDBr3 Hydrothermal Not reported HI 300 W Xe Not 1.7475 Good stability China [350] 2023
method lamp reported  mmol/ for 6 cycles (4 ~ CN116216633A
8carh h each)
Triphenilphosphine Room Flat wall Methanol (5% 3B5W 5.18% 1.77 Not reported us [145] 2025
Ruthenium temperature photoreactor v/Vv) Visible mmol/ US12233403B1
complex with suspension light (20 8earh
graphitic carbon mW/cm?)
nitride
3D graphene/MXene  Hydrothermal Not reported None Xe lamp Not 1.30 71% after 5 China [351] 2025
method (200-1000 reported  mmol/ cycles CN119303603A
nm) gcarh
BN/CdS Hydrothermal Reaction tank TEOA (16% v/ Xe lamp Not 0.26 Not reported China [352] 2025
method v) (simulated reported  mmol/ CN119733542A
sunlight) 8earh
5% LDH/CdosZngsS  Hydrothermal Sealed glass Polyethylene 300 W Xe Not 3.67 Not reported China [353] 2025
method circulation terephthalate lamp (A > reported  mmol/ CN119771447A
system 420 nm) 8eath
CdS@MosS » Hydrothermal Not reported Sucrose (2 g in Not Not 0.39 Not reported China [354] 2025
method 100 mL NaOH reported reported  mmol/ CN119327487A
aqueous 8eath
solution)
Indium zinc sulfide- Hydrothermal Sealed reaction =~ TEOA (16% v/ Xe lamp Not 4.23 Not reported China [355] 2025
based composite method tank v) reported  mmol/ CN119733531A
catalyst 8carh
MoO3/CuO Hydrothermal Not reported Ascorbic acid Xe lamp (A Not 0.099 Not reported China [356] 2024
method (55 mmol/L) > 420 nm) reported  mmol/ CN117463354A
gcat'h
CdS-Ru Hydrothermal Not reported Lactic acid/ Xe lamp Not 0.82 No decreased China [357] 2024
method cellulose (L40 filter) reported  mmol/ activity after CN118002153A
8eath 5cycles (4 h
each)
NiS@MOF-808 Hydrothermal Reaction flask TEOA/water 300 W Xe Not 8 mmol/ Not reported China [358] 2024
method (3:17 mol) lamp reported 8earh CN117427690A
(Intensity
21-23 A)
N-doper ZnO/ Hydrothermal Photoreactor NayS/NaySO3 300 W Xe Not 8.78 No decreased China [359] 2024
Cu@CdZnS method lamp (180 reported  mmol/ activity after CN118807814A
heterojunction mW/cm?) 8earh 4 cycles (4 h
each)
NH,-MIL-125 Hydrothermal 100 mL quartz TEA (2% v/v) 300 W Xe Not 0.070 Not reported China [360] 2023
ternary composite method reactor lamp (A > reported  mmol/ CN116425996A
400 nm) 8earh
MOF TiO,-NiO Room Quartz reactor Methanol 20% Not Not 1.39 Not reported China [361] 2022
material temperature v/v reported reported  mmol/ CN114950439A
precipitation 8earh
MIL-68 (In) Vulcanization/ Pyrex top Methanol/ 300 W Xe Not 215 Not reported China [362] 2023
pyrolysis irradiated Water (1:1-3 lamp reported  mmol/ CN117065767A
vessel mol) 8earh
Pt@TpPa-1-COF Solid phase 150 mL Sodium 300 W Xe Not 0.719 Not reported China [363] 2022
synthesis jacketed ascorbate lamp (A > reported  mmol/ CN114534783A
beaker 420 nm) Zearh
265 W/
cm2

(continued on next page)
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Patents
Material Preparation Reactor Sacrificial agent ~ Radiation AQY* HER* Stability/ Country Ref Year
method Config. Reusability
Pyrenyl COF Schiff base Standard Ascorbic acid Xe lamp (A Not 18.6 Not reported China [236] 2023
condensation reactor (0.1 M) > 420 nm) reported  mmol/ CN116217849A
gca('h
Cu@BD-COF Solvothermal Quartz reactor Sodium Xe lamp (A Not 17.45 Good stability China [364] 2023
method ascorbate (10g/ > 420 nm) reported  mmol/ after 4 h CN113856763A
L) gcath
Pt@Triazinyl COF Solvothermal Reaction Ascorbic acid Xe lamp (A Not 0.046 Not reported China [365] 2023
method device > 420 nm) reported  mmol/ CN116425935A
8carh
Pt@BTT-BPY-COF Solvothermal Quartz reactor None 300 W Xe Not 0.03 Slightly China [366] 2023
method lamp (A > reported  mmol/ decreased CN115646545A
420 nm) 8eath activity after
8 cycles (1 h
each)
N-vacancy g-C3N4 Calcination - 10% 3 W LED Not 3.26 After 4 cycles, China [367] 2023
triethanolamine lamp reported  mmol/ N-vacancy g- CN112354553B
8earh C3N, showed
high
photostability

*AQY: Apparent quantum yield; HER: Hydrogen evolution reaction.

non-zero band gap energy (E;) distinguishing them from conductors (Eg
= 0) and insulators (E; > 5 eV). For photocatalytic applications, semi-
conductors with Eg in the range of approximately 1.9 eV to 3.9 eV are of
practical interest, as this allows for the absorption of light in the UV to
visible spectrum. This enables participation in redox reactions relevant
to water splitting and photoreforming, and overcomes the overpotential
and mass-transport losses associated with HER. The band gap energy is
therefore a key physicochemical property influencing the suitability of
an inorganic semiconductor for photocatalysis. Additional important
factors include the morphology of the material and the associated spe-
cific surface area, as well as the number of active sites. The rate of
recombination of photogenerated charge carriers, i.e. CB electrons (e")
and VB holes (h™) can also affect photocatalytic performance. Inorganic
semiconductors have played a central role in photocatalytic hydrogen
production since Fujushima and Honda investigated water-splitting over
a TiO; catalyst in the early 1970s [43]. Indeed, TiO, remains a common
material for photocatalytic hydrogen production, accounting for a large
proportion of the undoped and doped semiconductors in the literature.
The following sections provide an overview of recent advances in pho-
tocatalytic semiconductor materials, with a focus on their classification
based on the presence or absence of dopant agents (Sections 2.1.1 and
2.1.2), as well as on the formation of heterostructures through the
combination of different semiconductors (Section 2.1.3). The relevance
of these material advances to large-scale implementation depends not
only on their intrinsic optoelectronic properties but also on factors such
as material availability, synthesis complexity, long-term stability, and
compatibility with scalable reactor configurations, and these criteria are
more explicitly addressed in patent-driven developments.

2.1.1. Undoped inorganic semiconductors

Over the past few decades, a wide range of inorganic semiconductors
have been explored for photocatalytic hydrogen production, with metal
oxides and metal sulfides featuring prominently due to their suitable
band gap energies, chemical stability, and relative abundance [44].
Undoped inorganic semiconductors still represent a substantial pro-
portion of materials reported in the literature on photocatalysis, ac-
counting for nearly half of those discussed in this review. Among these,
TiOy has dominated early-stage research, largely due to its chemical
stability, low cost, favorable band-edge positions, and overall photo-
catalytic activity [45]. However, TiO; also presents well-known limi-
tations that hinder its broader applicability including its wide bandgap
(3.2 eV) and the rapid recombination of photogenerated electron-hole
pair (e=h™) [46].

Beyond TiOs, Luo et al. achieved a significant HER of 328 mmol/g ¢
h using solar-driven methane steam reforming (MSR) with a plasmonic
ZnCu alloy. The approach harnessed the photothermal conversion ca-
pacity of Cu nanoparticles to increase the ZnCu surface temperature to
around 250 °C at a light intensity of 788 mW cm ™2, without the input of
additional heat energy. Excitation of localized surface plasmon reso-
nance of Cu under solar light irradiation led to the generation of both hot
carriers and photothermal heating, which contributed to the rapid sur-
face catalytic reaction and high HER [47]. Vempuluru et al. [48] pro-
duced a NiO/CuS nanocomposite which achieved a HER of 52.3 mmol/
gcarh and a substantial quantum efficiency of 70% at A = 768 nm.

Other notable results include Rajashekhar et al.'s HER result of 2.9
mmol/g.,h using plasmonic AuPd nanoparticles uniformly decorated
on the surface of TiO, nanotube arrays [49] allowing radial separation
of photogenerated charge carriers and Liu et al.'s HER result of 6.9
mmol/gcarh and AQY of 36.8% under simulated sunlight. Using a facile
two-step solvothermal and hydrothermal method, Liu et al. synthesized
ZnS with multiple internal phase junctions (MIPs) of alternating wurt-
zite and sphalerite — a so-called ‘homojunction’ [50]. This band gap
arrangement promoted charge carrier separation, transport and surface
localization for reduction of H' to H,. Souza et al. achieved an AQY of
17% (A = 254 nm) using Tap0s nanoparticles synthesized via the simple
hydrolysis of imidazolium tantalate ionic liquids (ILs). The enhanced
photocatalytic activity was attributed to the residual ionic liquid asso-
ciated with the nanoparticles, which were proposed to create hydro-
philic regions. These regions facilitated the adsorption and interaction of
polar molecules, such as the sacrificial ethanol, with the active sites,
thereby improving the overall hydrogen evolution performance [51].

Traditional ‘bottom-up’ approaches remain the most commonly
employed for the synthesis of inorganic semiconductors used in photo-
catalysis. These include methods such as hydrothermal synthesis, sol-gel
processing, calcination, as well as photodeposition, co-precipitation,
and impregnation — the latter three being particularly prevalent for
the deposition of co-catalysts. In recent years, however, several novel
synthetic strategies emerged, aimed at enhancing material sustainabil-
ity, functionality, and structural control, including a green solid-state
combustion/bio-reduction method [52] and evaporation-induced self-
assembly [53]. Others patented a hydrothermal method for preparing
unique hollow, irregularly shaped rutile-phase TiO: microspheres,
engineered to possess a high surface area and improved light-harvesting
capabilities, thus boosting their photocatalytic performance [54]. The
novel structure offered enhanced light-harvesting through light trapping
and slow light effects, and increased surface reactivity leading to
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improved efficiency in both hydrogen production and pollution degra-
dation. This novel synthesis overcomes the limitations associated with
conventional photocatalysts by offering a stable, effective solution for
sustainable energy and environmental applications, especially in solar-
driven hydrogen generation and pollutant degradation. Furthermore,
niobium nitride (NbsNs)-containing films have been patented [55] for
various photocatalytic applications, including hydrogen generation.
These materials are synthesized by converting an organic niobium pre-
cursor in the presence of Nj gas, resulting in the formation of a nitride
with controlled physicochemical properties, such as high electrical
conductivity and stability, and strong visible-light absorption.

Notably, in the context of solar energy utilization, there is wide-
spread use of visible light sources — such as Xe lamps or solar simulators
— in the literature concerning inorganic undoped semiconductors for
photocatalytic hydrogen production. This trend is particularly prom-
ising, given the notable hydrogen HER and AQY achieved under these
conditions, underscoring the potential for real-world solar-driven ap-
plications. Despite these promising laboratory-scale performances,
many undoped inorganic semiconductors reported in the literature
remain limited by low durability under prolonged operation or by syn-
thesis routes that are difficult to scale. Conversely, patents in this area
increasingly emphasize structural robustness, simplified morphologies,
and synthesis strategies compatible with large-scale manufacturing,
underscoring a shift from proof-of-concept validation toward industrial
feasibility.

2.1.2. Doped semiconductors

Doping of inorganic semiconductor photocatalysts involves the
incorporation of other elements into the semiconductor crystal lattice,
with the primary aim of introducing intermediate energy levels within
the intrinsic band gap. This modification of the semiconductor is
generally intended to enhance light absorption and suppress charge
carrier recombination, thereby improving photocatalytic activity. While
many studies report performance enhancements, some findings suggest
that extrinsic defects introduced through doping may serve as recom-
bination centers, ultimately leading to a reduction in photocatalytic
activity. Thus, the impact of doping is highly dependent on the nature of
the dopant, its concentration, and the host material's structure and
properties.

2.1.2.1. Metal-doped semiconductors. In contrast to the dominance of Pt-
loaded TiO2 in the literature on undoped inorganic semiconductor
photocatalysts, TiOs-based systems do not prevail in the field of metal-
doped inorganic semiconductors. Nonetheless, a significant HER of
23.5 mmol/gcrh with an AQY of 19% was achieved using Ag-doped
TiO2 [56]. In this case, Ag-doping effectively reduced the band gap of
TiO5 to 2.5 eV, enhancing visible light absorption. The improved pho-
tocatalytic properties of the material were attributed to TiO, oxygen
vacancies and the presence of a Ti-Ag-O phase, which together facilitate
more efficient charge transfer and charge carrier separation. In 2025,
Xiaoxing et al. [57] prepared a novel Rh—Cr co-catalyst-loaded, Al-
doped SrTiO3/TiO, photocatalyst via calcination and physical mixing
methods. The metal-doped photocatalyst offered improved carrier sep-
aration and strong stability, and demonstrated an outstanding HER of
24 mmol/gcarh.

Other notable TiO, based materials featured Cu doping. Martin-
Gomez et al. used a biotemplating and ionic exchange method to syn-
thesize a Cu-doped TiO;, artificial olive leaf material, which achieved a
HER of 3.56 mmol/g.,h during the photoreforming of glycerol under
simulated solar illumination [58]. Rawool et al. produced Cu-doped
TiO2 (Cug,02Tio.9802-5) [59] obtaining an AQE of 7.5% and STH of
3.9% under sunlight, while Zhang et al. synthesized quantum Cu(II)
nanodot-doped 2D ultrathin TiO3 nanosheets [60], obtaining a HER of
1.46 mmol/g.,vh. However, the absence of reported AQY and STH
values in this latter study makes direct comparison with other systems
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more challenging. Guoyong et al. [61] published a patent detailing an
in-situ remediation method to extract TiO2 from waste selective catalytic
reduction (SCR) catalyst carriers, directly synthesizing a high-
performance Cu-TiOz photocatalyst with an impressive HER of 0.308
mmol/gc,eh.

