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Abstract: Durability is the key issue for the proton exchange membrane fuel cell application and its
commercialization. Current research usually uses the accelerated stress test to decrease the experiment
time, whereas the performance evolution—especially the internal state evolution—under real use may
be different from that under the accelerated stress test. In addition, studies rarely report this kind of
durability in real decay scenarios. This paper investigates the seldom-reported impact of dry–wet
cycles on durability in terms of open circuit voltage (OCV), inner resistance, and hydrogen crossover
current at the condition of 20,000 cycles or the equivalent 400 h, while simultaneously running the test
for the same time interval in the control experiment. The mechanical and chemical test is independent.
Frequent dry–wet cycles make the OCV decay over 14% compared to 6.9% under the normal decay.
Meanwhile, the dry–wet cycle helps to alleviate deterioration in terms of the inner resistance decline
(61% vs. 37%) and in terms of the hydrogen crossover current increase (−64% vs. 15%). The inner
state evolution is irregular and against common sense. The relationship between the crack, platinum
transfer, and the moisture which heals the crack is the potential reason for the above-mentioned
phenomena. These findings are beneficial to navigating fuel cell storage.

Keywords: PEMFC; lifetime prediction; durability control

1. Introduction

Although large-scale utilization of renewable energy is inevitable, the unique inter-
mittence and instability of renewable energy have brought major challenges to the stable
operation of the power system, opening temporal and spatial gaps between the consump-
tion of the energy by end-users and its availability [1]. Obviously, PEMFC(Proton Exchange
Membrane Fuel Cell) directly convert chemical energy into electricity, and are not restricted
by the Carnot cycle, so the energy conversion efficiency is high, PEMFC does not face these
issues; it can be an effective means of achieving stable and efficient energy generation.
With the commercialization of the proton exchange membrane (PEM) fuel cell (PEMFC) [2],
lowering the cost and prolonging the service lifetime are becoming the prominent issues.
In the demonstration operation of fuel cell vehicles, it is found that the main bottleneck
in the development of fuel cell city buses is the service life of fuel cell packs. In bench
tests, the service life of single fuel cell is more competitive than that of traditional internal
combustion engine. In case of decreasing the platinum loading to lower the cost, the
lifetime of the fuel cell should not obviously decline. The key to solving the above issues is
the investigation of the durability, which always involves the degradation mechanism of
the materials and the lifetime prediction of the PEMFC [3].

On the degradation mechanism, the membrane electrolyte assembly is investigated.
For the PEM, the mechanical degradation caused by the mechanical and fatigue [4], the
thermal degradation caused by the thermal load [5], and the chemical degradation caused
by the harmful byproduct of the electrochemical reaction [6] are the three main factors
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affecting the degradation, which usually leads to the increase of hydrogen crossover
current. For the platinum, the platinum dissolution [7], the carbon corrosion, the Ostwald
ripening [8], agglomeration and particle detachment are the main factors which will lead to
the decrease of the electrochemical active specific surface area. It is common sense that the
high potential will aggravate the platinum degradation.

For the commercialization of the PEMFC, the operating conditions’ impact on the
degradation is the more meaningful avenue of research. Takahashi et al. [9] investigated
the impact of cold start cycling on the durability and found that cold start cycling of −30 ◦C
will lead to the thinning of the cathode layer up to 13%, and that the formation of ice will
cause the high internal voltage and cathode carbon corrosion. Hara et al. [10] studied
the impact of start/stop on durability via the voltage step cycle test and found that the
catalyst durability was dependent on the average size and dispersion state of the platinum
particles, and the platinum/graphitized carbon black catalysts were clearly detected. Wang
et al. [11] investigated the impact of idling-rated-current cycles on degradation through
high-frequency resistance and surface morphology characterization and found that the
degradation occurs at both idling and rated current operations, where the former caused
degradation of 1.0 µV cycle−1 while the latter caused degradation of 2.0 µV cycle−1.

