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Abstract In this paper, a novel accelerated test method
was proposed to analyze the durability of MEA, considering the actual operation of the fuel cell vehicle. The
proposed method includes 7 working conditions: open
circuit voltage (OCV), idling, rated output, overload,
idling-rated cycle, idling-overload cycle, and OCV-idling
cycle. The experimental results indicate that the proposed
method can effectively destroy the MEA in a short time
(165 h). Moreover, the degradation mechanism of MEA
was analyzed by measuring the polarization curve, CV,
SEM and TEM. This paper may provide a new research
direction for improving the durability of fuel cell.
Keywords polymer electrolyte membrane fuel cell,
accelerated life-time test, load cycling test, durability

1

Introduction

Proton exchange membrane fuel cell (PEMFC), which is a
kind of clean energy with high efﬁciency and environment
friendly, has become one of the research hotspot in the ﬁeld
of energy [1–3]. Currently, the related research on PEMFC
has been focused on improving its performance [4],
prolonging its durability [5], and reducing its cost [6].
The poor durability of PEMFC is one of the major
bottlenecks that impede its commercialization in the
vehicle ﬁled.
Lots of research show that the performance loss in
PEMFC after a long-running process mainly occurs in the
membrane electrode assembly (MEA), such as the
degradation of catalyst [7] and membrane [8]. Therefore,
it is of great importance to ﬁnd a simple and effective way
to prolong the durability of MEA. At present, the durability
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of MEA is mainly evaluated using the steady-state life test
[5,9]. However, this method is time-consuming and
expensive, which seriously hinders its large-scale practical
application. Therefore, researchers have proposed to
evaluate the durability of MEA using the durability
accelerated test [10–12]. The accelerated test not only
reduces the testing time and saves cost, but also ﬁts well
with the steady-state life test result. Therefore, the
accelerated test method is proven to be an effective way
to predict and analyze MEA’s life.
A series of accelerated test methods, such as humidity
cycle [13], open circuit voltage [14], load cycle [15],
voltage cycle test [16], hot-cold cycle [17], cold start [18],
fuel shortage [19], start-stop cycles [20] and pollution
poisoning [21] have been developed, providing a theoretical basis and experimental method to analyze the
durability failure mechanism of MEA. Usually, the working conditions in vehicle fuel cell includes OCV, idling,
rated output, overload, idling-rated cycle, idling-overload
cycle, and OCV-idling cycle. However, the conventional
accelerated test method only includes one or two
conditions, without considering the actual operation of
the fuel cell vehicle (all working conditions). Therefore, it
is necessary to establish a novel accelerated test method to
detect the durability of MEA, taking into consideration the
7 of working conditions in the actual operation of fuel cell
vehicle.
In this paper, a novel, effective evaluation method to
analyze the durability of MEA was proposed by taking into
consideration the 7 working conditions of fuel cell vehicle
in the actual operation. The characterizations of MEA
before and after accelerated test were conducted to analyze
the material degradation and failure mechanisms.

2 Evaluation of vehicle accelerated test
method
2.1

Vehicle accelerated test method

The operating condition of the proposed vehicle
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accelerated test is shown in Fig. 1 and listed in Table 1. The
start and end stages are using the OCV condition with 10
minutes, which simulates the start and stop phases in the
fuel cell vehicle. The idling condition simulates the
membrane and catalyst damage in the fuel cell vehicle at
idling operation (The low efﬁciency in idling operation
will cause less water to be produced by reaction. At the
same time, the fuel cell operating voltage is very high
( > 0.8 V). These will cause the damage and failure of
PEM and catalyst in MEA). The rated condition simulates
the working state in the fuel cell vehicle. The overload
condition simulates the overload state in the fuel cell
vehicle. Moreover, the idling-rated cycle condition, the
idling-overload cycle condition, and the OCV-idling cycle
condition are designed due to the fact that in the fuel cell
running state is not independent.
This proposed vehicle accelerated test condition has the
following advantages. It simulates the actual operating
environment of the vehicle fuel cell, and the 7 accelerated
conditions are real existence in the vehicle fuel cell
running. It can effectively destroy the MEA in a short time
(165 h). It uses a voltage control mode, making voltage
control easier than the conventional control and power
control, while both the decay of catalyst and the corrosion
of carbon are related to the potential. It uses different
humidity in different operating condition. When the fuel
cell is working in the OCV and the idling condition, it
requires a low humidity operating environment. When the
fuel cell is working in the rated condition and the overload
condition, it requires a high humidity operating environment. So this frequent humidity cycle will accelerate the
degradation of the PEM and catalytic layer. Therefore, the
humidity in OCV, in the idling condition, and in the OCVidling condition is set at 30%, while the humidity in other
conditions is set at 70%.