Other first-, second- and third-row transition metals featured in the
literature as dopants, including Mo [62], In [63], W [64], Cd [65], Fe
[66], Au [67] and Zn [68]. The In-doped ZnO of Chauhan et al., for
example, was notable for achieving a HER of 2.47 mmol/g.,h under
sunlight irradiation [63]. In addition to the transition metals mentioned,
La emerged as a dopant in several cases [69,70] — twice with sodium
tantalate — although the resulting HER was not particularly significant.

While these findings help mitigate some of the key limitations
associated with traditional photocatalysts, the overall efficiencies of
metal-doped semiconductors remain modest. Consequently, although
they represent promising candidates for solar-driven hydrogen produc-
tion within sustainable energy systems, significant advancements are
still required before their full potential can be realized. Patent literature
suggests a gradual transition away from highly optimized but complex
doped systems toward compositions that balance performance gains
with material cost, dopant abundance, and reproducibility. This diver-
gence highlights the need to reassess doping strategies not only in terms
of activity enhancement, but also with respect to economic competi-
tiveness and long-term deployment.

Given the widespread use of noble metals and frequent use of heavy
metal chalcogenides in the literature on inorganic semiconductor pho-
tocatalysts, it must be acknowledged that there is an inherent tension
between the improved catalytic performance of these materials and their
environmental sustainability.

While noble metal cocatalysts (e.g., Pt, Au, Pd) are often essential for
achieving desirable efficiencies in hydrogen evolution, their environ-
mental toxicity and economic scarcity necessitate rigorous mitigation
and recovery strategies. Reducing the amount of metal loading, for
example via the use of single atom catalysts, is one approach to reducing
the environmental toxicity of these materials [71]. Preventing leaching
of these metal cocatalysts can be achieved via increasing the intermo-
lecular interactions between metal and photocatalyst or creating mate-
rial architectures that isolate the metal from the aqueous environment,
such as core-shell. The same is true of metal chalcogenides and their
constituents (e.g. Cd, Pb, S, Se, Te) in large-scale applications, which
pose an inherent environmental risk, particularly via leaching of these
toxic elements into the environment. Techniques to prevent this are the
focus of much current research and include surface functionalisation and
other encapsulation techniques [72].

Minimising the environmental impact of metal cocatalysts also re-
quires efficient recovery from spent photocatalysts. Hydrometallurgical
recovery remains the standard approach, and can recover metals in high
purity and yield, but requires the use of potentially toxic leaching agents
[73]. More recent advances leverage the photocatalytic properties of the
materials themselves to recover metal cocatalysts using specific photo-
driven processes in an almost closed loop process [74]. Similarly,
chalcogens are being recovered in closed loop processes via techniques
including ambipolar electrolysis and deep eutetic solvent extraction
[75,76]. A positive example of balancing the catalytic performance of
chalcogenide-based materials with their environmental sustainability in
large scale applications is the widespread and safe adoption, operation
and disposal of thin-film CdS/CdTe solar cells.

2.1.2.2. Non-metal doped semiconductors. Compared to metal-doped,
the literature on non-metal doped systems is considerably more
limited, and the reported HER generally lower. Among non-metal dop-
ants, only N-, C- and S- have been widely studied, with N-doping rep-
resenting the majority of the research in this category. This trend reflects
both the relative simplicity and maturity of metal-doped systems, as well
as the ongoing challenges in optimizing non-metal dopants for efficient
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photocatalytic performance.

Among the best performing photocatalysts, N-doped ZrO, was syn-
thesized by Wang et al. achieving a HER of 2.12 mmol/gc,h [77]. As is
generally the case for non-metal doping, N-doping provides intermedi-
ate energy levels within the band structure of the semiconductors,
thereby modulating the band gap and enhancing visible light
absorption.

Beyond this example, the majority of studies in this category have
focused on non-metal doped TiO,, with reported HER values below 1
mmol/gch. These results indicate that non-metal-doped photo-
catalysts, while offering insights into band gap engineering, are
currently unlikely to outperform their metal-doped, dye-sensitized, or
even undoped counterparts in practical hydrogen evolution
applications.

2.1.2.3. Dye sensitized inorganic semiconductors. As an alternative to
doping or loading of metals or non-metals onto inorganic semi-
conductors to improve their photocatalytic performance, dye sensitiza-
tion is a method that was previously and successfully used in the
development of dye sensitized solar cells [78]. Dye-sensitization can
extend the light absorption of materials such as TiO5 into the visible
region, greatly improving their photoactivity [79].

A significant body of literature is now dedicated to dye-sensitized
inorganic semiconductors, with some studies reporting performances
that rival or even surpass those of undoped and metal-doped systems.
For example, Koyyada et al. achieved a remarkable HER of 59.21 mmol/
gcarh under sunlight by coupling a Ru-complex based dye sensitization
of TiO4 with a Pt co-catalyst [78]. The nanoparticle morphology usually
employed for TiO2 photocatalysts facilitated effective dye sensitization
by providing a large surface area for dye anchoring.

For the reasons outlined above, and in common with undoped and
non-metal doped inorganic semiconductors, TiOy features heavily in
dye-sensitized literature. Huang et al. reported a Calix-3 sensitized Pt/
TiO4 system that achieved a commendable HER of 12.22 mmol/gcarh
[80]. Other notable results were reported by Li et al. using an Eosin-Y
sensitized Fe-B@Ni composite, which achieved an HER of 17.23
mmol/gch and an AQY of 51% (A = 420 nm). Eosin-Y and related
organic dyes are readily available with broad and strong absorptions in
the visible region. As such, they are commonly employed in dye-
sensitized photocatalysis, as reported by e.g. Xu et al. [81] and others
[82,83]. Nevertheless, the practical deployment of dye-sensitized sys-
tems is often challenged by dye photostability, leaching, and regenera-
tion requirements. These limitations are reflected in patent trends,
which tend to prioritize immobilized sensitizers, robust organic dyes, or
hybrid architectures designed to mitigate degradation and facilitate
long-term operation.

Other commonly employed dyes include perylene dyes [84] and
donor-rn—acceptor type dyes [85]. These are characterized by n-electron
rich donor groups and electron poor acceptor groups linked by a
n-bridge which can facilitate the separation of photoinduced electrons
and holes. Recently, Tahir patented an efficient photocatalyst composed
of a triphenylphosphine ruthenium (RuP) complex supported on exfo-
liated graphitic carbon nitride. The system demonstrated enhanced
visible-light absorption, efficient charge separation, and improved
hydrogen evolution, achieving a hydrogen yield of up to 176 pmol with
3 wt% RuP loading [86]. Another dye was employed by Meng et al. [87]
who patented a modified TiO» photocatalyst, developed by sensitizing
anatase-phase TiOz with an organic dye via solvothermal treatment. The
sensitization significantly extended the light absorption into the visible
region (A > 400 nm), enhancing photocatalytic activity under solar-like
irradiation. Upon loading with Pt nanoparticles and using triethanol-
amine as a sacrificial agent, the photocatalyst achieved a HER of 2.15
mmol/gcah, demonstrating excellent cycling stability under visible
light.
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2.1.3. Inorganic semiconductor heterojunctions

Semiconductor heterojunctions are engineered by combining two or
more semiconductors with distinct bandgap energies or coupling semi-
conductors with metals. These structures extend the light absorption
range of the photocatalyst while enhancing the efficiency of photo-
generated electron-hole pair separation. Fig. 3 showcases different types
of inorganic semiconductor heterojunctions including type-II, Z-scheme,
S-scheme, Schottky, and p-n heterojunctions.

Type-II heterojunctions (Fig. 3 (a)) facilitate the spatial separation of
electrons and holes between different semiconductor components,
thereby suppressing recombination and increasing the availability of
charge carriers for redox reactions on the photocatalyst surface.

A wide range of heterojunction photocatalysts involving type-II
configurations have been reported in the literature. Similar to type-I
systems, inorganic semiconductors — particularly metal chalcogenides
and metal oxides — predominate in these studies. Most reported struc-
tures are binary heterojunctions; however, more complex ternary sys-
tems have also been explored to further enhance charge separation and
photocatalytic performance [88-96]. In both type-I and type-II hetero-
junctions, one or more semiconductors often appear as solid solutions,
specifically chalcogenides. The solid solution strategy is an effective
route to tune the electronic band structure and the optical properties,
enabling tailored photocatalytic performance for specific applications.

Under light irradiation, the p-n junction (Fig. 3 (d)) facilitates
charge separation by driving photogenerated electrons to accumulate in
the n-type semiconductor, while holes migrate to the p-type semi-
conductor. This directional movement of charge carriers significantly
enhances electron-hole separation efficiency, improving photocatalytic
performance.

Zhang et al. reported a p-n junction heterointerface system
comprising p-type Co304 and n-type ZnIn,S4 semiconductors [97]. The
heterojunction results in a photocatalytic HER 4.67 times higher than
with pure ZnInyS4; alone. Jianfeng et al.[98] prepared BiaWOg-TiO2
photocatalyst through sol-gel and hydrothermal methods, but its
hydrogen production performance was significantly lower, reaching
only 0.00248 mmol/gc,rh. Yaorong et al. [99] developed a novel TiOy/
ReS1.2Seo.s photocatalyst, which exhibited more active sites for
hydrogen evolution, a lower charge carrier recombination rate, and a
significantly higher hydrogen production efficiency compared to pure
TiOs, achieving a rate of 1.0175 mmol/gc,ch.

Ma et al. recently developed a PtO,/TiO2 p-n heterojunction via ball
milling, achieving an impressive HER of 54 mmol/g.,¢h at 20% PtO,
under UV and visible light irradiation, with an outstanding STH effi-
ciency of 15.6% and an AQY of 38% under UV irradiation. This work
underscores the potential of simple mechanical synthesis methods for
producing highly efficient photocatalysts for hydrogen production
[100]. Several p-n heterojunctions along with their synthesis methods
have been recently patented, including CupO/CaTiO3 [101], Mng 43Cd
0.57S/ZnCo204 [102], Cupx S/Zng74Gaj 2Ss524 hollow nanosphere
[103]. In all cases, the heterojunctions with different compositions
exhibit significantly higher HER compared to the pure semiconductors.

In a Z-scheme heterojunction (Fig. 3 (b)), the two semiconductors
exhibit a staggered band alignment reminiscent of a type-II structure;
however, the charge carrier dynamics follow a distinct mechanism with
a redox mediator facilitating the transfer of electrons between the
semiconductors [104,105]. Specifically, photogenerated electrons in the
CB of one of the semiconductors recombine directly with holes in the VB
of the other semiconductor, retaining the highly reactive electrons and
holes of both materials. This selective recombination preserves strong
redox potential, overcoming the limitations of type-II systems while
enabling efficient charge separation and broader light absorption.
Typical redox mediators include Fe™3/Fe™2, 103/I), Fe(CN)¢ /Fe(CN)3
[106].

Numerous studies have reported superior performance with high
quantum yield of such heterojunctions in photocatalytic hydrogen
evolution [107-111]. Shen R. et al. reported noble-metal-free cocatalyst
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Fig. 3. Schematic diagrams of the photocatalytic mechanisms proposed for different semiconductor heterojunctions. (a) Type-II heterojunction [148]. (b) Z-scheme
heterojunction [149]. (c) S-scheme heterojunction. Reprinted with permission from [150]. Copyright 2020 Elsevier. (d) p-n heterojunction [151]. Copyright 2017
Elsevier. (e) Schottky heterojunction. Reprinted with permission from [152]. Copyright 2018 American Chemical Society.

B-NiS, which exhibits metallic characteristics with a high density of
states at the Fermi level. When integrated with CdS and Fe;O3 semi-
conductors in a Z-scheme heterostructure [112], the resulting ternary
system demonstrated excellent performance in the hydrogen evolution
reaction achieving a high quantum efficiency.

Another charge carrier transfer mechanism for heterojunctions,
referred to as S-scheme (Fig. 3 (c)), has recently received significant
attention [113]. The S-scheme mechanism consists of a combination of
carrier dynamics of type-II and Z-scheme. In this configuration, the two
semiconductors are designated as the reduction photocatalyst (RP) and
the oxidation photocatalyst (OP) (Fig. 3 (f)) and form a staggered band
arrangement similar to type-II. The first mechanistic step involves
electron migration from CB of RP to CB of OP, with holes simultaneously
transferring from VB of OP to VB of RP, as per type-II heterojunction
charge carrier behvaiour. As time progresses, the generated interfacial
electric field prohibits this carrier transfer and forces VB holes of RP to
recombine with the CB electrons of OP. Thus, the energetic electrons and
energetic holes remain in the CB of RP and VB of OP respectively to
perform the desired redox reactions [113,114].

The recent development of S-scheme heterojunction photocatalysts
represents a significant advancement in the field of photocatalytic
hydrogen production. Additionally, the patent landscape features a
wealth of S-scheme-based heterojunction designs for efficient hydrogen
production. For instance, Zng 5Cdg.5S/WOj3 has been proposed to follow
a typical S-scheme mechanism with a hydrogen production rate of 9.15
mmol/g.,h using lactic acid as the sacrificial agent [115]. A continuous
multi-step electron transfer can also be induced to form a dual S-scheme
on a ternary semiconductor system. This is the case of an In,O3/SnInsSg/
CdS heterojunction for hydrogen production under visible light, recently
patented with its environmentally friendly synthesis method [116].

