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Abstract: Fuel cells, as key carriers for hydrogen energy development and utilization, provide a
vital opportunity to achieve zero-emission energy use and have thus attracted considerable attention
from fundamental research to industrial application levels. Considering the current status of fuel
cell technology and the industry, this paper presents a systematic elaboration of progress and
development trends in fuel cell core components and key materials, such as stacks, bipolar plates,
membrane electrodes, proton exchange membranes, catalysts, gas diffusion layers, air compressors,
and hydrogen circulation systems. In addition, some proposals for the development of fuel cell
vehicles in China are presented, based on the analysis of current supporting policies, standards,
and regulations, along with manufacturing costs in China. The fuel cell industry of China is still in
the budding stage of development and thus suffers some challenges, such as lagging fundamental
systems, imperfect standards and regulations, high product costs, and uncertain technical safety and
stability levels. Therefore, to accelerate the development of the hydrogen energy and fuel cell vehicle
industry, it is an urgent need to establish a complete supporting policy system, accelerate technical
breakthroughs, transformations, and applications of key materials and core components, and reduce
the cost of hydrogen use.

Keywords: hydrogen energy; proton exchange membrane; fuel cell vehicles; core component; key
material; technology; technology; industry; early-stage

1. Introduction

As an important energy storage method, hydrogen energy is an ideal medium for
collaborative optimization across energy networks [1]. Compared with renewable energy,
such as wind energy and solar energy, which are unstable and intermittent during gen-
eration, hydrogen-based fuel cell techniques are much simpler since there is no need to
employ additional energy storage systems to improve the utilization rate and stability [2].
The importance of the development of the hydrogen energy and fuel cell vehicle industry
has been stressed in many countries, with appropriate strategies formulated to achieve
energy transformation and economic growth. In March 2019, the Ministry of Economy,
Trade, and Industry (METI) of Japan released a new version of their Strategic Road Map for
the Hydrogen and Fuel Cells label, with the goals of commercialization of fuel cells in the
areas of household energy generation and automobile travel by 2025, achieving ownership
of 800,000 fuel cell vehicles by 2030, and the establishment of a hydrogen company with
universal access to fuel cell vehicles by the year 2050 [3]. Japan has sold a total of 6755 fuel
cell vehicles by the end of 2021, as presented in Figure 1. In January 2019, the Hydrogen
Economy Roadmap was issued by the government of the Republic of Korea. A total of
6.2 million fuel cell vehicles were expected to be produced by 2040, including 2.9 million
for the domestic market and 3.3 million for export, including cars, buses, taxis, and trucks
powered by hydrogen fuel cells. In addition, it was expected that the number of hydrogen
filling stations would increase to 1200. The Republic of Korea ranked first globally in cumu-
lative sales of fuel cell vehicles by the end of 2021 with sales of 19,374 fuel cell vehicles as
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shown in Figure 1. The US Fuel Cell and Hydrogen Energy Association (FCHEA) released a
new version of the US Hydrogen Road Map in January 2020, with a proposal to sell 150,000
and 1.2 million fuel cell vehicles and to build 1000 and 4300 hydrogen fueling stations by
2025 and 2030, respectively, as a result. The US has sold a total of 12,206 fuel cell vehicles
by the end of 2021, as shown in Figure 1. The Fuel Cells and Hydrogen Joint Undertaking
(FCH-JU) was the first company to release the Hydrogen Roadmap Europe in February
2019, with a plan to reach a capacity of 45 million passenger fuel cell vehicles, 6.5 million
light commercial vehicles, 250,000 fuel cell buses, 1.7 million fuel cell trucks, and 5500 fuel
cell trains by the year 2050. The plan called for 15,000 hydrogen refueling stations in Europe
by 2040 [4]. As shown in Figure 1, the cumulative sales of fuel cell vehicles in Germany, the
Netherlands, and France were 961, 448, and 341, respectively, at the end of 2021.
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Figure 1. The cumulative sales of fuel cell vehicles.

The fuel cell vehicle, an important technical approach to new energy vehicles [5–7], ex-
hibits characteristics such as excellent environmental performance, high conversion efficiency,
short refueling time, long range, and good load performance. It has demonstrated obvious
advantages in long-distance and heavy-load conditions and can act as a better alternative to
complete electric vehicles [8–10].

In addition, China has focused on the development of the fuel cell vehicle industry
and has issued a series of supporting policies over the past few years. The Energy-Saving
and New Energy Vehicle Technology Roadmap 2.0 was released to the public in October
2020, suggesting the commercialization of fuel cell vehicles prior to 2035 and reaching
approximately one million fuel cell vehicle holdings in China [11]. In August 2021, the
Chinese government officially launched the pilot application for fuel cell vehicles [12],
shifting from the subsidy policy for the purchase of fuel cell vehicles to the support policy
for the pilot application of fuel cell vehicles. Within this framework, the qualified city
clusters would be rewarded for industrializing key core technologies and demonstrating
applications of fuel cell vehicles. The policy also specified that industrial breakthroughs in
product research and development (R&D) would be awarded points in the following eight
fields: fuel cell stack, membrane electrode assembly (MEA), bipolar plate (BPP), proton
exchange membrane (PEM), catalyst layer (CL), carbon paper, compressor, and hydrogen
circulation system.

China has established a preliminary industrial chain assembling the fuel cell system,
its key components, and the supply of hydrogen energy. Major vehicle enterprises such as
FOTON, MAXUS, FEICHI TECHNOLOGY, and YUTONG, and key parts manufacturers
with leading technologies like SHPT, FTXT, and REFIRE have emerged in the Beijing–
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Tianjin–Hebei Region, Yangtze River Delta, Pearl River Delta, and Central China, forming
relatively complete industrial clusters. The development of China’s fuel cell vehicle industry
continues to accelerate with the strong support of national policies and technological
progress. According to the statistics of the China Association of Automobile Manufacturers,
the cumulative number of insured fuel cell vehicles reached 8602 as of December 2021, as
presented in Figure 2.
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Figure 2. Annual number of insured fuel cell vehicles in China.

However, China’s fuel cell vehicle industry is still in the early stages with some com-
mon issues in the research and development of fuel cells, and their large-scale production
and application, and supporting the management of hydrogen refueling infrastructures.
Further, a gap still exists between China’s fuel cell vehicle products and the international
advanced standards in terms of performance, service life, and reliability. In addition, key
fuel cell materials, such as PEM, CL, and carbon paper, are mostly in the sample stage in
China; thus, the country heavily depends on imports.

