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ABSTRACT
Hydrogen, as a clean and versatile energy carrier, plays a vital role in the global transition toward carbon neutrality. Achieving a
sustainable hydrogen economy requires safe, efficient, and cost‐effective technologies across production, storage, transportation,
and utilization. On the production side, electrolysis and solar‐driven photocatalysis are rapidly advancing toward industrial
adoption, yet remain constrained by electrolysis efficiency, cost, and electrolyzer durability. For storage and transportation,
lowering costs and energy consumption, improving system efficiency, and deploying safe, high‐capacity hydrogen storage and
transportation solutions are key priorities. Regarding hydrogen utilization, particularly hydrogen fuel cells and hydrogen‐based
power systems, require further enhancement in their durability, reliability, and integration flexibility to enable widespread
deployment across sectors. Therefore, this review provides a comprehensive overview of green hydrogen technologies,
emphasizing recent advances, key challenges, and industrial demonstrations. By integrating insights from electrochemical and
photochemical production, solid‐state and liquid‐phase storage, and hydrogen end‐use pathways, we propose a roadmap toward
the scalable deployment of green hydrogen infrastructure. Coordinated progress across these domains will position hydrogen as
a cornerstone of a sustainable, secure, and decarbonized global energy solution.

1 | Introduction

Global energy‐related carbon dioxide (CO2) emissions increased
by 0.8% in 2024, reaching a record high of 37.8 gigatons (GTs).
This escalation has driven the atmospheric CO2 concentration
to an unprecedented level of 422.5 ppm, intensifying concerns
over climate change and the urgency of transitioning to low‐
carbon energy systems [1]. Against this backdrop, hydrogen,
as an environmentally friendly, abundant, and high‐energy‐
density secondary energy source, is regarded as an ideal car-
rier for achieving the clean energy transition. With the

advancement of hydrogen technologies and the improvement of
upstream and downstream industrial chains, along with the
introduction of efficient hydrogen storage technologies, elec-
trolytic and photocatalytic hydrogen production powered by
wind and solar resources has become a key technological
pathway for large‐scale renewable energy utilization.

Currently, the main electrolytic hydrogen production technol-
ogies include alkaline water electrolyzers (AWE) and proton
exchange membrane electrolyzers (PEM), while anion exchange
membrane electrolyzers (AEM) and solid oxide electrolysis cells
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(SOEC) remain at earlier stages of technological development
[2, 3]. Among them, AWE is the most mature technology on the
market and is progressing toward large‐scale and high‐efficiency
applications. Reports indicate that commercial AWE systems
have already achieved current densities of over 9000 A m−3 and
hydrogen production rates of 5000 Nm3 h−1 [4]. PEM electrol-
ysis offers flexible startup and can be integrated with AWE
systems to enhance fast load response capabilities, while its
widespread deployment remains constrained by high system
and catalyst costs, as well as limited stack lifetimes in harsh
operating environments [5]. In contrast, emerging AEM and
SOEC technologies hold significant promise for long‐term cost
reduction and system performance enhancement, but are
currently confined to laboratory‐scale demonstrations and early‐
stage prototypes [6].

Because of hydrogen's inherently low volumetric energy density,
high diffusivity and leakage tendency, wide flammability range,
and the risk of hydrogen‐induced embrittlement in certain
metals, achieving safe, efficient, and large‐scale hydrogen stor-
age and transportation remains highly challenging [7, 8]. While
hydrogen production and utilization projects have already
exceeded the scale of tens of thousands of tons, current storage
technologies remain limited to the scale of several hundred tons,
severely constraining the large‐scale development of hydrogen
energy [9]. At present, high‐pressure gaseous hydrogen is the
most widely adopted storage method, typically transported us-
ing tube trailers at 20 MPa [10]. Although compressed gas
storage technology is well established and offers high flexibility,
it faces significant limitations in large‐scale applications [11]. In
addition to high‐pressure storage, hydrogen can also be stored
through liquefaction, physical adsorption, or chemical methods
such as metal hydrides and liquid organic hydrogen carriers
(LOHCs) [12]. Many emerging hydrogen storage and transport
technologies are attracting growing attention from both the
market and investors, due to their enhanced safety and higher
hydrogen storage densities [13, 14]. Notably, in November 2024,
Hydrexia (China) achieved a landmark breakthrough in large‐
scale, long‐distance hydrogen transport with the shipment of
the world's first large‐scale magnesium‐based solid‐state
hydrogen storage unit from Waigaoqiao Terminal to Malaysia.
This milestone marks a major advancement in hydrogen export
and infrastructure development [6].

Additionally, hydrogen functions as both an energy carrier and a
chemical feedstock, which greatly broadens its scope of applica-
tions [15]. As an energy carrier, hydrogen can be used in a variety
of sectors, including transportation and power generation. In the
transportation sector, hydrogen fuel cells offer advantages such as
long driving range, fast refueling, and zero emissions [16]. These
characteristics make hydrogen especially suitable for heavy‐duty
trucks, buses, and rail transit, effectively overcoming the limita-
tions of battery electric vehicles such as long charging durations
and limited driving range. [17]. In power generation, hydrogen
fuel cells or gas turbines can provide high‐efficiency, flexible, and
low‐noise local power supply, making them ideal for scenarios
requiring high energy security and autonomy, such as hospitals,
data centers, and remote areas [18]. Within the chemical sector,
hydrogen is commonly utilized for ammonia synthesis, petro-
leum refining, and steelmaking, serving as a vital reductant and
feedstock in numerous key industrial processes [19].

The hydrogen energy sector spans production, storage, trans-
portation, and utilization. Realizing its efficient and large‐scale
growth demands safe and effective implementation throughout
the entire supply chain. Previous reviews have mostly focused on
individual aspects of hydrogen energy, such as production, stor-
age, or applications, while rarely providing a systematic overview
from a full industry chain perspective. This limits comprehensive
understanding of the overall development, technological bottle-
necks, and future trends of hydrogen energy from production to
end‐use. Based on the above, this review focuses on analyzing the
critical technologies, existing bottlenecks, and prospective ad-
vancements throughout the full green hydrogen supply chain.
Although green hydrogen currently lacks cost competitiveness
compared to gray hydrogen, ongoing improvements in electro-
lyzer efficiency and falling costs of renewable electricity are ex-
pected to enhance its economic viability. Simultaneously,
breakthroughs in novel hydrogen storage and transportation
technologies, such as metal hydride‐based hydrogen storage and
advanced green ammonia synthesis/decomposition approaches,
could significantly lower energy expenses in the hydrogen supply
processes. Furthermore, hydrogen fuel cell technology is also
steadilymaturing, enabling cleanandefficient energy conversion.
However, large‐scale deployment in sectors like transportation
and industry continues to face challenges, including the need to
further reduce system and operating costs, develop comprehen-
sive hydrogen refueling infrastructure, and enhance the dura-
bility and reliability of fuel cell stacks.

2 | Green Hydrogen Production Technologies

2.1 | Green Hydrogen Production via Electrolysis

Green hydrogen production via electrolysis represents a sus-
tainable and environmentally benign approach, wherein water
is split into hydrogen and oxygen using electricity from
renewable sources like solar, wind, or hydropower. This process
relies on an electrolyzer, often using proton exchange mem-
brane or alkaline technologies, to drive the reaction. Unlike
conventional hydrogen production from fossil fuels, water
electrolysis generates no CO2 emissions, offering a zero‐carbon
alternative. Green hydrogen holds substantial potential across
sectors such as clean energy storage, transportation, heavy in-
dustry, and heating. Moreover, it also helps balance intermittent
renewable power by storing surplus electricity as hydrogen.
Therefore, green hydrogen is regarded as a key solution for
building a carbon‐neutral energy system and achieving long‐
term climate and energy security targets.

Table 1 compares the performance, advantages, and disadvan-
tages of the main water electrolysis technologies [20–24],
including alkaline (ALK), proton exchange membrane (PEM),
anion exchange membrane (AEM), and solid oxide electrolysis
(SOE) systems. Currently, ALK electrolysis remains the most
widely adopted and mature hydrogen production technology.
However, its efficiency is relatively low, and the leakage of
alkaline electrolytes can cause environmental issues. In
contrast, PEM and SOE represent next‐generation electrolysis
technologies. PEM electrolysis offers a fast dynamic response,
while SOE shows high electrolysis efficiency. Nevertheless, both
are facing certain limitations: PEM relies on expensive noble
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metal catalysts, whereas SOE, due to its high operating tem-
perature and significant thermal inertia, exhibits poor dynamic
regulation capability. At present, the use of electrolysis tech-
nologies in renewable energy power generation has become
relatively mature. For example, the Xinjiang Kuqa green
hydrogen energy project, which commenced its operation in
July 2023, achieved an annual production of 20,000 t of green
hydrogen by using solar power for water electrolysis [25]. In
addition, hybrid ALK‐PEM electrolysis systems show great po-
tential. Specifically, ALK electrolysis is cost‐effective but has a
slow dynamic response, whereas PEM electrolysis features a fast
response but is more expensive. By integrating the two, the
system can achieve high reliability in wind and solar power
generation, thereby reducing renewable energy curtailment
[26]. Furthermore, Wang et al. reported an integrated SOEC‐
photovoltaic system that utilizes magnesium‐based solid‐state
hydrogen storage. The optimization of fins and heat transfer
structures within the metal hydride bed was found to enhance
the SOEC's electrical efficiency by 5%–9.3% [9].

