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Abstract—The durability of PEMFCs is one of the most important issues for application in automotive vehicles with a
repeated start-up and shut-down system. The understanding of degradation phenomena such as causes, mechanisms
and influence of working condition is essential to improving the performance and lifetime of PEMFC. We conducted
on/off cyclic operation in a single cell configuration with ultra purity nitrogen gas to investigate the physical degradation
of membrane electrode assembly (MEA). After on/off cycle operation for 100,000 cycles under different humid con-
dition, the characteristics of the MEAs were examined by in situ and ex situ analyses techniques. The physical degrada-
tion of MEA by on/off cycling led to a change in the membrane-electrode interfacial structure, which is mainly attri-

buted to the loss of cell performance.
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have received
considerable attention as a sustainable and eco-friendly energy con-
version device for stationary and mobile applications. In recent years,
the long-term durability of PEMFC has been one of the most im-
portant issues for commercial applications especially in automotive
vehicles with a repeated start-up and shut-down system. The under-
standing of degradation phenomena such as causes, mechanism and
influence of working condition is essential to improving the perfor-
mance and lifetime of PEMFC. A variety of studies with regard to
life cycle assessments of PEMFC system have been reported in the
literature [1,2]. Many articles in these activities have dealt with de-
gradation of the membrane electrode assembly (MEA) concerning
severe working conditions such as insufficient reactant flows, high
or low humidification of the reactant gases, high or low operating
temperature and cycled operation [3-6].

Degradation of electrode including the growth, migration, contam-
ination of platinum particles and corrosion of the carbon support lead
to loss of electrocatalyst area [7-9]. Borup et al. reported that the
rate of Pt particle growth occurs more rapidly during cycling to high
potentials and with high relative humidity [10]. It is suggested that
water molecules are able to penetrate between the metal islands and
the substrate to lower the metal/substrate bonding energy, and con-
sequently facilitate migration of the catalysts. On the other hand, car-
bon corrosion is found to increase with increasing temperature and
decreasing relative humidity [10]. The degradation of carbon support
is related to almost the oxidation of carbon. The reaction of carbon oxi-
dation is often observed in an electrochemical system, according to C+
H,0—CO,+4H™+4¢" at 0.207 V [11]. Carbon corrosion leads to a loss
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and change in structure of electrode, which forces catalytic metal nano-
particles to fall off the carbon support and decrease in the gas perme-
ability and the electric contact with the current collector [12,13].

Membrane failure occurs in many forms including cracks, tears,
punctures or pinholes. Non-uniform pressure during fuel cell oper-
ation can accelerate membrane degradation [14]. Inadequate humidi-
fication is detrimental to the membrane, as lack of water makes the
membrane brittle and fragile. Liu et al. demonstrated that hydrogen
crossover increased dramatically after 500 h of current cycling due
to pinhole formation in the membrane [4]. Fluoride emission rate
(FER) is used as an indicator of the membrane degradation rate [15].
The formation of hydroxyl (HOe) and hydroperoxyl (HOO*) radi-
cals has been recognized as a source of chemical degradation of
membrane. These radical species formed from H,0, decomposition
chemically attack the polymer at the endgroup sites, resulting in the
ionomer damage and loss of PEM functionality and integrity [16].
In the long-term operation of a fuel cell, penetration of the catalyst
particles into the membrane could be also observed, which may be
the cause of local high stress areas [17].

Several accelerated degradation tests are proposed and imple-
mented to estimate the performance and durability of the PEM fuel
cell [18]. A fuel cell is a complex system with multi-interfaces be-
tween each of the components such as electrocatalysts, membrane,
and gas diffusion media. Therefore, various interaction mechanisms
during operation may contribute to loss of performance and nega-
tively impact fuel cell durability. In this study, we focused on physi-
cal degradation of MEA by on/off cyclic operations with N,/N,.
Also, the effect of different humid conditions of RH 80% and RH
50% on the physical degradation was discussed.

EXPERIMENTAL

Experiments were conducted in a single cell configuration with
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commercial MEA (active area of 25 cm’), teflon gaskets and graph-
ite bipolar blocks with parallel serpentine channels. Carbon paper
was used as the gas diffusion media and the Pt loadings of both anode
and cathode were 0.4 mg/cm’. Cartridge heaters were inserted into
the end plates to control the cell temperature.