In this study, we focus on the technical development and industrial status of the eight
key parts of fuel cells, namely proton exchange membrane fuel cell (PEMFC) stack, MEA,
BPP, PEM, CL, gas diffusion layer (GDL), compressor, and hydrogen circulation system. A
meticulous analysis of the fuel cell engineering development trend was conducted, and the
problems encountered during fuel cell development were summarized. Finally, supporting
measures and suggestions were provided as the fundamental reference for the development
of the fuel cell industry.

2. An Overview of the Technology and Industry Development of Key Parts of Fuel
Cell Vehicles
2.1. Stack

The PEMFC stack is the place of electrochemical reaction and is the core part of
hydrogen fuel cell systems, which sustains the energy output of the whole fuel cell system.
Generally, the working voltage of a single fuel cell is set to 0.5–1.0 V. To meet the voltage
and power requirements in applications, a series of multiple single cells are connected
to form a PEMFC stack [13]. A fuel cell stack is composed of alternately stacked MEA,
BPP, and seals with current collectors and end plates installed at both ends under a given
pressure, as presented in Figure 3 [14].
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The PEMFC stack has obvious advantages such as pollution-free and high energy
density. Unfortunately, its low efficiency and durability and unsatisfactory reliability are the
major issues, especially in the high-power scenario [15]. In the aspect of the high reliability
of the design method of the high power stack, the core technology of the stack design can
be achieved through a large area complex flow field design, highly reliable sealing material
and structure design, error analysis, and tolerance design; in the aspect of manufacturing,
high consistency of the metal sheet stack assembly can be achieved by using the stacking
technology of high consistency of laminated structure and batch manufacturing of efficient
flexible production lines.

Apart from China, PEMFC stack enterprises are mostly located in Japan, the Republic
of Korea, Europe, and the US. The majority of Japanese and Korean manufacturers, such
as Toyota, Honda, and Hyundai, develop their own stacks, while many European and
American manufacturers purchase the stacks from cooperative enterprises. For instance,
Audi employs customized stacks from Ballard of Canada, and Mercedes Benz uses stacks
from AFCC, a joint venture of Mercedes Benz and FOTON.

In China, there are two types of stack enterprises. One resorts to independent R&D,
exemplified by SHPT and SinoFuelCell. Sinosynergy and WEICHAI represent the second
type, which introduces established stack technology from abroad. The stacks can be
categorized into graphite plate stacks, composite plate stacks, and metal plate stacks.
Currently, more than 80% of the market in China is occupied by graphite plate stacks and
composite plate stacks, while metal plate stacks are gaining a market share year by year.

China’s stack technology has advanced rapidly, and its ability to conduct independent
R&D is gradually strengthened. The parameters such as rated power, bulk power density,
and cold start temperature of a single stack have been considerably enhanced. Table 1
lists the main technical parameters of the existing products from some Chinese stack
enterprises, including power level, power density, cold start temperature, and service life.
The performance parameter mentioned in the table is just one of the offerings from the
mentioned companies and they have more versions in their portfolio. The stack power has
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apparently been increased to 200 kW, the bulk power density has reached 6.0 kW/L, and
the cold start temperature has been reduced to −40 ◦C. However, the durability of the stack
needs to be verified.

Table 1. Comparison of stack technology levels of some Chinese stack enterprises.

Enterprise Name SHPT Sunrise Power SinoFuelCell Sinosynergy H-RISE

Rated power
/kW 163 [16] 200 [17] 150 [18] 178 [19] 170 [20]

Power density
/kW/L 4.2 [16] 6.0 [17] 4.0 [18] 2.9 [19] 5.5 [20]

Cold start
temperature

/◦C
−30 [16] −40 [17] −35 [18] −35 [19] −30 [20]

Life
/h 15,000 [16] 20,000 [17] 15,000 [18] 30,000 [19] 15,000 [20]

Plate type Metal [16] Metal [17] Metal Graphite [19] Metal

2.2. Bipolar Plate

One of the core components of the PEMFC is BPP, which accounts for about 80% of
the mass, 14–38% of the cost, and almost all the volume of a fuel cell stack [16–23]. The BPP
should complete the following functions: separating the fuel, oxidant, coolant and reaction
products, ensuring the electrical connection between single cells, providing channels for
anode and cathode reaction gases, resisting corrosion under the PEMFC working environ-
ment, dissipating heat, and discharging reactant water [24,25]. The technical targets for
BPPs were given by the U. S. Department of Energy (DOE) in 2008 [26], as shown in Table 2.
Currently, the key problem in bipolar plate materials is how to achieve a reasonable match
between the conductivity and corrosion resistance of the coating materials, i.e., to achieve a
high corrosion resistance and to ensure the lifetime of the whole system on the assumption
of a reasonable conductivity.

Table 2. Technical targets for BPP.

Characteristic Units 2020 Target

Plate Cost $/kW 3
Plate weight kg/kW 0.4

Plate H2 permeation
coefficient Std cm3/(s cm2Pa)@ 80 ◦C, 3 atm 100% RH 1.3 × 10−14

Corrosion, anode µA/cm2 1
Corrosion, cathode µA/cm2 1

Electrical conductivity S/cm 100
Areal specific resistance Ohm-cm2 0.01

Flexural strength MPa 25
Forming elongation % 40

The BPP of hydrogen fuel cells are available in three different materials on the market,
graphite, metal, and composite [25,27]. Graphite is the earliest and most widely used
BPP material, exhibiting excellent chemical stability in fuel cell environments [28,29]. The
graphite BPP technology has been evolved, commercialized, and is now being applied on a
large scale. However, graphite exhibits high porosity, low mechanical strength, and high
brittleness. Therefore, a graphite BPP needs to be typically thick to prevent the penetration
of working gas and meet the requirement of required mechanical properties, resulting in
a large volume and mass. In addition, the poor processing performance and low yield of
graphite have substantially increased the manufacturing cost. Although graphite BPP with
improved mechanical properties and reduced costs have been realized recently [30–32],
they still fail to meet the requirements of BPP and are thus seriously limited in applications.
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Metals can be easily processed into extremely thin PEMFC BPP (0.1–0.3 mm) and offer
several advantages, such as high strength, excellent toughness, good thermal conductivity,
and low cost BPP [33,34]. The PEMFC is most effective in acidic (pH 2–3), warm (60–80 ◦C),
and humid environments [35]. The metal bipolar plate stack has the advantages of high
power density, fast cold start and good seismic performance, and is suitable for mass
production of high-power stacks above 100kW.