2.1.1 | Alkaline Electrolysis

Alkaline water electrolysis hydrogen production systems have
the advantages of mature technology, low cost, and easy
maintenance, making them widely used in commercial appli-
cations. For example, the Xinjiang Kuqa Green Hydrogen
Demonstration Project, operated by Sinopec in 2022, is equipped
with an alkaline water electrolysis system with a capacity of
approximately 240 MW and achieved an output of 20,000 tons
per year of green hydrogen by using solarvotalic power to
electrolyze water [25]. In 2024, Shuangliang Group released its
self‐developed alkaline water electrolyzer with a capacity of
5000 Nm3 h−1. The electrolyzer can achieve a maximum current
density of up to 10,600 A m−2 with an energy consumption of
4.7 kWh·Nm3 H2 [4]. Additionally, the minimum operational
load of the electrolyzer can be reduced to 10%, while main-
taining an oxygen content in the hydrogen of less than 1.50% at

this load. These demonstration projects prove that alkaline
water electrolysis technology is moving toward high production
rate and low‐cost solutions, making it a leading candidate for
efficient green hydrogen production from renewable energy.

The alkaline water electrolysis hydrogen production system
mainly consists of the electrolyzer and a separation layer. The
typical structure of an alkaline electrolyzer is shown in Figure 1.
During the water electrolysis process, the cathode undergoes a
reduction reaction, breaking down water into hydrogen gas and
hydroxide ions (OH−). Meanwhile, at the anode side, an
oxidation reaction converts OH− into oxygen gas and water. The
membrane (diaphragm) plays a crucial role in facilitating the
transport of water and hydroxide ions while simultaneously
separating the gases to prevent the mixing of hydrogen and
oxygen. The anodic, cathodic, and overall reactions in alkaline
electrolysis are presented below [27]:

Cathode reaction : 2H2O + 2e− → H2 + 2 OH− (1)

Anode reaction : 2 OH− →
1
2
O2 +H2O + 2e− (2)

Overall reaction : H2O (l) → H2 +
1
2
O2 (3)

TABLE 1 | Comparison of different electrolysis technologies [20–24].

Specification ALK PEM AEM SOE
Working fluid Liquid Distilled water Distilled water or low

concentration solution
Steam

Operating
temperature (°C)

60–80 50–80 50–60 500–850

Operating
pressure (bar)

1–30 1–70 1–30 1–25

Average current
density (A/cm2)

0.2–0.6 0.6–2 0.1–0.5 0.3–1

Efficiency 59%–70% 65%–82% — 80%–90%

Stack lifetime (h) 6000–80,000 8000–60,000 — 20, 000

Cost ($/kWh) 500–1400 1100–1800 — 2800–5600

Advantages Low cost, relative stable,
mature technology

Fast response/start‐
up, high‐purity H2

Combines the advantages
of ALK and PEM

High efficiency, low cost of
catalyst

Challenges Low efficiency, alkali
leakage issues

High cost, precious
metal catalyst

Poor stability, low
hydroxide ion conduction

Slow response, mechanically
unstable electrodes

FIGURE 1 | The schematic of the alkaline electrolyzer.
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In an alkaline electrolyzer, the anode material must exhibit
excellent electrocatalytic performance. Common anode mate-
rials include nickel and its alloys, such as nickel‐iron (Ni‐Fe)
and nickel‐cobalt (Ni‐Co) alloys [28], which enhance oxygen
evolution reaction (OER) activity. For the cathode, high elec-
trical conductivity, stability, and durability in an alkaline envi-
ronment are essential. Common cathode materials include
nickel and stainless steel, often further modified with catalysts
such as nickel‐molybdenum (Ni‐Mo) or nickel‐tungsten (Ni‐W)
alloys to improve hydrogen evolution reaction (HER) efficiency
and reduce overpotential [29]. The membrane in an alkaline
electrolyzer serves to separate hydrogen and oxygen gases while
allowing ion transport. However, its relatively low ionic con-
ductivity and irreversible degradation at relatively high tem-
peratures limit both the electrolysis efficiency and the operating
temperature of the electrolyzer. Common membrane materials
include ionic conductive polymer membranes, alkaline‐stable
polymer membranes, composite membranes, and gel electro-
lyte membranes, each offering different balances of conductiv-
ity, stability, and durability to improve overall system
performance [29]. Additionally, NaOH or KOH (20–30 wt%) is
commonly used as the electrolyte solution in alkaline water
electrolysis, providing high ionic conductivity and ensuring
efficient ion transport between electrodes [30].

Although alkaline water electrolysis hydrogen production sys-
tems offer good economic benefits, they still face several tech-
nical challenges, including low hydrogen production efficiency,
long startup times, and limited operational flexibility [31]. The
future development of electrocatalysts for alkaline water elec-
trolysis will focus on the development of low‐cost, nonprecious
metal catalysts, such as transition metals (nickel, cobalt, iron,
etc.) and their compounds [32]. In addition, designing catalysts
with precisely controlled structures (e.g., single‐atom catalysts,
two‐dimensional materials, porous frameworks, and core‐shell
structures) can significantly improve catalytic efficiency and
selectivity, reduce overpotential, and optimize electrochemical
reaction pathways. For instance, Wang et al. synthesized Ni3N
nanoparticles through the controlled nitridation of Ni‐based
coordination polymer nanosheets [33]. By weakening the
hydrogen binding energy of the nickel‐based catalyst, they
achieved enhanced catalytic activity. The preparation process is
illustrated in Figure 2a. Figure 2b presents the HER perfor-
mance of the developed catalyst in 1 M KOH. The results
demonstrate that the np‐Ni3N exhibits excellent HER stability
and achieves an activity comparable to that of the Pt bench-
mark. Although noble metal catalysts lack cost competitiveness
in large‐scale electrolytic hydrogen systems, their exceptional
performance remains crucial for laboratory‐scale or small‐
capacity electrolysis systems [35]. Moreover, the addition of a
small amount of noble metal catalysts to the electrode material
can provide satisfactory economic benefits during long‐term
operation. Zuo et al. proposed that incorporating a minimal
amount of Ru in cathodes (~0.04 gRu per kW) is a promising
strategy to balance the capital and operational expenditures of
conventional alkaline electrolyzers for high‐throughput opera-
tion. As shown in Figure 2d, their system operated in a 30 wt%
KOH aqueous solution at 80°C under atmospheric pressure
(~1 bar), demonstrating stable performance over 1000 h at a
current density of 1 A cm−2, as presented in Figure 2c [34].

2.1.2 | Proton Exchange Membrane Electrolysis

Proton exchange membrane water electrolysis (PEMWE) is a
key technology for industrial hydrogen production, offering
distinct advantages in applications requiring high‐purity
hydrogen and rapid response, such as renewable energy grid
integration and distributed hydrogen energy systems [36].
Thanks to its capability for rapid start‐up and high‐efficiency
operation at high current densities and low overpotentials,
PEMWE has achieved substantial commercial advancements
over the past decade [37]. Notable examples include Europe's
HyBalance (1.2 MW, wind‐powered), Japan's FH2R (20 MW,
solar‐powered) [38], and a U.S. California station using off‐peak
grid power for hydrogen fuel cell vehicles [39].

The core of proton exchange membrane (PEM) water electrol-
ysis lies in the synergistic interaction between the proton ex-
change membrane and electrodes. As illustrated in Figure 3, a
typical PEMWE system comprises a proton exchange membrane
(PEM), a catalyst layer (CL), a gas diffusion layer (GDL), a bi-
polar plate (BPP), and other auxiliary components. During
electrolysis, water molecules are oxidized at the anode, pro-
ducing oxygen gas, protons (Hþ), and electrons. The reaction
can be represented as:

H2O →
1
2
O2 + 2H+ + 2e− (4)

The generated protons migrate through the proton exchange
membrane to the cathode while the electrons travel through an
external circuit, providing the necessary electrical energy to
drive the reaction. At the cathode, the protons recombine with
electrons to form hydrogen gas, following the reaction:

2H+ + 2e− → H2 (5)

Owing to the underlying proton transport mechanism, PEMWE
systems inherently operate in an acidic environment. In this
configuration, the proton exchange membrane plays a dual role:
it serves as both a separator preventing gas crossover and a
conductor facilitating proton transfer, thereby ensuring the high
purity of the produced hydrogen and oxygen [40]. Compared
with other techniques, PEMWE exhibits several advantages,
such as rapid response, high current density, and superior ef-
ficiency, which have collectively made it a focal point of
research and industrial application. In the meantime, the
development of highly active and stable electrocatalysts is crit-
ical to reducing the cost of PEMWE and facilitating industry
applications [41]. In line with these technological merits, the
U.S. Department of Energy (DOE) has set an ambitious
technical goal: by 2026, achieving a hydrogen production cost of
2 $ kgH2

−1, with a long‐term goal of 1 $ kgH2
−1 by 2031.

Additionally, the operational lifespan of PEMWE systems is
targeted to increase from the current 40,000 h to 80,000 h by
2026 [42]. To advance the PEMWE technique, current research
primarily focuses on electrode catalysts, proton exchange
membranes, and bipolar plates. The key objectives are to
develop novel catalysts and membranes with enhanced catalytic
performance and durability while simultaneously reducing the
overall cost of PEMWE systems.
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A central challenge in PEMWE technology is the development
of robust catalysts capable of withstanding the oxidative and
acidic operating environment. In such conditions, catalyst
materials are prone to degradation, which has traditionally

necessitated the use of high‐cost noble metals such as iridium
(Ir) and platinum (Pt) to ensure both stability and high cata-
lytic performance. The high cost and scarcity of these materials
have motivated extensive research into reducing noble metal
usage while maintaining catalytic efficiency [43]. One effective
strategy involves constructing heterojunctions with nonpre-
cious functional materials. In this context, Wang et al. devel-
oped a novel IrO2‐based nanocatalyst with a tri‐layered
architecture, denoted as IrO2@TaOx@TaB [44]. This structure
consists of ultrasmall IrO2 nanoparticles anchored onto an
amorphous TaOx overlayer supported on the conductive TaB
nanorod substrate (Figure 4a,b). The unique dual‐interface
structural design significantly enhances the catalyst's activity
and stability for the OER in acidic environments, with the
TaOx layer facilitating electron transfer to IrO2, thereby tuning
the Ir3þ/Ir4þ ratio and accelerating OER kinetics. As a result, a
low‐Ir‐loading (0.26 mgIr cm−2) PEMWE system incorporating
this catalyst achieves exceptionally high current densities at
low cell voltages (e.g., 3.9 A cm−2 at 2.0 V, Figure 4c) and
maintains stable performance for over 1500 h at a current
density of 2.0 A cm−2 (Figure 4d).

