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Abstract: This review systematically analyzes cutting-edge fuel cell technologies, focusing on proton exchange membrane
fuel cells (PEMFCs), solid oxide fuel cells (SOFCs), and emerging metal-air systems. It elaborates on material innovations in
catalysts and electrolytes, automation-driven manufacturing processes, and digital twin-based health management strategies.
Case studies validate the performance enhancements, while current challenges and future development directions are outlined to
provide a comprehensive reference for research and industrial applications.

Keywords: Fuel Cell; Proton Exchange Membrane; Solid Oxide Electrolyte; Non-Precious Metal Catalysts; Digital Twin;

Degradation Mechanism.

1. Introduction

A fuel cell is a power generation device that directly
converts the chemical energy from fuels and oxidizers into
electrical energy through electrochemical reactions. Since the
invention of the first hydrogen-oxygen fuel cell by British
scientist Grove in 1839, fuel cell technology has undergone
nearly 200 years of development, entering a phase of rapid
advancement particularly after the 1990s[10]. As an efficient
and clean energy conversion technology, fuel cells have
become a vital component of future energy systems due to
their high energy conversion efficiency, low pollution
emissions, and high reliability. Especially under the impetus
of global energy transition and carbon neutrality goals, fuel
cells have demonstrated broad application prospects in new
energy vehicles, distributed power generation, and portable
power sources [2, 7].

In recent years, with the rapid development ofclean energy
technologies, the research and development of advanced fuel
cells have become a focal point for both academia and
industry. Novel fuel cell technologies, such as Proton
Exchange Membrane Fuel Cells (PEMFC), Hydroxide
Exchange Membrane Fuel Cells (HEMFC), and Solid Oxide
Fuel Cells (SOFC), haveachieved continuous breakthroughs,
offering new possibilities foraddressing environmental issues
and efficiency bottlenecks in traditional energy structures [2].
For instance, PEMFCs are widely applied in new energy
vehicles due to their high power density and rapid start-up
characteristics; conversely, SOFCs demonstrate unique
advantages in small-to-medium power stations due to their
high efficiency and fuel flexibility in distributed generation
[10]. Furthermore, advancements in key technologies for
novel fuel cells—such as catalysts, electrolyte materials, and
thermal management—have further enhanced their
performance and commercial potential [7].

At the policy level, many countries have incorporated fuel
cell technology into theirenergy strategic development plans.
For example, China's "Made in China 2025—Energy
Equipment Implementation Plan" explicitly proposes forming
a globally competitive industrial system in emerging energy
equipment manufacturing by 2025, providing strong support
for the R&D and promotion ofnovel fuel cells [7]. Meanwhile,
developed nations such as Japan and the United States have
secured leading positions in the global market through
technological accumulation and patent layouts in the fuel cell

sector [2]. It is foreseeable that with continuous technological
maturation and gradual cost reduction, novel fuel cells will
play an increasingly important role in the future energy
landscape, providing critical for sustainable development and
energy security.

2. Types and Principles of Novel Fuel
Cells

2.1. Proton Exchange Membrane Fuel Cells
(PEMFC)

The Proton Exchange Membrane Fuel Cell (PEMFC) is a
device that converts the chemical energy of hydrogen directly
into electrical energy via electrochemical means, based on the
conduction characteristics of protons through the membrane.
In a PEMFC, hydrogen is catalyzed at the anode into protons
and electrons. The protons pass through the membrane to the
cathode, while the electrons flow through an external circuit
to react with oxygen, producing water [1]. This process
bypasses the Carmot cycle limitations of traditional heat
engines, achieving high energy conversion efficiency.
Currently, significant progress has been made in core
components of PEMFCs, including the proton exchange
membrane, catalysts, and gas diffusion layers. For instance,
research on membranes focuses on developing short-side-
chain, low-equivalent polymers that perform well underhigh-
temperature and low-humidity conditions [4]. Furthermore,
catalyst technology is advancing toward low-platinum or
even platinum-free compositions to further reduce costs and
enhance stability [6]. Although PEMFCs possess advantages
such as low start-up temperature and fast reaction kinetics,
their commercial application still faces challenges regarding
high costs and insufficient power density, particulady
concerning the use of precious metal catalysts [1].

