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a b s t r a c t 

In this paper, the mechanism of the destruction triggering of the membrane electrode assembly (MEA) 

of hydrogen fuel cell is studied. It is proposed that electrochemical destruction is the main cause of MEA 

failure and the result of other damages. Electron microscopy experiments are carried out on the MEA 

after 20 h of operation, the MEA after clamping, and the MEA after water immersion freezing, then the 

trigger role of mechanical destruction and thermal destruction in MEA is revealed. The analysis shows 

that the mechanical destruction, thermal destruction, electrochemical destruction and the internal mass 

transfer process of the MEA are coupled to each other to cause MEA destruction. Mechanical and thermal 

damage play a trigger role in the ultimate destruction and failure of the MEA, which will affect the flow 

mass transfer process, the flux of the working gasses in the MEA is abnormally increased, resulting in fur- 

ther component destruction and negative electrochemical reaction. Preventing MEA from mechanical and 

thermal destruction plays a key part of improving its durability. On the one hand, the external clamping 

should avoid stress points in the MEA area to minimize the external stress. On the other hand, the proton 

exchange membrane requires lower swelling rate and proper drainage measures in the off state. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

In today’s energy situation, hydrogen energy is seen as a clean

lternative to current mainstream fossil energy. In the utilization

f hydrogen energy, hydrogen fuel cell has attracted the attention

f scholars because of its high energy density and environmental

riendliness [1-6] . The US Department of Energy (DOE) requires a

inimum fuel cell life requirement of 50 0 0 h for automotive fuel

ells and a life expectancy of at least 40,0 0 0 h for distributed gen-

ration applications [7] . At present, the life of hydrogen fuel cells

s in the range of 30 0 0–50 0 0 h. When the working time exceeds

his range, the battery performance drops sharply and cannot be

egarded as effective work, which is, the battery fails. 

As an important component of the proton exchange membrane

uel cell, the performance of the membrane electrode assembly

MEA) directly affects the working state of the fuel cell. It con-

ists of two gas diffusion layer (GDL), one layer of proton exchange

embrane (PEM) and a catalyst layer (CL) sprayed on both sides

f the proton exchange membrane (as shown in Fig. 1 ). The mem-

rane electrode assembly is clamped by a bipolar plate with flow

aths during operation. In membrane electrode assembly, hydro-
∗ Corresponding author:. 
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en is reduced to protons at the anode, and protons are trans-

orted through the proton exchange membrane to react with elec-

rons and oxygen in the cathode to form water. Under the effect

f electron proton drag, water is dragged from the anode to the

athode as protons pass. The working process of PEMFC is very

omplicated, including various physical phenomena such as elec-

rochemical reaction, water transport, proton transfer, gas diffu-

ion, which means multiple physical fields exist in PEMFC, such as

lectric field, force field and temperature field [7] . 

The main causes of membrane electrode assembly destruction

re electrochemical damage, mechanical damage and thermal dam-

ge [8,9] . Factors of chemical destruction include chemical struc-

ural degradation of proton exchange membranes, poisoning and

igration of platinum catalysts [10–16] . Mechanical damage is

aused by mechanical stress caused by the clamping of the exter-

al bipolar plate, structural changes caused by working conditions,

tc. [17–22] . Thermal damage mainly refers to the degradation of

roton exchange membrane sulfonic acid groups at high tempera-

ures due to the activation of platinum particles [23–25] . 

The fuel cells don’t fail in an instant, the failure is a compre-

ensive result of the combination of multiple damage causes and

as some triggering reasons. Also, the three kinds of damage are

ot parallel, they occur in a certain order and there is a logical

elationship. When we talk about the failure of the fuel cell, the

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120144
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. Proton exchange membrane fuel cell cross section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o  

h  

t  

p  

t  

i  

t  

t  

t  

b

2

 

m  

r  

S  

e  

e  

i  

m  

1  

s  

t  

m  

c  

i  

a  

e  

p  

s  

t

2

 

e  

a  

a  

a  

p  

t  

a  

n  

s  

b  

5  

a  

m

2

2

 

p  

b  

L  

t  

a

2  

d  

l  

o  

g  

f  

v  

i  
exact thing we mean is that the fuel cell cannot perform effective

chemical reaction and cannot output the voltage and current value

we expect. This illustrates the electrochemical destruction is the

last performance of fuel cell, and maybe the results of all kinds of

damage, which needs us to prove later. 