FIGURE 2 | (a) Schematic synthetic procedure toward np‐Ni3N. (b) HER polarization curves of np‐Ni, np‐Ni3N, 20 wt% Pt/C and 20 wt% PtRu/C in
1 M KOH, Reproduced with permission [33], Copyright 2019, Royal Society of Chemistry. (c) Continuous stability test for AELs at 1 A cm−2 for
1000 h. (d) Set‐up and sketch of the AELs configuration, Reproduced with permission [34], Copyright 2025, Springer Nature.

FIGURE 3 | The schematic diagram of PEMWE and AEMWE.
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In addition to heterojunction engineering, doping with non-
precious metals is another effective approach to reducing noble
metal dependence while imparting multiple beneficial effects.
In a recent representative study, Shen et al. reported a
chromium‐doped ruthenium dioxide (Cr0.2Ru0.8O2‐x) catalyst
featuring oxygen vacancies (Figure 4e) [45]. Both experimental
and theoretical studies revealed that Cr doping and oxygen va-
cancies introduce a dopant‐mediated hydroxyl spillover mech-
anism, where hydroxyl species (OH*) adsorbed on Cr sites
transfer to adjacent Ru active sites, accelerating the formation of
OOH* intermediates and thus boosting catalytic efficiency.
Additionally, the synergy between Cr dopants stabilizes both
surface Ru and lattice oxygen, enhancing the long‐term struc-
tural integrity of the catalyst. When employed as the anode
catalyst in a practical PEMWE system, Cr0.2Ru0.8O2‐x exhibited
excellent long‐term durability, maintaining stable operation for
over 200 h at an ampere‐level current density under 60°C
(Figure 4f).

PEMWE is a highly promising technology for sustainable
hydrogen production. Through the continuous exploration and
innovation of catalyst design, researchers are making significant
advancements in reducing noble metal usage while enhancing
catalytic performance. In addition, optimizing high‐performance
polymer membranes, along with advancing system integration
and scale‐up engineering, should be prioritized. As these efforts
progress, the cost of hydrogen production will continue to
decrease, accelerating the realization of a green‐hydrogen
economy.

2.1.3 | Anion‐Exchange Membrane Electrolysis

Anion exchange membrane water electrolysis (AEMWE) is
another pivotal technology in the field of water electrolysis for
hydrogen production. Unlike the PEMWE, which operates in an
acidic environment, AEMWE utilizes an anion exchange

FIGURE 4 | (a) Schematic illustration of the interfacial electronic interactions in the IrO2@TaOx@TaB composite. (b) TEM image of the
IrO2@TaOx@TaB electrocatalyst. (c) Polarization curves of PEMWEs using IrO2@TaOx@TaB and IrO2 anodes, measured at 80°C with a Nafion 115
membrane. (d) Chronopotentiometry curves of PEMWEs employing the IrO2@TaOx@TaB anode under current densities of 1.0 and 2.0 A cm−2,
Reproduced with permission [44], Copyright 2024, Wiley. (e) Schematic representation of the synthesis process of Cr0.2Ru0.8O2‐x.
(f) Chronopotentiometry curves of the PEMWE device using Cr0.2Ru0.8O2‐x and commercial RuO2 as anode catalysts, recorded at 1 A cm−2 and 60°C.
The insets display photographs of the PEMWE device, Reproduced with permission [45], Copyright 2024, Springer Nature.
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membrane to separate the generated hydrogen and oxygen
gases, and the system typically operates under alkaline condi-
tions. This significantly reduces the reliance on precious metal
catalysts and corrosion‐resistant metal components, positioning
AEMWE as a promising candidate for low‐cost green hydrogen
production. Compared to traditional alkaline electrolyzers,
AEMWE can operate without free alkaline solutions or in low‐
concentration alkaline environments while maintaining high
ionic conductivity and simplifying system sealing and safety
requirements. In recent years, with continuous advancements in
AEM materials and alkaline stability, several small‐ to medium‐
scale demonstration projects have been deployed, such as the
AEM Electrolyzer from Evebattery [46] and Enapter [47], inte-
grating AEM electrolysis systems with renewable energy sources
and distributed hydrogen production scenarios.

The working mechanism of AEMWE is similar to that of
PEMWE, except that hydroxide ions are the primary charge
carriers instead of protons. At the cathode, water molecules gain
electrons to produce hydroxide ions (OH−) and hydrogen gas
through the reaction:

2H2O + 2e− → H2 + 2OH− (6)

The generated OH− then migrate through the anion exchange
membrane to the anode side, where they are oxidized to pro-
duce oxygen gas, water, and electrons via the reaction:

2OH− →
1
2
O2 +H2O + 2e− (7)

These electrons are then transported back to the cathode to
complete the circuit [48]. A schematic illustration (Figure 5a)
depicts the internal structure and ion transport pathways of
AEMWE. Compared to PEMWE, AEMWE offers advantages
such as lower cost and high hydrogen production efficiency,
because of its nonprecious materials application. Despite its
potential, AEMWE is still in an early stage of development
compared to PEMWE. In particular, the sluggish kinetics of the
OER remain a primary challenge, significantly limiting the
overall efficiency of AEMWE systems.

The development of highly efficient, cost‐effective, and stable
nonprecious metal OER electrocatalysts is essential for achieving
large‐scale industrial applications and ensuring the commercial
viability of AEMWE technology. Significant progress has been
made in this area, with various transition metal‐based catalysts,
including oxides, (oxy)hydroxides, layered double hydroxides
(LDHs), sulfides, phosphides, and molecular complexes. Among
these, NiFe‐LDHs have been identified as one of the most
promising OER catalysts due to their low cost and unique
microstructure [49]. For instance, Sun's group recently developed
a nickel‐iron‐based electrocatalyst (CAPist‐L1) using a one‐step
seed‐assisted heterogeneous nucleation method (Figure 5a)
[49]. In this process, insoluble nanoparticles in the heterogeneous
nucleation system facilitate the formation of a dense interlayer,
which effectively anchors the catalystmaterial onto the substrate,
thereby enhancing stability and durability. As a result, the
CAPist‐L1 catalyst demonstrated an exceptional operational
lifespan of 15,200 h (over 21 months) at a current density of
1000mAcm−2 in 1MKOH.When employed as the anode catalyst

in an actual AEMWE device (25 cm2), CAPist‐L1 achieved a
current density of 2730 mA cm−2 at 1.80 V and 60°C, surpassing
the U.S. Department of Energy's hydrogen production target
(1.80 V at 2000 mA cm−2, Figure 5b). Furthermore, the catalyst
exhibited high electrolysis performance under high current den-
sities (7350 mA cm−2 for a 1 cm2 electrolyzer at 2.0 V and 80°C)
and outstanding stability (1500 h for both 1 and 25 cm2 electro-
lyzers at 1000 mA cm−2, Figure 5c). These promising results un-
derscore the potential of AEMWE for large‐scale applications,
although further research is required to optimize catalyst per-
formance and lower overall costs.

In addition to catalysts, the anion exchange membrane (AEM)
plays a vital role in the advancement of AEMWE technology.
AEMs are primarily composed of a polymer backbone with
attached cationic functional groups, which govern their ion
transport properties. Extensive research has been conducted to
develop high‐performance AEMs using various polymer back-
bones, including poly (arylene ether), poly(norbornene), poly
(benzimidazole), and ether‐free polyarylenes. Moreover, a
diverse range of cationic functional groups, such as quaternary
ammonium, imidazolium, phosphonium, and metallocene de-
rivatives, have been explored to enhance ionic conductivity,
chemical stability, and overall performance. In 2024, Yin et al.
reported a series of branched poly(aryl‐quinuclidinium) (PAQ‐x)
AEMs, synthesized using a 1‐methyl‐3,3‐diphenylquinuclidi-
nium molecular building unit and processed via acid‐catalyzed
Friedel–Crafts polymerization (Figure 5d,e) [50]. These PAQ‐x
AEMs feature controllable molecular weights and adjustable
ion exchange capacities, enabling excellent electrochemical
performance. The optimized AEM achieved a current density of
8 A cm−2 at 2.0 V and 80°C, with stable operation for over 2400 h
under gradient current test conditions. Such precise molecular
design and synthetic control provide valuable insights into
structure‐property relationships in advancing AEM materials,
offering a promising pathway for enhancing the efficiency and
durability of AEMWE systems.