In general, various operating conditions (start/stop, idling, and dynamic load, etc.) of
the fuel cell electric vehicle can lead to voltage changes [36]. Under such irregular voltage
variations, harsh environments, and long-term exposure to corrosive electrolytes, metal
BPP can be seriously corroded. Moreover, some metal BPP can form an oxide layer in
the PEMFC environment, significantly increasing the interfacial contact resistance (ICR)
between the metal BPP and GDL [37]. Metal ions produced by metal corrosion can poison
the MEA and reduce fuel cell efficiency [38]. Therefore, surface modification of metal
BPP becomes essential to resist the corrosive environments of fuel cells. Ample research
has been conducted on modification of metal surfaces, including stainless steel (SS) [39],
aluminum (Al) [40], copper (Cu) [41], titanium (Ti) [42], and nickel (Ni) [43]. Interestingly,
these surface-modified metals have exhibited better corrosion resistance and lower ICR
than those of uncoated metals.

The composite BPP is composed of two or more materials, exhibiting the synergistic
effect of corrosion resistance of graphite and high strength of metals, thereby optimizing
the mechanical properties. These composite BPP can be either carbon-based or metal-based.
Carbon-based composite BPP can be easily mass-produced by molding or the injection
molding process, and specifically, their conductivity and mechanical strength can be ad-
justed by changing the conductive filler to resin ratio. The carbon-based BPP can reduce
the manufacturing cost and has emerged as a key development approach. The research
community is striving to explore ideal composite BPP with high conductivity and excellent
mechanical strength by selecting appropriate conductive fillers and resins, improving the
uniformity of mixed carbon materials and resins, and optimizing the preparation pro-
cess [44,45]. Metal-based composite BPP combine the advantages of graphite BPP and
metal BPP and thus can be applied in harsh conditions such as high corrosion resistance,
high conductivity, and high strength [46]. However, metal-based composite BPP are diffi-
cult to mass-produce because of the complex structure and preparation process, increasing
the manufacturing cost.

Well-known BPP manufacturers outside China include Graftech, Dana, POCO, and
Treadstone in the US, Siemens and Grabener in Germany, Bac2 in the United Kingdom, and
Cellimpact in Sweden. China has developed sophisticated BPP production techniques for
mass production and has managed to achieve multiple key technical indexes equivalent to
those abroad. At present, the thickness of graphite BPP is generally 0.7 mm. The thickness
of metal BPP is generally 0.1 mm. However, China needs to focus on reducing the thickness
of BPP and the production of basic materials for metal BPP.

2.3. Membrane Electrode Assembly

The MEA is the most critical component of the fuel cell, which acts as the three-phase
material transfer interface and the electrochemical reaction site [47,48]. The MEA mainly
consists of the GDL, CL, and proton exchange membrane (PEM), as displayed in the
structural diagram (Figure 4). The cathode and anode CLs are separated by PEM, which
provides a proton transfer channel from anode to cathode. In addition, PEM also serves
to separate the reaction gases, hydrogen, and air in anodic and cathodic compartments,
respectively. Hydrogen is oxidized in the anode CL, while oxygen is reduced in the cathode
CL. The GDL, on the other hand, is in direct contact with the flow channel on the BPP to
mechanically support electron conduction, diffuse reaction gas, and drain water [49–51].
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A high-performance MEA should have the following characteristics.
(a) The formation of a good ion channel is a prerequisite for lowering the resistance

to ion transmission [47]. Since the PEMFC adopts solid electrolytes, sulfonate is fixed on
the ion exchange membrane resin rather than immersing in the electrode. Therefore, for
the conduction of H+ in a solid electrolyte medium, proton channels should be introduced
into CL layers of the electrode. To achieve this purpose, a three-dimensional technology
must be adopted; that is, the CL layer is either soaked or sprayed with the Nafion resin for
establishing an H+ conduction network in the hydrophilic network.

(b) A good electron channel is another essential factor. Although the carbon-supported
platinum (Pt) CL is a good conductor of electrons, the presence of Nafion and polytetrafluo-
roethylene (PTFE) may affect the conductivity. Thus, considerable attention should be paid
to electron conduction, in addition to accomplishing ion and gas conduction, to improve
the overall MEA performance [48].

(c) To facilitate the smooth transmission of reaction gas from the GDL to CL layer for
electrochemical reaction, the gas transmission resistance should be minimized. In other
words, the reaction activity of CL should be maximized per unit area and mass. Therefore,
the GDL must be sufficiently hydrophobic for the smooth flow of the reaction gas through
the shortest channel to reach the CL. On the other hand, the generated water molecules
during the reaction can be used to wet the membrane, and the excess water should be
discharged to avoid gas channel blocking.

The MEA is a basic unit of electrochemical reactions in a fuel cell. In the working
process, its components, such as the PEM, CL and CL support, and GDL, affect each
other. Its design and preparation should follow the basic principles and characteristics
of electrochemical reactions in the fuel cell, considering the final working conditions. It
should be noted that the working performance of the fuel cell is influenced by the structure
design and preparation technique of MEAs.

Three generations of MEA technology routes have been developed globally. The first
generation is the gas diffusion electron (GDE) preparation process presented in Figure 5.
In this process, the CL is directly coated on the GDL, then pressed on both sides of the
PEM to obtain the MEA. The GDE process is conducive to the formation of MEA pores,
which shows resistance to deformation in the PEM [52,53]. However, the CL tends to
penetrate the GDL and stops functioning. Moreover, the long-term operation may cause
local peeling between PEM and GDL [54,55]. Therefore, the GDE preparation process has
been abandoned now.
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Figure 5. Schematic diagram of the GDE preparation process.

The second generation is the catalyst coated membrane (CCM) preparation process,
first proposed by Wilson et al. [56] and is currently adopted by most membrane electrode
manufacturers. Specifically, the CL layer is directly coated on both sides of the PEM and
then hot-pressed together with the GDL to produce the MEA, as presented in Figure 6 [57].
The CL layer of CCM bonds better with the PEM than that in the GDE process and is not
prone to peeling [58]. Moreover, the interfacial impedance between the PEM and CL is
small, and the CL utilization rate is high. However, due to the relatively small gas channel
and water transmission resistance, the phenomenon of “water flooding” easily occurs in
the MEA prepared by CCM method during the operation of the fuel cell.
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Figure 6. Schematic diagram of the CCM MEA prepared by ultrasonic spraying [51].