A plethora of Schottky heterojunctions (Fig. 3 (e)) typically con-
sisting of the combination of semiconductors with metals have been
reported in the literature as potential photocatalytic hydrogen evolution
catalysts [117]. Examples of such systems comprising single noble
metals include Pt-based [118-125], Au-based [126-131] and Ag-based
heterojunctions [132,133]. Several non-noble metal containing hetero-
junctions also showed remarkable performance, such as Cu-[134] Bi-
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[135] and Ni-based heterojunctions [136-138]. Some studies have
shown that bimetallic co-catalyst systems can outperform monometallic
ones, due to synergistic effects. In coupled plasmonic systems, enhanced
efficiency arises from overlapping or complementary localized surface
plasmon resonance (LSPR) peaks, while in plasmonic-non-plasmonic
combinations, the synergy between plasmonic excitation and catalytic
activity contributes to improved performance [139]. Bimetallic exciton-
plasmon coupled systems such as, Pt—Rh [140], Pt—Au [141], Ag—Ru
[142], Ag—Fe [143], and Au—Ag [144] based photocatalysts have
demonstrated enhanced photocatalytic hydrogen production compared
to their corresponding single-metal counterparts. This improvement is
attributed to synergistic interactions between the metal components,
leading to more efficient charge separation and light utilization. Indeed,
the photocatalyst patented by Tahir (see Section 2.1.2.3) showed sig-
nificant performance improvements when further integrated into a
RuP-TisC2@TiO2/ECN heterostructure. The synergistic interaction
among the components resulted in a remarkably high hydrogen pro-
duction of 5.3 mmol/g., after 4 h, corresponding to an AQY of 5.18%
[145]. One of the highest HER achieved using non-TiOy metal-doped
inorganic semiconductor heterojunctions was reported by Su et al.,
who synthesized a Mo-doped/Ni-supported ZnInySs-wrapped NiMoO4 S-
scheme heterojunction. The success of the material was attributed to
synergistic effects of the heterojunction, Mo-doping and Ni-support
which promoted broad light absorption and improved charge carrier
separation [62], obtaining 5.14 mmol/gc,rh in the presence of trietha-
nolamine and AQY of 30% at 400 nm. Many of the above-mentioned
metal-semiconductor systems consist of two semiconductors, which
showed either type-II or direct Z-scheme mechanism. In all-solid-state Z-
scheme a solid-state electron mediator is introduced between the two
semiconductors of the Z-scheme system [146]. Electron migration oc-
curs from the CB of the first semiconductor to the VB of the second
semiconductor, where they recombine with photogenerated holes. This
electron-shuttling mechanism, facilitated by a mediator, is more rapid
and efficient due to the suppression of electron backflow. Common
electron mediators used in such systems are Au, Pt, Ag, and Bi. Recently,
Chen W. et al. demonstrated that even semiconductor quantum dots can
serve as electron mediators in all-solid-state Z-scheme ternary system
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[147]. In another study, Bi nanoparticles were reported to perform a
dual role in an S-scheme heterostructure. Beyond their plasmonic effect
in enhancing carrier concentration, Bi also functioned as a recombina-
tion center between CdS and TiOy [129]. Upon recombination of pho-
togenerated holes in the VB of CdS with electrons in the CB of TiOz, the
remaining high-energy charge carriers in both semiconductors effi-
ciently participated in redox reactions. This mechanism closely re-
sembles that of an all-solid-state Z-scheme.

2.1.4. Carbides and nitrides

This section highlights additional photocatalyst structures that are
not discussed in the preceding paragraphs. These include but are not
limited to bare and modified g-C3Ny4 [153-165], TigCoTx [166-187], and
graphene-based materials [188,189]. Despite variations in the experi-
mental reaction conditions, the analysis focuses on evaluating photo-
catalytic activity based on the rate of Hy evolution.

Although several of these photocatalysts have exhibited limited
performance in photocatalytic hydrogen production, various factors can
significantly influence their performance. For instance, the incorpora-
tion of noble metal nanoparticles onto the semiconductor surface has
been shown to significantly enhance the efficacy of photocatalytic
reforming reactions, as previously discussed, [153,172,190-195] as well
as the morphologies of the photocatalysts
[169,172,173,175,191,196-198]. These structural modifications can
lead to an increased surface area, hence facilitating the presence of
active adsorption sites, inhibiting the recombination of electron-hole
pairs, enhancing the electrical conductivity, and improving photo-
catalytic activity [172,173,175,176,180,192,197,198]. Li and co-
workers synthesized g-C3N4@Ti3Cy quantum dots (QD) to enhance the
photocatalytic activity of g-C3N4 for hydrogen production [172]. Their
findings showed a significant increase of 26-fold compared to the initial
pristine g-C3Ny4 nanosheets. This value is three times greater than the Pt/
g-C3Ny4 composite (1.9 mmol/gcrh) and ten times higher than the Ti3Cy
Mxene sheet/g-C3N4 (0.52 mmol/gc,h). The enhancement of the pho-
tocatalytic activity can be primarily attributed to the increased surface
area, which results in a higher density of active sites. In addition, it is
worth noting that metallic g-C3N4@Ti3Cy QDs can serve as electron
acceptors and exhibit exceptional electrical conductivity, hence leading
to enhanced separation of photoexcited carriers [172]. However, a
recent study by Jones et al. [153] investigated the photocatalytic po-
tential of g-CsNy4 through the incorporation of Pt atoms. The hydrogen
evolution activity of Pt/g-C3N4 composites was found to be limited due
to the occurrence of self-poising phenomena on the C3N4 surface. Mar-
tinez-Garcia et al. [199] reported on a rationally designed C3N4/TiOy
heterojunction, composed of anatase and brookite TiO, phases, for
enhanced photocatalytic hydrogen production under visible light. The
composites were fabricated by combining C3N4, prepared via polymer-
ization, with TiO,, synthesized using a sol-gel method, and joined
through a photoanchoring technique to form the heterojunction. Among
the tested compositions, the catalyst with 5% CgN4 content demon-
strated the highest performance, achieving a HER of approximately 0.69
mmol/gcarh. This superior efficiency was attributed to the formation of
a staggered-type heterojunction that facilitates a direct Z-scheme charge
transfer mechanism. Others [200] prepared a sodium-boron co-doped,
nano-layered graphite-like carbon nitride (g-CsNa) photocatalyst
through thermal polymerization of specific carbon, nitrogen, sodium,
and boron precursors. By co-doping g-CsNa with sodium and boron, light
absorption and charge separation efficiency are improved, while nano-
layered morphology increases the surface area and active sites, further
boosting hydrogen evolution under visible light. Compared to undoped
or singly doped g-CsNa, the material demonstrates superior photo-
catalytic efficiency, reduced bandgap, and enhanced charge carrier dy-
namics. In this context, other authors [201] patented a novel
photocatalyst based on Zr and Mg - doped tantalum nitride (TaN)
designed to enhance hydrogen production through water splitting.
Doping modifies the electronic structure of TaN, enhancing its ability to
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absorb light and facilitate charge separation, which are critical for
effective water splitting. Impregnation methods were employed,
obtaining uniform doping and desirable structural properties for optimal
catalytic activity. Under the best conditions, a limited AQY of 0.55% was
obtained at A = 400 nm.

Suetal. [173] improved the HER of TiO3 by combining it with both a
monolayer and a multilayer co-catalyst (TizCyTyx). The monolayer
Ti3CyTx/TiO2 composite exhibited more than 9.1 times higher hydrogen
production compared to pure TiOy and 2.5 times higher than the
multilayer composite. This remarkable boost in activity was attributed
to the excellent electrical conductivity of the monolayer Ti3CoTx and the
facilitated separation of photoinduced electrons and holes in the
MXene/TiO; interface. Regrettably, over 16 h (consisting of 4 cycles) of
reaction, the rate of photocatalytic HER declined from 2.6 mmol/gcarh
to 2.3 mmol/ gearh. This decrease in activity was attributed to the po-
tential detachment of certain TiOg particles from the Ti3CyTy flakes,
leading to compromised contact and subsequently reduced performance
of the Ti3CyTy/TiO2 composites. Similarly, Zhuang et al. [171] investi-
gated the photocatalytic performance of Ti3Cy/TiO2 composites with
varying TizCy content. The maximum HER achieved is 6.9 mmol/gc,rh,
representing a 3.8-fold increase compared to the TiO nanosheet.
However, a decline in photocatalytic efficiency was observed as the
concentration of TizCy increased from 3 wt% to 5 wt%. This reduction in
performance was attributed to the presence of an excessive amount of
Ti3Cy, which may hinder light penetration and reduce effective illumi-
nation of the TiO3 surface. The produced composites exhibited signifi-
cant stability following five cycles, suggesting that no detachment of
TiO4 occurred. A novel 1 T-WS:@TiO,@Ti3C, composite photocatalyst
was developed for highly efficient hydrogen (Hz) evolution from water,
achieving a remarkable production rate of 3.4098 mmol/g.orh [202].
This performance, nearly 50 times higher than that of pure TiO3 nano-
sheets, is attributed to the synergistic use of highly conductive Ti3Cy
MXene and metallic 1 T-WS: as dual co-catalysts. This unique structure
facilitates the rapid transfer of photoexcited electrons from TiO,,
significantly suppressing charge recombination, increasing carrier life-
time, and achieving efficient spatial charge separation. The introduction
of 1 T-WS: nanoparticles at an optimal loading of 15 wt% also increases
the material's specific surface area and the density of active sites, further
boosting its catalytic activity and demonstrating excellent stability over
24 h. Li et al.[180] prepared Mo,S@TiO>@Ti3Cy photocatalyst for
enhanced photocatalytic hydrogen production from water splitting. This
material features TiO5 nanosheets grown directly on a highly conductive
Ti3Cy MXene substrate, with MoS; rich in molybdenum vacancies
(Mo4S) uniformly distributed across the surface. The synthesis was
achieved through a two-step hydrothermal process, creating a unique
structure where Ti3Cy and MoS; act as dual co-catalysts. The optimized
composite, prepared with a hydrothermal treatment at 160 °C, achieved
an exceptional HER of 10.5058 mmol/gcarh, a result 193 times higher
than pure TiO; nanosheets and 6 times higher than the equivalent
composite without molybdenum vacancies. This significant improve-
ment is attributed to the molybdenum vacancies increasing the number
of active sites and suppressing charge carrier recombination, combined
with the extraordinary conductivity of TisCo MXene and MoSz, which
greatly enhances electron transfer and separation efficiency.

Tie et al. [203] provided a comprehensive elucidation of the reaction
mechanism governing the production of Hy at the ZnS/Ti3C, interface,
which was also proposed by several studies, see Fig. 4 (b). Irradiation of
ZnS promotes electron excitation to the conduction band, leaving
reactive holes in the valence band. The enhancement is attributed to the
excellent electrical conductivity of the ultrathin TizC, nanosheets,
which act as an active co-catalyst to promote the transfer of photo-
induced electrons from ZnS, suppress the recombination of electron-
hole pairs, and prolong charge carrier lifetime. Also, the CB electrons
of the ZnS shuttle to the surface of TigCy, owing to the tight interface
generated between ZnS and Mxene. The highly conductive Ti3Cy nano-
sheets act as an efficient co-catalyst, utilizing these electrons to reduce
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protons (HT) from the solution to generate hydrogen gas. This effective
charge separation resulted in a significantly enhanced HER of 0.50
mmol/gc,h. This performance was nearly four times higher than that of
pure ZnS (0.12 mmol/gcarh) and also surpassed a comparable ZnS/RGO
composite.

Ran et al. [181] explained this synergetic effect due to the efficient
charge separation and numerous —O terminations characterizing Ti3Cy
nanoparticles. Furthermore, Xiao et al. [176] have reported the syner-
gistic effects observed between the n-type semiconductor CdS and the
highly conductive 2D Ti3Cy MXene nanosheets. The 1D/2D Schottky
heterojunction enhanced charge separation and reduced the Schottky
barrier. As anticipated, the composite exhibits 7 times higher hydrogen
production compared to that of the pure CdS nanorods. This observed
synergistic effect was explained by Lin et al. [183] for the Ti3Cy/O-
doped g-C3N4 2D—2D composite through both density functional theory
(DFT) and band theory. That study demonstrated that, upon irradiation,
the electrons transfer from the CB of g-C3N4 to Ti3Cy, via the Schottky-
junction interface and the built-in electric field. According to Fig. 4
(a), this leads to the band alignment between these two components,
preventing the electron transition back to g-C3Ny4. As a result, the pho-
tocatalyst is characterized by enhanced charge separation, and
improved HER, leveraging the electrons accumulated on the Ti3Cy
surface.

In addition, the specific hole scavenger participating in the oxidation
step can play a significant role in facilitating charge separation and
migration reported by the literature. Jones et al. [153] reported a sub-
stantial 14-fold enhancement in the rate of hydrogen generation when
TEOA was utilized as a hole scavenger for Pd/C3sNy, in contrast to the
utilization of methanol. The efficiency of TEOA as a hole scavenger was
shown to be only twice that of methanol when Pd/TiO, was employed,
however. Similarly, lactic acid as a sacrificial agent showed higher ac-
tivity for hydrogen production compared to triethanolamine and
methanol [203].

2.2. Metal-organic and organic semiconductors

2.2.1. Metal-organic frameworks

Metal-organic frameworks (MOFs) are a class of crystalline porous
materials consisting of inorganic nodes, which can be single metal atoms
or metal clusters, interconnected with organic ligands. Their unique
structure consists of open networks that contain voids, which result in
high specific surface areas (1000-10,000 m2g™!) and pore volumes (up to
4.4 m3g'1) [204]. MOFs have unique properties which make them
excellent candidates as photocatalysts compared with traditional inor-
ganic semiconductors: (i) The modular nature of MOFs allows them to be
tailored to enhance specific photocatalytic properties: for instance,
different combinations of metal nodes and organic ligands can be
selected to improve light absorption and reactant adsorption; (ii) the
porous structure of MOFs facilitates the exposure of the active sites and
reduces the charge transfer path, thereby improving the separation of
electrons and holes; (iii) the highly ordered structure of MOFs provides
an ideal platform for studying the structure-activity relationships in the
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photocatalytic process.

