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Abstract: The sealing technology of proton exchange membrane fuel cells (PEMFCs) is a critical factor
in ensuring their performance, impacting driving safety and range efficiency. To guarantee the safe
operation of PEMFCs in complex environments, it is essential to conduct related sealing research. The
structure of the fuel cell sealing system is complex, with components in close contact, and identifying
factors that affect its sealing performance is crucial for the development and application of the cells.
This paper briefly describes the sealing mechanism of PEMFCs and introduces four typical sealing
structures. It considers both the assembly and operation processes, summarizing assembly errors,
sealing gaskets, and sealing leaks as well as vibration, cyclic temperature and humidity, and cyclic
assembly. The research status of the sealing system in simulations and experiments is reviewed in
detail. The key factors affecting the sealing performance of fuel cells are emphasized, highlighting
the significance of dynamic detection of the gasket status, stack performance improvement under
cumulative errors, and multi-objective optimization models combining contact pressure with the
characteristics of stack components.

Keywords: proton exchange membrane fuel cell; new energy vehicles; sealing structure; assembly
technology

1. Introduction

Due to the global energy crisis and the pollution caused by burning fossil fuels, clean
energy has become the focus of attention worldwide [1,2]. Vigorous development of new
energy vehicles, led by electric vehicles, has become our national strategy as well as an
international consensus. Hydrogen energy is the cleanest energy in the world, it is flexible,
abundant, and conducive to sustainable development, and it can also be used for long-
distance transport operations and the development of energy-consuming industries [3]. The
proton exchange membrane fuel cell (PEMFC) is an electrochemical device that converts
hydrogen energy into electricity with high power density, high conversion efficiency,
zero emissions, and low noise [4]. Compared to other types of fuel cells, the PEMFC
is able to operate in dry or low relative humidity conditions [5], and it is typically an
“environmentally friendly” fuel. The PEMFC has a variety of fuel sources and can also
use fuels such as methanol [6]. Therefore, the PEMFC is considered to be a good choice
for replacing conventional fuel engines, but its material cost and manufacturing cost are
high. Its main fuel source, hydrogen, is more difficult to prepare and store [7]. Therefore,
the PEMFC is considered to be a good choice to replace the traditional fuel engine. The
PEMFC mainly consists of end plates, insulating plates, a collector, a bipolar plate (BPP),
gaskets, and membrane electrodes. Among them, the BPP and membrane electrodes,
as the core components of the fuel cell, have been research hotspots in the current field,
compared to which the sealing materials and performance of the cell are neglected research
objects [8]. However, in the overall structure of the fuel cell, serious safety hazards arise
due to the emergence of dimensional and shape errors in various components, as well
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as the occurrence of sealing structure failure during assembly or startup, resulting in the
mixing or leaking of reactant gases. Therefore, the stability of the cell sealing is crucial to
the performance and safety of the electric reactor. Major automotive companies around
the world have been conducting high-cost and long-term research and development on
hydrogen fuel cells, and the number of papers on the topic of cell sealing has been increasing
year by year, as shown in Figure 1. Ye et al. [9] of Wuhan University of Technology outlined
the types of sealing structures for membrane electrode assemblies (MEAs) of PEMFCs,
pointing out that the sealing-frame-wrapped membrane electrode type is more convenient
in terms of electric stack assembly and that the rigid protective frame sealing structure has
a broader application prospect. Qiu et al. [10] from Shanghai Jiao Tong University reviewed
the effect of pressure on sealing from the aspect of power reactor assembly technology,
derived the concept of seal degradation from the form of gasket degradation, and outlined
the improvement model of sealing structure. Considering the importance of sealing in
the assembly and use of fuel cells, as well as the emergence of various new methods and
technologies in recent years, it is crucial to reflect the development of this field in a more
comprehensive and timely manner. In this paper, a systematic review is made on the
sealing research of PEM fuel cells, focusing on the influence of the assembly components
and process on the sealing performance of the battery. The aim of this paper is to sort out
and summarize the existing simulation experiments, with a view to generating new sealing
technologies, which can ultimately promote the development of sealing research on PEM
fuel cells.