2.1.4 | Solid Oxide Electrolysis

Solid oxide electrolysis cells (SOECs) operate at high tempera-
tures, typically ranging from 500 to 1000°C, and can achieve an
efficiency of up to 100% [51]. In an SOEC, water molecules at
the cathode accept electrons and are reduced to form hydrogen
gas and oxygen ions (O2−), with hydrogen being released from
the cathode surface. The oxygen ions migrate through the ion‐
conducting membrane to the anode, where they are oxidized
to produce oxygen gas and electrons. Oxygen is released from
the anode surface, while the electrons travel through an external
circuit back to the cathode. A typical SOEC structure is shown
in Figure 6. The anodic, cathodic, and overall reactions in solid
oxide electrolysis are presented below [52]:

Cathode reaction : H2O + 2e− → H2 +O2− (8)

Anode reaction : 2O2− → O2 + 2e− (9)

Overall reaction : H2O → H2 +
1
2
O2 (10)
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The core components of a solid oxide electrolysis cell (SOEC)
include the electrolyte, oxygen electrode, and fuel electrode.
Currently, the most commonly used materials in SOECs include
yttria‐stabilized zirconia (YSZ) as the electrolyte, perovskite‐
based oxygen electrodes such as lanthanum strontium cobalt
ferrite (La1‐xSrxCo1‐γFeγO3‐δ, LSCF), and fuel electrodes
composed of nickel‐YSZ (Ni‐YSZ) or nickel‐gadolinium‐doped
ceria (Ni‐GDC). These materials are chosen for their high ionic
and electronic conductivity, thermal stability, and compatibility
with high‐temperature electrolysis conditions, ensuring efficient
hydrogen production and long‐term operational durability [53].
Salzgitter AG and Sunfire have successfully launched an
industrial‐scale SOEC project, producing 200 Nm3 h−1 of green
hydrogen at 850°C. The system operates with a nominal power
input of 720 kW and achieves an impressive 84% electrical

efficiency [54]. Meanwhile, in 2024, Mitsubishi Heavy Industries
(MHI) initiated a 400‐kWSOEC testmodule. This setup integrates
multiple cartridges, each containing 500‐cell stacks, and delivers
an electrolytic efficiency of 3.5 kWh Nm−3 of hydrogen. At pre-
sent, the deployment of SOECs is still at small scales due to their
overall high costs, which also vary considerably among different
manufacturers [55].

For solid oxide fuel cells (SOFCs), long‐term operational stability
is a critical factor for commercialization. It is reported that for
SOEC stacks to achieve commercial viability, the degradation rate
should be limited to approximately 1% per 1000 h or less [56].
Figure 7a compares the long‐term stability of different SOEC
systems [9]. Currently, some SOECs have demonstrated the po-
tential to meet the durability requirements for commercial
operation. Notably, the SOEC developed by Schefold et al. has
achieved operational durations of up to 34,000 h at a current
density of 0.6 A cm−2, with a voltage degradation rate of 4–5 mV
per 1000 h [60]. However, these tests have primarily been con-
ducted at the laboratory scale. A major challenge for the large‐
scale deployment of SOEC technology lies in scalability. Future
advancements will need to focus on increasing the surface area of
individual cells beyond current limitations while integrating
them into multi‐cell stacks to enhance overall system efficiency
and viability [61]. Figure 7b presents predictions for the capital
cost of SOECs [9]. Currently, solid oxide electrolysis cells remain

FIGURE 5 | (a) Schematic illustration of the preparation process for the CAPist‐L1 catalyst via a one‐step HN process, (b) Polarization curves of the
25 cm2 electrolyzer at different operating temperatures, (c) Stability test of the 25 cm2 electrolyzer at a current density of 1000 mA cm−2 and 25°C.
Inset: Internal structure of the 25 cm2 electrolyzer prior to testing, Reproduced with permission [49], Copyright 2024, Springer Nature. (d) Molecular
structure and photographic image of PAQ‐5, (e) Synthetic pathway of PAQ‐x polymers, where x represents the molar ratio of 1,3,5‐triphenylbenzene
(TPB) in the copolymer, Reproduced with permission [50], Copyright 2024, Wiley.

FIGURE 6 | The schematic diagram of SOEC.
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expensive, with prices varying significantly among manufac-
turers, ranging from 1000 to 3000 $ kW−1. The high costs are
primarily due to limited large‐scale production and application.
However, with technological advancements and further scaling
up, future costs are expected to decrease substantially, potentially
reaching just 30% of current levels.

8YSZ is the preferred electrolyte material for SOECs due to its
cost‐effectiveness compared to alternatives such as scandia‐
stabilized zirconia (ScSZ) and gadolinium‐doped ceria (GDC).
Figure 7c illustrates the total conductivity of commonly used
oxide materials in SOECs. Among them, doped ceria, a fluorite‐
type oxide, exhibits significantly higher ionic conductivity than
stabilized zirconia in the intermediate temperature range of
600°C–800°C, making it a promising candidate for improving
SOEC performance under moderate operating conditions
[57]. Shimada et al. improved the performance of oxygen elec-
trodes by optimizing both the chemical composition and the
microstructure of the electrode materials. In this structure,
nanoscale Sm0.5S0.5CoO3‐δ (SSC) and Ce0.8Sm0.2O1.9 (SDC) parti-
cles are uniformly distributed, while submicron‐sized particles

interconnect to form continuous conductive pathways accom-
panied by wide pore channels, facilitating efficient gas diffusion
and electron transport. Their system achieved current densities of
3.13 A cm−2 at 750°C and 4.08 A cm−2 at 800°C, corresponding to
hydrogen production rates of 1.31 and 1.71 L h−1 cm−2, respec-
tively, which exceeds that of state‐of‐the‐art electrolyzers [58]. To
enable the large‐scale application of SOECs in the future, it is
essential to develop more advanced and stable materials that can
enhance the activity of the electrolyzer and significantly extend its
operational lifespan. Moreover, Figure 7d shows the I‐V charac-
teristics in electrolysis and fuel cell modes at 750°C, which in-
dicates that the developed nanocomposite electrodes have great
promise for applications in both SOFCs and reversible SOEC‐
SOFC systems [58]. Guo et al. employed an in situ exsolution
strategy to generate stable CoFe alloy nanoparticles on the surface
of a La0.6Sr0.4Ti0.3Fe0.5Co0.2O3‐δ (LSTFC2) anode [59], leading to
the development of a high‐performance SOEC anode. During
hydrogen production via themethane dry reforming reaction, the
system achieved a CH4 conversion rate of 86.9% and a CO selec-
tivity of 90.1% (Figure 7e). It has demonstrated stable operation at
800°C for more than 1250 h with CO selectivity exceeding 95%

FIGURE 7 | (a) Long‐term stability of different SOEC. (b) Predictions for the capital cost of SOECs, Reproduced with permission [9], Copyright
2024, Royal Society of Chemistry. (c) Total conductivity of commonly used oxide materials in SOECs, Reproduced with permission [57], Copyright
2023, Royal Society of Chemistry. (d) I‐V characteristics in electrolysis and fuel cell modes with nanocomposite electrodes (SSC‐SDC) at 750°C,
Reproduced with permission [58], Copyright 2019, Springer Nature. (e) Stability test of LSTFC‐I‐R for anodic POM reaction. (f) Stability test of
LSTFC2‐R for anodic POM reaction, Reproduced with permission [59], Copyright 2024, Elsevier.
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(Figure 7f), highlighting its great potential for efficient and long‐
lasting SOEC operation under hydrocarbon‐rich conditions.

2.2 | Green Hydrogen Production From Water
Splitting by Photocatalysis

Despite the significant advances of water electrolysis toward
hydrogen, it remains a grand challenge for commercial success
at a grid scale because of the high cost of the electrolyzers, the
use of corrosive electrolytes, and extensive consumption of
electricity. In contrast, photocatalytic water splitting provides an
ideal alternative for the sustainable production of hydrogen with
the only inputs of sunlight and water, showing remarkable ad-
vantages of the simplicity of the setup and low operational cost.
This process mimics natural photosynthesis, utilizing semi-
conductor materials to directly convert sunlight into chemical
energy in the form of hydrogen (Figure 8). Over the past few
decades, significant progress has been made in this field. This
section provides a brief review of the principles, materials, and
advancements in photocatalytic water splitting, along with the
challenges and prospects for scaling up this technology.

2.2.1 | Principles of Photocatalytic Water Splitting

Photocatalytic water splitting utilizes a photocatalyst under light
irradiation to dissociate water (H2O) into hydrogen (H2) and
oxygen (O2). This process involves three fundamental steps
(Figure 9 [62]):

The semiconductor photocatalyst absorbs photons with energy
equal to or greater than its bandgap. This excites electrons from
the valence band (VB) to the conduction band (CB), leaving
behind holes in the VB. To achieve high solar‐to‐hydrogen
conversion efficiency, maximizing light absorption is crucial,
but this should not significantly compromise the semi-
conductor's redox potential. In principle, the semiconductor's
energy bandgap must be greater than 1.23 eV. Moreover, the

positions of the CB and VB must straddle the redox potential of
overall water splitting. This alignment provides sufficient
driving force for the reaction.

The photoexcited electrons and holes then migrate toward the
photocatalyst surface. Efficient charge separation is essential for
high photocatalytic activity. However, a significant proportion of
these charge carriers undergo severe recombination (both radia-
tive and nonradiative), which remains a major bottleneck for
efficient solar hydrogen production via overall water splitting.

In this final step, electrons drive the hydrogen evolution reac-
tion while holes drive the OER on the photocatalyst surface.
Although the thermodynamic minimum bandgap for water
splitting is 1.23 eV, practical photocatalysts require a larger
bandgap to overcome kinetic overpotentials and barriers. From
a kinetic perspective, the OER, which involves a complex four‐
electron transfer, typically exhibits significantly slower reaction
kinetics and higher activation barriers compared to the HER. To
mitigate these overpotentials and enhance reaction kinetics,
cocatalysts are broadly employed. These include: noble metals
(e.g., Pt for HER; RuOx, IrOx for OER) and transition metal‐
based compounds (e.g., CoP, MoS2 for HER; NiOx for OER).
However, photocorrosion remains a significant challenge for
long‐term stability, necessitating protective strategies (e.g.,
coatings, passivation layers) or the development of intrinsically
stable photocatalytic materials.