The researches on the above-mentioned damage situation

mostly focus on the discussion of a single failure mechanism, and

they correspond to different failure conditions with certain rea-

sons. Akita use analytical TEM to observe Pt particle deposition in

PEM and count the penetration depth and agglomeration diameter

of platinum particles [25] . And Chen pointed out [14] , when plat-

inum particles of catalyst are deposited and agglomerated in PEM,

it will cause irregular changes in the water channel, thereby af-

fecting the proton transport capacity of PEM. Uchiyama report the

wrinkle deformation of MEA after humidity cycles and point out

that preventing MEA buckling can extend PEMFC durability [18] .

Yang established a two-dimensional model of a proton exchange

membrane fuel cell, pointing out that anode flooding causes hydro-

gen depletion and carbon corrosion. To a certain extent, the trans-

portation process inside the fuel cell and the destruction of the

membrane electrode assembly have been comprehensively con-

sidered [13] . Through these studies, a variety of MEA destruc-

tion mechanisms have been explained from different perspec-

tives, Although different failure causes can be explained, but there

is still a lack of consideration of the overall causes of failure in

combination with the operation of the fuel cell. Compared with

these studies, this paper pays more attention to how different

types of damage together cause the damage of the membrane elec-

trode assembly and the failure of the fuel cell. This includes the

different sequences in which different types of damage occur and

the logical relationship between them. To be more specific, it is

which kind of damage happens first and how does the damage fur-

ther affects the working process of fuel cells, that we try to find

out. Based on this idea, this paper studies the failure trigger mech-

anism of fuel cell membrane electrode assembly by experimental

means, trying to interpret the development process of internal de-

struction of membrane electrode assembly from a holistic perspec-

tive. 

2. Experimental methods and equipment 

2.1. Experimental equipment apparatus 

2.1.1. Proton exchange membrane fuel cell test bench 

In this experiment, the fuel cell test platform FCTS50, from

Arbin Company of the United States was used. The fuel cell part
f the experimental bench includes reaction gas source supply, gas

umidification module, temperature control module and battery

emperature control module. The gas supply is supplied by high

ressure gas cylinders including hydrogen, air and nitrogen. After

he reaction gas passes through the pressure valve, the flow rate

s controlled by the mass flow meter, the humidifier adjusts the

emperature and humidity of the reaction gas, and then the reac-

ion gas enters the fuel cell through the heat preservation pipeline

o react. At last, the reacted gas is discharged to the outside after

eing dehydrated by the back-pressure valve and the condenser. 

.1.2. Transmission electron microscope (TEM) 

In this experiment, JEOL JEM-F200 (HR) field emission trans-

ission electron microscope was used. The dot resolution can

each ≤0.23 nm, the lattice resolution can reach ≤0.104 nm, the

TEM HAADF resolution can reach ≤0.19 nm; the highest accel-

ration voltage is 200 kV, the minimum step size of the accel-

rating voltage is 50 V; the TEM magnification is 50–6 K times

n LOW MAG mode and 1K-20 0 0 K times in MAG mode; STEM

agnification is 200–15 K times in LOW MAG mode and 20K-

50 M times in MAG mode. Since the membrane electrode as-

embly is formed by hot pressing of a plurality of layers of ma-

erials, wherein the gas diffusion layer and the proton exchange

embrane are both porous dielectric materials, the proton ex-

hange membrane requires pretreatment preparation in the follow-

ng manner: (1) cut a part of the membrane electrode assembly

bout 2 mm × 10 mm × 0.5 mm, (2) insert the cut membrane

lectrode assembly into the epoxy resin, (3) re-slicing the resin and

ut the sample on a copper grid by a carbon microgrid. Then the

ample can be sent on the sample rod into the TEM for observa-

ions. 