World Electr. Veh. J. 2024, 15, x FOR PEER REVIEW 2 of 17 
 

due to the emergence of dimensional and shape errors in various components, as well as 
the occurrence of sealing structure failure during assembly or startup, resulting in the 
mixing or leaking of reactant gases. Therefore, the stability of the cell sealing is crucial to 
the performance and safety of the electric reactor. Major automotive companies around 
the world have been conducting high-cost and long-term research and development on 
hydrogen fuel cells, and the number of papers on the topic of cell sealing has been increas-
ing year by year, as shown in Figure 1. Ye et al. [9] of Wuhan University of Technology 
outlined the types of sealing structures for membrane electrode assemblies (MEAs) of 
PEMFCs, pointing out that the sealing-frame-wrapped membrane electrode type is more 
convenient in terms of electric stack assembly and that the rigid protective frame sealing 
structure has a broader application prospect. Qiu et al. [10] from Shanghai Jiao Tong Uni-
versity reviewed the effect of pressure on sealing from the aspect of power reactor assem-
bly technology, derived the concept of seal degradation from the form of gasket degrada-
tion, and outlined the improvement model of sealing structure. Considering the im-
portance of sealing in the assembly and use of fuel cells, as well as the emergence of vari-
ous new methods and technologies in recent years, it is crucial to reflect the development 
of this field in a more comprehensive and timely manner. In this paper, a systematic re-
view is made on the sealing research of PEM fuel cells, focusing on the influence of the 
assembly components and process on the sealing performance of the battery. The aim of 
this paper is to sort out and summarize the existing simulation experiments, with a view 
to generating new sealing technologies, which can ultimately promote the development 
of sealing research on PEM fuel cells. 

 
Figure 1. Number of papers with PEMFC sealing as the topic. 

2. Sealing Mechanism of Proton Exchange Membrane Fuel Cell 
As a direct power source of new energy vehicles, the performance of the PEMFC will 

directly affect the power, economy and recognition of new energy vehicles. Figure 2 shows 
that [11] is the typical structure of PEMFC, and it consists of end plates, insulating plates, 
a collector, a BPP, and membrane electrodes. The basic unit of the fuel cell presents a 
sandwich form: BPP–membrane electrodes–BPP. The membrane electrode assembly con-
sists of proton exchange membranes (PEM), a gas diffusion layer (GDL), and a catalyst 
layer (CL). 

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
0

20

40

60

80

100

120

140

160

year

 Number of Papers featuring PEMFC Sealing

Figure 1. Number of papers with PEMFC sealing as the topic.

2. Sealing Mechanism of Proton Exchange Membrane Fuel Cell

As a direct power source of new energy vehicles, the performance of the PEMFC
will directly affect the power, economy and recognition of new energy vehicles. Figure 2
shows that [11] is the typical structure of PEMFC, and it consists of end plates, insulating
plates, a collector, a BPP, and membrane electrodes. The basic unit of the fuel cell presents
a sandwich form: BPP–membrane electrodes–BPP. The membrane electrode assembly
consists of proton exchange membranes (PEM), a gas diffusion layer (GDL), and a catalyst
layer (CL).
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Figure 2. PEMFC structure composition. Reprinted with permission from Ref. [11]. Copyright 2022
Elsevier.

Fuel cell stacks are made of several single-cell stacks, and there are many factors
restricting the power of fuel cell stacks, but improving the overall sealing is a prerequisite
for fuel cell performance improvement. The overall sealing performance of the stack
depends on the sealing effect of the seals between the graphite plate and the membrane
electrodes, and the sealing material must have a certain stability and durability under
humid, acidic, and high-temperature environments [12,13]. If the sealing material is
degraded by the chemical reaction in the fuel cell, the hydrogen in the flow channel will be
in direct contact with the air, mixing together or leaking, which will lead to a serious safety
problem [14]. Rubber is usually chosen as the sealing material for fuel cells.