2.2.2 | Recent Advances in Photocatalytic Water
Splitting

In 1972, Honda and Fujishima reported groundbreaking research
on photoelectrochemical water splitting in Nature [63]. For the
first time, they constructed a bias‐free system using a TiO2 single‐
crystal photoanode and a Pt cathode, achieving overall water
splitting (2H2O → 2H2 þ O2) under ultraviolet light. This estab-
lished the coremechanism of the “Honda‐FujishimaEffect”. This
discovery not only demonstrated the feasibility of semiconductor‐
driven photolytic water splitting, but also, for the first time,
established the critical design principle that the band positions of
the catalyst must straddle the thermodynamic potentials of water
splitting. However, the wide bandgap of TiO2 (~3.0 eV) restricted
its response to less than 5% of the solar spectrum, with a quantum
efficiency below 1%, highlighting inherent bottlenecks in spectral
absorption and charge separation efficiency. Benefitting from
consideration efforts over the past decades, in 2021, Nishiyama
and coworkers reported the world's first hundred‐square‐meter‐
scale photocatalytic hydrogen production system (Figure 10)
[64]. Employing aluminum‐doped strontium titanate (SrTiO3: Al)
catalyst sheets and an ultrathin reaction chamber design (0.1 mm
gap), the system achieved a solar‐to‐hydrogen conversion effi-
ciency of 0.76% under natural sunlight. An array of thousands of
reaction units operated stably for several months, with a
maximum daily hydrogen production reaching 19.9 mol. This
validated the potential for large‐scale application of photo-
catalytic technology.

In 2011, Wang et al. achieved photocatalytic overall water
splitting using wafer‐scale GaN nanowire arrays on silicon
substrates, combined with a Rh/Cr2O3 core‐shell co‐catalyst

FIGURE 8 | The schematic illustration of solar‐driven water splitting
by photocatalysis.
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(Figure 11a) [65]. The vertically aligned nanowires (diameter
~50 nm) provided high‐density nonpolar reaction interfaces,
exhibiting a threefold enhancement in carrier migration effi-
ciency compared to conventional powders. Figure 11b illustrates
the typical temporal evolution of the photocatalytic water‐
splitting reaction under 300 W Xe lamp irradiation. Over the
two cycles shown (~18 h), H2 and O2 were produced steadily
and nearly stoichiometrically, with no observable decline in
photocatalytic activity. Repeated experiments gave similar re-
sults. In 2023, Zhou et al. achieved a breakthrough in photo-
catalytic hydrogen production from water splitting via an
infrared light‐thermal synergy strategy using developed InGaN/
GaN nanowires (Figure 11c), achieving a record‐high solar‐to‐
hydrogen (STH) efficiency of 9.2% under high‐intensity

simulated light (3800 mW·cm−2) (Figure 11d) [66]. The core
breakthrough lay in utilizing infrared light (constituting 50% of
the solar spectrum) to construct a self‐heating system, precisely
maintaining the reaction temperature at 70°C. Under these
conditions, the hydrogen‐oxygen recombination rate was
significantly suppressed, while water dissociation kinetics were
enhanced. More importantly, the technology demonstrated
exceptional engineering compatibility: a large‐scale 4 � 4 cm2

reaction system still achieved a 6.2% STH efficiency under
natural sunlight. Furthermore, it could directly decompose tap
water and seawater, achieving stable hydrogen production effi-
ciencies of 7.44% and 6.6%, respectively. This successfully
eliminated the dependence of traditional photoelectrochemical
hydrogen production on pure water and corrosive electrolytes.

FIGURE 9 | Schematic illustration of three key steps of photocatalytic water splitting. Overall water splitting is only successful for high efficiencies
of all six gears depicted in the scheme. The different time scales of the reactions are also displayed. Reproduced with permission [62], Copyright 2017,
ACS Publications.

FIGURE 10 | An overhead view of the 100 m2 solar hydrogen production system. Reproduced with permission [64], Copyright 2021, Springer
Nature.
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The novel paradigm of “light‐thermal synergistic reaction mod-
ulation” established by this work paves the way for scaling up
unassisted, zero‐carbon‐emission, solar‐light‐driven hydrogen
production technology. In 2025, Nasir et al. developed an inte-
grated Pd/GaN nanowires photocatalyst, pioneering a new
pathway for the simultaneous production of hydrogen and
hydrogenperoxide (H2O2) fromseawater (Figure 11e) [67].Under
3 W cm−2 light illumination, the system achieved a hydrogen
production rate of 2.5 mmol cm−2 h−1 (photonic‐to‐hydrogen ef-
ficiency: 4.38%) and H2O2 generation of 300 μmol L−1, operating

stably for 60 h (Figure 11f). Mechanistic studies revealed that Pd
nanoparticles functioned dually in hole extraction and interme-
diate regulation.

ABO3‐type perovskites (e.g., SrTiO3, LaCoO33) exhibit signifi-
cant potential for photocatalytic water splitting due to their
tunable bandgaps and high charge mobility. Recent advances
highlight their promise for solar‐driven hydrogen production
from water splitting. Yu et al. [68] employed a fluoride‐assisted
nitridation strategy to engineer layered perovskite Sr2TiO4

FIGURE 11 | (a) Schematic illustration of water splitting on GaN nanowires incorporating Rh/Cr2O3 core‐shell nanostructures as cocatalysts.
(b) Experimental overall photocatalytic water splitting was performed on GaN nanowires decorated with Rh/Cr2O3 core‐shell nanostructures
under 300 W full‐arc xenon lamp irradiation for 18 h. Reproduced with permission [65], Copyright 2011, ACS Publications. (c) Schematic
parameter illustration of the outdoor photocatalytic OWS system. (d) Stability test of Rh/Cr2O3/Co3O4‐loaded InGaN/GaN nanowires in a self‐
heated photocatalytic overall water splitting system under concentrated light irradiation (3800 mW cm−2). Reproduced with permission [66],
Copyright 2023, Springer Nature. (e) Reaction mechanism of GaN nanowires decorated with Pd nanocluster for simultaneous production of H2

and H2O2 from water splitting by photocatalysis. (f) Activity of H2 production along with light‐to‐hydrogen (LTH) efficiency up to 60 h.
Reproduced with permission [67], Copyright 2025, Wiley.
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(Figure 12a). By enhancing nitrogen doping and reducing de-
fects, they achieved visible‐light‐driven overall water splitting
with an apparent quantum efficiency (AQE) of 0.39% at
420 � 20 nm and a solar‐to‐hydrogen (STH) efficiency of 0.028%
(Figure 12b). Separately, Xiao et al. [69] synthesized sub‐50 nm
perovskite‐type tantalum oxynitride ATaO2N (A = Sr, Ca, Ba)
single nanocrystals (Figure 12c). After modification with Ir‐Pt
alloy@Cr2O3 cocatalysts, these nanocrystals exhibited signifi-
cantly improved H2 evolution, achieving an STH efficiency of
0.15% in a Z‐scheme water splitting system, and the apparent
quantum yield (AQY) for H2 evolution was measured to be 4.0%
at approximately 420 nm (Figure 12d). These strategies repre-
sent important progress in developing efficient perovskite pho-
tocatalysts for practical solar energy conversion applications.

In recent years, covalent organic frameworks (COFs) and metal‐
organic frameworks (MOFs) have garnered significant attention
as next‐generation photocatalysts for overall water splitting
(OWS), owing to their modular architectures, high surface
areas, and tunable electronic properties. Their structural preci-
sion enables the integration of active sites and functional units
at the molecular level, offering unparalleled opportunities for
the rational design of efficient photocatalytic systems. In the
case of COFs, Qu and co‐workers [70] pioneered the first
example of visible‐light‐driven gas‐phase OWS using a β‐
ketoenamine‐linked COF (Pt@Tp‐TAPyT‐COF) incorporating
triazine–pyridine moieties (Figure 13a). This system not only

demonstrated efficient H2 and O2 production (51.2 and
25.6 μmol g−1 h−1, respectively, under 88% relative humidity),
but also effectively suppressed the backward oxygen reduction
reaction—a common challenge in traditional liquid‐phase sys-
tems. Detailed mechanistic studies revealed that carbonyl‐O and
pyridine‐N sites functioned as dual‐active centers, facilitating
both water adsorption and redox catalysis. Moreover, the vapor‐
phase configuration eliminated interfacial limitations associated
with aqueous systems, enabling long‐term operational stability
over 45 h. To further address the intrinsic limitations of charge
separation and exciton recombination in COFs, Shen et al. [71]
introduced a ground‐state charge transfer (GSCT) strategy by
engineering a co‐planar single‐molecule junction (FOOCOF‐
PDI) through covalent integration of electron donor–acceptor
motifs (Figure 13b). This architecture exhibited a dramatically
enhanced built‐in electric field and dipole moment, which
collectively promoted exciton dissociation and charge carrier
migration. As a result, the material achieved an exceptional
hydrogen evolution rate of 265 mmol g−1 h−1 under visible‐light
irradiation. Spectroscopic investigations, including ESR, SKPM,
and transient absorption spectroscopy, provided compelling
evidence for the GSCT effect and its critical role in sustaining
long‐lived charge‐separated states, positioning this approach as
a powerful design principle for future COF‐based photo-
catalysts. In addition, Sun et al. [72] developed a structurally
asymmetric MOF (CFA‐Zn) comprising electronically isolated
Zn2þ nodes and crystallographically independent linkers

FIGURE 12 | (a) F‐expedited nitridation of Sr2TiO4 using Sr2TiO3F2. (b) Comparisons of visible‐light‐active compounds. Reproduced with
permission [68], Copyright 2025, Springer Nature. (c) Scanning electron microscopy image of nanocrystalline ATaO2N. (d) AQY as a function of
the incident‐light wavelength. Reproduced with permission [69], Copyright 2023, Springer Nature.
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functioning as a spatially segregated donor–acceptor pair.
Upon visible‐light excitation, the framework undergoes a dy-
namic excited‐state structural twist, triggering orbital realign-
ment and effectively forbidding radiative recombination
pathways. This unique behavior resulted in a > 1000‐fold in-
crease in charge separation lifetime. Figure 13c gives the
possible constructions of chemically segregated donor and
acceptor systems for different types of photocatalysts [72]. With
dual co‐catalyst loading (Pt and Co3O4), the system achieved
an apparent quantum efficiency of 3.09% at 365 nm and
exhibited remarkable operational durability over 100 h. This
biomimetic strategy, reminiscent of conformational gating in
natural photosystems, underscores the importance of excited‐
state structural dynamics in suppressing recombination and
enhancing OWS performance.