To fully leverage the potential of MOFs as photocatalysts, it is crucial
that the synthesis methods of MOFs are not only facile, but also eco-
nomic and readily scalable. Solvothermal and hydrothermal methods
are well-established approaches for the synthesis of MOF-based photo-
catalysts as reported in Table 1 summarizing the use of MOFs for the
hydrogen evolution reaction. The use of cost-effective ligands, such as
benzoic acid derivatives [205-207] further enhances the economic
feasibility of using MOF-based photocatalysts for hydrogen production.

Fig. 5 shows the different mechanisms that induce photocatalytic
activity in a MOF-based photocatalyst [208]. In a pristine MOF (Fig. 5
(a)), the organic ligand typically absorbs the photons from incident
light. The excited electrons are then transferred to the inorganic cluster
(MexOy). In this case, critical properties determining the photocatalytic
response of the MOF are the energy required to excite an electron of the
ligand from its ground state to an excited state (AE,ps), and the energy
required to transfer the excited ligand's electron to the inorganic clus-
ter's unoccupied orbital (AEpycr) [209]. This ligand-to-metal electron
transfer ensures the separation of the photogenerated charges and pre-
vent their rapid recombination. However, for many commonly used
MOFs this pathway is thermodynamically unfavourable due to a positive
AEpymcr- In such cases, recombination of photogenerated charge carriers
often dominates, leading to low quantum efficiencies despite strong
light absorption by the organic linker. Consequently, significant efforts
have been directed toward the design of photocatalytic MOF in which
the unoccupied metal-centred orbitals lie at lower energy than the
lowest unoccupied ligand orbital. This can be achieved through metal-
node substitution, linker functionalization, defect engineering, or
modulation of metal-ligand coordination environments, all of which
enable systematic tuning of the MOF band structure [210]. These stra-
tegies aim to achieve a close-to-zero or even negative AEpycr, therby
enabling a thermodynamically favorable charge transfer pathway [211].
Importantly, recent mechanistic studies further indicate that such band-
structure optimization can also mitigate charge-induced degradation
pathways by reducing charge accumulation on the organic linker,
thereby contributing to improved photocatalyst stability under pro-
longed light irradiation [212].

A different approach to employ MOFs for photocatalysis is to use
them as carriers to encapsulate other photocatalytically active materials.
In this case, the MOF scaffold can simply contain a photocatalyst (Fig. 5
(b)) or take part in the charge transfer mechanism (Fig. 5 (c)).

For instance, Shi et al. reported a HER of 7.1 mmol/g.h using a
pristine Cu-I-bpy (bpy = 4,4 -bipyridine) without the use of co-catalysts
and TEA as a sacrificial agent [213]. Ru-TBP and Ru-TBP-Zn MOFs were
demonstrated to produce hydrogen with a rate of 0.13 and 0.24 mmol/
gcath under visible light irradiation [214] (Fig. 6 (a)).

A pristine Co-MOF (Fig. 6 (d)) was synthesized through a one-pot
solvothermal method and reported to produce hydrogen with a rate of
1.1 mmol/gcqrh under visible light irradiation, although in the presence
of Ru(bpy)sCl; as a photosensitizer [215].

Some MOFs incorporate ligands which enable hydrogen production
when exposed to visible light irradiation. For instance, porphyrin-based
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Fig. 4. (a) The mechanism of photocatalytic Ho-evolution of MX1/HCN Schottky-junction [183]. Copyright 2019 Elsevier. (b) The mechanism of the electron transfer
and the enhanced photocatalytic H; evolution performance in the ZnS/Ti3C; system [203]. Copyright 2019 Elsevier.
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Fig. 5. Schematic mechanism to induce photocatalytic activity in a MOF-based photocatalyst. (a) Pristine MOF: The organic ligand acts a light-sensitizing antenna,
and the charge is transferred from the ligand to the inorganic cluster. (b) The MOF encapsulates a photocatalyst that absorbs light. (c) Charge transfer occurs between
the MOF and the encapsulated photocatalyst [208].
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Fig. 6. (a) Ru-TBP crystal structure down the (100) direction with coordination environment of the Ru2 paddlewheel and proposed hydrogen production mecha-
nism. Reprinted with permission from [213]. Copyright 2018 American Chemical Society. (b) Schematic illustration of the one-pot solvothermal synthesis of
Au@PCN(Co0)70. Reprinted with permission from [221]. Copyright 2023 Elsevier. (c) Illustration of a 2D MOFs photocatalyst synthesized through in-situ partially
reducing the Ti-based MOFs with Pt embedded in the porphyrin center (TMF—Pt). Adapted with permission from [225]. Copyright 2023 Elsevier. (d) Crystal
structure of Co-MOF with color code: Co, green; O, pink; N, blue; C, gray. Reprinted with permission from [215]. Copyright 2018 American Chemical Society. (e)
Mechanism of photoinduced carrier dynamics for Pt@NH,-UiO-66/CdS, with a hole-trap transfer pathway for enhanced HER photocatalytic activity and (f) Band
diagram of photocatalytic processes in Pt@NH,-UiO-66/CdS. Reprinted with permission from [224]. Copyright 2022 Springer Nature.
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ligands demonstrate an excellent photocatalytic response under visible
light irradiation due to their UV-vis absorption spectrum displaying the
characteristic Soret and Q bands [216]. For instance, different MOFs
incorporating tetrakis(4-carboxyphenyl) porphyrin as a ligand were
demonstrated to be particularly efficient in the hydrogen production
under visible light irradiations [217-219]. Additionally, the introduc-
tion of a metal centre in the porphyrin ligand enhances the efficiency of
separation of electrons and holes. Metalloporphyrin ligands included in
Co- [220], Zr-based [221] MOFs were successfully synthesized by a one-
pot solvothermal method (Fig. 6 (b)) and used for photocatalytic
hydrogen production under visible light irradiation. Modification at the
metal node level have also been the focus of patented technologies. For
example, Kyriakos et al. presents Ti-based MOFs characterized by single
or multiple ligand types [222]. The use of Ni,P as a co-catalyst boosts the
HER to 0.89 mmol/g,h under visible light irradiation.

Despite the recent efforts in developing co-catalyst-free systems, the
literature of photocatalytic hydrogen production is still dominated by
co-catalyst-decorated MOFs. The co-catalysts are typically noble metal
nanoparticles that (i) trap the electrons resulting in an enhancement of
the separation of the photoinduced charges, and (ii) offer reducing
active centers for the protons. These nanoparticles can be either pre-
synthesized or generated in situ during the synthesis of the MOF.

Ti-based MOFs with Pt embedded in the porphyrin center and
loading Pt nanoparticles (Fig. 6 (c)) have recently demonstrated a
remarkably high photocatalytic HER (33.2 mmol/g.,h) under visible
light irradiation [220]. The preparation method and the applications of
this highly efficient MOF have been patented in 2022 [223]. A newly
patented catalyst features a hollow structure derived from MIL-68 (In).
This innovative heterojunction catalyst, in the form of a MOF composite
material, demonstrates exceptional capabilities in the synergistic pho-
tothermal reforming of methanol. The optimal HER is achieved at
210 °C, reaching a peak of 67.4 mmol/g.,h. The remarkable potential
of MOFs for photocatalytic hydrogen production is largely due to the
efficient charge separation. For instance, a ternary composite Pt@NHo-
UiO-66/CdS achieved an AQY of 40.3% at A > 400 nm irradiation,
attributed to charge separation following an efficient photogenerated
hole-transfer band-trap pathway [224] (Fig. 6 (e)-(f)).

2.2.2. Covalent organic frameworks

Covalent organic frameworks (COFs) display outstanding catalytic
properties such as exceptional porosity and large specific surface area. In
contrast to MOFs, COFs showcase higher thermal and chemical stability,
attributed to the absence of the fragile coordination bonds between
metal nodes and organic linkers. Their purely covalent backbones confer
enhanced resistance to hydrolysis and photoinduced degradation,
making COFs particularly attractive for photocatalytic applications
under aqueous and prolonged light-irradiation conditions [226]. COFs'
physical and chemical characteristics can be altered by changing the
building block allowing for molecular control of their band gap
configuration. Being non-metal containing systems, COFs typically
exhibit reduced overall costs compared to metal containing structures
and significantly align with the principles of green chemistry and sus-
tainability. However, it is worth noting that despite some pristine COFs
have been tested for the photocatalytic hydrogen production, their ac-
tivity is often limited by inefficient exciton dissociation and rapid
electron-hole recombination, and the incorporation of metal co-catalysts
is therefore frequently required for improved performances. Photo-
generated charge separation in COFs is typically governed by exciton
generation within 1-conjugated domains, followed by exciton migration
and dissociation at donor-acceptor interfaces or cocatalyst junctions
[226,227]. As a result, integrating electron donor-acceptor molecules is
a typical strategy to design COFs with improved electron-hole separa-
tion and charge transport efficiencies. For instance, Wang et al. con-
structed a vinylene-linked n-conjugate using benzotrithiophene as the
donor moiety and the electron-deficient benzobisthiazole and cyano-
vinylene linkages as the acceptor units. The strong donor-acceptor
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coupling within the BTH-3 framework enabled efficient exciton sepa-
ration and electron migration toward Pt cocatalyst sites resulting in a
HER of 15.1 mmol/g.,rh and AQY of 0.79% (A = 420 nm) in the pres-
ence of TEOA [228]. Similarly, Yu et al. synthesized a PETZ-COF
combining tetraphenylethylene as an electron donor moiety and
thiazolo[5,4-d] thiazole as an electron acceptor moiety. With the assis-
tance of Pt as a co-catalyst the system exhibited a HER of 7.23 mmol/
gcarh and AQY of 2.7% (A = 420 nm) using ascorbic acid as a sacrificial
agent [229]. Zhao et al. further demonstrated that structural regulation
at the molecular level can directly influence exciton dissociation effi-
ciency by tuning the spatial separation between acceptor units. By
adjusting the space length between triazine and 2, 2’-bipyridine moi-
eties, the resulting NKCOF-113-M facilitated enhanced exciton dissoci-
ation and charge transport. Assisted by Pt as a co-catalyst, the system
exhibited a HER of 13.1 mmol/g.,-h with an outstanding AQY of 56.2%
at A = 475 nm [230].

The immobilization of functional groups on the backbones of the
COF's building unit is another common strategy to facilitate the sepa-
ration and transfer of photogenerated electrons and holes. For instance,
electron-absorbing functional groups such as strongly electronegative
halogen atoms can regulate the localized electron cloud density and
suppress the electron-hole recombination rate. Chen et al. synthesized a
Py-CITP-BT-COF via polycondensation of chlorinated benzothiadiazole
(BT) units. Using Pt as a co-catalyst, this photocatalytic system revealed
an HER of 8.87 mmol/g.,rh and an AQY of 8.5% (A = 420 nm) in the
presence of ascorbic acid as a sacrificial agent. The fluorination of BT
units, resulting in the Py-FTP-BT-COF showed a decreased photo-
catalytic activity (2.87 mmol/ gc,rh) [231]. The cyano group is an
alternative electron-absorbing functional group. Cyano-substituted
alkene-linked COFs yielded a HER of 2.33 mmol/g.rh under visible
light irradiations, significantly higher than the corresponding imine-
and imide-linked counterparts (< 0.04 mmol/ gerh) [232]. An
extraordinary activity (HER of 112 mmol/gc,h) with AQY up to 82.6%
was recently reported for nanosheets obtained by ball milling of cyano-
COFs using Pt as a co-catalyst. This was ascribed to the substantially
prolonged charge carrier lifetime due to the incorporation of the
B-ketene-cyano group as a donor-acceptor pair into the COF nanosheet.

Ma et al. reported the synthesis of a sp2-carbon-linked triazine based
COF (COF-JLU100) characterized by exceptional crystallinity and large
BET surface area (1223 m?2/g). The cyano-vinylene segments of the
framework extended the visible-light response range resulting in more
photogenerated carriers and high HER (107.38 mmol/gch) [233].
Powder X-ray diffraction patterns demonstrated that the adoption of a
gradient heating synthesis method enhanced the degree of structural
order of the framework compared with traditional processes, favoring
the transport of the photogenerated electrons.

The development of heterojunction hybrids-based COFs proves to be
an efficient strategy for mitigating the electron-hole recombination issue
arising from the poor electrical conductivity of COFs. He et al. engi-
neered a COF with periodically ordered n skeletons and immobilized
[Mo3S; 3]'2 reaction centres. This framework facilitated efficient electron
transfer from the antennae to the catalytic centres. Characterized by
ligating walls and hydrophilic channels, these photocatalytic systems
achieved a HER of 11 mmol/g.,¢h and a AQY pf 3.6% (600 nm) without
the use of a noble metal co-catalyst [234]. Shen et al. synthesized a Ni-
intercalated fluorenone-based COF (Ni-COF-SCAU-1), which exhibited
excellent HER (197.46 mmol/g.,rh) and AQY (43.2 at 420 nm). The
strategic insertion of Ni at the interface was observed to polarize the
electric field in COF-SCAU-1, thereby enhancing exciton dissociation
info free charge carriers and accelerating their transfer from the bulk to
the surface [235].

While a significant portion of these materials incorporates noble
metals as co-catalysts, examples of COFs used as photocatalysts without
the need for a co-catalyst have also been documented [236]. The patents
predominantly emphasize COF preparation methods, with a particular
emphasis on solvothermal synthesis. Li and Wang recently documented
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the performance of a 2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TAPT)
COF, demonstrating an exceptional HER of 33.91 mmol/gc,h when
utilizing TEOA as a sacrificial agent [237]. Synthesis methods of
particular interest are those that obviate the necessity for ultrahigh
vacuum conditions, possess mild operating parameters, entail brief
synthesis durations, and exhibit low energy consumption, rendering
them suitable for large-scale production. In this context, a patented
solid-phase method has been developed to synthesize a single-atom Pt-
embedded COF [238]. This COF has also been synthesized using a
microwave-assisted solvothermal approach, demonstrating its applica-
tion in hydrogen production from seawater with a notable production
rate of 41.3 mmol/gc,rh, utilizing ascorbic acid as a sacrificial agent
[239].