The roughness of the sealing parts is also an important factor affecting the sealing
performance of the battery; based on Persson’s rough surface penetration theory [14], the
surface of any two precision objects may not be able to maintain a complete and stable
seal. Under microscopic conditions, the surface of any object is non-smooth. As shown in
Figure 3, the contact surface of the two objects can be seen after magnification of the contact
surface of the existence of peaks and valleys. These surface gaps can lead to leakage of
reaction gases or liquids in fuel cells [15]. Persson rough surface gap permeability theory
based on Poiseuille fluid theory [16,17] and Stauffer–Aharony Persson rough surface gap
permeation theory is based on Poiseuille fluid theory and Stauffer–Aharony through flow
theory ζ [18] to quantitatively represent the leakage rate. Persson in the rough surface
contact mechanics theory creatively introduces the amplification rate and defines the
contact pressure probability density function related to the amplification rate as P(p, ζ);
the function P(p, ζ) in the definition domain can be obtained by integrating the current
amplification rate of the real contact area A(P0, ζ) and the ratio of the theoretical contact
area A0. The calculation equation is as follows [19,20]:

A
(
p0, ζ

)
A0

=
∫ +∞

0
P(p, ζ)dp = erf(

p0

2
√

G
) (1)

P0 =
F

A0
(2)

G in Formula (1) is the elastic rough surface topography parameter; P0 is the nominal
contact stress, the value of which is known by the contact pressure F compared with the
nominal contact area A0, calculated as shown in Formula (2); and erf(.) represents the
Gaussian error function.
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The leakage rate Q per unit time through a specific contact area (Lx × Lx) along the
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In Equation (3), α is the leakage channel factor, u1 represents the height of the leakage
channel, q0 represents the minimum number of waves that can be detected by the experi-
ment, q1 represents the maximum number of waves that can be detected by the experiment,
η is the viscosity of the fluid, and ∆P represents the difference in pressure on both sides of
the leakage channel. If the amplification ζ is known, the leak rate Q can be derived.

Persson’s rough surface penetration theory states that when the ratio of the real contact
area A

(
p0, ζ

)
to the theoretical contact area A0 is 0.4 or less, the rough contact surface forms

a leakage channel and the fuel cell seal fails.

3. Seal Structure Design

According to the sealing mechanism and sealing materials of PEMFCs, researchers
have carried out a large number of performance analyses of the electric stack [21–35] and
optimized the design of the cell structure [23–35]. The currently commonly used sealing
structures of PEMFCs can be categorized into four types [9,24,25].

3.1. Direct Sealed Frame

The sealing gasket in the direct-seal structure is compressed on both sides of the
permeation membrane in the inactive region, and the sealing ring is compressed by external
load to achieve the sealing function, and the BPP with flow channels separates the gas
from the anode and cathode. As shown in Figure 4 [9], Yoshida et al. [26] utilized a double
sealing mode: the sealing gasket is compressed directly on the permeation membrane to
prevent gas from permeating outward, forming the first seal; the sealing ring is compressed
between the membrane electrode and the BPP to prevent gas from leaking outward, forming
the second seal. The direct seal structure is simple, easy to disassemble frequently, and
can withstand small loads. This structure requires high performance of the permeation
membrane and sealing gasket. Since the sealing material and permeation membrane are in
direct contact, the sealing material should be selected as a neutral material that is highly
durable and will not cause damage to the membrane.
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3.2. Rigid Wrapped Frame

A rigid wrapped frame refers to a structural whole after the rigid frame at the edge of
the membrane electrode structure is compressed and combined with other sealing materials
or thermoplastic materials [9,27–31]. The rigid wrapped frame can provide some sealing
effect after compression; its structure and dimensions have a significant influence on the
compression rate of the membrane electrode after the assembly of the electrostack. Its
rigid material and sealing material determine the minimum contact resistance between
the membrane electrode and the BPP; and at the same time, it can protect the membrane
electrode from being damaged by excessive compression during operation. As shown in
Figure 5 [9], Xu et al. added a protective layer on both sides of the PEM. The material of
the protective layer may be polytetrafluoroethylene for waterproofing and air permeability.
Adding a rigid frame to the outside of the protective layer produces little compression
damage, but reactive gases can also overflow from the frame gaps. Therefore, it is necessary
to add rubber sealing gaskets to the surface of the rigid frame to enhance the sealing. The
rigid wrapped frame needs to use a variety of rigid materials and sealing materials. Its
size and structure also plays a key role in the performance of the battery cell; therefore,
to complete the overall assembly, the rigid wrapped frame components need to have an
accurate size and structure.
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3.3. Seal Wrapped Proton Exchange Membrane Type Frame