The optimization of durability, durability control and life prediction of PEMFC restrict
the industrialization application of PEMFC. On durability control, studies aim to find
some ways to prevent the PMFC from rapid lifetime decay. Liu et al. [12] proposed a
cathode recirculation control to control the oxygen partial pressure from long-time high
potential. Eskin and Yesilyurt [13] proposed an anode bleeding method via ultra-low flow
rate to avoid severe voltage transients and a detrimental platinum-active surface area,
where a super-high hydrogen utilization rate of 99.88% could be realized. Li et al. [14]
put forward the attempt from the perspective of system device control, such as with
respect to an air compressor. Apart from active control, many researchers implemented
the durability improvement from the perspective of material design. Lapicque et al. [15]
gave some ways to promote the durability of the micro porous layer and the gas diffusion
layer, such as the deposition of the porous titanium design, adding antimony-doped tin
oxide to conventional Vulcan XC-72, and the silicon carbide based micro porous layer, etc.
Sun et al. [16] synthesized a Nafion-stabilized platinum nanoparticle colloidal solution
through ethylene glycol reduction to enhance durability. Gomez et al. [17] presented an
electrospray technique to fabricate the nanostructured electrode and used the addition
of epoxy/graphene to the catalytic ink to improve durability. On the lifetime prediction,
Chen et al. [18] proposed a novel extraction method of working condition spectrum for
the lifetime prediction and energy management strategy evaluation of automotive fuel
cells. Li et al. [19] gave a recognition prediction method for predicting and controlling
the lifetime of the fuel cell hybrid bus. Numerical methods are another way to conduct
degradation research in terms of water transport [20] and vehicle use [21].

The concern for degradation research is that the test could not reflect the real decay. It
should be noted that most of the degradation research uses the accelerated stress test [22] so
as to decrease the test time tremendously. Wan [23] studied the durability using the acceler-
ated stress test and found 48 µV h−1’s degradation after 850 h of operation. Zhao et al. [24]
investigated the degradation under a short number of dry–wet cycles. Ishikawa et al. [25]
studied the degradation of a new gas diffusion layer material under wet–dry cycles. How-
ever, the specific decay under the accelerated stress test is not always the same as that
under normal usage. More importantly, the research on the degradation under normal
usage is limited. There are only a few papers undertaking this kind of research. Hence, the
real decay mechanism may be different from that under the accelerated stress test. Vichard
et al. [26] conducted a real 5000 h test in an open cathode fuel cell system and found that
the performance loss was lower than 10%. Nevertheless, the test of the real usage under
other operating conditions is rarely reported; meanwhile, the inner state evolution through
this process also needs to be investigated.
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This paper studies the attenuation mechanism of fuel cells under normal dry and wet
cycling. Although the current proton exchange membrane is very thin, the manufacturer
has optimized the structure, and the mechanical strength is not necessarily worse than that
of the thick membrane. The membrane is very sensitive to humidity, and humidity cycling
will lead to the swelling and shrinking cycle of the membrane. In the battery, this kind of
mechanical cycle can easily create a relatively large mechanical pull where the membrane
is connected to the frame, and as membranes used are very thin, it is easy to damage the
structure of the membrane, resulting in air leakage at the junction. In order to screen the
membrane with better tolerance as the membrane electrode, we assembled the membrane
into a battery for the cycle durability test. As it is closer to the actual use of the membrane
state, testing the mechanical durability of the membrane through wet and dry cycles and
testing the change of hydrogen osmosis current density before and after the cycle is of great
significance for selecting the membrane electrode with better mechanical durability.

The impact of frequent dry–wet cycles on the durability for at least 400 h were studied,
with the long-time open circuit operation as the control experiment for the same amount of
time. The dry-wet atmosphere occurs at the plateau places where the humidity changes
too much in a whole day and night. More importantly, the load changing will also lead to
the humidity change in part. This paper amplifies this scenario to an apparent humidity
difference so as to reflect the accelerated stress. The inner states, in terms of internal
resistance and hydrogen crossover current, are simultaneously measured. The overall
experimental data are valuable for the durability research and some findings that are
against common sense are found.

2. Experiment

The G20 Automated Single Cell Fuel Cell Test Station was used to test the fuel cell. The
turndown (max:min flow) of all Mass Flow Controllers (MFC) is 100:1, the anode automatic
intermittent nitrogen purge when the test equipment is shut down and in emergency
stop. The flow can be manually adjusted. The max anode flow of the MFC for H2 is
2 NLPM, The max cathode flow of the MFC for Air/N2 switchable is 5 NLPM. Automatic
re-fill bubbler humidification modules on anode and cathode is up to 90C dew point.
Automated humidifier bypass permits delivery of 5–10%RH gas directly to stack. Heater
hose assemblies for stack connection is up to 110C inlet gas. The nitrogen purged on
anode and cathode. Automatic back pressure control module is between 0 and 3 Bar. Stack
end-plate heater is used PID control (2× 1 A max-heaters to be supplied by customer). The
power of electronic load bank is 650 W, The voltage is 50 V, the current is 125 A ±0.05%FS,
the maximum current available down to 0.0 V was used. The range of one channel cell
voltage monitor is ±5 V range, the accuracy is ±1 mV. H2 gas detector (CE, ATEX, UL, CSA)
was used to test station E-stop and warning. The G20 test station has a number of distinct
advantages, including: Excellent pressure control at low flow rates with optional pressure
controller (±2 kPa steady state; Automatic N2 purge on shutdown with controlled duration;
Numerous options including humidifier by-pass, additional gas inputs and impedance
spectroscopy, etc.