The proton, electron, and gas transmission channels in the CL layer are disordered,
leading to a low material transmission efficiency and strong concentration polarization.
Therefore, the new-generation MEA needs to realize ordered transmission of materials
such as protons, electrons, reaction gas, and water for enhancing the utilization of CL. The
MEA ordering can be categorized into proton conductor ordering and electronic conductor
ordering, wherein the latter includes ordering of CL material and CL support material. An
ordered MEA possesses good multi-phase material transmission channels for electrons,
protons, water, and gas, and thus can greatly reduce the Pt load in the MEA, enhance the
gas-liquid transmission inside the electrode, improve the water management capability of
the electrode, and prolong the service life of the fuel cell [59,60]. On the other hand, the
ordered MEA is still under investigation, with 3M being the only company known to have
developed commercial ordered MEAs by preparing the CL on ordered nanostructures, as
presented in Figure 7 [61].



Energies 2023, 16, 2099 9 of 23
Energies 2023, 16, x FOR PEER REVIEW 9 of 23 
 

 

 

Figure 7. Schematic diagram of ordering the MEA by 3M [61]. 

Mainstream MEA manufacturers outside of China include Gore, DuPont, and 3M. 

MEAs have also been independently developed by Barrard, Toyota, Honda, and other 

fuel cell and vehicle enterprises and are primarily used in their fuel cell systems. The MEA 

industry in China is developing slowly. However, it still needs to overcome some 

technical barriers. Most Chinese enterprises, such as FTXT, Tang Feng Energy, and 

Hydrogine Technology, were successful in building their own MEA production lines, 

which have preliminarily achieved commercialization and are currently in the pilot plant 

stage. 

2.4. Proton Exchange Membrane 

The PEM is a solid electrolyte membrane and a key component of fuel cells. Its main 

functions include isolating hydrogen and air, supporting the CL to ensure smooth 

reactions, and selectively conducting protons, and blocking electron transmission. It has 

precise control as it only allows H+ to pass through and does not use particle size as a 

criterion. Thus, other particulates in the fuel cell, such as ions, molecules, and ionic 

groups, cannot pass through it [62–65]. High-performance PEMs should have the 

following characteristics. 

(a) High proton conductivity. 

(b) Good chemical stability to improve the cell service life. 

(c) Good thermal stability, not prone to degradation at high temperatures. 

(d) Good mechanical performance to ensure negligible or no morphological changes 

when switching between dry and wet states during operation of the fuel cell. 

(e) High utilization rate of raw materials, low gas permeability, and low point 

permeability coefficient of water. 

(f) Low price. 

(g) Good formability. 

The investigations into PEM mainly focused on the three types of membranes: 

perfluorinated PEMs, partially fluorinated polymer PEMs, and non-fluorinated polymer 

PEMs. Currently, perfluorosulfonic acid (PFSA) PEM is most widely used. In the 1960s, 

US DuPont developed PFSA ion exchange membranes (later known as the Nafion series) 

[66]. Figure 8 displays the structural formula of the Nafion resin. It has a fluorocarbon 

main chain, with the branched chain composed of ether with sulfonic acid groups, 

demonstrating high chemical stability. The sulfonic acid end group (-SO3H) is hydrophilic 

and facilitates the aggregation of hydrophilic phases to form an ion cluster network when 

the membrane is wet and conducts protons. The PFSA ion exchange membrane exhibits 

Figure 7. Schematic diagram of ordering the MEA by 3M [61].

Mainstream MEA manufacturers outside of China include Gore, DuPont, and 3M.
MEAs have also been independently developed by Barrard, Toyota, Honda, and other fuel
cell and vehicle enterprises and are primarily used in their fuel cell systems. The MEA
industry in China is developing slowly. However, it still needs to overcome some technical
barriers. Most Chinese enterprises, such as FTXT, Tang Feng Energy, and Hydrogine
Technology, were successful in building their own MEA production lines, which have
preliminarily achieved commercialization and are currently in the pilot plant stage.

2.4. Proton Exchange Membrane

The PEM is a solid electrolyte membrane and a key component of fuel cells. Its main
functions include isolating hydrogen and air, supporting the CL to ensure smooth reactions,
and selectively conducting protons, and blocking electron transmission. It has precise
control as it only allows H+ to pass through and does not use particle size as a criterion.
Thus, other particulates in the fuel cell, such as ions, molecules, and ionic groups, cannot
pass through it [62–65]. High-performance PEMs should have the following characteristics.

(a) High proton conductivity.
(b) Good chemical stability to improve the cell service life.
(c) Good thermal stability, not prone to degradation at high temperatures.
(d) Good mechanical performance to ensure negligible or no morphological changes

when switching between dry and wet states during operation of the fuel cell.
(e) High utilization rate of raw materials, low gas permeability, and low point permeabil-

ity coefficient of water.
(f) Low price.
(g) Good formability.

The investigations into PEM mainly focused on the three types of membranes: perflu-
orinated PEMs, partially fluorinated polymer PEMs, and non-fluorinated polymer PEMs.
Currently, perfluorosulfonic acid (PFSA) PEM is most widely used. In the 1960s, US DuPont
developed PFSA ion exchange membranes (later known as the Nafion series) [66]. Figure 8
displays the structural formula of the Nafion resin. It has a fluorocarbon main chain, with
the branched chain composed of ether with sulfonic acid groups, demonstrating high
chemical stability. The sulfonic acid end group (-SO3H) is hydrophilic and facilitates the
aggregation of hydrophilic phases to form an ion cluster network when the membrane is
wet and conducts protons. The PFSA ion exchange membrane exhibits advantages such
as stable mechanical strength, high chemical stability, high conductivity under humid
environments, and high current density at low temperatures, all of which are conducive to
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proton conduction. However, it has the following three defects. (1) The requirements for
the monomer synthesis process are stringent, resulting in a high material cost and also a
higher price of finished products. (2) Both the preparation processes of the PFSA membrane
and its waste disposal cause environmental pollution.
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To reduce the price of PEMs and facilitate the synthesis of perfluoropolymers, the
research has shifted focus onto partially fluorinated polymer PEMs and non-fluorinated
polymer PEMs [67,68]. The partially fluorinated polymer PEM replaces PFSA resin with
partially substituted fluoride or blends the inorganic or other non-fluorides with the
fluoride. Ballard of Canada developed the BAM-series PEM, a typical partially fluorinated
polystyrene PEM, to improve the performance of the sulfonated polystyrene PEM. Its
thermal stability, chemical stability, and moisture content have been considerably enhanced,
which exceeded the performance of the Nafion117 and Dow membranes. At the same time,
it is less expensive than perfluorinated membranes and can replace perfluorinated sulfonic
acid membranes only in some cases. However, the application of these polystyrene PEM is
limited due to their small molecular weight and insufficient mechanical strength.