The sealed outer side of the PEM is wrapped by a sealing material that can be bonded,
and the two BPPs close to the PEM are also connected by the sealing material, which,
together with the GDL and the flow field plate, form a single-crystal module. As shown in
Figure 6 [9], the seal wrapped around the PEM type generally adopts a plastic frame to fix
the outer side of the PEM with a mold, and then it is injection molded and becomes the
main sealing element after cooling [32]. After injection molding, the seals are integrated
with the PEM, which is beneficial to prevent the reaction gas from penetrating into the
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cathode or anode and at the same time prevent the reaction gas from leaking to the outside
world, which is conducive to the stacked assembly and mass production of the power
reactor, but it is difficult to disassemble and reassemble. The use of different injection
molding materials for the sealing structure can reduce the contact resistance, optimize the
contact pressure, and enhance the overall effectiveness of the stack.
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3.4. Seal-Wrapped Membrane Electrode-Type Frame

Similar to the seal-wrapped PEM-type frame, the membrane electrode honeycomb
region in the seal-wrapped membrane electrode-type frame structural form is wrapped
with an adhesive-able sealing material that includes a GDL, anode catalyst, cathode catalyst,
and PEM. To further improve the sealing, Wozniczka et al. used an adhesive to connect
the membrane electrode edge sealing region to the flow field plate sealing region to form a
flow-shaped sealing member, forming a second seal. As shown in Figure 7 [9], in order to
maintain the sealing of the cell while further improving the performance of the cell, Jacobine
[32] used a light-curing sealing material as a sealant, and after the injection molding was
completed, the sealing material penetrated into the catalyst and GDL to form a soft-sealing
frame-type integrated membrane electrode structure. It is worth noting that under the
working pressure and temperature of the cell, the sealing material will melt and penetrate
into the porous media of the GDL and the catalyst layer. The connection between the
membrane electrode frame and the sealing frame will become tighter and more evenly
loaded. Sealant wrapping the membrane electrode frame to form an integrated membrane
electrode structure is conducive to stacked assembly and mass production of power stacks,
but sealant directly wrapped around the edge of the membrane electrode will make the
disassembly and reassembly of the core difficult.
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At present, it seems that the fuel cell industry has not formed a unified sealing structure,
and the four mainstream sealing structures have their own advantages and characteristics
that can be applied to different experimental scenarios. Direct-seal frames are suitable
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for applications that do not require high-pressure seals, and they are relatively simple
and inexpensive to design and manufacture, despite moderate power densities; however,
improper installation can result in poor localized seals, and gasket materials may deteriorate
over time, leading to seal failure. The rigid wrapped frame is mechanically compressed to
realize sealing, which can maintain a better sealing effect in high-temperature and high-
pressure as well as corrosive environments, and is commonly used in high-performance fuel
cell vehicles, such as the Hyundai NEXO; however, it requires precise mechanical design
and installation, and the cost is high. The seal-wrapped membrane electrode-type frame
is characterized by high adaptability and high power density and is commonly used in
underwater or aerospace scenarios [33]. Its structure is able to maintain sufficient stability in
extreme temperatures and chemical environments, but its equipment and technology costs
are high, and it is not easy to dismantle and replace it after a leak occurs. The seal-wrapped
membrane electrode-type frame has good sealing performance and excellent corrosion
resistance. Stable at high temperatures and in a wide range of chemical environments, they
have a high power density and are suitable for industrial applications and high-power-
output devices; again, they require precise temperature control and complex processes, and
are difficult to maintain.

Conventional PEMFCs have BPPs and membrane electrodes that are independently
fabricated and assembled under assembly pressure and then sealed against oxygen, hy-
drogen, and coolant by seals, making the wire-seal structure easy to process and simple
to visualize. However, there are manufacturing errors between components and single
seals, and the force stability of the reactor is poor during long-term operation, which makes
it difficult to ensure the consistency of the whole reactor. Yin Jun et al. [34] from Tongji
University proposed an integrated sealing design as shown in Figure 8a, in which the BPP
and the membrane electrode are formed into a single component by injection molding,
and the sealant infiltrates into the GDL to ensure the parallelism and distance between the
membrane electrode and the BPP on both sides. As shown in Figure 8b, the function of the
1–14 protruding platform on the pole plate is to fix the membrane electrode, protect the
carbon paper from being excessively compressed, and ensure the flatness between the two
plates. The height d of the tab on the polar plate is calculated as follows:

d = bGDL × (1− fr1) + bCL × (1− fr2) + C− bFr (4)
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In Equation (4), bGDL is the original thickness of the GDL on the same side as the
polar plate; bCL is the original thickness of the CL on the same side as the polar plate; fr1
and fr2 denote the compression rates of the GDL and CL on the same side as the polar
plate, respectively; C is the depth of the sealing groove; and bFr is the thickness of the
resin framework.