2.2

327

Evaluation method

In this experiment, the MEA performance is evaluated
by using the voltage loss of the polarization curve
(600 mA/cm2), the electrochemical surface area (ECSA) of
the catalyst, and the hydrogen permeability. Voltage loss is
the most direct expression for fuel cell performance loss.
The current density is chosen to be 600 mA/cm2 because
the polarization curve of MEA is in the ohmic polarization
region, and the fuel cell does not experience great changes
in its performance. The decrease of ECSA is one of the
main reasons for the linear attenuation of fuel cell
performance, which mainly reﬂects the loss of Pt in the
catalyst. The hydrogen permeability is the main degradation symbol of the fuel cell PEM, whose sudden increase
indicates that the perforation in the PEM leads to the direct
reaction of hydrogen and oxygen.

3

Experiment and characterization

3.1

Preparation of MEA

In this experiment, the standard MEA used is produced by
Wuhan New Energy Co., Ltd. The active area is 25 cm2,
the PEM is the Naﬁon211 thin ﬁlm, and the catalyst is the
60% Pt/C commercial catalyst with the Pt loading of
0.4 mg/cm2.
3.2

Single cell testing

This experiment uses a single cell, whose active area is
25 cm2, and the ﬂow channel is single snake-type ﬂow
channel with the PTFE for sealing. N2 gas is used to check
the impermeability after single cell assembly, and the

Fig. 1 Testing voltage in different working conditions versus time
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leakage in anode and cathode is less than 0.2 mL/min.
3.3

Durability testing

Before the vehicle accelerated test, the fuel cell is activated
by 3 time cycle test until the performance comes to a stable
state. The fuel cell temperature is 65°C, the gas
temperature and dew point are both 65°C, the humidity
is 100%, and the excess coefﬁcient of H2/air is 1.5/2.5. The
test condition of fuel cell is kept at 600 mA/cm2 for 6 hours
until the performance of the fuel cell is no longer increased.
The vehicle accelerated test conditions of this experiment are listed in Table 1. The fuel cell temperature is 65°C
and the excess coefﬁcient of H2/air is 1.5/2.5. The
humidity in OCV, idling condition, and OCV-idling
condition are 30%, and the humidity in rated condition,
overload condition, idling-rated condition and idlingoverload condition are 70%. The polarization curve, cyclic
voltammetry curve and linear scan of the fuel cell are tested
after each condition. The SEM, TEM and XPS are
measured after the vehicle accelerated test.
3.4

Equipment and characterization

In this experiment, the G50 fuel cell test platform (Canada
Greenlight Company) is used to test the fuel cell
performance. The resistance meter (Japan Rizhi Company)
is used to test the fuel cell resistance.
The Autolab electrochemical workstation (Netherlands,
PGSTA30) is used to test the cyclic voltammetry and linear
scans. The electrode to be tested is used as the working
electrode and purge with N2 gas. The other electrode is
used as the reference electrode and purge with H2 gas. The
cyclic voltammetry curve test is conducted at a scanning
speed of 50 mV/s and a scanning range of 0.05–1.25 V.
The linear scanning test is conducted at a scanning speed of
2 mV/s and a scanning range of 0–0.7 V.