The activation process before the durability test is as follows: (1) Give a fixed flow rate
(0.5/0.5 L/min) first, and then give the temperature. While giving the temperature, give
the load current (2.5 A–5 A–7.5 A–10 A), and always pay attention to the voltage being not
lower than 0.5 V. When the temperature rises to 50–60 ◦C, give the outlet back pressure and
increase it every 20 kPa. Note that the outlet pressure difference between the cathode and
anode should not exceed 20–30 kPa. The inlet pressure and the inlet and outlet pressure
differences are of no concern, please ignore; (2) When the back pressure reaches 150 kPa,
the flow can be changed to the metering ratio mode (1.5/2.5); (3) When the pressure meets
the requirements, the flow setting is completed, and the temperature reaches above 60 ◦C,
the current load can be increased. Pay attention to the voltage not being too low. When
the voltage reaches 0.5 V, be sure to switch to the constant voltage mode and keep the
voltage at 0.51 V, activate for 1 h; (4) After the activation is completed, first reduce the load
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to about 5 A, and then reduce the pressure stepwise (20 kPa section) until it meets the test
requirements. Then, change the load, change the temperature, and change the flow.

The points for attention during activation test are as follows: (1) Since the cooling and
heating of the test bench is slow, it is recommended that after the LSV test is completed,
the temperature conditions should be changed and activated at the same time, without
waiting for the temperature to reach the set value. Similarly, while purging with nitrogen,
the temperature can also be raised; (2) Before the LSV test, H2/N2 must be purged to
below 0.1 V, the flow rate shall not be higher than 0.8 L/min, and the flow rate must be
reduced to 0.2 L/min when it is around 0.1 V; (3) It is recommended that experiments be
conducted in this order: activation, working condition change, resistance at 0.2 A/cm2

(working condition is the same as durability test), durability test, working condition change,
nitrogen purge (temperature control can be performed at the same time), LSV test, working
condition change, activation (temperature control can be performed at the same time), and
cycle the above process.

The mechanical durability test and chemical durability test were conducted at a single
fuel cell. The mechanical durability test (Figure 1a) was carried out under dry–wet cycles
with the fuel cell maintained as the open circuit state. The test procedure is as follows:

(1) Activate the battery (refer to the “Membrane Electrode Test and Evaluation System”
for the activation method and stay at the rated operating point for more than 2 h until
the performance is stable). The activation procedure is the same as above;

(2) Cycle test: 0%RH (30 s)~90 ◦C dew point (45 s) (normal temperature dry gas (30 s)~90 ◦C
humidity (45 s));

(3) Conduct air permeability current (LSV) and high-frequency impedance (EIS) tests at
0.2 A/cm2 every 50 h, where LSV should be performed at 80 ◦C, 100% humidified,
and without back pressure;

(4) The experiment stops when the OCV decreases by 20%; or the LSV value is ≥15 mA/cm2;
or the experiment stops when 20,000 cycles are completed.
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Figure 1. Experimental method: (a) mechanical durability test; (b) chemical durability test.

(1) Similarly, the chemical durability test (Figure 1b) was carried out under open circuit
state until the open circuit voltage (OCV) declines 20%, during which, the iH2,xover
and the inner resistance was measured for every 50 h in the same conditions in which
they were measured in the mechanical durability test. The test procedure is as follows:
Activate the battery (refer to the “Membrane Electrode Test and Evaluation System”
for the activation method, and stay at the rated operating point for more than 1 h until
the performance is stable);

(2) After the activation is completed, keep the battery at the open circuit voltage (OCV)
state, record the OCV change value until the OCV is reduced by 20%, and record the
OCV running time (at least 500 h);
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(3) Conduct air permeability current (LSV) and resistance test at 0.2 A/cm2 current
density were tested every 50 h (be sure to blow H2/N2 until the voltage drops below
0.1 V) was tested. After activation, the resistance between the graphite plates was
tested with a multimeter. The ohmic resistance between the plates was tested 3 times,
and the data were recorded manually. LSV should be performed at 80 ◦C, 100%
humidified, and with no back pressure;

(4) Test end point: OCV attenuation of 20%; or LSV value ≥ 15 mA/cm2.