.1.3. Scanning electron microscopy (SEM) 

In this experiment, Gemini SEM 500 field emission scanning

lectron microscope was used. The resolution is 0.6 nm at 15 kV

nd 0.9 nm at 1 kV (with the option of series deceleration). The

ccelerating voltage is in the range of 0.02–30 kV. Continuously

djustable, the magnification range is 20–20 0 0 K times, and the

robe current is adjustable between 3 pA-20 nA. At the same time,

he electron microscope is equipped with an energy spectrum and

 super energy spectrometer for elemental analysis. In the scan-

ing electron microscope, it is not necessary to perform exces-

ive pretreatment on the membrane electrode assembly. The mem-

rane electrode assembly is directly cut into a sample of about

 mm × 10 mm × 0.5 mm, and the conductive paste is vertically

ttached to the vertical sample stage to facilitate observation of the

embrane electrode assembly cross section. 

.2. Experimental methods 

.2.1. Membrane electrode assembly operation experiment 

The membrane electrode assembly used in the experiment is

repared by hot pressing of the SFR7201 proton exchange mem-

rane and the TGP-H-060 gas diffusion layer from Asahi Kasei Co.,

td. The operation experiment was performed using the fuel cell

est platform FCTS50 mentioned above. The experimental steps are

s follows: 

.2.1.1. Operating conditions stabilization. Battery temperature and

ew point humidifier temperature usually require 1–2 h to stabi-

ize. In order to insert the effect of the relative humidity change

f the reaction gasses on the MEA conversion state, the reaction

asses are discharged through the bypass without venting into the

uel cell before the dew point temperature stabilizes to the set

alue. When the dew point temperature is stabilized, the bypass

s turned off alternately and the reaction gasses are vented into
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Fig. 2. The standard fixture of the FCTS50 fuel cell test bench (a) and the flow field plate (b). 
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Fig. 3. Schematic diagram of moisture distribution of membrane electrode assem- 

bly after immersion in water. 
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he fuel cell. At this point, all operating conditions of the fuel cell

re stable and reach preset values. 

.2.1.2. Membrane electrode assembly initialization. After the bat-

ery operating conditions are stable, in order to eliminate the ef-

ects of previous experiments on the membrane electrode assem-

ly state of the battery, the membrane electrode assembly state

eeds to be initialized. The fuel cell was operated at a current den-

ity of 0.4 A 

•m 

−2 for 1 h, so that the membrane electrode assem-

ly was fully wetted, and the effect of the previous operation on

he membrane electrode assembly was eliminated. 

.2.1.3. Continuous operation process. After the above two steps,

he operating conditions of the battery and the initial state of the

embrane electrode assembly have been stabilized, and continu-

us operation can be performed for a long time. Cycle the current

ensity in the range of 0–1 A 

•cm 

−2 for a certain period of time,

nd the current step is 0.1A 

•cm 

−2 . In this paper, the total operat-

ng time of the fuel cell is 20 h. 

.2.2. Membrane electrode assembly clamping experiment 

In both the experimental process or and the actual working pro-

ess, the main external stress to the membrane electrode assem-

ly is caused by the fixed fixture, which is a necessary measure

o ensure that the working gasses do not leak. In order to discuss

he influence caused by this external stress, in this paper, the new

embrane electrode assembly was clamped for 48 h by using the

tandard fixture of the FCTS50 fuel cell test bench (as shown in

ig. 2 (a)) and then taken out for observation. The fixture is fixed

y 8 bolts, which are divided into 4 groups according to the di-

gonal rule. When tightening the bolts, each group of bolts is first

einforced with a torque of 12 N 

•m and then in the same order at

4 N 

•m and 15 N 

•m for reinforcement. According to the uniform

oad on the area of 10 cm × 10 cm, the average external pressure

s 6.4 MPa. The flow field plate used within the fixture is a parallel

ow channel flow field plate as shown in Fig. 2 (b). 