All the MEAs were activated with H,/air at 70 °C cell tempera-
ture under relative humidity (RH) 100% overnight until stable cell
voltage was observed. The hydrogen and air were passed through
humidifiers prior to feeding into the fuel cell. Fig. 1 shows a sche-
matic diagram of the experimental setup for on/off cyclic test. For on/
off operations, all of the anode and cathode gas flows were switched
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Fig. 1. Schematic diagram of experimental setup for outlet on/off
cyclic operation.
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Fig. 2. The cell pressure profiles for the on/off cycles in this study.
In step 1 (6), inlet valves of anode and cathode were open
but outlet valves of those closed for 9 sec. In step 2 (8), inlet
and outlet valves of anode and cathode were open for 1 sec.
The maximum cell pressures (P.;) of anode and cathode
were observed at (0.8 atm and 1.9 atm during on/off cycles,
respectively.

to ultrapure nitrogen (99.9999%) and the flow rates of anode and
cathode were 200 sccm and 500 sccm. The operation pressures at
anode and cathode were 1.0 atm and 2.0 atm to enhance the physi-
cal degradation of MEA during on/off operation for 100,000 cycles
under different humid condition of 80% and 50%, respectively. The
cell pressure profile for on/off cycles in this study consisted of two
steps, as shown in Fig, 2. In first step (&), while nitrogen was sup-
plied to the anode and the cathode for 9 sec, the outlet valves of
anode and cathode were closed for 9 sec. In step 2 (&), all of the
inlet and outlet valves were opened for 1 sec. The maximum cell
pressures (P,,) of anode and cathode were observed at 0.8 atm and
1.9 atm during on/off cycles, respectively.

Both in situ and ex situ analyses techniques were carried out to
diagnose the MEA degradation. I-V characteristic for MEA was
evaluated by an electric load (Agilent 6060B) with H,/air at 70 °C
under relative humidity of 100%. Ohmic resistance and polariza-
tion resistance were estimated by measuring ac impedance using
Autolab PGSTAT-30 in the frequency range from 10 kHz to 100
mHz. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
were used to determine electrochemical area (ECA) and hydrogen
crossover current. In these methods, hydrogen with flow rate of 200
scem and nitrogen with flow rate of 200 sccm are passed over the
anode and cathode, respectively. The anode is used as the refer-
ence and counter electrode, and the cathode is used as the working
electrode. The ex situ characterization of MEAs before and after
on/off cyclic operation was carried out by X-ray diffraction (XRD)
and energy dispersive X-ray spectroscopy (EDX). X-ray diffrac-
tion patterns for catalysts were obtained with a Rigaku Miniplex
system using Cu Ka radiation between 20 and 80°. EDX measure-
ments (Nissei Sangyo Co. Ltd, Hitachi model S-4200) were used
to assign the Pt line scanning in the cross-section of MEAs. The
cross-section of the MEAs was prepared by epoxy resin impregna-
tion and ultramicrotome sectioning using a diamond knife.

RESULTS AND DISCUSSION

Fig. 3 shows the fuel cell performance curves for the MEAs before
and after on/off operation for 100,000 cycles under different humid
condition of RH 80% and RH 50%. Similar performance drops of
two humid conditions are observed at high current density above
0.8 A/emy’. The performance curve is divided into regimes where
one of the processes of activation kinetics, ohmic resistance, or mass-
transfer is dominant and rate-controlling. The accounting and allo-
cation of the losses associated with the various processes and by
current density regimes is vital to the understanding and improve-
ment of MEA performance. In each regime, the membrane-elec-
trode interfacial structure plays an important role in determining cell
performance. On/off cycle operation negatively impacts MEA, includ-
ing gas diffusion layer and membrane-electrode interfacial struc-
ture, which may contribute to the loss of cell performance [19]. By
comparing performance curves carefully, a performance loss under
RH 50% is observed slightly more than RH 80%.

Fig. 4 shows the impedance spectra of MEAs before and after
on/off cyclic operation under different humid condition of RH 80%
and RH 50%. Electrochemical impedance spectroscopy (EIS) is a
powerful technique to characterize the resistance of a membrane
and an electrode-electrolyte interface. The impedance response of
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Fig. 3. Fuel cell performance for the MEAs before and after on/
off operation for 100,000 cycles (a) under humid condition
of RH 80%, and (b) under humid condition of RH 50%. The
cell temperatures are at 70 °C and operating on H,/air at
1/1 atm with fully humidification.

an H,/air PEM fuel cell will change along the I-V curve, depend-
ing on which loss processes are dominant. At higher currents, the
impedance behavior is influenced by mass transport effects with
decreasing the activation impedance loop. At low current, the acti-
vation kinetics dominate and the polarization resistance (R) is large,
while the mass transport effects can be neglected [20]. Furthermore,
the impedance spectrum measured at high cell voltage above 0.75 V
(low current) typically consists of a single semicircle with the high
frequency intercept point corresponding to the ohmic resistance of
the membrane, and a diameter corresponding to the polarization
resistance (R,) including charge transfer resistance and diffusion
resistance [21-23]. In our experiment, the in situ recorded imped-
ance spectra were implemented at 0.8 V, which may give some im-
portant information on the ageing of the various MEA components.
The membrane resistances before and after on/off cycles are simi-
lar values of about 0.08 £2. These values are nearly constant, which
indicates that the membrane resistances may not be affected during
on/off operation for 100,000 cycles. On the other hand, the polar-
ization resistances are dramatically increased from 0.04 €2 to 0.08 £2
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Fig. 4. Impedance spectra for the MEAs before and after operating
100,000 cycles (a) under RH 80%, and (b) under RH 50%.
The anode and cathode were fed with fully humidified H,/
air of flow rate 100 sccm/ 500 sccm at 70 °C cell tempera-
ture. Measurements were carried out with two electrode ac
impedance technique, frequency range from 10 kHz to 0.1
Hz, amplitude at 10 mV, and cell potential at 0.8 V.

for both humid condition of 80% and 50% similarly. These results
indicate that on/off cyclic operation may contribute to the change
in interfacial property between membrane and electrode.