4

Results and discussion

Figure 2(a) depicts the polarization curves and resistance

of PEMFC after each durability test cycle. The experiment
data demonstrate that the fuel cell performance gradually
decreases with the increase of cycle numbers. After 23
cycles, the voltage of MEA dropped from 0.692 V to
0.635 V at an attenuation rate of 8.2% and a current density
of 600 mA/cm2. Figure 2(b) illustrates the performance
degradation rate under different current densities.
The performance degradation rates are 1 mV/cycle,
1.61 mV/cycle, and 1.94 mV/cycle at current densities of
200 mA/cm2, 600 mA/cm2 and 1000 mA/cm2, respectively.
The results show that the performance degradation rate of
fuel cell increases with the current density increasing.
Besides, the performance degradation rate at 1000 mA/cm2
is about twice as large as that of the low current density
(200 mA/cm2). The main reason is that the ECSA of Pt
catalyst has become lower after the vehicle accelerated test
(Fig. 3). With the decrease of the ECSA, the catalyst
cannot provide a sufﬁcient number of hydrogen reactive
sites under high current density, so the performance loss is
higher than the low current density region. More interestingly, no matter it is under low current density or high
current density, the performance degradation is not a
straight line down but follows a drop-increase-drop rule
(Fig. 2(b)). The possible reason is the oxidation and
reduction of the Pt catalyst. The reaction mechanism is
shown as follows:
Pt þ O2 ↕ ↓Pt-O2 ,

(1)

Pt-O2 þ Hþ þ e – ↕ ↓Pt-HO2 ,

(2)

Pt-HO2 þ Pt↕ ↓Pt-OH þ Pt-O,

(3)

Pt-HO þ Hþ þ e – ↕ ↓Pt þ H2 O,

(4)

Pt-O þ 2Hþ þ 2e – ↕ ↓Pt þ H2 O:

(5)

Figure 2(c) displays the relationship between the
resistance and the cycle times. It can be observed that the
resistance during the test is always below 2.5 mW, which
proves that each component in MEA is in close contact.
The ECSA is an important indicator for the performance

Table 1 Vehicle accelerated test condition
Operation conditions

Voltage/V

Humidity (RH)/%

Time/min

OCV

OCV

30

10

Idling

0.8

30

30

Rated output

0.6

70

50

Overload

0.5

70

10

Idling-rated cycle

0.6–0.8

70

160
(40 times cycle, 2 min idling, 2 min rated)

Idling-overload

0.8–0.5

70

20
(5 times cycle, 2 min idling, 2 min overload)

OCV–0.8

30

40
(10 times cycle, 2 min OCV, 2 min idling)

OCV-idling
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Fig. 2 Resistance versus cycle times
(a) Polarization curves and resistance of PEMFC after each durability test cycle; (b) performance degradation rate under current density of 200 mA/cm2,
600 mA/cm2 and 1000 mA/cm2; (c) relationship between resistance and cycle times

of catalyst. Figure 3 shows the CV curves and ECSA
decrease rate after different cycles in the cathode (Fig. 3(a))
and anode (Fig. 3(c)) of MEA. As the vehicle accelerated
test continues, the scan area of the CV curve of MEA is
gradually reduced. The hydrogen adsorption current and
the desorption current gradually decrease and the oxygen
adsorption potential gradually shift to the high potential.
This indicates that the catalyst has degraded during the
vehicle accelerated test. Compared with the decrease rate
of ECSA between cathode (Fig. 3(b)) and anode (Fig. 3
(d)), it can be seen that the decay rate in cathode is
signiﬁcantly higher than that in anode, which is also shown
in Fig. 3(a) and Fig. 3(c). After 23 cycles, the ECSA of the
cathode catalyst decreased by 57% from 247 cm2/cm2 to
106 cm2/cm2. At the same time, the active area of the anode
catalyst decreases from 168 cm2/cm2 to 114 cm2/cm2, a
decrease of about 32%. The main reason for this is that the
potential of cathode is higher than that of anode during the