.2.3. Membrane electrode assembly freezing experiment after 

mmersion in water 

In this paper, the typical situation of the internal icing of the

embrane electrode assembly during the cold start of the fuel

ell was simulated. The new membrane electrode assembly af-

er weighing was immersed in deionized water for two hours at

oom temperature (22 °C), then taken out and weighed again. After

rapping the moisture in plastic wrap and aluminum foil paper to

revent evaporation, the membrane electrode assembly was frozen
t −10 °C for 48 h, and then dried at room temperature. Accord-

ng to the freezing deformation of water, it can be calculated that

he pressure that can be generated inside the membrane electrode

ssembly can locally reach a maximum of 20 MPa [26] . 

In the experiment, two membrane electrode assemblies were

elected for immersion. Considering that the gas diffusion layer has

 certain hydrophobicity [27,28] , water does not easily penetrate

nto the membrane electrode assembly from the gas diffusion layer

ide, and one of the membrane electrode assemblies was selected

o be cut into two halves from the middle trying to increase its

ater content. It can be seen from Table 1 that the water contents

f the three samples are at a low level. Since the whole membrane

lectrode assembly sample has an uncut partial proton exchange

embrane around it, the hydrophilicity of the proton exchange

embrane gives it the highest water content. While the cut mem-

rane electrode assembly exposes the cross section to water, the

ydrophobicity of the gas diffusion layer blocks the entry of wa-

er (as shown in Fig. 3 ). The whole membrane electrode assembly

ith the highest water content was selected for scanning electron

icroscopy experiment. 
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Table 1 

Water content after membrane electrode assembly immersed in water. 

Original weight Weight after immersion Water content 

Monolithic MEA 1.6155 g 1.7380 g 7.58% 

Half block MEA1 1.9231 g 2.0242 g 5.25% 

Half block MEA2 1.2200 g 1.249 g 2.38% 

Fig. 4. Transmission electron micrograph and element localization map of proton exchange membrane. 
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3. Results and discussion 

In this paper, we study several kinds of destruction triggering

of membrane electrode assembly, most of them are related to me-

chanical and thermal factors. As mentioned above, we make an

assumption that the electrochemical damage is the end result of

thermal damage and mechanical damage. In order to prove the

above viewpoints, the working stage of the membrane electrode

assembly was first judged by the movement of the platinum parti-

cles, and then a series of experiments were carried out to analyze

the mechanism of mechanical stress and thermal stress triggering

of the fuel cell membrane electrode assembly destruction by elec-

tron microscopy. 

3.1. Movement of platinum particles 

Firstly, the cross section of the worked membrane electrode

assembly was observed by transmission electron microscopy, and

the movement of platinum particles was observed and counted. As

mentioned, being different from most existing studies that use a

long-term multi-cycle method, we attempt to find out what kind

of damage has occurred and what effect it has inside the mem-

brane electrode assembly in the early working state. Since the re-
earch in this paper tries to ensure that the observed membrane

lectrode assembly remains in the early working state, The mem-

rane electrode assembly chosen to be observed in this paper was

perated under standard working conditions for 20 h following the

teps in section 2.2.1 . 

In the experimental method section, the TEM preparation steps

f the membrane electrode assembly have been described, and

he prepared slice is placed in the transmission electron micro-

cope for observation. Since we are focusing on the movement of

latinum particles from the catalyst layer to the proton exchange

embrane, the observation area was first determined by targeting

he proton exchange membrane. Fig. 4 (a) shows a direct view of

he observation area, while Fig. 4 (b)(c)(d) shows the distribution

f fluorine, platinum and carbon elements in the observation area.

Through elemental analysis, the components in the observation

rea are located, the positioning principle is to find the main ele-

ents corresponding to the components. Since the inside of the

embrane electrode assembly is symmetrically distributed with

roton exchange membrane, the position of the proton exchange

embrane can be used to substantially determine the membrane

lectrode assembly distribution within the observation region. As

e can tell, only the proton exchange membrane contains a large

mount of fluorine in the membrane electrode assembly [25] , so
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Fig. 5. Schematic diagram of the entry of platinum particles into the proton exchange membrane(a), the diameter of the platinum particle(b) and the depth map(c). 
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d  
he position of the proton exchange membrane can be located by

he distribution of fluorine (as shown in Fig. 4 (b)). 