The integrated sealed single cell adopts a face sealing structure, and the resin frame is
uniformly wrapped around the membrane electrode, which can also avoid the phenomenon
of stress concentration under the working condition of a large temperature difference. In
addition, the process ensures the safety of the cell and prevents the reaction gas and coolant
from leaking out.

4. Factors Affecting the Sealing of the Battery in the Assembly Process

As shown in Figure 9, the sealing performance of the PEMFC is mainly affected
by the assembly error of each component, the shape of the seal ring, and the sealing
groove during the assembly process. The following content is centered on the above three
influencing factors.
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4.1. Assembly Error

In the assembly process of the electric stack, the BPPs, membrane electrodes, and
sealing gaskets are sequentially clamped. During the clamping process, the intrinsic
properties and contact characteristics of the individual elements of the mono-cell are
affected. As shown in Figure 10 [35], the misalignment of the BPP is one of the main
factors affecting the sealing performance of the cell and causes sealing failure. Firstly, the
metal BPP has a pin hole size error in the stamping process, which will directly lead to
the displacement deviation between components in the PEMFC assembly, which is an
unavoidable problem. Secondly, the metal BPP will rebound during the stamping process,
and welding thermal deformation will occur during the subsequent welding process, both
of which will directly lead to shape error of the metal BPP and exacerbate the misalignment
between neighboring BPPs. Liang et al. [35] defined the concepts of slip distance and slip
angle to evaluate the sealing failure model in the PEMFC, and the literature pointed out
that the slip angle of the metal BPP is significantly larger than that of the graphite BPP. The
slip distance also increases with the increase in hardness, and thicker membrane electrode
frames and BPPs with lower hardness are beneficial to ensure the stability and reliability of
the seal structure.
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The manufacturing process of the core and the material of the BPP are important factors
affecting the shape of the sealing groove. Graphite BPPs have relatively low hardness and
are usually machined by milling or rolling. Therefore, the shape of the sealing groove is
related to the shape of the tool, which has a rectangular cross-sectional shape, and the
vertical sidewalls are favorable for the contact between the sealing gasket and the BPP,
which provides a good sealing effect [36]. The sealing groove of metal BPP is commonly
made through a stamping process [37–39], and its sealing groove shape is trapezoidal with
rounded corners [40]. As shown in Figure 10, the larger the sealing groove sidewall angle
θ is, the higher the probability of sealing failure, and the sealing gasket will slide out of
the sealing groove. A representative study was conducted by Habibnia et al. [22], who
investigated the effect of effective parameters such as clamping force, end plate thickness,
and seal groove depth on the uniform pressure of the GDL on the basis of leakage tests. By
means of experiments and finite element simulations, they firstly conducted sealing tests
under no-leakage conditions to obtain the minimum compressive stress of the gasket, and
then investigated the effective parameters of each component when uniformly distributed
pressure was obtained by GDL. The test results show that increasing the depth of the
sealant groove leads to an increase in the pressure on the GDL; the increase in the depth
of the groove on the BPP indicates that the minimum compressive stress of the gasket
becomes smaller, and the increase in the clamping force leads to an increase in the pressure
on the GDL, which also raises the likelihood of leakage from the power stack system.
A thicker end plate allows for an even distribution of GDL pressure.

4.2. Gasket

The sealing gasket is located in the sealing groove of the BPP, which is the first
component under pressure during the assembly of the PEMFC, and can achieve effective
sealing for the adjacent BPP, and the thickness of the sealing gasket is greater than the height
of the flow field channel. In order to achieve effective sealing, the sealing gasket should have
certain properties: appropriate hardness, reasonable mechanical strength, excellent thermal
and chemical stability, and good relaxation properties. When an assembly load is applied to
the stack, the stress on the gasket should be less than the yield limit of the sealing material,
so the sealing determines the minimum assembly load of the stack [9]. The durability
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of the gasket is an important factor affecting the sealing performance of the electrostack;
Tan et al. [41] investigated the chemical degradation and mechanical degradation of silicone
rubber materials under constant assembly load, as shown in Figure 11, where gasket
samples and Plexiglas panels were placed in polypropylene vials containing an ADT
solution, and an assembly load was applied to the gasket samples. The samples were placed
at temperatures of 60 ◦C and 80 ◦C for testing, and every 1 or 2 weeks, the samples were
removed for weight change monitoring and surface changes to the gaskets were observed
using an optical microscope. The results showed that the higher the operating temperature
of the gaskets, the faster their degradation rate and the worse their sealing performance.