2.2.3 | Strategies to Achieve Practical Photocatalytic
Water Splitting

Despite considerable efforts and significant advances, solar‐
driven water splitting by photocatalysis remains far from com-
mercial viability due to persistent challenges: (i). Low Solar‐to‐
Hydrogen Efficiency: Most photocatalysts exhibit STH effi-
ciencies below 10% [73], primarily due to inefficient light ab-
sorption, severe charge recombination, and sluggish reaction
kinetics. (ii). Limited Stability: State‐of‐the‐art photocatalysts
undergo rapid photo‐corrosion and degradation under opera-
tional conditions in aqueous electrolytes [74]. (iii). Scalability
Barriers: Translating laboratory‐scale performance to industri-
ally relevant systems while maintaining efficiency and cost‐
effectiveness presents critical hurdles [75].

FIGURE 13 | (a) Synthetic scheme for the preparation and the structures of Tp‐TAPyT‐COF, Tp‐TAPT‐COF, and Tp‐TAPB‐COF. Reproduced with
permission [70], Copyright 2025, Wiley. (b) Scheme of synthesis of the FOOCOF and FOOCOF‐PDI. Reproduced with permission [71], Copyright
2025, Springer Nature. (c) Possible constructions of chemically segregated donor and acceptor systems for different types of photocatalysts.
Reproduced with permission [72], Copyright 2024, Springer Nature.
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Thus far, to address the aforementioned limitations of photo-
catalysts for efficient and stable hydrogen production via water
splitting, several key strategies have been developed. (1) Nar-
rowing bandgaps through metal/nonmetal doping or solid
solution formation enables broadening light absorption (e.g.,
N‐doped TiO2) [76]. (2) Combining semiconductors with
favorable band alignments (e.g., Type‐II heterojunctions or
Z‐schemes) enhances charge separation and prolongs carrier
lifetimes [77]. (3) Noble metals (e.g., Pt for HER) and transi-
tion metal compounds (e.g., Ni/Co‐based) provide active sites
and reduce reaction overpotentials [78]. (4) Nano‐structuring
(nanoparticles, nanowires, and nanosheets) increases surface
area and shortens charge migration paths [79]. (5) Introducing
oxygen vacancies or other defects improves light harvesting
and charge separation efficiency [80].

To advance photocatalytic water splitting, future research
should prioritize:

1. Novel Photocatalyst Development: Designing earth‐
abundant materials with optimal bandgaps, efficient
charge separation, superior catalytic properties, and high
stability is at the core of the achievement of solar hydrogen
production [81, 82].

2. Advanced Characterization Techniques. Employing oper-
ando and time‐resolved techniques to probe charge dy-
namics and atomic‐scale reaction mechanisms. Key
approaches include: Time‐resolved spectroscopy (time‐
resolved photoluminescence—TRPL, transient absorption
spectroscopy—TAS) tracking carrier lifetimes/separation
kinetics [83]; Operando infrared spectroscopy (IR)
detecting reaction intermediates (e.g., OH, OOH−) and
their transformations. Together, these complementary
methods map carriers track—from generation and sepa-
ration to migration to interface reactions, enabling rational
design of photocatalysts for achieving breakthroughs in
solar‐to‐hydrogen (STH) conversion efficiency, and ulti-
mately promoting scalable and economically viable green
hydrogen production.

By leveraging abundant resources like seawater and wastewater,
coupled with concentrated solar energy, photocatalysis can
transition from lab‐scale curiosity to real‐world application. The
next decade will be pivotal in overcoming technical hurdles—
such as improving catalyst durability and system scalability—
to unlock the full potential of this technology. With continued
innovation, photocatalysis may soon become a cornerstone of
the global renewable energy infrastructure. Overall, photo-
catalytic water splitting holds immense potential for sustainable
hydrogen production by directly leveraging abundant solar en-
ergy and water resources. While significant advancements have
been made in understanding the fundamental principles and
developing efficient photocatalysts, challenges related to effi-
ciency, stability, and scalability must be addressed to realize
their full potential. Continued interdisciplinary research,
combining materials science, chemistry, and engineering, will
be crucial for overcoming these barriers and paving the way for
large‐scale implementation of this technology.

3 | Novel Hydrogen Storage and Transportation
Technologies

Figure 14a compares different hydrogen storage technologies in
terms of their gravimetric and volumetric capacities [84, 85]. As
shown, ammonia‐ and methanol‐based hydrogen storage sys-
tems exhibit great potential due to their high gravimetric and
volumetric hydrogen densities. However, the current cost of
ammonia‐ and methanol‐based technologies remains relatively
high, and they are not well suited for small‐scale applications. In
addition, liquid organic hydrogen carriers (LOHCs) also possess
relatively high hydrogen storage densities, but they face chal-
lenges such as difficult purification processes and poor cycle
stability. Meanwhile, metal hydride‐based hydrogen storage
systems, owing to their flexible system configurations and
operational safety, are more suitable for distributed or on‐site
hydrogen storage scenarios, such as renewable energy integra-
tion, backup power systems, or mobile hydrogen supply units.
Figure 14b compares various adsorption‐based hydrogen storage

FIGURE 14 | Comparison of various hydrogen storage technologies. (a) Gravimetric and volumetric hydrogen densities for various storage
technologies [84, 85]. (b) Hydrogen gravimetric capacity for H2 storage materials based on adsorption‐desorption temperatures (U.S. Department
of Energy, Materials‐Based Hydrogen Storage [86, 87]).
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technologies, including metal hydrides [85–87]. As shown,
different hydrogen storage materials exhibit distinct perfor-
mance characteristics. High‐temperature metal hydrides, re-
presented by magnesium, possess relatively high hydrogen
storage capacities—for example, magnesium offers a theoretical
hydrogen capacity of approximately 7.6 wt.% [88], while LiBH4

can achieve up to 18.4 wt.% [89]. In contrast, titanium‐based
metals can absorb and desorb hydrogen near room tempera-
ture but exhibit lower storage capacities. Moreover, metal‐
organic frameworks (MOFs) also demonstrate hydrogen
adsorption capabilities; however, they typically require
extremely low temperatures to achieve high performance—for
instance, MOF‐808 exhibits a volumetric hydrogen storage ca-
pacity of 50 g L−1 at 77 K and 100 bar [90].

The currently most mature technology is gaseous hydrogen
storage, while liquid hydrogen storage involves high costs pri-
marily due to its significant energy consumption and the con-
struction of cryogenic storage tanks. For green ammonia and
green methanol, the high costs mainly arise from the energy‐
intensive synthesis and hydrogen release processes. In addition,
the cost of organic hydrogen storage carriers is also high, mainly
because their catalysts contain precious metals. Similarly,
magnesium‐based solid‐state hydrogen storage systems are cost‐
intensive mainly due to the high energy requirements during
the hydrogen release process [7]. Because of differences in scale
and technological maturity, the cost competitiveness of various
hydrogen storage technologies is difficult to compare directly.
Nevertheless, each technology has its own advantages and limi-
tations, making it suitable for different application scenarios.

3.1 | Metal Hydrides‐Based Hydrogen Storage and
Transportation

Metal hydrides‐based hydrogen storage technique relies on the
reversible reaction between metals or alloys and hydrogen to
form metal hydrides. As shown in Figure 15 [91], taking mag-
nesium as an example, the hydrogenation process typically

follows four key steps: physisorption of H2 molecules on the
surface, dissociation of H2 into hydrogen atoms, chemisorption
of atomic hydrogen, and finally, diffusion of hydrogen atoms
into the bulk of the magnesium. This sequence represents
the characteristic mechanism of hydrogen absorption in
magnesium‐based systems. Currently, the commonly used
hydrogen storage materials include rare‐earth alloys, titanium‐
based alloys, magnesium‐based alloys, and vanadium‐based
alloys. These materials exhibit distinct hydrogen storage ca-
pacities and operate at different absorption/desorption tem-
peratures. For example, titanium‐ and vanadium‐based alloys
typically react at lower temperatures but offer relatively limited
hydrogen storage capacity. Rare‐earth alloys, such as LaNi5,
provide good performance but are associated with high material
costs. In contrast, magnesium‐based alloys have the advantage
of high hydrogen storage density (7.6 wt% for MgH2), yet their
hydrogen absorption and desorption occur at elevated temper-
atures (~300°C), resulting in the increased energy consumption
during operation.

Currently, solid‐state hydrogen storage materials have been
successfully commercialized at various scales. For instance,
Anqing Xuanda has launched a flexible production line with an
annual capacity of 3000 tons, capable of manufacturing a
range of hydrogen storage alloys, including rare‐earth AB5‐type,
Ti‐Mn‐based AB2‐type, Ti‐Fe‐based AB‐type, and rare‐earth
Mg‐Ni‐based alloys [94]. Hydrexia (China) has developed a
magnesium‐based solid‐state hydrogen storage and trans-
portation vehicle equipped with a 20‐foot hydrogen storage
container. Each container can store up to 1 ton of hydrogen,
achieving a material based hydrogen storage capacity of 6.4 wt%
[95]. Although solid‐state hydrogen storage has gained market
attention due to its excellent safety advantages, its large‐scale
future deployment still depends on the development of
advanced hydrogen storage materials and the integration of
efficient storage systems.