As the region of platinum particle motion is from catalyst layer

o proton exchange membrane, and the position and boundary of

he catalyst layer can be determined by the positioning of platinum

lements (as shown in Fig. 4 (c)), the location of the observed area

s completely determined. As can be seen in Fig.4(a), the proton

xchange membrane has a cotton-like porous structure inside, and

he catalyst layer exhibits a high contrast due to the presence of a

arge amount of platinum particles. 

After the observed region is positioned and the components of

embrane electrode assembly are figured, attention is now turned

o the platinum particle movement in the surrounding area of the

roton exchange membrane. In Fig. 5 (a), the area below the pic-

ure shows the cotton-like shape is the proton exchange mem-

rane, and the upper part of the interface attached with the pro-

on exchange membrane is the transition layer between the cat-

lyst layer and the proton exchange membrane. The bright spots

f white in the figure are platinum particles. During the observa-

ion, it was found that there was an observable migration of plat-

num particles in the membrane electrode assembly, and some of

he platinum particles entered the proton exchange membrane (as

hown in Fig. 5 (a)), but the depth of entry was still shallow: 20

f the Pt particles entered a depth of less than 2 μm, relative to

he thickness of the proton exchange membrane of tens of microns

the statistical entry depth of 24 platinum particles in the observa-

ion region is shown in Fig. 5 (c)). 

s  
At the same time, it was found that the diameter of the

latinum particles was substantially within 10 nm (as shown in

ig. 5 (b)), while Tomoki Akita et al. [25] found that the diameter

f platinum particle clusters in the proton exchange membrane is

n a range of 50–100 nm after 87 h of accelerated degradation ex-

eriments. It indicates that the platinum particles have not been

gglomerated. This is because the platinum particles migrate first

ue to the driving force of the flow mass transfer during the work-

ng process, and adhere to the surface of the inside micro-pores

fter migrating into the proton exchange membrane. The follow-

ng platinum particles that enter the proton exchange membrane

ave a chance to bind to the attached platinum particles, and af-

er a period of cumulative growth, they become agglomerated with

arger platinum particles. However, the membrane electrode as-

embly observed here only passed the standard operating condi-

ion test for 20 h. At this time, only the initial migration of the

latinum particles occurred, and there was no agglomeration, indi-

ating that the fuel cell is still “young” enough to be studied for

he damage triggering mechanism, especially for electrochemical

amage. 

.2. Mechanical damage of the membrane electrode assembly 

In the above experiment of transmission electron microscopy, it

s found that the migration and agglomeration of platinum parti-

les are still in the preliminary stage, which indicates that no fatal

amage has occurred yet. The completion of electrochemical de-

truction takes a long time and is not obvious at the beginning of
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Fig. 6. Comparison of membrane electrode cross sections before work (a) and after work for 20 h. 
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operation; at the same time, its genesis is complex and involves

various reactions. The electrochemical reactions which will be re-

garded as electrochemical damage are usually caused by the unex-

pected encounter of the reaction gasses in proton exchange mem-

brane. The little normal cracks in membrane electrode assembly

may result in unexpected flow and lead into further electrochemi-

cal damage. Compared to the diffusion in the porous media or the

permeation through membrane, the reaction gasses flow more eas-

ily in the cracks, which can be considered as micro-channels. 

To confirm this conjecture, a set of controlled scanning electron

microscope observation experiments was performed on the unop-

erated membrane electrode assembly and the membrane electrode

assembly after 20 h of operation. As can be seen in Fig. 6 (a), the

unoperated membrane electrode assembly shows the basic struc-

tural arrangement of the GDL-PEM(CL)-GDL (the catalyst layer is

represented as a whole by the proton exchange membrane due

to its scale), the outer boundaries of each component are com-

plete and clear. The amplified details of the gas diffusion layer can

be seen in Fig. 6 (c), the carbon fibers in the gas diffusion layer

didn’t show massive broken. Fig. 6 (a) gives a benchmark of the

membrane electrode assembly cross section, there is a clear in-

terface between the gas diffusion layer and the proton exchange

membrane, and the membrane electrode assembly shows a distinct

multilayer structure. 