2.2. Alkaline Membrane Fuel Cells ( HEMFC)

The Alkaline Membrane Fuel Cell (HEMFC) utilizes an
alkaline membrane as the electrolyte. While its working
principle is similar to that of PEMFCs, there are significant
differences in the electrolyte environment and reaction
mechanisms. In HEMFCs, hydroxide ions (OH") are
transported through the alkaline membrane to facilitate
charge transfer. Compared to PEMFCs, the primary
advantage of HEMFCs lies in their ability to operate with
non-precious metal catalysts, drastically reducing material



costs [8]. Additionally, HEMFCs exhibit higher tolerance to
fuel impurities (e.g., CO), providing potential advantages for
practical applications. However, HEMFCs also face technical
challenges; for example, the chemical stability and
mechanical strength of alkaline membranes still require
further improvement [8]. In recent years, researchers have
gradually overcome these obstacles through the development
of novel alkaline membrane materials and optimized catalyst
systems. For instance, fuel cells based on hydroxide exchange
membranes have demonstrated good performance at the
laboratory scale and are regarded as one of the potential
candidates for future large-scale commercialization [8].

2.3. Solid Oxide Fuel Cells (SOFC)

Solid Oxide Fuel Cells (SOFCs) operate at high
temperatures and function based on the conduction
characteristics of oxygen ions in solid oxide electrolytes. In
an SOFC, oxygen is reduced to oxygen ions at the cathode.
These ions pass through the solid electrolyte to the anode,
reacting with fuel gases (such as hydrogen or methane) to
produce water and release electrons [3]. Due to the typical
operating temperature range of 600°C to 800°C, SOFCs
possess high cogeneration efficiency, thus demonstrating
broad application prospects in the field of distributed power
generation [9]. However, the high-temperature operating
conditions impose strict requirements on key components of
SOFCs, particularly the selection and performance
optimization of interconnect materials. Recently, researchers
have significantly improved the performance and reliability
of SOFCs by developing novel interconnect materials (e.g.,
spinel coatings) [9]. For example, Mn-Co spinel coatings are
considered ideal protective materials for SOFC interconnects
due to their excellent thermal expansion matching and
resistance to Cr diffusion [9]. Moreover, as operating
temperatures gradually decrease, the application potential of
SOFCs in portable devices and transportation is continuously
emerging, laying a solid foundation for their future
commercial development [3].

3. Key Technologiesof Novel Fuel Cells
3.1. Catalyst Technology

Catalysts, as the core component of fuel cells, directly
influence the overall efficiency and cost of the battery. In
Proton Exchange Membrane Fuel Cells (PEMFCs), Platinum
(Pt)-based catalysts are widely used due to their superior
oxygen reduction reaction (ORR) activity and stability [1].
However, the scarcity of Pt reserves and its high price limit
the large-scale commercial application of PEMFCs.
Therefore, reducing the usage of precious metal catalysts
while improving their activity and stability has become a
research hotspot. In recent years, researchers have
significantly improved Pt utilization by developing novel
carbon material supports (such as carbon aerogels, carbon
nanotubes, and graphene) [13]. These supports not only
possess a high specific surface area and rich pore structure but
also effectively enhance the catalyst's resistance to
electrochemical corrosion. Furthermore, significant progress
has been made in non-precious metal catalysts (such as
transition metal oxides and nitrides), providing possibilities
for achieving low-Pt or even Pt-free catalystsin the future [4].
These research findingsnot only help reduce the cost of fuel
cells but also lay the foundation for their widespread
application in fields such as rail transit and aerospace.

3.2. Electrolyte Material Technology

Electrolyte materials are an essential part of fuel cells, and
their performance determines the conductivity, stability, and
durability of the battery. The perfluorosulfonic acid
membranes commonly used in Proton Exchange Membrane
Fuel Cells (PEMFCs) have high proton conductivity and
chemical stability, but they are expensive and suffer from a
significant performance drop under high-temperature and
low-humidity conditions [4]. To solve this problem,
researchers are dedicated to developing novel proton
exchange membrane materials, such as sulfonated poly (ether
ketone benzimidazole) copolymers (SPEKBI-x), which
achieve excellent proton conductivity and mechanical
strength through molecularstructure design [14]. Meanwhile,
Alkaline Membrane Fuel Cells (HEMFCs) have attracted
significant attention due to their ability to use non-precious
metal catalysts; the research focus for their electrolyte
materials lies in improving alkaline stability and gas barrier
performance [8]. Additionally, electrolyte materials in Solid
Oxide Fuel Cells (SOFCs) (such as yttria-stabilized zirconia)
are also being continuously optimized to meet the
conductivity and sealing requirements under high-
temperature operating conditions [3]. These research
advancements indicate that the comprehensive performance
of electrolyte materials can be significantly enhanced through
reasonable material selection and structural design, thereby
promoting the further development of fuel cell technology.