test process, and the cathode catalyst is in the oxidation
environment, the anode is in the reducing atmosphere, and,
therefore, the catalyst of cathode is easier to be oxidized
than that of anode. Moreover, the volume of hydrogen
molecule is smaller than that of oxygen molecule, which is
easier to penetrate through the PEM into the cathode
catalyst layer, and the hydrogen and oxygen combustion
reactions occur to accelerate the decay of the cathode
catalyst.
In this accelerated test experiment, the humidity cycle
accelerates the physical and chemical deterioration of the
PEM. But after 23 cycles, the PEM does not have
perforation and crack (Fig.4) and the hydrogen permeation
current remains almost unchanged (Fig. 5). This proves
that the durability of the PEM in MEA is not a major
degradation factor, and the degradation rate of catalyst is
much faster than that of the PEM.
Figure 4 is the cross-sectional scanning electron
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Fig. 3 CV curves and ECSA decrease rate after different cycle times in the cathode and anode of MEA
(a) CV curves after different cycle times in the cathode of MEA; (b) ECSA decrease rate after different cycle times in the cathode of MEA; (c) CV curves
after different cycle times in the anode of MEA; (d) ECSA decrease rate after different cycle times in the anode of MEA

microscopy (SEM) picture of the MEA before and after the
vehicle accelerated test. It can be noticed from Fig. 4 that
the thickness (all about 24 mm) of the PEM does not
change before and after the test. This result also conﬁrms
the resistance (Fig. 2(c)) and hydrogen permeation current
(Fig. 5) results. After 23 cycles, the cathode and anode
catalyst layers are reduced from both 10 mm to 7 mm and 6
mm, respectively. The cathode catalyst layer is more
seriously destructed than the anode catalyst layer. The
possible reason is that the carbon in cathode is in a higher
potential environment which is more susceptible for
corrosion. If the part of carbon in cathode and anode is
corroded by the accelerated test, the Pt nanoparticle will
fall off, and the ECSA value will decrease. The thickness
change in the cathode catalytic layer after the vehicle
accelerated test shows that the corrosion of the catalytic
layer begins at the interface between the membrane and
catalyst layer. The possible reason for this is that the
protons transfer from the anode through the PEM to the
cathode, and the catalytic reaction begins at the interface.
Figure 4(c) and (d) are the distribution of the elements in

MEA before and after the vehicle accelerated test. Before
the vehicle accelerated test, the cathode catalyst layer is
between 0 mm and 10 mm, the anode catalyst layer is
between 34 mm and 44 mm, and the middle part is PEM.
The result shows that the distribution of Pt elements in the
cathode and anode catalyst layer is uniform and the Pt
elements are not present in the PEM. After 23 cycles, the
content of Pt in the cathode catalyst layer is signiﬁcantly
decreased. In addition, the content of Pt in the anode
catalyst layer is also decreased, but not as signiﬁcant as that
in the cathode catalyst layer. Moreover, the Pt element
appears in the part of the PEM near the cathode catalyst
layer, which indicates that the Pt particles migrate in MEA.
First, the Pt particles are oxidized to Pt2+, and Pt2+ is
migrated through the Naﬁon resin to the PEM. When the
migrated Pt2+ encountered the H2 permeates from the
anode, it is reduced to Pt particles and deposites in the
PEM.
The morphology of the catalyst in MEA is examined by
using the transmission electron microscope (TEM)
(Fig. 6). In the pristine catalyst, the Pt nanoparticles are

Tian TIAN et al. Test of MEA durability under vehicle operating conditions in PEM fuel cell

331

Fig. 4 Cross-sectional SEM picture of the MEA before (a) and after (b) vehicle accelerated test and distribution of the elements in MEA
before (c) and after (d) vehicle accelerated test

5

Fig. 5 Linear simulation curve of PEMFC after each durability
test cycle

dispersed uniformly, and the particle size is also consistent
with an average size of 2–3 nm. After 23 cycles, the Pt
nanoparticles in the cathode and anode catalyst layers grow
signiﬁcantly (The particle size in cathode and anode are
about 5 nm and 4 nm, respectively.), and the Pt
nanoparticles in cathode grow faster than anode. The
possible reason is that the potential of cathode is higher
than that of anode. Before the vehicle accelerated test, the
Pt nanoparticles are spherical. But after 23 cycles, the Pt
nanoparticles appear to be irregular due to the aggregation
of several Pt particles. At the same time, it could be seen
that the Pt nanoparticles on the cathode catalyst carbon are
signiﬁcantly reduced after the vehicle accelerated test (See
EDX data in Table 2).