As can be seen in Fig. 6 (b), the cross section of the membrane

electrode assembly after working is extremely messy, it is impos-

sible to clearly distinguish the layers of the components, and the

overall structure has become loose. At the same time, a large num-

ber of the carbon fibers of gas diffusion layers directly inserted

into the proton exchange membrane, causing irreversible mechan-

ical damage, the gas diffusion layer is unable to maintain the orig-

inal structure and the interface with the proton exchange mem-

brane cannot be confirmed. It is precisely because each compo-

nent has lost its own mechanical rigidity and integrity, as can be

seen from the comparison of Fig. 6 (a) and Fig. 6 (b), the thickness

of the membrane electrode assembly after working is only half of

the new membrane electrode assembly. 

After 20 h of operation, the migration and agglomeration of

platinum particles is still in the preliminary stage (stated in chap-

ter 3.1), while the mechanical damage shown in Fig. 6 (b)is already

very serious. This indicates that the time point of mechanical de-

struction of the membrane electrode is earlier than that of the
 w  
lectrochemical reaction. The above-mentioned observed destruc-

ion of the component structure and the interface can lead to an

ncrease in gas permeation and a decrease in the proton conduc-

ivity of the proton exchange membrane, which confirms the con-

ecture that the mechanical damage is the main triggering reason

f long-term damage and failure. 

The membrane electrode assembly is composed of multi-

omponent hot pressing, and the gas diffusion layer and the proton

xchange membrane are both porous for the flow and mass trans-

er. The mechanical damage causes of the membrane electrode as-

embly can be divided into external stress and internal stress. The

xternal stress is mainly caused by the hot pressing in the produc-

ion process and fixing in the working process. The internal stress

ay be performed by internal fluid flow, thermal deformation and

ther internal forces. The following experiments are carried out

rom these two aspects to study the intermediate state between

he unworked state and the complete mechanical damage. 

.2.1. External stress damage 

Membrane electrode assembly subjected to external stress is

erformed by membrane electrode assembly clamping test in

ection 2.2.2 . It can be visually seen that the edge of the clamped

embrane electrode assembly exterior has the same obvious in-

entation as the shape of the flow field plate, and even causes par-

ial gas diffusion layer to crack (as shown in Fig. 7 (a)). 

It can be observed in Fig. 7 (b) that there is still a distinct layer-

ng inside the membrane electrode assembly, but the structure be-

omes looser than the original structure, and the proton exchange

embrane is pressed and attached to the gas diffusion layer on

he lower side. It can be observed that the gas diffusion layer is

uite clear in the MEA cross section, however, the proton exchange

embrane is kind of compressed and fitted to the surface of the

as diffusion layer on the lower side. 

At the interface between the gas diffusion layer and the pro-

on exchange membrane, polygonal cracks occurred on the gas dif-

usion layer side (as shown in Fig. 7 (c)), and irregular continuous

reep occurred on the proton exchange membrane side (as shown

n Fig. 7 (d)). This phenomenon reflects the different material prop-

rties of gas diffusion layer and proton exchange membrane. The

ain internal structure of the gas diffusion layer mentioned above

s the carbon fiber structure, which exhibits high strength as a

hole, while the main component of the proton exchange mem-
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Fig. 7. The appearance and cross-sectional view of the membrane electrode assembly after being clamped. 
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rane is a polymer with a relatively dense but softer structure. Af-

er amplification, it can also be seen that there is a large amount

f broken carbon fiber embedded in the proton exchange mem-

rane at the interface (as shown in Fig. 7 (e)), but there is still an

ntuitive difference compared with the case where the carbon fiber

nside the membrane electrode assembly is directly inserted into

he proton exchange membrane after the operation (as shown in

ig. 6 (b)). In general, the components still maintain a good overall

hape, and the entire membrane electrode assembly is in a rela-

ively structural balanced state. 