In addition, many researchers have conducted PEMFC electrostack aging tests to
investigate the effects of operating temperature, operating vibration, compression rate,
catalyst, reaction gases, and acidic environments on the performance of the gaskets in order
to predict gasket life [42–46]. Studies have shown that harsh operating conditions can cause
the sealing gaskets to eventually rupture. Cleghorn et al. [47] found, in a three-year battery
life test, that the thickness of the silicone rubber gaskets was reduced by approximately
25 µm, and gasket degradation was very evident at the edges of the cell’s active region,
which not only degraded the cell’s sealing performance but even increased the contact
resistance of the GDL, leading to a reduction in the overall efficiency of the cell. From
a microscopic point of view, BPP and gaskets are ultrathin, making it difficult to obtain
leakage rates experimentally [48]. Yang et al. [49] developed a mapping model between
the microscale contact behavior and macroscale leakage rate. The sealing performance of
the whole interface was analyzed through the self-imitation and self-similarity properties
between the gasket and the BPP, which were not available in the traditional macroscopic
studies. Thus, the leakage rate of the PEMFC interface was quickly analyzed and predicted.
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4.3. Seal Leakage

Interfacial leakage due to rough surface contact and gas permeation in the sealing
structure are the main research objects at present, and the gas travelling from one end to the
other in the sealing structure mainly occurs at the junction between the gasket and the BPP
or the membrane electrode frame. Both interfacial leakage and gas permeation phenomena
are closely related to the contact pressure, and the uniformity of the contact pressure is
usually used as one of the evaluation criteria for sealing of the electrostacks [50], and in
practice, interfacial leakage and gas permeation often occur simultaneously [51]. In PEMFC
stacks, the interface area of the gasket between the BPP and the membrane electrode in
contact with the reactive gas is very large, and the higher operating temperature of the
stack will inevitably affect the overall safety in the case of most stacks using rubber as the
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sealing gasket. Husar et al. [52] investigated the overall performance of a seven-section
fuel cell stack and found that sealing leakage led to an abnormal change in temperature
and pressure of the single leaking cell, which led to an increase in the overall temperature
and pressure. Thus, the temperature of the overall electric stack rises and seal failure
eventually occurs.

Chen et al. [53] adopted a conventional test method to perform a pressure test to
investigate the gas leakage rate and overall electrochemical characteristics of PEMFCs
under different assembly torques. Increasing the assembly torque can improve the sealing
performance of the electrostack, but the flow channel in the metal BPP is deformed due to
the reduced porosity and hydrophobicity of the GDL. Excessive torque reduces the stack
sealing and thus the overall power. For softer materials, leakage was determined using
the bubble emission method [54] by placing the cell in equilibrium at room temperature
with a vacuum gauge, an inlet tube from a vacuum source, and an outlet tube connected
to the atmosphere. Since the gas permeability is too small to be detected by traditional
measurement methods, Xu et al. [55] used helium mass spectrometry to measure the
leakage of the electrostack at different contact pressures and differentiated the interfacial
leakage and gas permeation of the gaskets by the difference of the steady-state flow and the
stabilization process between the flow channels. In order to make the sealing performance
of the electrostack more stable, the effects of interfacial leakage and gas permeation should
be taken into account during assembly.