2.2.3. Conjugated polymers

Linear conjugated polymers, consisting of one-dimensional skeleton
photoactive n-systems, stand as an appealing platform for the facilitation
of photocatalytic hydrogen production. Distinguished by their unique
electronic structures, these systems efficiently absorb light across a
broad spectrum, encompassing visible and near-infrared regions. Key
advantages of conjugated polymers lie in their tunable electronic and
optical properties, facile synthesis under mild operating conditions, and
robust chemical stability which mitigates concerns related to
photobleaching.

Moreover, the inherent n-conjugation along the polymer backbone
enables them with unique photogenerated charge carrier separation and
transport properties. Upon photoexcitation, tightly bound excitons are
generated along the conjugated chains; their dissociation typically re-
quires internal donor-acceptor motifs, backbone polarization, or in-
terfaces with cocatalysts that provide energetic driving forces for charge
separation. This feature is critical to catalyze photoredox reactions,
underscoring the key role that conjugated polymers play in the intricate
interplay of processes leading to hydrogen production [240]. Band-
structure regulation through backbone copolymerization, heteroatom
incorporation, and side-chain engineering has been shown to reduce
exciton binding energies, extend carrier lifetimes, and improve direc-
tional charge transport toward catalytic sites. Over the last few decades,
a diverse array of reactions has been utilized in the synthesis of linear
conjugated polymers, including Sonogashira-Hagihara coupling, Suzu-
ki-Miyaura cross-coupling, Yamamoto coupling, Heck coupling, Frie-
del-Crafts alkylation, Schiff base reaction, among others. The selection
of the appropriate synthetic method and the adjustment of the reaction
operating parameters allow the incorporation of various building blocks
in the polymer skeleton providing greater flexibility in the synthesis
[241]. Importantly, recent mechanistic studies have also highlighted
degradation pathways in conjugated polymer photocatalysts under
aqueous and prolonged illumination — such as backbone oxidation or
recombination-induced deactivation — emphasizing the need to couple
electronic optimization with stability-oriented molecular design [242].

A common strategy to form highly delocalized conjugated systems is
introducing planar conjugated building blocks into the skeletons of
linear conjugated polymers. For example, Yang et al. synthesized a series
of linear conjugated polybenzothiadiazoles by alternating the substitu-
tion position of the electron-withdrawing benzothiadizole unit on the
phenyl unit as a co-monomer [243]. A similar donor-acceptor func-
tionality was identified in a PyDTDO-3 conjugated polymer which
exhibited a notable HER of 50.2 mmol/g.rh when combined with
carbon nitride in an S-scheme heterojunction [244].

Sprik et al. synthesized a series of para-substituted low molecular
weight oligo(phenylene)s and poly(p-phenylene)s that incorporated
planarized units such as fluorenes, carbazoles, and dibenzo[b,d]thio-
phene [245]. Among these structures, the incorporation of the dibenzo
[b,d]thiophene sulfone unit in the planarized co-polymer exhibited a
HER of 1.49 mmol/gcyh with an AQY of 7.2% without the addition of
any metal co-catalyst.

Sulfone units also showed excellent hydrogen production rates when
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incorporated into a homopolymer of dibenzo[b,d]thiophene [246]. The
introduction of hydrophilic groups into the side chain has been shown to
enhance the interaction between water molecules and the photocatalyst
surface through the formation of hydrogen bonding. For instance, the
conjugated polymer PF6A-DBTO2, functionalized with adenine,
demonstrated a HER of 21.93 mmol/gc,rh in the absence of a metal co-
catalyst under visible light conditions[247].

Heterojunctions based on conjugated polymers are frequently
encountered in patent literature. A recent patent describes the synthesis
method and photocatalytic application of an innovative heterojunction
comprising a halogenated aromatic linear conjugated polymer and g-
C3Ny. This novel heterojunction demonstrated a notable HER of 49.21
mmol/gcah, accompanied by an AQY of 46.7 at A = 475 nm. The
polymer was synthesized through Suzuki or Stille coupling reactions
[248]. Kosco et al. patented a novel photocatalyst exhibiting an excep-
tional hydrogen evolution reaction, achieving a rate of 64.43 mmol/gcat
h. This system featured a heterojunction between a donor polymer
(PTB7-Th) and a non-fullerene acceptor (EH-IDTBR) within Pt-
decorated organic nanoparticles [249].

As extensively reviewed in Section 2.2, organic photocatalysts pri-
marily derive their performance from structural attributes rather than
from intrinsic electronic properties. Their exceptionally high surface
areas, tunable porosity, and modular chemical design enable precise
control over light absorption and reactant accessibility. However, their
photocatalytic performance is often constrained by poor intrinsic elec-
trical conductivity and strong exciton binding, which hinder efficient
charge separation and long-range charge transport. As a result, many
high-performing organic systems rely on noble-metal co-catalysts or
donor-acceptor molecular engineering to approach or exceed the ac-
tivity of state-of-the-art inorganic photocatalyst. When such strategies
are successfully implemented, exceptionally high HERs can be achieved,
in some cases rivaling or surpassing inorganic benchmarks.

2.3. Photocatalytic materials in large-scale applications

This section has reviewed a large number and wide range of mate-
rials for photocatalytic hydrogen production, however the transition of
these materials from laboratory-scale proof-of-concept to industrial
viability requires a significantly broader evaluation. In the laboratory
setting, HER and AQY remain the primary metrics for evaluating ma-
terial performance. Large-scale deployment however relies on more
comprehensive performance metrics, for example material and process
stability, precursor cost and availability, synthesis scalability, and life-
cycle sustainability [250]. A summary analysis of the materials dis-
cussed above is therefore presented here.

TiOy represents the current benchmark for stability and cost-
effectiveness among inorganic semiconductors for large-scale applica-
tions. The viability of TiOy is supported by established production
methods and supply chains, and it offers excellent resistance to photo-
corrosion. However, the general reliance on UV irradiation — which
represents less than 5% of the solar spectrum at the Earth's surface of
TiO limits solar-to-hydrogen (STH) efficiency, rendering it economi-
cally less feasible for standalone solar hydrogen production applications
in its unmodified form [251]. The large-scale viability of TiO2 does not
however extend to other inorganic semiconductors, such as metal sul-
fides and oxides, for which established large-scale production methods
do not always exist, and which suffer more readily from photocorrosion.

Doping (metal and non-metal) and dye sensitization can shift ab-
sorption of inorganic semiconductors into the visible range, mitigating
the reliance on less abundant UV light. While doping strategies may be
scalable, they can often introduce recombination centers that limit
quantum efficiency. Dye-sensitized systems, despite superior visible-
light harvesting, suffer from critical instability due to dye desorption
and photobleaching under long-term irradiation, making them largely
unsuitable for robust, large-scale photoreactors [250,251]. Inorganic
semiconductor heterojunctions offer significant potential for efficiency
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in large-scale applications by spatially separating charge carriers, min-
imising recombination. However, the complexity of synthesizing multi-
component interfaces at scale introduces significant reproducibility
challenges and high capital expenditures (CAPEX), necessitating precise
engineering that may offset efficiency gains[252]. MOFs and COFs
provide unparalleled surface area and structural tunability. However, as
previously discussed, MOFs can struggle with instability, and the cost of
organic linkers remains prohibitive for large-scale production. COFs
improve upon the stability of MOFs via robust covalent linkages and
offer a metal-free alternative, however their synthesis typically requires
expensive monomers and long crystallization times, limiting their cost-
effectiveness. Graphitic carbon nitride benefits from the use of earth-
abundant, low-cost precursors (e.g., urea, melamine) and simple ther-
mal syntheses, and offers excellent chemical stability in aqueous envi-
ronments. The efficiency of g-C3N4 in bulk form can however suffer due
to low surface area and high charge recombination [253]. Finally,
conjugated polymers offer molecular tunability of electronic and optical
properties, allowing use of the full solar light bandwidth and improved
efficiency. Metal-free versions reduce environmental toxicity, but metal
doping is often required to achieve suitable efficiencies [253].

3. Sacrificial agents: choice and mechanism

The simultaneous treatment of wastewater and hydrogen production
presents a dual-purpose solution, enabling both sustainable energy
generation and environmentally responsible wastewater management
[254]. Fig. 7 illustrates the growing interest and expanding research
efforts in utilizing wastewater for hydrogen generation, highlighting the
continued need for development and innovation in this field. Tak et al.
[255] reviewed a variety of systems designed to evaluate the potential of
wastewater for generating hydrogen-rich gas. These technologies
employ distinct mechanisms, varied configurations, and procedures. The
technologies were broadly classified into three distinct categories: light-
dependent, light-independent, and other approaches. Given the scope of
this review, we will focus specifically on the advantages of light-
dependent technologies that employ photocatalysts.

Several studies have provided innovative approaches to the
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simultaneous wastewater purification and hydrogen production
[184,254,256-258]. In 2022, Wang et al. [257] reported the use of Bi-
assisted modified CdS/TiO, nanotube arrays with ternary S-scheme
heterojunction for hydrogen production from photoreforming. The
photocatalyst exhibited significant performance, achieving an 85.41%
rhodamine B and 100% methylene blue degradation efficiency. The rate
of hydrogen production achieved a value of 3.15 mmol/g.rh and
remained constant for four consecutive cycles. Wei et al. [259] con-
ducted a study on the degradation of antibiotic-containing wastewaters
using 8% MoS2@Zn,Cd; S material. After a duration of 5 h, a total of
630 pmol of hydrogen was generated through a 30% reduction of
amoxicillin. Nevertheless, the photocatalyst exhibited inadequate sta-
bility, attributed to surface poisoning. Carbon QD/KNbO3 composites
also represent environmentally friendly photocatalytic systems for
wastewater treatment, with simultaneous hydrogen production. The
experimental findings demonstrated that the crystal violet dye degra-
dation rate and HER were 70% and 0.47 mmol/g.,h in 4 h, respectively
[260]. Moreover, Zhang et al. [258] reported the exceptional perfor-
mance of the hierarchical assembly of ZnInyS4 on reduced graphene
oxide (RGO) and MoS, QDs. This composite material was employed for
the purpose of wastewater treatment and hydrogen production. The
RGO facilitates electron transfer, and the highly dispersed MoS; in-
creases the number of exposed catalytic sites. Further experimentation
was conducted to evaluate the photocatalytic purification of rhodamine
B (RhB), eosin Y (EY), fulvic acid (FA), methylene blue (MB), and p-
nitrophenol (PNP). The degradation efficiencies and TOC removal rates
were 91% and 75% for PNP, 92.2% and 72% for FA, 98.5% and 80% for
MB, 98.6% and 84% for EY, and 98.8% and 88% for RhB, respectively. In
a related study, Iervolino et al. [261] demonstrated hydrogen produc-
tion from glucose degradation in wastewater using an optimized 67 wt%
Ru-doped LaFeOs photocatalyst. Complete glucose degradation and
hydrogen production of 5.46 mmol/L. was obtained after 4 h of
irradiation.

Nasr et al. [262] performed a feasibility analysis on an up-flow
anaerobic staged reactor (UASR) to assess its potential for generating
hydrogen from starch wastewater. The study reveals that in acidic
conditions, the UASR reactor successfully generated hydrogen with a
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yield of 793 L of Ho/kg per COD removed, which accounts for 57% of the
theoretical value.

Moreover, a solar pilot plant scale demonstrated the effective treat-
ment of wastewater using a Au/TiO; photocatalyst for the dual purpose
of simultaneous hydrogen production and organic pollutant removal
[263]. The system achieved a hydrogen yield of 6.5 mmol/L after 5 h of
irradiation, with an accumulated radiation energy of 100 kJ/L. That
study showed that the concentration of dissolved organic carbon (DOC)
positively influenced hydrogen generation, whereas the ionic strength
associated with dissolved inorganic salts (e.g., NaCl and NaySO4) had a
detrimental effect. The optimal rate of photocatalytic hydrogen pro-
duction was achieved when formic acid was used as the sacrificial agent.

4. Review of reactor configurations

While most reported photocatalytic reactor designs have been
developed at laboratory scale, their relevance to industrial imple-
mentation strongly depends on engineering-related aspects that go
beyond the conceptual description of the configuration. Issues such as
photon utilization efficiency, mass and heat transfer limitations, hy-
drodynamic behaviour, gas-liquid separation, operational safety, and
scalability constraints become increasingly critical as reactor size in-
creases. Therefore, the evaluation of photocatalytic reactors should not
only focus on their geometrical arrangement but also on their suitability
for continuous operation, ease of maintenance, energy consumption,
and integration with auxiliary units required for hydrogen separation
and storage.

From an application-oriented perspective, photocatalytic systems
offer significant benefits in relation to the environmentally friendly
production of Hj as a result of their straightforward operation, minimal
electricity usage, and low maintenance requirements. From a techno-
economic perspective, some authors assessed the commercial viability
of different solar-driven hydrogen generation technologies by consid-
ering their efficiency in converting solar energy into hydrogen, eco-
nomic feasibility, durability, and sustainability [264]; from this point of
view, photocatalytic hydrogen production has the potential to produce
Hp at the lowest cost, both through organic photoreforming and pho-
tocatalytic water splitting. Nevertheless, the current efficiency of these
processes remains inadequate, therefore necessitating further in-
vestigations in controlled laboratory environments. The selection of an
appropriate photocatalytic reactor has significant importance in the
exploration of photocatalytic processes. Accordingly, photon manage-
ment, mass and heat transport, hydrodynamics, gas separation, and
maintenance requirements vary significantly among different reactor
layouts. The representative photocatalytic reactor configurations are
reviewed by highlighting their underlying design principles alongside
the key engineering challenges and opportunities associated with scale-
up and large-scale operation.