.2.2. Internal stress damage 

The frozen membrane electrode assembly in Fig. 8 (a) was ob-

iously bent to the sides due to the different thermal expansion

oefficients of the components resulting in different deformation

atios. Fig. 8 (b) is the scanning electron micrograph of the mem-

rane electrode assembly section after the freezing experiment.

hen scanning electron microscopy is performed, it can be seen

he cut sample can hardly remain integrated status, and the mul-

ilayer structure of the membrane electrode assembly has com-

letely lost its tightness and stability. It can be seen from Fig. 8 (b)

hat there is still a relatively obvious delamination inside the mem-

rane electrode assembly, but the deformation of each layer is ba-

ically clear. The proton exchange membrane loses its integrity but

roduces irregular and uneven layered horizontal tears from the

nside (as shown in Fig. 8 (c)), while there is still a significant phys-

cal connection between the layers indicates that the membrane is
ot completely torn. At the same time, the carbon fiber arrange-

ent inside the gas diffusion layer remains in a relatively regular

tate without significant damage (as shown in Fig. 8 (d)). 

.3. Different effects of internal and external stress 

From the above experimental results, we can find that external

tress and internal stress cause two different forms of mechanical

amage to the fuel cell membrane electrode assembly. Since the

embrane electrode assembly is made by hot pressing of the mul-

ilayer component, when the membrane electrode assembly is sub-

ected to external stress, the stress is transmitted and concentrated

t the interface between the gas diffusion layer and the proton ex-

hange membrane, then the destruction occurs on both surfaces of

he interface. At the same time, due to the high carbon structure

trength of the gas diffusion layer, polygonal cracks appear on the

urface, and there is also a certain carbon fiber fracture inside. The

roton exchange membrane has a low strength and a continuous

rregular creep on the surface, which is different from the rigid-

ty of the gas diffusion layer and tends to tear. At the same time,

ue to the difference in strength between the carbon fiber and the

roton exchange membrane, the phenomenon that the fractured

arbon fiber shown in Fig. 6 (e) is embedded in the surface of the

roton exchange membrane is also caused. 

When the membrane electrode assembly is immersed in water,

he water mainly accumulates in the micro-pores of the proton ex-

hange membrane. After film icing in the micro-pores, the water
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Fig. 8. The appearance and cross-sectional view of the membrane electrode assembly after freezing. 
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volume expands to generate internal stress, thus producing irregu-

lar uneven delamination tear in Fig. 8 (c). The tearing phenomenon

here is kind of different with the surface tear of the proton ex-

change membrane caused by external stress. The external stress

acts on the surface of the film as a whole, causing cracking in the

surface and longitudinal direction. The cracking is mainly related

to the fixing of the clamp, and is relatively a static process, which

tends to be stable after a certain period of time. The internal stress

is caused by the volume change of the local water in the freezing

process. It mainly causes tearing in the transverse direction of the

membrane, but this process is a dynamic process. There is a pos-

sibility of continuous deterioration, the denser and more uniform

the local tear occurs, the more severe the membrane will be de-

stroyed. 

As the gas diffusion layer is hydrophobic, it is hard to hold a

large amount of water inside. And its internal carbon fiber struc-

ture has larger pores than proton exchange membrane, the water

volume expansion after freezing is not enough to cause obvious

damage to its structure, so the carbon fiber remains relatively reg-

ular arrangement. In summary, the external stress mainly causes

mechanical damage to the internal structure of the gas diffusion

layer, the interface of gas diffusion layer and the proton exchange

membrane, and the internal stress mainly causes mechanical dam-

age to the internal structure of the proton exchange membrane. 

3.4. Dynamic process of membrane electrode assembly destruction 

Combined with the analysis of Fig. 5 and the literature research

[25] , it can be concluded that the migration and agglomeration of

platinum particles accumulate with the increase of working time.

After 20 h of operation in this paper, the platinum particles in the

membrane electrode assembly had only initially migrated, indicat-
ng that electrochemical destruction had not yet occurred. At the

ame operating time, as shown in Fig. 6 (b), the mechanical struc-

ure of the membrane electrode assembly was severely damaged.

his shows that the mechanical damage occurs before the electro-

hemical damage, so we make a key discussion on the mechanical

amage from the external stress and the internal stress, and ana-

yzed its working principle and subsequent impact on the fuel cell

ork. 