3.3. Cooling and Thermal Management
Technology

Efficient cooling design is one of the key factors in
ensuring the performance stability and lifespan of fuel cells.
Proton Exchange Membrane Fuel Cells (PEMFCs) generate a
large amount of heat during operation; if this heat is not
dissipated in time, it will lead to uneven temperature
distribution, thereby affecting electrochemical reaction
efficiency and component lifespan [5]. Although traditional
cooling channel designs (such as parallel and serpentine
channels) can effectively remove heat, they have deficiencies
in temperature uniformity and pressure drop characteristics.
To address this, researchers have proposed a novel
biomimetic leaf-vein-shaped cooling channel that achieves
efficient coolant flow and uniform heat dissipation by
simulating the distribution patterns of natural leaf veins [5].
Numerical simulation results show that, compared to
traditional cooling channels, the biomimetic leaf-vein-shaped
cooling channel can significantly reduce the maximum
temperature value (to 346.6 K) and improve temperature
uniformity (UT) and the pressure difference between the inlet
and outlet underthe same cooling conditions [5]. Furthermore,
this design reduces the energy consumption and complexity
of the cooling system, providing technical support for the
large-scale application of fuel cells. Therefore, developing
efficient cooling and thermal management technology is not
only an important way to enhance fuel cell performance but
also a key link in achieving commercialization.

4. Application Status and Future
Prospects of Novel Fuel Cells

4.1. Transportation Sector

Fuel cell vehicles, as an important application area for
novel fuel cells, have made significant progress in recent



years regarding the scale of demonstration applications and
vehicle type distribution. According to relevant research, the
promotion of hydrogen fuel cell vehicles in China has
basically met the expected planning goals, especially in
demonstration urban clusters such as Beijing-Tianjin-Hebei,
Shanghai, and Guangdong, where the application propottion
of fuel cell buses and logistics special-purpose vehicles is the
highest [12]. By the end of 2022, the national regulatory
platform had cumulatively connected over 7,500 fuel cell
vehicles, among which buses accounted for 36.49% of the
total connection volume, and logistics special-purpose
vehicles accounted for 42.29%. Furthermore, sales of
hydrogen fuel cell heavy-duty trucks and large-to-medium-
sized buses have also shown a rapid growth trend. In 2022,
heavy-duty trucks achieved cumulative sales of 2,458 units,a
year-on-year increase of 216.34%, while large-to-medium-
sized buses achieved cumulative sales of 1,259 units, a year-
on-year increase of 20.83% [12]. These data indicate that the
application of fuel cell vehiclesin the transportation sector is
gradually expanding and demonstrating strong market
potential.

From the perspective of competitive advantages, fuel cell
vehicles have significant advantages over traditional internal
combustion engine vehicles and pure electric vehicles. First,
fuel cell vehicles have high energy conversion efficiency and
can achieve rapid hydrogen refueling and long, thereby
meeting the demands of long-haul transportation [2]. Second,
the zero-emission characteristic of fuel cell vehicles aligns
with global carbon neutrality goals, helping to reduce
greenhouse gas emissions in the transportation sector.
However, the development of fuel cell vehicles still faces
many challenges, such as incomplete hydrogen refueling
infrastructure, high fuel cell costs, and key technologies that
have not yet been fully matured [3]. In the future, with the
localization ofkey materials and technological progress, fuel
cell vehicles are expected to occupy a more important
position in the new energy vehicle industry and drive the
further development of the entire industrial chain.

4.2. Distributed Power Generation and
Portable Power Sources

Solid Oxide Fuel Cells (SOFCs), due to their
characteristics of high efficiency, low pollution, and strong
fuel adaptability, demonstrate broad application prospects in
the field of distributed power generation. Research indicates
that SOFCs can provide stable power output in small-to-
medium decentralized power stations while possessing high
cogeneration efficiency [3]. By 2020, China had completed
the technical research and development of 100 kW to 1 MW
class SOFC distributed power generation energy systems and
carried out multiple demonstration project verifications. It is
predicted that by 2030, the service life of SOFC distributed
power generation systems will reach over 40,000 hours, thus
achieving large-scale [3]. Furthermore, SOFCs can utilize
various fuels (such as natural gas, biomass gas, etc.), further
enhancing their flexibility in distributed power generation.