From an engineering perspective, photocatalytic reactors at labora-
tory scale are primarily designed to enable rapid catalyst screening and
fundamental studies, rather than to reproduce realistic operating con-
ditions. Although these systems are essential for understanding reaction
mechanisms and intrinsic photocatalyst activity, they often neglect
phenomena such as light attenuation in large volumes, non-ideal mix-
ing, pressure drop, and heat accumulation. Consequently, performance
metrics obtained in small-scale batch reactors cannot be directly
extrapolated to large-scale systems without dedicated reactor engi-
neering considerations. Nevertheless, these systems represent a neces-
sary starting point for reactor development and are therefore briefly
reviewed below. At the laboratory scale, the majority of photoreactors
adopted are flask-type glass batch systems, and for fundamental pho-
tocatalyst screening, simple top-down illumination photoreactors are
predominantly employed. Wang et al. [265] irradiates the reaction
vessel. The simple structure and the enhanced airtightness control
reduce the reliance on glass instruments and minimize scattering
(Fig. 8). The outer side of the reaction container is covered with a
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metallic silver layer to reflect light and prevent transmission, improving
the light utilization rate. The larger reaction container volume allows a
better light utilization, while the circular light spot passes more effec-
tively through the reactor's entrance. As such, their relevance to direct
industrial translation remains inherently limited.

Before scaling up to industrial applications, it is indeed important to
assess the photocatalytic activity of different photocatalysts. Rapid
screening methods that allow high-throughput assessment of photo-
catalytic performance can significantly enhance research efficiency and
accelerate the discovery of new, effective photocatalysts. In this context,
some researchers have developed and patented a multi-channel perfor-
mance evaluation device, using a Pd/WOs film able to change the color
as a response to different hydrogen concentrations, to quickly screen the
activity of a certain photocatalyst in water decomposition. The device
simultaneously screens multiple compounds for photocatalytic
hydrogen production, and at the same time enables miniaturization of
the reactor, which greatly reduces the amount of the compound required
for testing [266]. Currently, laboratory-scale photocatalytic reactors
often exhibit low light usage efficiency, potentially causing light pollu-
tion due to transmission through the observation windows. To address
these limitations, some researchers have recently proposed an internally
illuminated photocatalytic hydrogen generation reactor [267]. The
setup consists of a reactor shell with an open structure at its top end,
including an appropriate opening (Fig. 9). The feeding port facilitates
the introduction of water and catalysts. The lamp hole enables the
insertion or extraction of the lamp post. Additionally, the light post is
affixed to the lateral surface of the secondary enclosure and may be
deactivated by raising the secondary closure, providing a user-friendly
means of operation. In this configuration, the reactor shell contains
the water and the catalyst, which are housed within the seat trough. In
the presence of the lamp post's illumination, the process of water split-
ting occurs, resulting in the separation of hydrogen and oxygen. The
lamp post is securely positioned at the centre of the reactor shell,
ensuring uniform and effective illumination of the surrounding reactants
and is equipped with an external protective covering. The side wall of
the reactor shell features an internal transparent window, which is
shielded by an opaque outer to prevent unwanted light leakage. Addi-
tionally, a lateral wall is equipped with an external visual window; both
the internal and external windows are aligned on the same horizontal
plane. The arrangement of the inner and outer double-layer visual
windows, along with the light-blocking outer cover, serves to effectively
prevent any leakage of the light source. By utilizing the external visual
window, it is possible to monitor the reaction conditions within the
reactor shell, while significantly reducing light pollution.

Irrespective of the configuration, photocatalytic reactor performance
is governed by the coupled effects of photon transfer, mass transfer,
hydrodynamics, and heat management. Reactor geometry directly in-
fluences light penetration depth, catalyst utilization efficiency, and gas
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Fig. 8. Schematic representation of a top-down photocatalytic reactor.
(Redrawn based on Wang et al. [265].)
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Fig. 9. Schematic representation of an internal illumination photocatalytic hydrogen generation reactor.

(Redrawn based on Yang et al. [267].)

disengagement behaviour. The critical design and scale-up of a photo-
catalytic reactor are essential for the successful implementation of
photocatalytic technologies, as these improve process efficiency and
reduce the associated costs by maximizing solar energy conversion.
Inadequate design often leads to photon oversaturation, catalyst
agglomeration, inefficient gas removal, and excessive parasitic energy
consumption. For large-scale implementation, reactor engineering must
therefore balance: (i) photon management, including light distribution,
reflection losses, and solar intermittency; (ii) mass transfer, particularly
the transport of reactants to and products away from the photocatalyst
surface; (iii) Hydrodynamics, affecting mixing energy, pressure drop,
and residence time distribution; (iv) thermal effects, as partial conver-
sion of light to heat can both enhance reaction kinetics and impose
material constraints. Advanced reactor models integrating reaction ki-
netics with radiation transport and fluid dynamics are increasingly
recognized as indispensable tools for rational reactor design and scale-
up.

For future commercialization of these technologies, large-scale ap-
plications, engineering, and design strategies are thus still needed. In
particular, there is a specific requirement for the development of a novel
photocatalytic reactor system that exhibits high efficiency, cost-
effectiveness, and durability. To support future design and imple-
mentation, it is essential to evaluate the advantages and limitations of
various systems, while advancing system design and prototype devel-
opment. This will enable the collection of real-time data necessary for
accurate and reliable techno-economic feasibility assessments. Building
on these fundamental reactor-level considerations, large-scale photo-
catalytic plant design requires thorough evaluation of additional system-
level aspects before engineering calculations can be performed. For an
optimal reactor design, it is important to consider numerous factors
[268], including (i) tools such as mirrors and reflectors based on di-
mensions, materials, and cleaning method, (ii) photocatalyst, and (iii)
radiation source-based reactor geometry. The industry faces significant
challenges in designing and constructing efficient photocatalytic re-
actors due to complexities such as fluid pumping energy, pressure drop,
temperature, tubing materials, and water matrix species. The develop-
ment of efficient photocatalytic reactors and models [269], which
integrate reaction kinetics, hydrodynamics, and both mass and radiation
transport phenomena, enables a priori performance prediction and
optimisation [270].
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When moving toward pilot- and industrial-scale applications, the
design of photocatalytic reactors must explicitly address the challenges
associated with solar energy utilization, including the low energy den-
sity of sunlight, its intermittency, and the need for efficient light
collection and distribution over large reaction areas. Reactor configu-
rations such as tubular systems, flat-panel reactors, and concentrator-
based designs have therefore been proposed to enhance photon flux
while maintaining acceptable mass transfer and hydrodynamic condi-
tions. However, these advantages are often accompanied by increased
system complexity, higher capital costs, and stricter requirements in
terms of optical alignment and material durability. While academic
studies on photocatalytic hydrogen production predominantly focus on
catalyst performance and laboratory-scale validation, patent literature
places greater emphasis on technological maturity, system integration,
and pathways toward commercialization. Specifically, patented solu-
tions often address engineering constraints such as continuous opera-
tion, scalability, durability, and gas separation, which are only
marginally explored in lab research. The following examples illustrate
how these patented reactors attempt to bridge the gap between funda-
mental research and practical implementation.

In this context, the feasibility of developing and assembling photo-
catalytic systems on a pilot scale was illustrated more than ten years ago
[271,272], by employing tubular reactors and parabolic concentrators
for wastewater treatment. More recently, several authors have proposed
the use of photocatalyst panels for photocatalytic water-splitting re-
actors designed for Hy production [273]. Fattorusso and Puga [274], for
instance, invented a photocatalytic panel reactor able to use direct light
contact (real or artificial) to degrade wastewater and produce hydrogen.
The system consists of a flat-panel reactor (See Fig. 10 (a)), featuring a
shallow container and a top transparent window able to capture incident
light. The photocatalyst is immobilized on a thick bed (1+100 pm). The
simple design and the possibility of using the solar source without the
need for light concentration are the most interesting advantages of this
setup. With a prototype of 200x300x30 mm?®, the authors reported a
hydrogen production of about 0.33 L in the presence of 1.5 L of a so-
lution sourced from a local juice production plant when Pt/TiO, was
used as photocatalyst with natural sunlight for 3 h (between 12:00 and
15:00, average irradiance of 0.87 kW/m?). Compared to laboratory-
scale photoreactors, this patented configuration explicitly targets oper-
ational simplicity, catalyst immobilization, and system robustness,
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reflecting a shift from performance-driven laboratory optimization to-
ward engineering solutions suitable for pilot-scale deployment. Other
authors [275] including (i) a circulating liquid storage tank (with
methanol solution), (ii) a circulating pump, and a (iii) photocatalytic
reactor unit (composed of strip-shaped reaction plates and light-
transmitting plates along the inclined direction, forming the liquid
channel) connected through pipelines (See Fig. 10 (b)). A steam drum
was installed above the second liquid storage tank for separating and
storing hydrogen. The system demonstrated an improved hydrogen
production efficiency via methanol photoreforming: by using CoP/TiOy
composite or WO3 photocatalyst, 90% of methanol conversion was
reached, attributed to the continuous recycling of the liquid stream.
Hydrogen production efficiency reached approximately 5% with CoP/
TiO2 and 5.7% with WOs. In contrast, when the reaction liquid was not
recycled, the efficiency dropped to around 2%; notably, one of the key
advantages of this system is the reduced overall electricity consumption
achieved through the effective use of solar energy. These patented
reactor systems highlight a clear technological evolution from batch
laboratory reactors toward integrated, continuously operated solar-
driven systems. From a commercialization perspective, such designs
prioritize liquid recirculation and reduce auxiliary energy consumption,
rather than solely maximizing intrinsic photocatalytic activity.

Several studies demonstrated the feasibility of scaling up a photo-
catalytic hydrogen generation system [276,277]. Additionally, solar
photocatalytic tubular reactors on a pilot scale have been designed for
H, generation from water while utilizing additional organic or inorganic
compounds (as hole scavengers). Compound parabolic concentrator
reactor (CPC) is one of the most common configurations for photo-
catalytic Hy production, as reported by different authors [19,276].

The choice between slurry-based and immobilized photocatalytic
reactors represents one of the most critical engineering decisions for
large-scale hydrogen production. While slurry reactors typically offer
superior mass transfer and higher apparent reaction rates, they intro-
duce additional challenges related to catalyst recovery, continuous
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mixing, and operational costs. Conversely, immobilized systems simplify
downstream processing and improve operational stability but may suffer
from reduced photon and reactant accessibility. A comprehensive en-
gineering assessment is therefore required to identify the most suitable
configuration for industrial implementation, taking into account effi-
ciency, reliability, and economic feasibility. Patent literature suggests
that these two reactor families correspond to distinct commercialization
pathways, with slurry-based systems favoring higher reaction efficiency
and immobilized configurations offering advantages in terms of opera-
tional stability, catalyst recovery, and regulatory compliance. The
market competitiveness of each approach therefore depends on the
specific application scenario and system integration requirements.
Although demonstration prototypes have been developed for photo-
catalytic Hy production, the absence of a commercial-scale plant at
present can be attributed to the insufficient investigation into industrial-
scale systems, and the dearth of dependable data to establish the eco-
nomic viability of this technology. For example, a significant portion of
the literature on photocatalysis focuses on photocatalyst design and
engineering. In contrast to slurry/suspension systems, substantial effort
has been recently devoted to the construction of large-scale photo-
catalyst panel-based reactors, where the postreaction treatment
requirement is straightforward. Nevertheless, the past achievements of a
slurry-based photocatalytic prototype plant, which included its effective
construction and increased efficiencies, suggest that photocatalytic Hy
generation is feasible with the proper configuration of a slurry system.
Despite the requirement for postreaction catalyst separation, slurry re-
actors provide a multitude of advantages, including a simple design, a
substantial photocatalyst surface area relative to the reactor area,
improved light penetration, and enhanced mass transfer. Conducting a
methodical evaluation of immobilized and slurry photoreactors in the
context of large-scale photocatalytic hydrogen gas production is crucial
to ascertain the economic and practical feasibility of each configuration.
To address challenges related to the separation of the photocatalytic
material, some inventors [278] proposed a photocatalytic reactor design
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that employs a magnetic mineral as the photocatalyst. This configura-
tion offers a simple and practical solution, allowing seamless integration
into a wastewater discharge system by pumping the aqueous mixture
directly into the reactor.