From the materials perspective, current research primarily fo-
cuses on strategies such as adding catalysts and engineering

FIGURE 15 | Reaction mechanism of hydrogen and metals/alloys combination processes, Reproduced with permission [91], Copyright 2021,
Elsevier.
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nanostructured hydrogen storage materials. These approaches
aim to enhance both the kinetic and thermodynamic properties
of the materials, while also increasing hydrogen storage density.
These approaches aim to enhance the kinetic and thermody-
namic properties of the material while increasing the hydrogen
storage density. Zhang et al. developed a single‐phase Mg2Ni
(Cu) alloy through atomic reconstruction to achieve an optimal
combination of photothermal and catalytic effects for stable,
solar‐driven hydrogen storage in MgH2 [92]. This design enables
the complete dehydrogenation of MgH2 within 15 min under a
solar irradiation intensity of 3.5 W cm−2, delivering a reversible
hydrogen storage capacity of ~6.1 wt%. As illustrated in
Figure 16a, the repeated in situ atomic reconstruction during
cycling facilitates the synergistic integration of photothermal
conversion and catalytic activity, maintaining 95% of the storage
capacity after 10 cycles powered solely by solar energy
(Figure 16b). Huang et al. synthesized Ni/MnO nanocomposites
directly from one‐pot bimetallic MOFs, which were subse-
quently utilized as efficient catalysts to enhance the hydrogen
storage performance of MgH2. Among them, the MgH2‐10 wt.%
Ni1Mn1‐MOF‐derived composite exhibited excellent overall
performance, with a saturated hydrogen capacity of 6.42 wt%,
and fast hydrogen release and uptake kinetics (Figure 16c) [93].

On the system level, current research focuses on the design of
advanced hydrogen and thermal integrated systems/tanks, aim-
ing to achieve flexible and efficient hydrogen storage and trans-
portation. Optimizing the heat exchange structure of fins within
hydrogen storage tanks is considered one of the most effective
strategies to enhance hydrogen storage efficiency. Lesmana et al.
combined the SIMP (Solid Isotropic Material with Penalization)
filtering method with topology optimization to tailor the prop-
erties of metamaterials (Figure 17), thereby improving the volu-
metric efficiency of metal hydride (MH) reactors [96]. As a result,

the reactor volume increased significantly by 66.22%, while both
gravimetric and volumetric efficiencies were improved. Addi-
tionally, the hydrogen storage capacity was enhanced by 49%.
Moreover, another promising approach involves integrating
hydrogen storage systems with advanced thermal energy storage
technologies, which can significantly enhance overall hydrogen
storage efficiency. This integration allows for better thermal
management during hydrogen absorption and desorption pro-
cesses, ultimately improving system responsiveness and reducing
energy losses. Current MH tanks face several challenges,
including low energy efficiency, high levelized costs of hydrogen
storage, slow hydrogen absorption and desorption rates, and
complex thermal transfer structures inside the MH tanks that
occupy a significant amount of space.

3.2 | Liquid Organic Hydrogen Carriers‐Based
Hydrogen Storage and Transportation

Liquid organic hydrogen carriers (LOHCs) represent a
hydrogen storage method based on the reversible hydrogena-
tion and dehydrogenation of organic liquid carriers, where the
hydrogen storage process by LOHCs based on renewable en-
ergy is illustrated in Figure 18 [97]. An ideal LOHC should
exhibit excellent thermal and chemical stability, be capable of
long‐term cycling, offer high hydrogen storage density, and
ensure safety, high efficiency, and low cost. Currently, widely
studied and utilized LOHC materials include benzene, toluene,
naphthalene, N‐ethylcarbazole, dibenzyltoluene, etc. Among
these, Japan's Chiyoda Corporation has successfully commer-
cialized the toluene/methylcyclohexane (TOL/MCH) system
[98], while Germany's Hydrogenious Technologies has devel-
oped a hydrogen storage based on the dibenzyltoluene (DBT),

FIGURE 16 | (a) Schematic diagram of the ideal integration of photothermal and catalytic effects via continuous in situ atomic reconstruction
upon repeated dehydrogenation process, Reproduced with permission [92], Copyright 2024, Springer Nature. (b) Cycling H2 desorption curves of
MgH2 under the catalysis of Cu1Ni1 using a light intensity of 3.5 W cm−2. (c) Isothermal absorption curves of MgH2–10 wt.% Ni1Mn1−MOF
derivative at different temperatures (50, 100, 125, and 150°C), Reproduced with permission [93], Copyright 2024, Elsevier.
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which enables easy handling of hydrogen, offers excellent
safety, and can be reused over a hundred cycles without sig-
nificant degradation [99].

The development of efficient, stable, and low‐cost catalysts is a
critical factor for enabling the large‐scale deployment of LOHC
technology. The catalyst plays a crucial role in determining
both the conversion rate and selectivity in hydrogenation of
liquid organic carriers. The effectiveness of hydrogenation
catalysts largely depends on the active components supported
on the catalyst carrier. Common catalysts are generally classi-
fied into two categories: noble metals and non‐noble metals
[100]. Among them, noble metal catalysts—particularly ruthe-
nium (Ru) and Pt—are highly valued for their excellent
corrosion resistance, oxidation resistance, thermal stability, and
superior catalytic activity [101]. The Ru nanocluster/Ni/NiO
nanoparticle catalyst has been reported to demonstrate excep-
tionally high catalytic performance in the hydrogenation of
benzene, up to 55 times greater than that of conventional Ru‐
Ni alloys or Ru catalysts supported on Ni. A distinctive feature
of this catalyst lies in its structure: ultra‐small, well‐dispersed
Ru nanoclusters are anchored onto the surface of Ni/NiO
nanoparticles (Shown in Figure 19a). The activation of benzene

primarily occurs at the NiO sites, where the π‐electrons of
benzene interact with the positively charged vacancies in the
nickel oxide, facilitating adsorption and subsequent hydroge-
nation [102]. Figure 19b shows the dehydrogenation rate curves
of 12H‐N‐ethylcarbazole (12H‐NEC) over different catalysts at
179.85°C. Jiang et al. reported that Pt/TiO2 exhibited superior
catalytic performance and selectivity in the dehydrogenation of
12H‐NEC compared to Pd/TiO2 and commercial Pd/Al2O3.
Among the noble metal catalysts tested, the catalytic activity
followed the order: Pt/TiO2 > Pd/TiO2 > Rh/TiO2 > Au/
TiO2 > Ru/TiO2, indicating that Pt‐based catalysts are the most
effective under the given conditions [103]. Schörner et al.
investigated the dehydrogenation of perhydro‐dibenzyltoluene
(H18‐DBT) utilizing Pt‐based catalysts designed for inductive
heating. As shown in Figure 19c, the cross‐sectional SEM im-
age and elemental mapping of the Al2O3@Al2O3–IO–Pt com-
posite reveal its structured morphology and uniform elemental
distribution. Figure 19d compares hydrogen generation rates
and recorded bulk temperatures against the degree of dehy-
drogenation (DoD), highlighting the differences in efficiency
between conventional thermal heating and inductive heating
approaches [104]. The results indicate that inductive heating is
a highly promising technology that can minimize heat loss to

FIGURE 17 | Visualization of the final reactor model and thickness generated based on the TO mapping method, and two chambers extracted from
the inner region of the reactor in the nonoffset configuration, Reproduced with permission [96], Copyright 2024, Elsevier.

FIGURE 18 | Schematic diagram of the LOHC process, Reproduced with permission [97], Copyright 2020, MDPI.
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the environment and enhance the responsiveness of on‐
demand hydrogen release.

3.3 | Ammonia‐Based Hydrogen Storage and
Transportation

Ammonia is a carbon‐free clean energy carrier, offering a high
hydrogen content (17.65 wt%), excellent volumetric hydrogen
density (107.7 g/L), and a high energy density (21.18 MJ/kg),
along with the advantage of an already well‐established infra-
structure [105]. However, current challenges in ammonia‐based
hydrogen storage include the high cost of green ammonia pro-
duction, significant energy requirements for ammonia cracking,
as well as the corrosive and toxic nature of ammonia itself.

Figure 20 illustrates a typical energy supply pathway for
hydrogen storage and utilization via ammonia. The ammonia
cracking process involves substantial energy losses, thermal
losses of approximately 1.7 GJ per ton of NH3, and additional
electrical losses of 2.0–4.3 GJ per ton of NH3 due to hydrogen
compression [106]. As a result, the overall conversion efficiency
at the point of use is limited to about 61.0%–68.5%.

Reducing energy consumption is a major focus in current
research on ammonia‐based hydrogen storage and trans-
portation, especially in the processes of ammonia synthesis and
decomposition. For example, Chang et al. developed a transition
metal free catalyst, potassium hydride intercalated graphite
(KH0.19C24), which can activate dinitrogen under relatively mild
temperature and pressure conditions [107]. The catalyst's

FIGURE 19 | (a) The hydrogenation mechanism of benzene over the Ru–Ni/NiO/C catalyst, Reproduced with permission [102], Copyright 2015,
Wiley. (b) Hydrogen release curves from 12H‐NEC dehydrogenation over various M/TiO2 and Pd/Al2O3 catalysts at 453 K, Reproduced with
permission [103], Copyright 2019, Elsevier. (c) Cross‐sectional SEM image of the Al2O3@Al2O3–IO–Pt composite along with its corresponding
elemental distribution map (d) The hydrogen generation rates and bulk temperatures against the degree of dehydrogenation using Al2O3@Al2O3–
IO–Pt as the catalyst, Reproduced with permission [104], Copyright 2024, Royal Society of Chemistry.

FIGURE 20 | Energy consumption in the power‐to‐power cycle when using ammonia as a hydrogen carrier, Reproduced with permission [106],
Copyright 2021, American Chemical Society.
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performance varies with different potassium hydride loadings in
the precursor (1–30 wt%). The catalyst prepared with 20 wt% KH
loading exhibited the highest ammonia production rate at
250°C–400°C and 1 MPa, showing a performance comparable to
that of the traditional noble metal catalyst Ru/MgO [107].
Tabassum et al. reported a novel ruthenium‐free catalyst
composed of CoNi alloy nanoparticles dispersed on a potassium‐
modified MgO‐CeO2‐SrO mixed oxide support. This catalyst
achieved an impressive ammonia conversion efficiency of up to
97.7% at 450°C and delivered a hydrogen production rate com-
parable to that of Ru‐based catalysts at 500°C, while also
demonstrating excellent long‐term stability during continuous
operation [108].