The test bench was exhibited as Figure 2. The parameters of the sample and the
operating conditions are listed as Table 1, where the Gore catalyst-coated membrane is
selected with the thickness of 12 µm and area 50 mm × 50 mm and the SGL carbon paper
is selected. The experiment description was referred to in [27].
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Figure 2. Experimental bench.

Table 1. Parameters of the sample and operating conditions.

(a) MEA chemical Stability and Metrics (Test Using an MEA)

Test condition Steady-state OCV, single cell

Sample Catalyst coated membrane from Gore with 12 µm thickness, and 50 mm × 50 mm area. Carbon paper from
SGL.

Test bench Test system from Green Light, Canada. Electrochemical workstation from Gamy.
Total time 500 h

Fuel cell operating temperature 80 ◦C
Anodic/cathodic flow rate: 1.5/4.0 SLPM

Relative humidity Anode/cathode 30/30%
Fuel/oxidant H2/air at stoics of 10/10 at 0.2 A/cm2 equivalent flow; 99.999% H2

Pressure, outlet kPa abs Anode/cathode 150/150 kPa
Metric Frequency Target

F-release or equivalent for
nonfluorinated membranes At least every 24 h No target-for monitoring

Hydrogen crossover (mA/cm2) Every 24 h ≤15 mA/cm2

OCV Continuous Initial OCV ≥ 0.95V, <20% OCV decrease during test
High-frequency resistance Every 24 h at 0.2 A/cm2 No target-for monitoring

Shorting resistance Every 24 h >1000 ohm cm2

(b) Membrane chemical/Mechanical Cycle and Metrics (Test Using an MEA)

Sample Catalyst coated membrane from Gore with 12 µm thickness, and 50 mm × 50 mm area. Carbon paper from
SGL.

Cycle Cycle 0% RH (30 s) to 90 ◦C dew point (45 s), single cell
Total time Until crossover > 15 mA/cm2 or 20,000 cycles

Fuel cell operating temperature 80 ◦C
Relative humidity Cycle from 0% RH (30 s) to 90 ◦C dew point (45 s)

Fuel/oxidant H2/air at 40 sccm/cm2 on both sides; 99.999% H2

Pressure Ambient or no back pressure
Metric Frequency Target

F-release or equivalent for
nonfluorine membranes At least every 24 h No target-for monitoring

Hydrogen crossover (mA/cm2) Every 24 h ≤15 mA/cm2

OCV Continuous Initial wet OCV ≥ 0.95V, <20% OCV decrease during
test

High-frequency resistance Every 24 h at 0.2 A/cm2 No target-for monitoring
Shorting resistance Every 24 h >1000 ohm cm2
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3. Results and Discussion
3.1. General Influence for Durability

Figure 3 demonstrates the initial and final state of the tested fuel cell after 20,000 dry–
wet cycles (~450 h) for the mechanical durability test and long-time high potential for
~500 h for the chemical durability test, respectively. In the mechanical durability test, the
OCV declined from 0.986 V to 0.846 V, the inner resistance decreased from 43.09 Ω to
16.66 Ω, and the iH2,xover declined from 5.24 to 1.86 mA cm−2. In the chemical durability
test, the three variables evolve from 0.984 V, 62.43 Ω, and 2.8 mA cm−2 to 0.916 V, 39.21 Ω,
and 3.21 mA cm−2, respectively.
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in the durability tests.

Although the fuel cell is maintained to the open circuit state in both tests, the 20,000 dry–
wet cycles cause more remarkable changes. Alternating inlet humidity, resulting in an
extra mechanical crack in the CCM, coupled with a long-time high potential, leads to
the prominent decline of the OCV. The decrease of inner resistance is because the slow
humidification of the inlet air and hydrogen originated from the frequent dry–wet cycle,
which can be equivalently regarded as an effective activation for the fuel cell. Unexpectedly,
the hydrogen crossover current deceases as well. This could be attributed to the recovery
effect triggered by the moisture against the extension of the crack.

The trend of the CCM state in the chemical durability test conforms to the expectation
represented by the decrease in OCV and inner resistance, as well as the ramp-up of iH2,xover
when the CCM is under high potential for almost 500 h.