Conclusions

In this paper, the durability of MEA has been measured by
the vehicle accelerated test. This vehicle accelerated test
condition simulates the actual operating environment of
the vehicle fuel cell, and the results conform to the
degradation in the real operation. Besides, this accelerated
test method can effectively destroy MEA in a short time
(165 h). Based on the experiment data, the following
conclusions can be reached.
The durability of MEA in high current density is weaker
than that in low current density under the testing condition.
After 23 cycles, the performance of the MEA decreases
from 0.692 V to 0.635 V at an attenuation rate of 8.2%
and a current density of 600 mA/cm2. The performance
degradation rates are 1.00 mV/cycle (200 mA/cm2),
1.61 mV/cycle (600 mA/cm2) and 1.94 mV/cycle (1000
mA/cm2), respectively, which increase with the increase of
current density.
The decrease of the ECSA of catalyst is the main reason
for the performance degradation of the MEA. After 23
cycles, the ECSA in the cathode and anode decreases from
247 cm2/cm2 and 168 cm2/cm2 to 106 cm2/cm2 (57%) and
114 cm2/cm2 (32%), respectively. But the hydrogen
permeation of the PEM does not change. This result
indicates the catalyst aged is more detrimental than
membrane perforated after long-running vehicle accelerated test process.
The main reasons for the catalyst decline are carbon
carrier corrosion and Pt particle growth/loss in MEA. After
23 cycles, the thicknesses of the anode and cathode
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Fig. 6 TEM picture (up) and histograms of Pt nanoparticles size distribution (down)
(a) Pristine catalyst; (b) after vehicle accelerated test catalyst in cathode; (c) after vehicle accelerated test catalyst in anode

Table 2 Elemental composition of the MEA before and after vehicle
accelerated test from EXS testing
Elemental composition/%
Elements

Before vehicle

After vehicle accelerated test

accelerated test

Anode

Cathode

C

46.61

41.09

42.50

O

6.28

6.18

6.23

F

44.71

50.44

49.16

S

1.10

1.23

1.17

Pt

1.30

1.06

0.95

catalytic layer decreases from both 10 mm to 7 mm (anode)
and 6 mm (cathode), respectively. At the same time, the
average particle size of the anode and cathode catalyst
particles increases from both 2–3 nm to 4 nm (anode) and 5
nm (cathode), respectively.
Acknowledgements This work is ﬁnancially supported by the National
Key Research and Development Program of China (Program No.
2016YFB0101205).

References
1. Steele B C, Heinzel A. Materials for fuel-cell technologies. Nature,
2001, 414(6861): 345–352
2. Winter M, Brodd R J. What are batteries, fuel cells, and

supercapacitors? ChemInform, 2004, 104(10): 4245
3. Borup R, Meyers J, Pivovar B, Kim Y S, Mukundan R, Garland N,
Myers D, Wilson M, Garzon F, Wood D, Zelenay P, More K, Stroh
K, Zawodzinski T, Boncella J, McGrath J E, Inaba M, Miyatake K,
Hori M, Ota K, Ogumi Z, Miyata S, Nishikata A, Siroma Z,
Uchimoto Y, Yasuda K, Kimijima K, Iwashita N. Scientiﬁc aspects
of polymer electrolyte fuel cell durability and degradation. Chemical
Reviews, 2007, 107(10): 3904–3951
4. Debe M K. Electrocatalyst approaches and challenges for
automotive fuel cells. Nature, 2012, 486(7401): 43–51
5. Wu J, Yuan X Z, Martin J J, Wang H, Zhang J, Shen J, Wu S, Merida
W. A review of PEM fuel cell durability: degradation mechanisms
and mitigation strategies. Journal of Power Sources, 2008, 184(1):
104–119
6. Bar-On I, Kirchain R, Roth R. Technical cost analysis for PEM fuel
cells. Journal of Power Sources, 2002, 109(1): 71–75
7. Arlt T, Manke I, Wippermann K, Riesemeier H, Mergel J, Banhart J.
Investigation of the local catalyst distribution in an aged direct
methanol fuel cell MEA by means of differential synchrotron X-ray
absorption edge imaging with high energy resolution. Journal of
Power Sources, 2013, 221(1): 210–216
8. Liu W, Ruth K, Rusch G. Membrane durability in PEM fuel cells.
Journal of New Materials for Electrochemical Systems, 2001, 4(4):
227–232
9. Galbiati S, Baricci A, Casalegno A, Marchesi R. Degradation in
phosphoric acid doped polymer fuel cells: a 6000 h parametric
investigation. International Journal of Hydrogen Energy, 2013, 38
(15): 6469–6480
10. Bao J, Krishnan G N, Jayaweera P, Perez-Mariano J, Sanjurjo A.
Effect of various coal contaminants on the performance of solid