In the field of portable power sources, fuel cells also have
potential application value. Direct Methanol Fuel Cells
(DMFCs), due to their simple structure and convenient fuel
carrying, are widely used in small electronic devices such as
laptops and mobile phones [2]. Although the current
technological maturity of DMFCs is relatively low, their
market potential in portable devices cannot be ignored. In the
future, with continuous improvements in catalyst technology

and electrolyte materials, DMFCs are expected to achieve
more widespread applications in the field of portable power
sources.

4.3. Other Potential Application Fields

The potential application of novel fuel cells in fields such
as rail transit and aerospace are receiving increasing attention.
Proton Exchange Membrane Fuel Cells (PEMFCs), due to
their characteristics of high energy density, fast start-up, and
zero pollution, are considered ideal power sources for rail
transit and aerospace [13]. For example, PEMFCs can be used
in the auxiliary power systems of high-speed trains to
improve energy utilization efficiency and reduce carbon
emissions. Furthermore, in the aerospace field, PEMFCs can
provide reliable electrical support for satellites and manned
spacecraft, while simultaneously reducing equipment weight
and extending mission time [13].

However, applications in these fields still face a series of
technical challenges. For instance, in rail transit, fuel cells
need to possess higher power density and durability to adapt
to complex operating environments; in the aerospace field,
key components of fuel cells (such as catalysts and electrolyte
materials) need to maintain stable performance under extreme
conditions [13]. To this end, researchers are actively
exploring novel carbon materials (such as carbon aerogels,
carbon nanotubes, and graphene) as catalyst supports to
improve the performance and lifespan of PEMFCs [13]. In the
future, with the breakthrough of key technologies and cost
reduction,novel fuel cellsare expected to achieve large-scale
applications in more fields.

5. Conclusion

Novel fuel cells, as an important component of clean
energy technology, have achieved significant progress in
research and development in recent years. Proton Exchange
Membrane Fuel Cells (PEMFCs) have demonstrated rapid
technological iteration in core components such as the proton
exchange membrane, catalysts, and gas diffusion layers,
particularly achieving breakthroughs in the development of
low-platinum loading catalysts and high-performance
membrane materials [4]. Meanwhile, the application potential
of Solid Oxide Fuel Cells (SOFCs) in the field of distributed
power generation has gradually emerged, and the
technological progress of their key components, such as
interconnect materials and membrane electrodes, has laid the
foundation for their large-scale promotion [3]. Furthermore,
Alkaline Membrane Fuel Cells (HEMFCs), due to their
unique advantages in cost reduction, have become one of the
research hotspots, and the comparative analysis between
HEMFCs and PEMFCs has further promoted the diversified
development of fuel cell technology.

Although the research and application of novel fuel cells
have achieved many results, they still face a series of
challenges. First, the issue of reliance on imported key
materials and components for fuel cells has not been
completely resolved, which to some extent restricts their
industrialization process [3]. Second, the balance between the
cost, lifespan, and performance of fuel cells remains a core
problem that urgently needs to be solved. For example, the
high cost of catalysts in PEMFCs and the stability issues of
SOFCs during long-term operation are still the main obstacles
restricting their large-scale application [4]. Furthermore, the
lag in hydrogen refueling infrastructure construction has also
had an adverse impact on the promotion of fuel cell vehicles.



Looking ahead, the development direction of novel fuel
cells will mainly focus on further breakthroughs in key
technologies and continuous cost reduction. In terms of
catalyst technology, the research and development of
platinum-free or low-platinum catalysts will become a
priority to improve the economy and sustainability of fuel
cells [4]. In the field of electrolyte materials, novel proton
exchange membranes suitable for high-temperature and low-
humidity environments are expected to achieve significant
performance improvements. Simultaneously, innovations in
cooling and thermal management technologies, such as the
design of biomimetic leaf-vein-shaped cooling channels, will
provide new solutions for the efficient operation of fuel cells
[5]. At the application level, the market demand for fuel cell
vehicles and distributed power generation systems will
continue to grow. It is predicted that by 2035, the fuel cell
consumption will reach between 40 million kW and 145
million kW [3]. Furthermore, the potential applications of fuel
cells in emerging fields such as rail transit and aerospace are
also worthy of further exploration.

In summary, the research and application ofnovel fuel cells
are in a stage of rapid development, and their technological
breakthroughs and industrialization process will provide
important support for the global energy transition. However,
to achieve the widespread application of fuel cells, it is still
necessary to overcome challenges in multiple aspects such as
technology, economy, and infrastructure. Through continuous
technological innovation and policy support, novel fuel cells
are expected to play amore important role in the future energy
system [3, 4].
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