The only difference between the mechanical and chemical durability test is the dry–wet
cycle. Given that the total running time is almost the same (~450 h for the mechanical
and test; ~500 h for the chemical durability test), it can be concluded that the frequent
dry–wet cycle plays a significant role in OCV declining (14% vs. 6.9%). In addition, the
CCM state deterioration is alleviated due to the frequent dry–wet cycle (61% vs. 37% in
inner resistance decline); for the hydrogen crossover current in particular, it improves.

3.2. Dry–Wet Cycle Causing Mechanical Damage

Figures 4–6 are the specific evolution of OCV, inner resistance, and iH2,xover during
the 20,000 dry–wet cycles. The changes of OCV, internal resistance, and iH2,xover with
cycle number correspond to the blue curve. The OCV degradation could be divided into
reversible and irreversible degradation. The OCV exhibits decline–increase–decline when
eliminating the effect of the short-time close circuit—which demonstrates the reversible
degradation—for the resistance and crossover current test. After ~5000 cycles, the OCV
reaches the first valley of 0.9 V; whereas, trapped in the second valley of under 0.9 V after
~19,000 cycles, between them is the peak of ~0.93 V after ~10,000 cycles. Correspondingly,
the inner resistance experiences the same evolution trend, as does iH2,xover, whereas the
first valley arrives early at about 3000th cycle.
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Figure 6. The evolution of iH2,xover in 20,000 dry–wet cycles.

In particular, the OCV evolution is caused by three factors: (a) high potential, gener-
ating the catalyst degradation; (b) dry–wet cycles, causing the CCM crack, although the
crack is alleviated due to the moisture supply; and (c) the platinum transfer towards the
proton exchange membrane. These three factors play the main role in OCV’s three stages
(decline—increase–decline).
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The first decline of inner resistance is caused by the moisture introduction. The ramp-
up is caused by the emergence of the crack. The long-time plateau of the iH2,xover after
10,000 cycles is mainly because of the healing of the crack bridged by the moisture.

3.3. Typical Long-Time High Potential Affecting Durability

The change of OCV with time corresponds to the blue curve in Figure 7. As stated
in 3.1, the prominent decline of the OCV (Figure 7) is due to the long-time high potential
leading to catalyst degradation. The decline of inner resistance between 0~350 h in Figure 8
is because of the short-time discharging at 0.2 A cm−2 every 50 h, which could be regarded
as an activation process; hence, proton transfer could be brought through after the short-
time discharge. In addition, the degradation of catalysts before discharging could be
rearranged by this kind of activation.
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Figure 8. The inner resistance evolution in the chemical durability test.

The change of iH2,xover with time corresponds to the blue curve in Figure 9. The
hydrogen crossover current increases during the first 50 h, then it maintains a steady value.
The valley at the 250th h is a dead pixel produced by a logging error. It maintains a steady
value from 300 h to 500 h. The increase in the first 50 h is caused by catalyst degradation.
The slight decline and the plateau after 50 h are due to the build-up of the relative humidity
at the catalyst surface, resulting from the discharging and water generation.
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4. Conclusions 
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3. The dry–wet cycles could also humidify the membrane, and, to some extent, the 
moisture could heal the crack so as to improve the activation effect; 

4. From the perspective of open circuit voltage, we should avoid storing fuel cells at 
frequently changing humidities. 
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4. Conclusions

The long-time storage of the proton exchange membrane fuel cell faces many problems
such as the high potential issue and, in particular, the environment changing issue. This
paper investigates the durability at different relative humidities in the form of dry–wet
cycles, with the long-time high potential storage running as the control group. The cycle
number is as high as 20,000, and the total operating time is more than 400 h. The experiment
is representative. Some conclusions are listed as the following.

1. Compared to the pure high potential storage, the frequent dry–wet cycle plays a
significant role in deteriorating the fuel cell open circuit voltage as much as 14%.
However, the degradation of the catalyst coated membrane (CCM) is alleviated under
the dry–wet cycle; for instance, the decline of inner resistance is as high as 61%,
whereas it is 37% under pure high potential running. In addition, the hydrogen
crossover current is improved, reflected by the declining iH2,xover, whereas the value
increases under the pure high potential running;

2. During the 20,000 dry–wet cycles, the CCM experiences catalyst degradation, crack,
and platinum transfer towards the membrane;

3. The dry–wet cycles could also humidify the membrane, and, to some extent, the
moisture could heal the crack so as to improve the activation effect;

4. From the perspective of open circuit voltage, we should avoid storing fuel cells at
frequently changing humidities.
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