Tian TIAN et al. Test of MEA durability under vehicle operating conditions in PEM fuel cell

11.

12.

13.

14.

15.

16.

oxide fuel cells: part I. accelerated testing. Journal of Power
Sources, 2009, 193(2): 607–616
Zhang S, Yuan X, Wang H, Merida W, Zhu H, Shen J, Wu S, Zhang
J. A review of accelerated stress tests of MEA durability in PEM fuel
cells. International Journal of Hydrogen Energy, 2009, 34(1): 388–
404
Panha K, Fowler M, Yuan X Z, Wang H. Accelerated durability
testing via reactants relative humidity cycling on PEM fuel cells.
Applied Energy, 2012, 93(5): 90–97
Aindow T T, O’Neill J. Use of mechanical tests to predict durability
of polymer fuel cell membranes under humidity cycling. Journal of
Power Sources, 2011, 196(8): 3851–3854
Kundu S, Fowler M, Simon L C, Abouatallah R. Reversible and
irreversible degradation in fuel cells during open circuit voltage
durability testing. Journal of Power Sources, 2008, 182(1): 254–258
Rong F, Huang C, Liu Z S, Song D, Wang Q. Microstructure
changes in the catalyst layers of PEM fuel cells induced by load
cycling: part II. simulation and understanding. Journal of Power
Sources, 2008, 175(2): 712–723
Avakov V B, Aliev A D, Beketaeva L A, Bogdanovskaya V A,
Burkovskii E V, Datskevich A A, Ivanitskii B A, Kazanskii L P,
Kapustin A V, Korchagin O V, Kuzov A V, Landgraf I K, Lozovaya
O V, Modestov A D, Stankevich M M, Tarasevich M R, Chalykh

17.

18.

19.

20.

21.

333

A E. Study of degradation of membrane-electrode assemblies of
hydrogen-oxygen (air) fuel cell under the conditions of life tests and
voltage cycling. Russian Journal of Electrochemistry, 2014, 50(8):
773–788
Solasi R, Zou Y, Huang X, Reifsnider K, Condit D. On mechanical
behavior and in-plane modeling of constrained PEM fuel cell
membranes subjected to hydration and temperature cycles. Journal
of Power Sources, 2007, 167(2): 366–377
Oszcipok M, Riemann D, Kronenwett U, Kreideweis M, Zedda A.
Statistic analysis of operational inﬂuences on the cold start
behaviour of PEM fuel cells. Journal of Power Sources, 2005, 145
(2): 407–415
Nishikawa H, Sasou H, Kurihara R, Nakamura S, Kano A, Tanaka
K, Aoki T, Ogami Y. High fuel utilization operation of pure
hydrogen fuel cells. International Journal of Hydrogen Energy,
2008, 33(21): 6262–6269
Ettingshausen F, Kleemann J, Marcu A, Toth G, Fuess H, Roth C.
Dissolution and migration of platinum in PEMFCs investigated for
start/stop cycling and high potential degradation. Fuel Cells
(Weinheim), 2011, 11(2): 238–245
Manasilp A, Gulari E. Selective CO oxidation over Pt/alumina
catalysts for fuel cell applications. Applied Catalysis B: Environmental, 2002, 37(1): 17–25