To fundamentally address the high cost and exhaust pollution of perfluorinated sul-
fonic acid membranes, a new class of PEMs called non-fluoropolymer PEMs has been
developed. The fully aromatic polymer, as a special macromolecule, shows excellent prop-
erties such as high mechanical strength, good chemical, and electrochemical stability, strong
heat resistance, and low price. A novel non-fluoropolymer PEM, as the most promising
alternative to the Nafion membrane, has been prepared by introducing strong acid ion
groups into the aromatic ring. Specifically, polyarylether polymers (PPS/PES/PEK/PKS),
polyimide (PI), and polybenzimidazole (PBI) have been extensively studied because of
their excellent chemical stability, high-temperature resistance, environmental friendliness,
and low cost [69,70]. However, for PPS/PES/PEK/PKS membranes, it is only under the
condition of high swelling that they can have the equivalent proton conductivity as the
Nafion membrane, and the fuel cell working condition does not permit excessively high
swelling rates. For PI membranes, phosphoric acid is not covalently linked to the PBI chain,
and phosphoric acid is water-soluble. As a result, as the fuel cell reaction produces water,
phosphoric acid will also be lost, leading to the degradation of the performance of the
fuel cells.

Enterprises involved in the R&D of PFSA PEMs mainly include DuPont, Gore, 3M,
Mitsubishi, AGC, and Solvay. Among these, currently, the most widely used PEM in the
market is DuPont’s Nafion membrane. The Nafion membrane has higher chemical stability,
higher mechanical strength, and higher conductivity in humid working environments
than other PEMs. Almost all commercial PFSA PEMs are based on the Nafion structure.
However, the membrane material demands high temperature and moisture content, while
proton conductivity deteriorates considerably at medium and high temperatures. In
addition, the preparation becomes difficult when used in direct methanol fuel cells, since
the permeability of methanol is high. It can be mentioned that the progress of China’s PEM
technology has been slow. At this stage, few enterprises (e.g., Shandong Dongyue future
hydrogen energy materials) produce large-scale MEAs. The thickness of PEMs produced
by Dongyue has reduced from 50 µm to 15 µm [71]. Table 3 lists the representative
manufacturing enterprises in China and other countries and their PEM products.
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Table 3. PEM manufacturers and their products.

Number Enterprise Name Product Range Nationality

1 Dupont Nafion U.S.A
2 Gore - U.S.A
3 3M - U.S.A
4 Mitsubishi Aciplex F800 Japan
5 AGC Flemion F4000 Japan
6 Dongyue Federation DF988; DF2801 China

2.5. Catalyst Layer

The CL, being the most important component of the MEA, must ensure the continuous
transmission of electrons, protons, and reaction gases and timely discharge of reaction
product water. Generally, three components participate in chemical reactions in the fuel
cell, namely gas (hydrogen and oxygen), electrons, and protons, all of which require rapid
and stable transfer. Gas is transferred through voids, electrons are transferred through
conductive carriers, and protons are transferred through PEMs, and hence the CL material
should satisfy the high requirements for ensuring better efficiency of the fuel cell. Firstly, it
must be porous to allow hydrogen and oxygen to pass through. Secondly, since sufficient
current can be achieved only with good conductivity, the CL must be in close contact with
the PEM to ensure the smooth transfer of protons. Thirdly, the CL must be sufficiently thin
to minimize the cell potential loss due to proton migration and penetration of reaction gas
into deep parts of the layer. Finally, the by-product water generated by the reaction must be
effectively discharged to avoid immersion of the CL in water, which causes inaccessibility
of the gas.

Currently, PEMFC CLs are Pt-based and thus are expensive and limited. According to
the DOE US fuel cell cost analysis report of 2017 [71], the CL cost accounted for 41% of the
overall cell stack cost. Thus, the high CL cost severely restricts the mass production and
application of the PEMFC. In addition, the technical concerns such as activity, stability, and
large-scale preparation of CLs have become the bottlenecks restricting the development of
fuel cells. However, the investigations and demonstrative works on CLs have been adopted
by many countries. Table 4 displays the power, Pt consumption, and durability of fuel cell
vehicles developed by several representative automobile companies. It could be observed
that Toyota demonstrated the least Pt used (approximately 0.17 g/kW), which was still far
from the target of 0.125 g/kW of the US DOE [72].

Table 4. Power, Pt consumption, and durability of various fuel cell vehicle enterprises [73].

Enterprise Toyota Hyundai Nissan GE Mercedes-Benz SAICMOTOR

Stake
Power/kW 114 100 90 92 100 40

Pt Used/g 20 40 30 30 20 -
Durability/h >5000 5500 - 5500 >5000 2000

Pt is a classic CL in the field of electrocatalysis because of its high activity, attracting
much attention and extensive research. However, its scarcity and high price limit its
application. The annual demand for Pt in the automotive industry, if all cars are driven by
fuel cells, would be as high as over 1000 tons, which is approximately five years’ global Pt
output (200 t annually) [74,75]. Therefore, pursual for low-Pt or non-Pt CLs for fuel cells
has gained attention. The cost and stability problems of commercial CLs can be solved by
the following approaches.

(a) Manipulation of Pt structure. For instance, the utilization rate of Pt atoms can be
improved by synthesizing CLs with a specific morphology [76,77], and the activity can be
enhanced by controlling the exposed crystal plane ratio during crystal growth [78].
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(b) Alloying of Pt to reduce Pt consumption [79–83]. For example, the CL stability and
toxic tolerance can be effectively improved by alloying Pt with transition metals (e.g., Ti,
Cr, V, Mn, Fe, Co, Ni, and Cu) on carbon supports.

(c) Development of novel, highly active carrier materials to improve the stability and
overall properties of Pt [84–86]. In general, the oxygen reduction reaction (ORR) activity
and stability of the CL can be enhanced by some specific interactions between the Pt CL and
the carrier. In addition, the carrier should have a high specific surface area, strong physical,
electrochemical, and thermal stability, and good conductivity to facilitate Pt recovery.

(d) Development of non-Pt CLs with low cost, high catalytic activity, and excellent
stability [87–91], such as transition metal–nitrogen–carbon (M-N-C) CLs, transition metal
oxides, chalcogenides, nitrides, and oxynitrides.