5. Factors Affecting the Sealing of the Battery during Operation

As shown in Figure 12, the sealing performance of a PEMFC is mainly affected by
vibration, dynamic compression, and cyclic temperature and humidity during operation.
The following content is centered on the these influencing factors.
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5.1. Vibration

Due to the presence of rough surfaces, automotive fuel cells are inevitably subjected
to vibration and shock loads during operation, and the stacks generate compressive and
excessive shear stresses [56]. The forces generated by vibration are random and difficult
to regulate quantitatively. Hou et al. [57] studied the airtightness change in fuel cell
stacks under prolonged vibration using a 150 h intensive vibration test, and measured the
airtightness change of the stacks of 560 cells under the condition of 50 kPa of pressure; the
result was that the hydrogen leakage rate was increased by 50%, which was due to the
destruction of the internal sealing structure of the reactor as a result of long-term vibration.
As shown in Figure 13, Deshpande et al. [58] detected the resonance at the edge of the
gasket using finite element analysis and obtained the location of the possible hydrogen
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leakage (Figure 13b). Through further investigation, it was found that the torque of the
bolts near the point of resonance was about 75% of the original torque, and the contact
pressure started to increase with vibration. Therefore, it was found that the gasket leakage
rate increased as the vibration intensified (Figure 13a). Rajalakshmi et al. [59] conducted
vibration tests on the PEMFC power pile under considered operating conditions; they
found that the change in vibration frequency affects the change in bolt torque, which was
reduced by 20% within a frequency range of 50–150 Hz, and, hence, the overall sealing of
the power pile was also enhanced.
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5.2. Circulating Temperature and Humidity

Under the actual working condition, a chemical reaction occurs inside the fuel cell
stack after operation, temperature and humidity increase but remain within a reasonable
range, and the fuel cell undergoes a cooling and drying process after the end of operation.
As a result, thermal expansion and cooling contraction occur continuously in the stack; in
the long run, the sealing of the stack will be reduced and leakage will occur, affecting its
efficiency and even causing safety accidents. Husar et al. [52] investigated the data reasons
for the failure of a seven-cell fuel cell stack subjected to temperature, pressure, and other
variables leading to the failure of the stack. Figure 14 shows the variation in pressure and
temperature with time; Figure 14a shows the peak in temperature as the pressure decays
(between 16:30 and 16:40). The temperature of the electrostack reaches 91 ◦C when the
internal pressure cannot be maintained, and the test is forced to terminate. Figure 14b
indicates the time versus pressure and core temperature between 15:50 and 16:10. At 16:05
the load is removed, temp1–3 increases, and temp4–8 decreases, suggesting that the main
factor in the failure of the electrostack is the increase in temperature due to thermal cycling.

As mentioned in the previous section, Liang et al. [35] found that the seal failure in
the electric stack is due to the fact that the gaskets cannot be installed in the corresponding
positions completely and accurately during the assembly process, and misalignment will
inevitably occur after assembly. They further found that the thermal expansion of the
sealing gaskets may lead to slippage or even slip outside the sealing grooves when the
temperature rises, which will lead to the failure of the fuel cell stack. In addition to this,
studying the relationship between temperature and gaskets from a chemical point of view,
Cui et al. [60] concluded that thermal expansion or contraction is the main source of
compressive stress in seals, and that sealing loads are released as the temperature cycles.
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This is because the deformation of silicone rubber originates from the free rotation of the
chemical bonds on the long molecular chains and the sliding caused by the sliding between
the molecular chains. Once the temperature increases, more external heat is provided to the
free rotation of the chemical bonds, and the friction between the molecular chains decreases,
so the cycling temperature accelerates the stress relaxation of the sealing rubber material
and reduces the sealing of the electrostack. Taehyeong Kim et al. [61] took a different
approach; they observed the temperature and relative humidity under the operating
condition of the power pile and analyzed the transient behavior of the temperature and
water distribution within the active region of the PEMFC while considering the time factor.
Thus, the temperature and relative humidity inside the PEMFC will change immediately
during acceleration and deceleration. The stability, durability, and sealing of the stack
system will be affected to some extent at this moment.
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5.3. Cyclic Assembly