The development of large-scale, easy-to-manage, and high-
throughput photoreactors is crucial for effective outdoor operation.
Various solar reactors have been developed for photocatalytic applica-
tions, such as the parabolic trough concentrator (PTC), compound
parabolic concentrator (CPC), inclined flat plat reactor (IFPR), thin film
fixed bed reactor (TFFBR), and double skin sheet reactor (DSSR). Given
the diffuse nature and relatively low intensity of solar radiation, the
integration of efficient solar light concentrators is critical for achieving
high photocatalytic performance. Numerous efforts have been made to
demonstrate photocatalysis feasibility at the pilot scale, highlighting its
potential for industrial implementation. However, most of the pilot
demonstrations were designed for photocatalytic detoxification or bio-
logical purposes, while only a few examples are reported for photo-
catalytic hydrogen production. Solar photocatalytic degradation and
hydrogen production share similarities, such as anautogenous redox
reactions, well mixing and high disturbance, and low overall effi-
ciencies. Differences between engineering solar photocatalytic water
detoxification and hydrogen-generating reactors include the need for
post-processing procedures, separation of photocatalysts, and the
requirement of nontoxic photocatalytic materials when treating indus-
trial or biologically contaminated water. Scaling up photocatalytic re-
actors for hydrogen production presents a promising pathway for
sustainable energy storage and to contribute to the transition toward a
cleaner and more resilient future energy infrastructure. However,
practical applications indicate that most photocatalytic reactors are still
constructed and operated at a relatively small scale. To advance the
technology, a range of large-scale and cost-effective reactors have been
developed for pilot demonstration of direct solar photocatalytic
hydrogen production technology. In both academic and patent litera-
ture, tubular reactors containing suspended photocatalysts are
frequently proposed for this purpose [276,279-281]. Generally, indeed,
most studies report hydrogen production normalized to the mass of
catalyst used. However, increasing the catalyst loading often leads to
reduced efficiency, primarily due to limited light penetration and cata-
lyst agglomeration [282]. Optimizing the amount of photocatalytic
material to be used remains a crucial factor in improving the overall
process efficiency. In slurry photoreactors, however, the need for
continuous mixing introduces additional energy requirements, leading
to higher operating costs and challenges in catalyst recovery and reuse.
In this context, in 2020, some authors [283] invented a fixed-film solar
photocatalytic hydrogen production device, based on a compound
parabolic concentrator, which is able to improve the efficiency of the
process and reduce the operating costs (Fig. 10 (c)). A sinking method
was used to improve solar energy utilization and adjust the distribution
of concentrated light on the photocatalytic reactor, enhancing the per-
formance. The device includes a liquid storage tank, a photocatalytic
reactor with a concentrating component, and a gas-liquid separator. The
condensing component includes a compound parabolic concentrator
and a plane reflector. The gas-liquid separator separates and removes
moisture from the gas outlet. The device also includes an angle adjust-
ment mechanism, a stainless steel or acrylic glass reactor box body, and
a silicon rubber gasket. This innovation enhances the photocatalytic
hydrogen production process by integrating a condensing unit designed
with a compound parabolic concentrator and employing a sinking
method to optimize light capture. The parameter measurement
component includes a radiometer and a temperature probe. The sinking
design improves the utilization rate of solar energy and adjusts the
distribution of concentrated light on the photocatalytic reactor,
reducing unevenness and improving the overall performance. The
reactor cover plate is made of acrylic glass, providing high light trans-
mittance and good chemical, mechanical, and weather resistance.
Currently, one of the most commonly employed reactor configurations is
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a single-bed photocatalytic device, in which the catalyst, hole sacrificial
agent, and water are all present within the same reaction bed. However,
maintaining a stable hydrogen production in such systems requires the
continuous replenishment of sacrificial agents, which limits their prac-
tical applicability. The construction of a highly efficient and stable
photocatalytic reaction system is crucial for the practical use of solar
photocatalytic hydrogen production. Some authors [284] proposed a
novel two-bed photocatalytic decomposition water hydrogen produc-
tion system (Fig. 10 (d)). The system consists of a photocatalytic reac-
tion bed and a hole sacrificial regeneration bed, with the water outlet
connected to both components. The system features a quartz reactor
with a light source and a tank body with a separator for filtering a
barrier-reducing active solid chemical agent. Key advantages of this
setup include the use of a stable inorganic anion as a hole-sacrificing
agent, which undergoes oxidation by photogenerated holes and subse-
quent regeneration. Additionally, the dual-bed photocatalytic configu-
ration contributes to maintaining a constant concentration of the
sacrificial agent, while minimising light-blocking effects.

The utilization of solar energy in the broader field of photocatalysis is
predominantly directed toward the degradation of organic matter.
Conversely, there are only few studies regarding the direct conversion of
water decomposition into hydrogen under solar or visible light radiation
[285,286]. Advanced solar concentrating technology and high-
efficiency photocatalytic reactors are essential for efficient solar en-
ergy utilization [287]. One of the earliest related inventions, proposed in
2007, consisted of a photocatalytic reactor with a stainless-steel support
with a local latitude angle, a compound parabolic concentrator fixed by
bearings, and a tubular reactor connected in series through PVC pipes
[288]. The compound parabolic concentrator is a reflective surface
made of a curved surface and an aluminium film coated with alumina.
The invention offers advantages such as low cost, adaptability to
weather conditions, and the ability to monitor reaction conditions in
real-time. The number of composite parabolic concentrators and tube
reactors can be arbitrarily increased or decreased according to design
requirements, making it applicable to various fields and facilitating
further scale-up. More recently, a new photocatalytic reactor with high-
precision automatic tracking of the sun was invented [279] (Fig. 10 (e))
to maximize solar energy use and improve the efficiency in terms of
hydrogen production. The photocatalytic reactor was mainly composed
of an axial solar focuser and a serpentine coil reactor, placed at the
centre of the linear parabolic concentrator. Among the key advantages
of this invention are the effective mixing between the introduced cata-
lyst and the reaction medium, as well as the integration of an automatic
solar tracking system. However, despite the presence of solar tracking,
the incident angle of the solar radiation remains a critical parameter
influencing the efficiency of photocatalytic hydrogen generation. When
the angle deviates from perpendicular, there is a significant decrease in
the usage rate of sunlight, reducing the overall photocatalytic efficiency.
To overcome this limitation, some authors [289] proposed a secondary
reflection concentrating system (Fig. 10 (f)) and explored its potential
application in a photocatalytic hydrogen production reactor. The sec-
ondary reflection concentrating system consists of several components,
including a linear parabolic concentrator and a flat reflector. The linear
parabolic concentrator is positioned with its concave surface facing the
flat reflector. The mount is stationary, and the upper end of the
mounting seat contains both a polar axis and a main rotating shaft.
Lastly, the flat reflector is mounted onto the polar axis. In addition to the
aforementioned approach, it has been proposed to incorporate a
photosensitive element within the concave inner region of the flat
reflector. The circulation system consists of a tube for the photocatalytic
water splitting hydrogen generation process, a tank for liquid storage,
and two pipes for circulation. The tube for the reaction of photocatalytic
water splitting and hydrogen production is positioned at the concave
focal point of the linear parabolic concentrator. As an additional
favorable approach, the photocatalytic water splitting, and hydrogen
production reaction tube is constructed using a glass fibre mesh that is
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coated with a photocatalyst. Furthermore, the photosensitive compo-
nent is situated on the photocatalytic water splitting and hydrogen
production reaction tube. This modification enhances the efficiency of
solar energy utilization and enables the adjustment of light concentra-
tion on the distribution of the photocatalytic water splitting hydrogen
production reactor. Consequently, this adjustment facilitates the
enhancement of photocatalytic hydrogen production performance.
Compared to the average HER of 0.4 mmol/g.,-h achieved with a single
linear parabolic concentrator; the present invention achieved an
improved average HER of 0.9 mmol/g.,rh. This demonstrates that the
utilization of secondary reflection in this process significantly enhances
the efficiency of photocatalytic water splitting for hydrogen generation.
The hydrogen yield resulting from the utilization of a flat mirror
concentrator is, on average, 2.2 times greater than that obtained with a
single linear parabolic concentrator. This design enhances the utilization
of solar energy and is adaptable to the operating requirements across
various latitudinal locations. Additionally, the system is noted for its
ease of installation and commissioning in practical engineering
applications.

In addition to reactor performance, large-scale photocatalytic
hydrogen production imposes stringent safety and process integration
requirements. The simultaneous generation of hydrogen and oxygen,
together with the need for gas separation and thermal management,
introduces additional design constraints that are often negligible at
laboratory scale. Addressing these aspects at the reactor design stage is
essential to ensure safe operation, reduce auxiliary energy consumption,
and improve the overall efficiency of the photocatalytic system.

The comparison between academic and patent literature reveals a
persistent gap between laboratory-scale innovation and commercial
deployment. While academic research continues to emphasize photo-
catalyst activity and reaction efficiency, patented technologies increas-
ingly focus on system integration, operational reliability, and
compliance with industrial constraints. Safety concerns associated with
hydrogen production and storage represent a major obstacle to practical
large-scale implementation [290-292]. Indeed, the production process
involves the coexistence of hydrogen and oxygen and requires the
development of a reliable method to effectively separate them. Current
approaches involve the utilization of argon gas combined with a two-
stage membrane gas separation technique [293]. However, one of the
membranes, designed for separating argon and oxygen, generally re-
quires elevated operating temperatures, thus increasing the external
heating equipment and costs and expanding the land utilization area. To
address this issue, some inventors proposed the use of a heat-absorbing
component in combination with the photocatalytic reactor unit [294]:
the heat-absorbing component captures sunlight at higher wavelengths
that are not used in the photocatalytic hydrogen production process,
thereby generating heat. The generated heat is then transferred to the
separation unit, eliminating the need for supplementary electric heating
devices or heat concentrators.

Reducing the costs of the photocatalytic processes is crucial for the
effective applicability of these systems to industrial scale. Although
photocatalytic processes are typically studied at 25 °C, temperature
clearly plays a great role on the reaction rate. The conversion of the light
radiation into thermal energy can decrease the costs of the auxiliary
electric energy supply [295]. In these regards, some authors [296] have
proposed the heating of the reactant solution by using the exhaust heat
from a light source, by placing the housing of the light source directly in
water, bringing the water into direct contact with the surface of the light
source device that generates heat (See Fig. 10 (g)). This feature elimi-
nates the heating costs thereby improving the overall energy efficiency.
Based on the above-mentioned issues, several authors have proposed
some reactor configurations which can be suitable to address one or
more issues that currently hinder the industrial applicability of the
photocatalytic processes. Most of the photocatalytic reactors, for
example, are not suitable for use at elevated temperatures and pressures
(i.e., temperatures higher than 100 °C and/or pressures above 150 kPa).
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Consequently, some authors [297] invented a robust continuous pipe-
based photocatalytic reactor in which the photocatalyst is coated
within the pipe, able to operate up to 125 °C and 200 kPa (See Fig. 10
(h)). The pipes, with different thickness (0.5 ~ 50 nm) based on the
required operative pressure, can be elongated and used in modules (100
or more photocatalytic reactors), under real or simulated solar condi-
tions. In the case of solar-based processes, a parabola-shaped reflector,
such as a parabolic mirror, and a heliostat were used to improve the light
efficiency. In the case of artificial light, a prism was used to use a
different radiation wavelength based on the photocatalyst used, thus
using the unfocused portions for other purposes.

5. Challenges, cost assessment, and opportunities

The primary hurdles associated with photocatalytic reforming arise
from the complex matrix of authentic (real) wastewater, which typically
contains complex organic compounds, inorganic ions, and suspended
solids. These components can adsorb strongly onto the photocatalyst
surface, blocking the active sites, hindering light penetration and ab-
sorption, and permanently poisoning the catalyst, thereby reducing the
catalytic activity over time [299-302]. These components can compete
with the target pollutants or the reduction reaction itself [303]. For
example, dissolved organic matter acts as a radical scavenger,
consuming highly reactive species (OH) intended for pollutant degra-
dation [304]. In addition, inorganic ions such as chloride, sulfate, car-
bonate and bicarbonate can exhibit inhibitory effects by scavenging
reactive oxygen species or occupying active sites [305-307]. Suspended
solids and turbidity in wastewater significantly scatter and absorb
incident light, reducing the amount of radiation reaching the catalyst
surface and severely compromising the photo-catalytic reaction rate
[308]. Unlike simulated wastewater with controlled conditions, the
ever-changing composition, concentration, and pH of actual effluent
make consistent performance challenging. In addition, photocorrosion is
also a challenge especially for the sulfide-based photocatalyst such as
CdS, although metallic co-catalyst can help inhibit this [257]. Re-
searchers have developed several strategies to mitigate these negative
effects and optimize dual-functionality systems. One of the strategies is
employing multi-component systems to improve charge carrier separa-
tion and utilization, extending the catalyst lifetime and operational
stability. Two-dimensional Ti3Cp; Mxene nanosheets and MoSy; QDs
blended with ZnInyS4 on reduced graphene oxide enhanced RhB
degradtion (around 98%) and allowed for measurable hydrogen pro-
duction of 45 pmol. MXene materials specifically offer good electrical
conductivity and a large specific surface area, promoting efficient
charge separation and transport to active sites [258]. Incorporating
defects, such as molybdenum vacancies in MoS,, increases active sites
and suppresses carrier recombination, leading to enhanced hydrogen
production rates, highly beneficial when competing reactions are pre-
sent [180]. Also, using noble metal protection such as depositing Bi
nanoparticles acts as an electron recombination center and successfully
inhibits the photocorrosion of sulfide-based materials such as CdS in the
CdS/Bi/TiO; heterojunction, thus enhancing stability for simultaneous
wastewater treatment and hydrogen production [257]. Another alter-
native is processing optimization, such as integrating the photocatalytic
step with upstream treatments reduces the load of inhibitory substances.
Advanced Oxidation Processes utilizing UV and H;02 have been suc-
cessfully implemented as pre-treatment for municipal wastewater to
remove turbidity and Total Organic Carbon (TOC) before membrane
filtration, improving overall water quality and subsequent process effi-
ciency. In addition, adjusting the solution pH can optimize the reaction
environment to favor either hydrogen production or pollutant degra-
dation, as the reaction kinetics of many organic pollutants are highly pH
dependent. For instance, moderate pH conditions can mitigate hydroxyl
radical scavenging, promoting pollutant degradation [304]. Advanced
engineering solutions also involve high-efficiency flow reactors like the
NETmix which enhances mass transfer to overcome diffusion and
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surface fouling limitations, thereby maintaining a consistent, effective
reaction environment [309].