The comparison of the advantages and disadvantages of various low-Pt or non-Pt
CLs is presented in Table 5. The main aim of the PEMFC CL research is to replace Pt and
other precious metals to reduce the cost. However, commercial Pt/C CLs are superior
to non-Pt-based CLs in terms of stability, current density, and ORR catalytic activity in
acidic solutions.

Table 5. Comparison of fuel cell CLs.

Type Advantages Disadvantages

Pt alloy CL Enhanced activity and stability Prone to agglomerate during preparation

Surface controlled Pt CL Enhanced activity Changeable morphological structure and
reduced stability

Transition metal CL Enhanced activity and reduced cost Unstable in acid electrolytes

Nonmetallic CL Reduced cost Unknown activity and stability

China’s CL industry has shown slow progress, still depending on the raw materials
imported from TANAKA, Johnson Matthey, and UMICORE. Although several Chinese
enterprises and institutes have investigated fuel cell CLs with some achievements, it is
difficult for their products to meet the technical specifications of commercial needs. Fuel
cell CLs, in contrast to ordinary CLs, require better performance in activity, stability, and
durability. Further, commercial products can only be manufactured on a large scale by
repetitive testing, optimizing, and application.

2.6. Gas Diffusion Layer

The GDL is a wet-proof carbon-based material used on both sides of the fuel cell anode
and cathode between the flow field plate and the CL layer. The GDL plays an important
role in homogenizing gas distribution, controlling MEA moisture, conducting electricity
and heat, and supporting the electrode structure. The GDL is deliberately designed to
be porous in order to perform these functions. The pore zone primarily regulates the
transmission of reactants and by-product water flowing in the opposite direction, while the
remaining solid structure provides channels for electron and heat transmission. The GDL
is typically composed of the microporous layer (MPL) and the gas diffusion backing (GDB)
layer [92,93], as depicted in Figure 9.

The MPL, though an independent layer, has no clear interface with the GDL. The MPL
consists of small-scale carbon powder/hydrophobic aggregates that can be several times
smaller than the GDL opening. These aggregates have the ability to penetrate relatively
large pores and modify their structures. The main functions of the MPL are to improve
the pore structure of the substrate, reduce the contact resistance between the substrate
and CL layer, achieve a rapid and homogenous distribution of reaction gas through the
diffusion layer to the CL layer surface for reactions, and drain the generated water in time
to prevent flooding of the CL layer. The gas diffusion channel of the MPL is composed
of treated hydrophobic pores containing PTFE as a common water repellent. Therefore,
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these hydrophilic pores without the hydrophobic treatment can act as transfer channels for
product water.
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The GDB layer mainly functions to diffuse gas, support the MPL, and stabilize the
MEA structure [94,95]. An ideal GDB material should possess high mechanical strength,
high thermal and chemical resistance, and high stability and durability, in addition to
meeting the requirements of mass transmission, heat conduction, and conductivity. The
transmission characteristics of the GDB layer largely depend on its engineering parameters,
and the development of a GDB layer with the best transmission performance has gained
considerable attention in recent years [93,96,97]. With advancing R&D, GDB performance
has improved; however in-depth understanding of the causes and directions for improve-
ment is still lacking. A wide range of porous materials has been considered as potential
GDB materials, which are often classified into two categories. Carbon-based GDB includes
carbon paper, carbon cloth, carbon foam, and carbon felt, while metal-based GDB materials
include metal mesh, metal foam, and micro-processed metal [98].

The properties of carbon-based GDB, such as high permeability, high chemical stability,
high electronic conductivity, high elasticity, and controllable pore structure, facilitate their
application PEMFC. Among all, carbon paper is the most common carbon-based GDB. It is
composed of arbitrarily stacked ultra-fine carbon fibers that have been treated with a hy-
drophobic agent. Carbon paper with hydrophobic treatment has an optimal microstructure
and can realize effective mass transfer. In contrast, the metal-based GDB inherently exhibits
high electrical and thermal conductivity, high mechanical strength, and good weldability
and plasticity. Moreover, the processed metal-based GDB can achieve a high specific surface
area, controllable pores, and satisfactory permeability and wettability. The foam metal GDL
is an integrated design of BPP and GDL, eliminating the contact impedance between BPP
and GDL, thus improving the material and heat distribution uniformity. Therefore, the
foam metal is a potential direction of GDB research [99], though it is still in the early stage
of development and requires further evidence to prove its feasibility.

Outside China, the carbon paper industry is almost monopolized by companies, such
as Toray of Japan, SGL of Germany, and Ballard of Canada, that are highly competitive.
All of their products are primarily based on carbon fibers produced by Japan. Among all,
Toray’s products possess stable performance and also a substantial market share.

Most of the Chinese manufacturers are in the small-scale production stage, while
General Hydrogen is delivering sample products to customers for testing. The gap between
China and other countries can be attributed to the insufficient developments in Chinese
enterprises. Therefore, the technical and material basis for mass production is still a
constraint, posing difficulties in the vehicle testing of the trial products. Furthermore,
Chinese carbon fiber precursors tend to have a large diameter, excessive deviation, low
strength, and small crystal orientation, with more defects and holes. All of these limit
the performance of the carbon fiber precursor in China and lead to the import of the
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carbon fibers from other countries. Though the problem of raw material supply is solved
through imports, technical barriers remain in manufacturing carbon paper from carbon
fiber. Besides, the lack of the key apparatus required in mass production in China is
another constraint.

2.7. Air Compressor

The air compressor is the most important auxiliary component in the fuel cell system.
It functions to compress the air required by the fuel cell vehicle to meet the stack working
requirements and transmit the compressed air to the stack for electrochemical reactions.
This may result in enhancing the power density and efficiency of the fuel cell [100–102]. The
compressor consumes 10–20% of the output power of the fuel cell stack, which is the highest
among the auxiliary components while providing the stack with high-pressure air [103,104].
The air compressor is the other most expensive component in the fuel cell power system,
excluding the stack [105,106]. Importantly, the gas supply pressure at the cathode inlet of
the stack can be increased by the compressor to reduce Pt consumption [107,108] and thus
the overall cost of the fuel cell system. Compressors for fuel cell systems should have the
following characteristics.

(a) Being oil-free. The air compressor should supply high-pressure compressed gas to
the stack without any impurities and chemicals (less than 100 ppm [109]) to avoid poisoning
of the PEM fuel cell during electrochemical reactions.