PEMFC may experience cell short circuits, seal leaks, and component misalignment
under real-world conditions, and the stack is then disassembled and reassembled repeatedly
to ensure the performance of the PEMFC. Therefore, the BPPs, membrane electrodes, gas
diffusion layer (GDL), and gaskets in the stack are subjected to cyclic compression forces:
the peak pressure is reached after the stack is assembled, and the pressure is released after
the stack is disassembled. The geometrical and mechanical properties of the GDL are
difficult to recover from cyclic compression forces, and the efficiency of the stack is affected
to some extent, and sealing failures may occur under cyclic pressures. Zhang et al. [62]
analyzed the compression ratio, fluid pressure, and temperature of the PEMFC based on
the thermo-mechanical coupling model. The effects of the compression ratio, fluid pressure,
and temperature on the sealing performance of PEMFC were analyzed, and they found
that when the three factors are elevated, the contact pressure of the gasket increases, its
deformation is intensified, the von Mises stress increases, and the sealing performance
of the power reactor is better. Zhang et al. [63] investigated the sealing characteristics of
polytetrafluoroethylene (PTFE) as a sealing gasket material under cyclic compression force,
and it was shown that the pressure release lags behind the pressure assembly, forming a
hysteresis loop. In the pressure release stage, the seal leakage rate of cyclic unloading lags
behind cyclic loading, which can improve the sealing performance of the power reactor.
The seal leakage rate is positively correlated with the compression force. Focusing on
the interior of a single cell, Pei et al. [64] removed the excess water on the membrane
electrode by changing the air intake of the cathode and utilizing the cyclic variable pressure
to obtain the cell performance under different cyclic variable pressures, currents, and cell
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temperatures. As shown in Figure 15, the maximum water removal rate of the cathode is
99.25% under ideal conditions, and the reduction in water content can effectively enhance
the sealing of the electric stack and improve the overall performance of the stack.
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6. Conclusions

This paper first gave a brief description of the sealing mechanism of PEMFC, and then
introduced four typical sealing structures and their applications under different working
conditions. Then, the factors affecting the sealing of the cell during the assembly process
were described in detail from the three aspects of assembly error, sealing gasket, and sealing
leakage, and the factors affecting the sealing of the cell during the operation process were
elaborated from the three aspects of vibration, cyclic temperature and humidity, and cyclic
assembly, and the relevant literature was collated and reviewed, pointing out the problems
in the research of the PEMFC sealing. From this the following main conclusions are drawn:

(1) Progress has been made in the research of cell sealing structure, and a new sealing
structure has been developed on the basis of the original traditional structure; however, no
cell sealing structure is universal, but should be selected based on the specific application
conditions. The electric reactor unit is a stacked structure composed of multiple materials
and components, and it mainly relies on the improvement of the area of the cell reactant
and the number of stacked layers to increase the efficiency of the electric reactor, and the
enhancement of the performance of the individual components as well as the improvement
of the fit of the components are key to enhancing the sealing of the fuel cell electric reactor.
Enhancing the performance of individual components and improving the fitness of each
component are key to enhancing the sealing of fuel cell stacks.

(2) Ensuring the good performance of the sealing gasket during assembly and op-
eration is the key factor to ensure the safety, stability, and high efficiency of the fuel cell.
In the static state when the fuel cell is not in operation, it is necessary to minimize the
assembly error of each component, especially the BPP and the sealing gasket, and control
the size of the assembly pressure so that it is kept in a reasonable interval to make the
sealing stable. When the fuel cell is in operation, different parts made of different materials
will be aged, and the reduction in gasket thickness is the most typical behavior. That said,
few articles have mentioned how to detect the gasket status during operation. Therefore, a
mechanism that detects the state of components in real time during operation and adjusts
them dynamically is a future research direction. Sealing materials age and degrade during
long-term operation and need to resist the effects of harsh environments such as high
temperature and acidity. Therefore, high-performance polymers and nanocomposites will
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be the focus of future seal material research. New materials with superior performance
are also accompanied by high costs; the use of additive manufacturing technology and
manufacturing complexity combined may be one of the future development trends.

(3) Considering the working environment of the fuel cell, the performance of the
single cell and the assembly precision of the stack should be controlled in the design and
manufacturing process, so as to avoid sealing leakage and thus reduce the probability
of cyclic compression force generated by repeated disassembling and assembling. In
recent years, more and more research has taken into account the stress and strain, the
contact behavior of components, etc., and controlling the size of contact pressure has
become another key way of sealing the power reactor. Currently, there is no complete
analytical model that can accurately combine the contact pressure with the characteristics
of each component; thus, in the future, it is also necessary to implement a multi-objective
optimization method to balance the various indexes, in order to achieve the best sealing
effect. With the development of artificial intelligence, the combination of sensing technology
and intelligent control is used. Thus, real-time monitoring of the state of the sealing system
as well as repairing and optimizing the operation and design of the sealing system are also
important for significantly improving the reliability of the PEMFC sealing system.
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