It is worth noting that although external stress and internal

tress cause significant mechanical damage to the membrane elec-

rode assembly, the membrane electrode assembly assemblies in

ig. 7 and Fig. 8 maintains a relatively complete shape comparing

he membrane electrode assembly cross sections in Fig. 6 (b). The

omponents in Fig. 7 and Fig. 8 appear as in clearer stratification

nd the entire membrane electrode assembly is in a relatively bal-

nced state (the loose structure of the membrane electrode assem-

ly in the freezing experiment is due to the absence of external

xation of the fixture in the experiment). However, the damage of

he membrane electrode assembly by static stress provides the ba-

is for the further failure of the membrane electrode assembly. 

When the static stress causes the membrane electrode assem-

ly to start mechanical damage, the gas flow and the mass trans-

er process during the working process will provide a vertical driv-

ng force, which will directly destroy the relative equilibrium state

f each component, such as the gas diffusion layer and the pro-

on exchange membrane rupture in Fig. 6 (which will form several

penings at the originally integral surface). The cracking is further

xpanded until the interface of gas diffusion layer and proton ex-

hange membrane is broken, (1) the lateral compressive and ten-

ile resistance of each layer are greatly impaired, (2) the flow and

ass transfer process will be messed because of the unwanted

pening, (3) the working gas (oxygen and hydrogen) enter the pro-
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on exchange membrane which will trigger a series of chemical

ide effects, (4) the three parts above will form a cyclic process

hich will last until the fuel cell fails. The flow mass transfer

rocess will further aggravate the tearing of the proton exchange

embrane, resulting in new interfaces born in the proton exchange

embrane, which will greatly affect its mass transfer capacity. 

The above analysis indicates that static stress to the membrane

lectrode assembly can cause visible mechanical damage, which

ill combine with the internal flow mass transfer process will trig-

er further destruction of the internal structure and kill the fuel

ell slowly. 

. Conclusions 

In this paper, the destruction triggering of membrane electrode

ssembly was studied by transmission electron microscopy and

canning electron microscopy, the main conclusions are as follow: 

(1) The movement and agglomeration of platinum particles can

directly reflect the current working state and destruction

level of the fuel cell. The moving distance of platinum parti-

cles and the size of platinum particle agglomeration are pos-

itively correlated with the working time of the fuel cell. 

(2) The mechanical stress and thermal stress of the membrane

electrode assembly can be divided into external stress and

internal stress. External stress mainly acts at the interface

between the gas diffusion layer and the proton exchange

membrane and causes surface crack to both components

while the components inside are basically intact. Internal

stress locally destroys the inside of the component. In terms

of dynamic properties, external stress is completed and sta-

bilized in a short time due to external stress acting on the

overall interface, and the internal stress generation process

is related to the internal mass transfer process of the fuel

cell, and belongs to a continuous dynamic process. 

(3) The flow mass transfer, mechanical damage, thermal dam-

age and electrochemical damage in fuel cells are not inde-

pendent processes, there is a logical circulation relationship:

Mechanical and thermal damage play a trigger role in the

ultimate destruction and failure of the membrane electrode

assembly, which will affect the flow mass transfer process,

the flux of the working gas in the membrane electrode as-

sembly is abnormally increased, resulting in further compo-

nent destruction and negative electrochemical reaction. 

(4) In order to extend the fuel cell life, preventing mechanical

and thermal damage of membrane electrode assembly plays

a vital role in designing fuel cells. Since the stress will dam-

age the membrane electrode assembly from the external and

internal way, similarly, the protection measures should also

be provided from two aspects. On the one hand, the fix-

ture should try to avoid the distribution of stress points in

the area of the membrane electrode assembly on the ba-

sis of ensuring the sealing to minimize the external stress.

On the other hand, the proton exchange membrane requires

lower swelling rate and proper drainage measures in the off

state to reduce the mechanical deformation of the mem-

brane electrode assembly due to the temperature-dependent

volume change of the moisture in the membrane. 
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