3.4 | Methanol‐Based Hydrogen Storage and
Transportation

Methanol‐based hydrogen storage offers a combination of ad-
vantages, including high hydrogen content, ease of storage and
transport in liquid form, mature infrastructure, renewable pro-
duction pathways, mild dehydrogenation conditions, and strong
compatibility with fuel cells. It has a gravimetric hydrogen
density of 12.5 wt%, a volumetric hydrogen density of 99 g L−1

[109]. Typical methods for methanol synthesis include hydro-
genation of syngas and hydrogenation of CO2.

Figure 21 illustrates a typical process flow for methanol syn-
thesis via CO2 hydrogenation [110]. In this pathway, captured
CO2 is mixed with electrolytic hydrogen produced from water
electrolysis in an intercooling compressor. The heated H2/CO2

feed gas is then pressurized to about 65 bar and fed into a
reactor where methanol is directly synthesized via hydrogena-
tion of CO2. Currently, state‐of‐the‐art technology typically
employs reactors equipped with copper‐based catalysts, such as
CuO/ZnO/Al2O3 composites. Moreover, the catalyst's structure
and composition significantly influence the reaction perfor-
mance. Copper‐based catalysts are widely favored in industry
due to their excellent activity and selectivity. Reaction

temperatures are typically controlled within the range of 200°C–
300°C to balance reaction rate and catalyst stability [111]. This
process not only effectively utilizes captured CO2 to enable
carbon recycling but also integrates green hydrogen produced
via water electrolysis, offering notable environmental benefits
and strong potential for sustainable development.

4 | Green Hydrogen Applications

Hydrogen serves as both an energy carrier and a chemical feed-
stock. As an energy carrier, the large‐scale deployment of
hydrogen can significantly increase the penetration of renewable
energy into the power grid, playing a key role in enabling a sus-
tainable energy supply system. In addition to electricity genera-
tion, hydrogen can be used as a fuel for residential and district
heating, as well as for powering trains, aircraft, and ships. Owing
to its strong reducing properties, hydrogen is also well‐suited for
applications in steel production and the synthesis of major
chemical products such as ammonia, methanol, and olefins.
Because of its broad applicability across sectors, the large‐scale
development of hydrogen is essential to achieving deep decar-
bonization. Figure 22 illustrates hydrogen's potential contribu-
tion to global CO2 abatement by 2050 across various sectors [112].
From now until 2050, hydrogen has the potential to cumulatively
reduce CO2 emissions by 80 GT‐equivalent to approximately 11%
of the total reductions needed to limit global warming to
1.5°C–1.8°C.

4.1 | Hydrogen Power Generation

Hydrogen energy is primarily applied in the power generation
sector through fuel cell technology. Because of its high efficiency
and zero‐emission electricity generation, fuel cell technology is
currently regarded as a highly promising solution for power
generation. Table 2 summarizes the features of different fuel cell
technologies [113–116]. Among the various fuel cell technologies,
proton exchangemembrane fuel cells (PEMFCs) are currently the

FIGURE 21 | Diagram of methanol synthesis from CO2 hydrogenation, Reproduced with permission [110], Copyright 2022, Elsevier.
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most widely used due to their fast response speed, technological
maturity, and high‐power density. However, PEMFCs are still
relatively expensive andhighly sensitive to fuel impurities such as
carbon monoxide and sulfur compounds, which can impair their
performance and durability. In contrast, solid oxide fuel cells
(SOFCs) have attracted increasing attention for their excellent
fuel flexibility, high operating temperatures (600°C–1000°C), and
high electrical efficiency, which can reach up to 60% and even
higher when used in combined heat and power systems [117].
Despite these advantages, SOFCs face significant challenges,
including slow start‐up times and limited load‐following capa-
bilities, which complicate their control strategies. Besides,
hydrogen‐fueled gas turbines have the potential to achieve zero
carbon emissions during combustion [18]. However, hydrogen
has unique burning characteristics, such as higher flame speed,

wider flammable range, and lower ignition energy. These features
can affect the stability of combustion, the behavior of the flame,
and the overall burning process in the turbine. Therefore, major
modifications to the turbine and its combustion system are
needed to ensure safe and reliable operation [118].

4.2 | Hydrogen‐Powered Transportation

Hydrogen is a potential alternative fuel for the future trans-
portation sector, capable of powering aircraft, ships, and vehicles.
The transportation sector accounts for approximately 25% of
global carbon emissions, highlighting the urgent need to identify
alternative clean fuels [18]. In the maritime and aviation sectors,
the focus is primarily on hydrogen combustion for propulsion,

FIGURE 22 | Hydrogen's potential contribution to global CO2 abatement by 2050 across various sectors (Hydrogen Council [112]).

TABLE 2 | Comparison features of different fuel cell technologies [113–116].

Item PEMFC PAFC AFC SOFC MCFC
Operating
temperature (°C)

< 120°C 150°C–200°C < 100°C 600°C–1000°C 600°C–700°C

Cell voltage (V) 1.1 1.1 1 0.8–1.0 0.7–1

Power density
(W/cm2)

0.35–0.36 0.17–0.19 0.1–0.3 0.24–0.3 0.1–0.2

Electrical
efficiency (%)

40%–60% 40% 60% 60% 50%

Advantages Rapid start‐up and load
following; flexible

adjustment; high power
density

Low pollutions;
suitable for CHP;

maturity of
technology

Low start‐up
temperature; high
efficiency; quick

start‐up

High efficiency; fuel
flexibility; waste heat
utilization to further
improve efficiency

Fuel
flexibility;
suitable
for CHP

Challenges Expensive catalysts; high
purity hydrogen;

sensitive to impurities

Expensive
catalysts; less
powerful; slow

start‐up

Sensitive to CO2;
corrosiveness

Slow start‐up and load
following; big thermal lag

Slow start‐up;
corrosiveness
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while for smaller vehicles, research efforts are centered on elec-
trification technologies based on fuel cells. Fuel cell electric ve-
hicles (FCEVs) are primarily powered by proton exchange
membrane fuel cells (PEMFCs), which offer advantages such as
high efficiency, reliable cold‐start capability, and strong power
output. Hydrogen is developing rapidly in the transportation
sector. For example, around 814 hydrogen refueling stations were
in operation globally in 2022 [119], and this numberhad increased
to 1160 by 2024 [120]. As shown in Figure 23a, a typical FCEV
consists of a fuel cell stack, a hydrogen storage system, power
electronics, and a control system [121]. Although battery electric
vehicles (BEVs) currently enjoy higher utilization rates and
benefit from more extensively developed infrastructure, FCEVs
demonstrate several advantages over BEVs, including a better
energy carrier, higher energy density, shorter refueling time,
lower cost and safety risks as energy density increases, and su-
perior low‐temperature performance, and Figure 23b compares
the application domains of BEVs and FCEVs in the future of
automotive transportation [17].

4.3 | Industrial Hydrogen

Because of its excellent reducing properties, hydrogen is widely
used in various fields such as steelmaking, chemical industry,

and oil refining. Currently, the refining and chemical industries
account for the largest share of global hydrogen consumption,
though the majority of this hydrogen is still derived from fossil
fuels, that is, gray hydrogen. According to the International
Energy Agency (IEA), hydrogen use in the refining sector rose
to 43 Mt in 2023. Figure 24a presents the distribution of
hydrogen use across different regions in the refining industry. In
the industrial sector, global hydrogen demand reached 54 Mt in
2023 [122]. Around 60% of this was used for ammonia pro-
duction, 30% for methanol synthesis, and the remaining 10% in
the direct reduced iron (DRI) process within the iron and steel
industry as shown in Figure 24b [122].

5 | Summary and Conclusions

Hydrogen, as a clean and high–energy‐density secondary energy
source, is widely regarded as an ideal carrier for the transition
from fossil to renewable energy. Although green hydrogen pro-
duction technologies are increasingly mature, large‐scale, effi-
cient, and safe hydrogen storage and transport remain
challenging, leading to continued reliance on gray hydrogen. This
review provides a comprehensive overview of the current status
and technical bottlenecks of green hydrogen production, along-
side advanced hydrogen storage and transportation technologies.

FIGURE 23 | (a) A typical structure of a fuel cell vehicle (U.S. Department of Energy, Alternative Fuels Data Center [121]). (b) The application
domains of battery electric vehicles and fuel cell electric vehicles. Reproduced with permission [17], Copyright 2021, Springer Nature.
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Furthermore, it assesses the decarbonization potential of green
hydrogen across future transportation, industrial, and power
generation sectors. The main conclusions are as follows:

1. The intermittency of renewable energy results in opera-
tional instability of electrolysis systems, high stack costs,
and short service life. Therefore, future efforts should focus
on improving electrolysis efficiency, reducing equipment
costs, and enhancing stack durability to enable large‐scale
commercial deployment of green hydrogen production
technologies.

2. Efficient and safe hydrogen storage and transportation
remain major challenges for the large‐scale development of
the hydrogen industry. The development of novel
hydrogen storage technologies, along with integrated so-
lutions that combine production, storage, transportation,
and utilization, will be critical for enabling large‐scale and
cross‐regional hydrogen deployment.

3. With ongoing technological progress, deeper integration of
artificial intelligence, and continuous gains in utilization
efficiency, hydrogen is poised to become an increasingly
vital component of future transportation, power genera-
tion, industrial applications, and large‐scale energy storage
systems.
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