A comprehensive cost assessment of using wastewater for hydrogen
production is necessary to understand the economic feasibility of this
technology and to identify the key cost drivers. This assessment should
consider various factors such as capital and operational expenses, en-
ergy consumption, the type of wastewater, the technology used for
hydrogen production, the scale of production, the location of the plant,
revenue streams from hydrogen sales, and byproduct utilization. By
systematically analysing these costs and benefits, stakeholders can make
informed decisions regarding the implementation of wastewater-based
hydrogen production technologies. Honig et al. [310] investigated the
feasibility and potential benefits of integrating hydrogen production
with wastewater treatment processes. Through an analysis of techno-
economic factors, the study evaluates the levelized cost of hydrogen
(LCOH) and assesses the economic viability of this integrated approach.
The findings suggest that utilizing byproduct oxygen can significantly
lower the LCOH of hydrogen production and increase energy efficiency,
thereby improving the economic feasibility and sustainability of
hydrogen fuel generation. In addition, Jing et al. [311] recently pub-
lished a study detailing the conceptual design and techno-economic
assessment of a novel hydrogen energy production method that is
combined with a water treatment and recovery process. The study as-
sesses the potential advantages of utilizing wastewater treatment in the
framework of a synergistic hydrogen production strategy. Two separate
scenarios were evaluated for supplying the required thermal energy to
the electrolyser. In the first scenario, thermal energy is supplied by a
fossil fuels-powered preheater, while the second scenario sources the
required thermal energy from a solar farm equipped with parabolic
trough collectors (PTCs), designed based on the geographical data of
Dubai (UAE). By incorporating renewable energy sources into fossil fuel-
powered facilities, it is possible to reduce the release of greenhouse gases
and enhance the overall sustainability of wastewater treatment and
hydrogen generation operations. The findings indicated that the Lev-
elized cost of hydrogen (LCH) increased by roughly 38.7% in the second
scenario compared to the first scenario. The increased value of LCH in
the second scenario can be attributable to the significant capital
expenditure linked to solar collectors. Furthermore, the overall con-
version efficiency for the proposed hydrogen production technique was
calculated to be 53.3%. The suggested technology demonstrates a
notable level of competitiveness and dependability in terms of dimin-
ishing water use. While the utilization of a PTC-based solar farm instead
of a heater result in a higher cost for producing hydrogen fuel in the
suggested approach, the environmental advantages of utilizing solar
energy in contrast to fossil energy can be considerably more substantial.

Nasr et al. [262] provided a comprehensive cost and economic
analysis of a fully operational starch wastewater treatment facility with
a capacity of 400 m®/d. According to the estimate, the starch wastewater
treatment plant would recoup its initial investment in 5.75 years, with
an internal rate of return of 12%. The biogas profit from hydrogen
generation reached a peak of 5.3 + 0.57 US$/GJ in comparison to the
global gas price range of 7-8 US$/GJ. In 2022, Barghash et al.[312]
conducted two case studies on the Al Ansab sewage treatment plant
located in the governate of Muscat, Oman. The study assesses the
viability of utilizing treated effluent as a water supply to produce green
hydrogen through proton exchange membrane (PEM) electrolysis, as
depicted in Fig. 11. The electrolysis system consists of an electrolyzer
stack, a power supply system, a hydrogen and oxygen separator, and a
storage facility. The findings indicate that the revenue generated by Al
Ansab STP in a traditional scenario amount to 7.02 million OMR per
year. However, adopting sustainable alternatives to generate hydrogen
through the Proton Exchange Membrane (PEM) electrolyzer system
would yield higher revenues. Specifically, a capacity of 1500 kg Hy per
day would result in an annual revenue of 8.30 million OMR, while a
capacity of 50,000 kg H; per day would generate an annual revenue of
49.73 million OMR.
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The electrolytic synthesis of hydrogen generates oxygen as a by-
product, which can enhance the efficiency and effectiveness of the
wastewater treatment process during the aeration phase. Gameron et al.
[313] conducted a case study using Northern Ireland Water's wastewater
treatment network. That study examines the viability of integrating a
wastewater treatment plant with a hydrogen facility at the same location
and assesses the economic and technological feasibility of this combi-
nation. The findings indicate that although the introduction of concen-
trated oxygen injection can enhance the effectiveness and capacity of the
water treatment procedure, the combined worth of tangible and intan-
gible advantages is projected to be less than 1% of the market value of
the necessary oxygen. The study proposes that by-product oxygen could
serve as a concentrated oxygen source. This oxygen may be utilized to
reduce the cost of hydrogen production or to recover energy, potentially
offsetting approximately 0.5%-2% of the energy required for hydrogen
generation. Overall, the study suggests that co-locating wastewater
treatment plants and hydrogen facilities is a viable option for improving
energy efficiency and reducing emissions.

As highlighted in this section, the use of wastewater for hydrogen
production offers a sustainable and multifaceted approach to address the
intertwined challenges of energy production, environmental protection,
and resource management. However, several challenges remain,
particularly in optimizing catalyst performance in complex wastewater
matrices, and ensuring cost-effectiveness under real-world operating
conditions. Further interdisciplinary research into the technological,
economic, and policy aspects of wastewater-based hydrogen production
is required to highlight its importance in aiding the transition to a
cleaner and more sustainable energy future.

Photoelectrochemical (PEC) water-splitting remains considerably
more expensive than conventional hydrogen routes, with reported lev-
elized costs of hydrogen (LCOH) ranging from roughly ~ $8 kg 'Hz for
prototype PEC systems, compared with about $6.22 kg'H: for an off-
grid photovoltaic-electrolysis (PV-E) plant (10.9% solar-to-hydrogen
efficiency) and $5.5 kg™'H: for grid-electricity electrolysis. By contrast,
steam-methane reforming (SMR) delivers hydrogen at roughly $1.5 kg
'H,, and wind-turbine-coupled electrolysis can achieve a cumulative
energy demand as low as 9.1 MJ kg Hz, far below the 34-680 MJ kg 'H.
required by most PEC designs. The higher PEC cost is driven primarily
by the PEC module itself, which accounts for nearly half of the total
($4.61 kg''Hz) and is dominated by expensive membranes ($1.50 kg’
1,) and photo-active materials (1.35 kg'le). The PEC system is still
above the PV-E projection of $3.8 kg"'Hz. Coupling PEC hydrogen pro-
duction with value-added chemical synthesis (e.g., methyl succinic acid)
can improve the net energy balance and move the LCOH toward market-
competitive levels, but such integration remains essential for any real-
istic economic case. Overall, current evidence indicates that PEC
hydrogen is an order of magnitude more costly than steam-methane
reforming (SMR) and remains less competitive than mature PV-E sys-
tems, with substantial technical and cost breakthroughs required for it to
become a viable alternative [314-316].

A comprehensive techno-economic assessment was conducted for
large-scale solar hydrogen production via Shaner et al. [315] for pho-
toelectrochemical (PEC) and photovoltaic—electrolytic (PV-E) systems,
each designed for an output of 10,000 kg Hz per day (3.65 kt yrl).
Assuming identical overall plant efficiencies of 9.8%, the base-case
capital investment required for the unconcentrated PEC system and
the off-grid PV-E system was estimated at $205 million and $260
million, respectively, corresponding to levelized hydrogen costs (LCH)
of $11.4 kg'! for PEC and $12.1 kg for PV-E at the plant gate. Incor-
poration of 10x solar concentration reduced the PEC base-case capital
cost to approximately $160 million, and at an assumed efficiency of 20%
yielded an LCOH of $9.2 kg™. In contrast, the grid-supplemented PV-E
system exhibited a substantially lower capital cost of $66 million; when
combined with solar-to-hydrogen and grid electrolysis efficiencies of
9.8% and 61%, respectively, the resulting LCOH decreased to $6.1 kg™l

Prasad et al. [317] provided a cradle-to-gate life cycle assessment
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(LCA) for six hydrogen production routes. The paper identified the
photoelectrochemical anion-exchange-membrane (PEC AEM) reactor as
having the lowest global warming potential (=~ 1.17 kg COz-eq kg 'Hz)
among the alternatives; it also records the smallest land-use (0.112 m2a
crop-eq kg 'Hz), fossil-resource scarcity (0.36 kg oil-eq kg™ Hz), mineral-
resource scarcity (0.0124 kg Cu-eq kg''Hz), freshwater eutrophication
(0.26 kg P-eq kg 'Hz), and particulate-matter formation (0.14 kg PM-.
s-eq kg 'Hz), with the residual impacts largely driven by the acrylic-glass
window and the PVC reactor frame. PEC AEM is also responsible for a
relatively high human carcinogenic toxicity potential (1.48 kg 1,4-DCB-
eq kg'Hz) compared with other routes; in contrast, steam-methane
reforming exhibits the highest Global warming potential (GWP) (=
13.8 kg COz-eq kg'Hz), land-use (0.189 m? a crop-eq kg 'Hs), and fossil-
resource scarcity (7.83 kg oil-eq kg'Hz), underscoring its environmental
disadvantage, while the environmental performance of solar-driven
pathways (PEC AEM, PEC PEM, solar-PV PEMWE) is sensitive to the
regional electricity mix, with the PEC AEM reactor's GWP ranging from
1.27 kg COz-eq kg'H: in the EU to 1.17 kg COz-eq kg'H: in India;
however, the paper does not present a quantitative techno-economic
assessment or levelized cost of hydrogen for any of the technologies,
limiting direct cost comparisons in a review.

On the technology-readiness axis, PV-coupled PEM and alkaline
electrolysis are commercially deployed and benefit from rapidly falling
Capital Expenditures (CAPEX) and LCOH projections driven by learning
in both PV and electrolyzer manufacturing, whereas PEC and particulate
photocatalytic systems, including PCR, remain largely at laboratory or
early pilot scale, despite encouraging large-area demonstrations of solar
H: production and illustrative designs (e.g., Z-scheme raceway reactors)
that indicate potential long-term competitiveness if high STH effi-
ciencies, long lifetimes and low absorber/catalyst costs can be achieved
[318-320].

Within this multi-dimensional framework, photocatalytic reforming
is best viewed as a complementary pathway: its current absolute effi-
ciencies and projected hydrogen costs are not yet competitive with
PV-PEM or optimized biomass gasification at scale, but its ability to
couple solar H generation with valorization or remediation of low-value
organic streams may yield favorable effective costs and environmental
footprints in niche applications where waste treatment is a dominant
constraint. As Shaner et al. mentioned, neither incremental nor com-
bined technical improvements are sufficient to make solar-derived
hydrogen cost-competitive with hydrogen produced from fossil fuels
[315].
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6. Conclusions and outlook

The advancements in photocatalytic reforming technologies for
solar-driven hydrogen production have been comprehensively analysed,
integrating insights from both the scientific literature and the patent
landscape. The transition to a sustainable hydrogen economy is
contingent upon the development of efficient, economically viable, and
scalable photocatalytic systems. From a materials perspective, in-
novations in inorganic semiconductors such as bandgap engineering,
heterojunction design, as well as the incorporation of plasmonic and co-
catalyst functionalities have significantly improved HER. Notably, S-
and Z-scheme heterojunctions have demonstrated superior charge sep-
aration dynamics, paving the way for enhanced STH efficiencies. Among
the analysed materials, MOFs, COFs and conjugated polymers resulted
promising for photocatalyst design due to their tunable structures, high
surface areas, and compatibility with visible light absorption.

The use of sacrificial agents derived from wastewater has emerged as
a promising strategy that enables the simultaneous generation of
renewable Hj and the degradation of organic pollutants. This approach
aligns with the principles of the circular economy and enhances the
overall sustainability of photocatalytic systems. However, the practical
implementation of such processes is still limited by critical challenges,
such as catalyst deactivation and photocorrosion under realistic waste-
water conditions.

At the reactor level, substantial progress has been achieved in
designing novel photoreactor architectures that enhance photon utili-
zation, mass transfer, and light penetration. While high-throughput
screening platforms and internally illuminated systems have improved
laboratory efficiencies, the transition to pilot and industrial scales is
hindered by a lack of standardized performance metrics and techno-
economic models. Analysis of the patent landscape reveals parallel
innovation trend, specifically in co-catalyst engineering, hybrid heter-
ojunction architectures, and novel reactor configurations. However,
despite promising proof-of-concept systems, commercial-scale deploy-
ment remains limited by high material and system cost, durability is-
sues, and uncertainties associated with long-term operation under real
solar irradiation.

Future research efforts must increasingly prioritize the translation of
laboratory-scale breakthroughs into industrially relevant photocatalytic
reforming systems. From a material standpoint, emphasis should be
placed on the development of earth-abundant, low-cost photocatalysts
with intrinsic chemical and photochemical stability, capable of main-
taining performance over extended operational periods. Replacing noble
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metals with non-noble metal co-catalysts (e.g., Ni, Co, Mo, Cu) while
achieving hydrogen evolution rates comparable to Pt-based references
represents a critical objective. Rational catalyst design should integrate
durability considerations alongside activity metrics, moving beyond
short-term hydrogen evolution rates toward long-term stability and
recyclability benchmarks. Concrete targets include the design of pho-
tocatalysts capable of operating continuously for >1000 h in simulated
or real industrial wastewater, while retaining at least 80-90% of their
initial hydrogen production rate.

From a system integration perspective, the transition from slurry-
based reactors to immobilized or structured catalyst configurations
will be critical to improving catalyst handling, reducing downstream
separation costs, and enabling continuous operation. The design of
scalable photoreactors must account for realistic solar irradiation con-
ditions, photon and mass transport limitations, thermal management,
and reactor modularity, particularly for decentralized hydrogen pro-
duction scenarios. Efficient utilization of the broad solar spectrum is the
key to achieving higher STH efficiencies. In this context, photothermal-
photocatalytic hybrid reactors that couple broadband light absorption
with thermal reforming pathways represent a promising route. Coupling
hydrogen production with biomass valorization processes, such as the
photocatalytic reforming of lignocellulosic material, glycerol from bio-
diesel production, or fermentation effluents, offers additional opportu-
nities to enhance overall process economics and sustainability. Equally
important is the establishment of standardized testing protocols,
including outdoor solar testing, harmonized efficiency metrics, and
reproducible benchmarking conditions, to enable meaningful compari-
son across studies. Comprehensive techno-economic analysis and life-
cycle assessments should be systematically integrated into future
research to identify cost drivers, environmental trade-offs, and realistic
performance targets required for market competitiveness.

Finally, closer alignment between academic research, industrial
stakeholders, and policy frameworks will be essential to accelerate
technology readiness. Patent-informed research strategies, pilot-scale
demonstrations, and cross-sector collaborations can play a critical role
in bridging the gap between proof-of-concept systems and commercial
deployment. In this context, photocatalytic reforming has the potential
to evolve from an emerging research topic into a key enabling tech-
nology for sustainable hydrogen production, provided that coordinated
advances in materials science, reactor engineering, and system-level
integration are achieved.
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