(b) Miniaturization and lightweight design. In the industrialization of fuel cell vehicles,
power density and cost are two bottlenecks. Therefore, to enhance power density and
reduce cost, the fuel cell power system should follow stringent requirements for the volume
and weight of the compressor [110].

(c) Wide flow coverage. The turndown ratio of the compressor for fuel cells should be
20, as per DOE requirements [110].

(d) Good noise, vibration, and harshness (NVH) characteristics. The NVH of the
compressor assembly is the largest contributor to the NVH of the fuel cell power system
and thus should be optimized [111].

(e) Fast dynamic response. The compressor must respond in a timely fashion to control
the airflow and pressure.

(f) High material requirements. The key compressor components should possess
low-cost, wear-resistant coatings and stable friction performance to build inexpensive,
low-noise, and durable compressors.

Compressors can be categorized into positive displacement compressors and aerody-
namic compressors based on their working principle. Positive displacement compressors
introduce gas into a closed compartment and increase the internal pressure by compressing
the volume occupied by the gas, transforming mechanical energy into pressure energy.
Based on the compression method, positive displacement compressors can be further di-
vided into reciprocal, rotary, scroll, spiral, and roots types. Aerodynamic compressors,
on the other hand, utilize the high-speed rotation of the impeller to force high-speed gas
flow, generating kinetic energy. When passing through the diffuser ring, the increase in
cross-section area reduces the airflow rate, converting the kinetic energy into pressure
energy and thus increasing the pressure. Aerodynamic compressors include centrifugal
and axial-flow types. Theoretically, all the compressors mentioned above have the potential
to be used in fuel cell power systems.

The compressors for fuel cells on the market mainly include screw, roots, and centrifu-
gal types, among which the centrifugal compressors can be further divided into geared and
high-speed direct-drive types, as depicted in Figure 10. The most widely used compressor
on the market is the double screw type that mainly operates through rotor rotation. The
air is sucked in as the tooth space becomes larger, then pressed to the exhaust end by the
meshing of male and female rotors, finally discharging pressurized air. The screw-type
compressors possess high reliability, simple structure, and high efficiency and can be ideal
for fuel cell application. However, the shortcomings such as high noise, large weight
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and volume, and short service life have resulted in their gradual replacement by other
compressors for vehicle use. On the other hand, the centrifugal compressor is usually
driven by a direct motor. Under ultrahigh-speed rotation of the motor rotor, the impeller
pushes the gas to rotate at high speed, which interacts with the volute to produce the high-
pressure and large-flow air, converting mechanical energy into kinetic energy of the air.
The centrifugal-type is considered as one of the most promising air compression methods
because of its compact structure, small size, good sealing, lightweight, low vibration, and
high efficiency under provided working conditions.
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Figure 10. Classification of compressors for fuel cell vehicles.

The air compressor is a critical research area in the compressor and automobile indus-
tries since it is a key component of the fuel cell vehicle. UQM, Garrett, Liebherr, FISCHER,
Aeristech, and Toyota Industries are popular compressor enterprises outside China, while
Xeca Turbo, ZCJSD, Easyland, and Snowman Group are well-known companies in China.
Table 6 compares the product performance of the major compressor enterprises. The pres-
sure ratios of the compressors are within the range of 1.8–4.0, the flow range is 68–150 g·s−1,
and the power is within 14–25 kW. China shows remarkable progress in compressor manu-
facturing, and presently the Chinese compressors can effectively replace the imported ones.

Table 6. Performance comparison of products manufactured by major compressor enterprises.

Type

Screw Type Root Type Centrifugal Type

Double
Screw

Four-Lobe
Roots

Six-Lobe
Roots Single-Stage Centrifugal Two-Stage Centrifugal

Enterprise Snowman
Group UQM Toyota

Industries Liebherr Easyland Garrett Liebherr ZCJSD Xeca Turbo

Maximum
pressure ratio 2.8 [112] 1.8 * 2.4 2.7 * 2.1 * 4 [113] 3.7 * 3.4 * 2.8 *

Rated
flow/g·s−1 100 [112] 150 * 100 120 * 68 * 125 [113] 140 * 114 * 144 *

Maximum
aerodynamic
efficiency/%

– 71 * – 75 * 80 *

70
(including
the motor

and
controller)

[113]

– – –

Maximum
rotating

speed/r·min−1
24,000 [112] 18,000 * 12,500 78,000 * 100,000 * 100,000 [113] 85,000 * 95,000 * 95,000 *

Maximum
steady

power/kW
– 14 * 20 22 * 10 * 20 [113] 25 * 25 * 22 *

* Data from the Product Description.

2.8. Hydrogen Circulation System

The hydrogen supply system is a core subsystem of the fuel cell engine [114,115].
The recycling of hydrogen not only improves hydrogen utilization and economy but
also optimizes water management by the uniform distribution of water in the anodic
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compartment. Water management becomes crucial since too high or too low water content
of the anode can affect the performance and service life of the fuel cell. Specifically, if the
water content is too low, the PEM will be excessively dry, affecting the proton transmission.
On the other hand, higher content of water in the anode causes flooding and local hydrogen
deprivation [116,117]. The schemes of the hydrogen circulation system mainly include the
single ejector, double ejector, single hydrogen circulation pump, and ejector and circulation
pump in parallel, as presented in Figure 11.
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drogen circulation pump; (d) ejector and circulation pump in parallel.

The single ejector mode is presented in Figure 11a. In this mode, the discharged
hydrogen from the storage tank is depressurized through the pressure regulating valve
(PRV). The excess hydrogen remaining after stack reactions is used as a secondary flow,
which enters the stack again after passing through the ejector. The ejector is a supercharging
device typically containing a suction chamber, a mixing chamber, and a diffusor [117,118].
The components and working principle of the ejector are presented in Figure 12. The fluids
entering the ejector can be divided into high-pressure working fluids and low-pressure
ejection fluids based on the fluid pressure. The working fluid flows out of the nozzle at
high speed and enters the isobaric mixing chamber. A huge pressure difference is created
due to the formation of a low-pressure area at the nozzle outlet and entrains the ejection
fluid into the ejector. The working fluid and ejection fluid mix uniformly, and exchange
energy in the isobaric and isovolumetric mixing chambers and are finally discharged
from the diffusor [119–123]. The ejector has the advantages of compact structure, reliable
operation, no moving parts, no pollution, and no parasitic power, etc., and thus are ideal
for use in the anode exhaust cycling device of the hydrogen–oxygen fuel cell vehicle.
However, the ejection effect is not ideal at low powers because the primary flow has low
pressure. Hyundai Motor Company has adopted this single ejector mode in its Nexo fuel
cell passenger cars.
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The US DTI proposed the double ejector scheme in 2010 [124] since a single ejector
is incapable of covering all the operating points. In this scheme, the hydrogen circulation
system is composed of a hydrogen diverter valve and two ejectors with different flow
rates. The high-flow ejector is used for hydrogen circulation at high-power range operating
conditions of the stack, while the low-flow ejector is used at low-power range conditions.
The hydrogen recovery mode using double-ejector mode has a larger working range to
meet the needs of the stack under various powers than that by a single ejector. Nevertheless,
the included ejector increases the system volume, mass, and cost, increasing the complexity
of the system structure and control strategy.

The hydrogen recovery mode of a single hydrogen circulating pump is presented in
Figure 11c, which is characterized by a rapid response, wide working range, and effective
adjustment according to the working conditions of the fuel cell. A typical application
example can be Toyota Motor Company, which applied two-lobe roots-type hydrogen
circulation pumps on Mirai fuel cell passenger cars. Unlike conventional gas circulators, it
is difficult for the hydrogen circulating pump to have good sealing, strong water resistance,
large flow, stable pressure output, and oil-free features. Importantly, the most challenging
issue is that the hydrogen circulating pump tends to freeze at low temperatures, making it
impossible for the system to start. In addition, the high R&D cost and the high price of the
hydrogen pump also restrict its market development.

The parallel mode of the hydrogen circulation pump and ejector is presented in
Figure 11d, which was adopted by the anode hydrogen supply scheme of the fuel cell
system in ARGONNE Laboratory [125]. The hydrogen circulation pump is used for active
hydrogen circulation in the low-power and small-flow stages, whereas the ejector is used
for passive hydrogen circulation at high power and large flows, thus showing two-mode
functioning. This scheme reduces energy waste when the hydrogen circulation pump
operates in the high-power range of the stack while solving the problem of poor ejection
effect in the low power range simultaneously. However, the parallel scheme increases the
complexity, control difficulty, and cost of the system.

The hydrogen circulation system technology of China has made rapid progress, grad-
ually replacing imported hydrogen circulation systems with domestic systems. Hydrogen
cycle suppliers in China mainly include Wise Drive and Dongdeshiye. Dongdeshiye has
reported small batch applications of domestic hydrogen circulating pumps, achieving a
cold start temperature of −40 ◦C. The ejectors developed by FTXT have been running stably
on the fuel cell engine independently developed by the company for half a year.
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3. Problems and Suggestions of Industry Development in China

The fuel cell industry in China is still in its early stages of development. China needs
to address some problems and challenges such as weak industrial innovation capability
and low equipment level.

(1) The vehicle enterprises lack a stable parts supply system due to a weak supply
chain system. Further, the insufficient engineering capacity results in low process quality
of parts such as insufficient product consistency, reliability, and durability, thus failing to
meet vehicle requirements.

(2) Although key technologies in power density, Pt load, and MEA durability have
been deployed, there is still huge scope remaining. A significant gap in performance and
cost exists between MEAs and BPP manufactured in China and other countries.

China has proposed the development vision of achieving peak carbon dioxide emis-
sions by 2030 and carbon neutrality by 2060. The energy revolution to achieve the carbon
goals can be brought about by actively developing the hydrogen energy industry and
promoting fuel cell vehicles. Further, to accelerate the development of the hydrogen energy
and fuel cell vehicle industry, we should expedite technical breakthroughs.

(1) Governments should focus on new growth possibilities of hydrogen energy devel-
opment, plan the national roadmap for hydrogen energy and fuel cell development, and
promote the balanced development of the hydrogen energy industry.

(2) Industries should focus on handling key material technologies for hydrogen energy,
improve the main performance indicators continuously, such as the MEA power density,
stack power density, and service life, keep enhancing the reliability, stability, and durability
of fuel cells, support the technological development and innovation of new fuel cells,
develop low-Pt and non-Pt CLs, high-performance PEMs, carbon papers, and GDLs with
independent intellectual property rights, and improve the mass production capacity of
MEAs and BPP.

4. Conclusions

China has made significant breakthroughs in fuel cell technologies, providing im-
portant possibilities for realizing zero-emission energy utilization. China needs to firmly
grasp the trends and opportunities of global energy reform and development to accelerate
the development of the fuel cell industry and transform towards clean and low-carbon
energy. The fuel cell vehicle industry in China has preliminarily mastered core technologies,
including the fuel cell stack, BPP, MEA, PEM, CL, carbon paper, compressor, and hydrogen
circulation system. The independent R&D capability of fuel cell stacks has been gradually
strengthened, and the rated power and bulk power density of fuel cell stacks have both
been considerably improved. High localization rates of MEA and BPP have been achieved
with relatively mature production processes; however, Pt loading and power need to be
optimized. The market of PEM, CL, carbon paper, and other key materials, on the other
hand, is still dominated by imported products. The performance of core components
such as the compressor and the hydrogen circulation system can match the international
standard, but durability and stability are yet to be verified. In summary, fuel cell vehicles in
China seriously face some challenges at the early stage of industrial development, such as
the lagging basic system, imperfect standards and regulations, weak industrial innovation
capability, high product costs, and uncertain technical safety and stability levels. Further,
China should accelerate the technical breakthroughs, transformations, and applications of
key materials and core components.
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The following abbreviations are used in this manuscript:
Al aluminum
BPP bipolar plate
CCM catalyst coated membrane
CL catalyst layer
Cu copper
DOE the US Department of Energy
FCHEA the US Fuel Cell and Hydrogen Energy Association
FCH-JU the Fuel Cells and Hydrogen Joint Undertaking
ICR interfacial contact resistance
GDB gas diffusion backing
GDE gas diffusion electron
GDL gas diffusion layer
MEA membrane electrode assembly
METI the Ministry of Economy, Trade, and Industry
M-N-C metal–nitrogen–carbon
MPL microporous layer
Ni nickel
ORR oxygen reduction reaction
PBI polybenzimidazole
PEM proton exchange membrane
PI polyimide
PPS/PES/PEK/PKS polyarylether polymers
PFSA perfluorosulfonic acid
PRV pressure regulating valve
Pt platinum
PTFE polytetrafluoroethylene
R&D research and development
SS stainless steel
Ti titanium
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