Cyclic voltammetry (CV) is used to assess the electrochemical
area (ECA) of electrodes. The ECA of Pt catalyst in a fuel cell cath-
ode can be calculated based on the relationship between surface area
and the charge associated with hydrogen adsorption on the electrode.
The hydrogen adsorption charge on a Pt electrode is 210 uC/em’-
Pt. The area of the hydrogen adsorption peaks gives us a quantitative
measure of the area of Pt electrochemically available [24]. Fig. 5
shows a comparison of cyclic voltammograms for the MEAs before
and after on/off cycles. Hydrogen adsorption peaks after 100,000
cycles both RH 80% and RH 50% at 0-3.5 V exhibit a similar trans-
formation of their profiles, roughly overlapping, with decreasing the
area of hydrogen adsorption peak about 6% than before on/off cyclic
operation. These results confirm that the electrochemical area of
MEA is little affected by on/off cyclic operation. The PtO reduction
peak around 0.7 V shifts slightly to high potentials and decreases
in intensity, which may be attributed to the increase of particle size
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Fig. 5. Cyclic voltammograms for the MEAs before and after oper-
ating 100,000 cycles (a) under RH 80%, and (b) under RH
50%. All curves were measured at 70 °C with 200 sccm H,
at the anode, and 200 sccm N, at the cathode. For CV, the
sweep rate was 0.1 V/s and the the cell was cycled between
00Vand1.0V.

by sintering [9].

Fig. 6 shows the limiting hydrogen crossover currents for the MEAs
before and after on/off cycles by using linear sweep voltammetry
(LSV). Crossover hydrogen current is related to quantify the hydro-
gen crossover through the membrane. Hydrogen that crosses over
to the cathode is oxidized by the applied voltage at 0.35-0.5'V, and
the measured current corresponds to the oxidation of the hydrogen
molecules at the cathode side in the presence of platinum catalyst.
Proton exchange membranes usually exhibit a small crossover of
hydrogen gas from the anode to the cathode. If the hydrogen cross-
over rate from the anode to cathode increases dramatically, it is usu-
ally assumed that macroscopic pinholes have formed in the mem-
brane [25]. The H, crossover currents of MEAs before and after
100,000 cycles under RH 80% and RH 50% were obtained with
1.0, 2.0, and 1.8 mA/cn?’. These results suggest that the membrane
is slightly affected by the MEA physical degradation during the on/
off cycles.

To help identify the cause of electrocatalyst surface area loss, XRD
was used to measure the particle size of Pt. Fig. 7 shows XRD pat-
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Fig. 6. Linear sweep voltammetry for the MEAs before and after
operating 100,000 cycles (a) under RH 80%, and (b) under
RH 50%. All curves were measured at 70 °C with 200 sccm
H, at the anode, and 200 sccm N, at the cathode. For LSV,
the sweep rate was 4 mV/s and the the cell potential was
scanned from 0.0 V and 0.5 V.

terns for fresh MEA and MEAs after on/off operation for 100,000
cycles, both under RH 80% and RH 50%. The average platinum
crystal sizes for the anode and the cathode were estimated from X-
ray diffraction patterns using full-width at half maximum of the Pt
(111) peak around 38° and summarized in Table 1. Pt particle size
of the fresh MEA was found to have a 2.53 nm at anode and cath-
ode, respectively. After on/off cycles, Pt particle size of anode in-
creased to 3.79 and 3.78 nm under RH 80% and RH 50%, and that
of cathode increased to 2.93 and 3.47 nm under RH 80% and RH
50%. The growth in electrocatalyst particle size is related to the loss
in electrocatalyst surface area. In addition, the relative humidity was
observed to have an effect on the growth of platinum particles. The
platinum particle size is increased larger under higher humid con-
dition of RH 80% than RH 50% during on/off operation, which may
be related to the lowered activation energy of particle growth [10].
Pt line profiles for the MEAs were performed by EDX analyses
and the results are presented in Fig. 8. The decreases of Pt peaks
are observed at the cross-section of MEAs operated 100,000 cycles
under RH 80% and RH 50%. These results suggest that the losses
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Fig. 7. X-ray diffraction pattern of (a) the fresh MEA, (b) after the
MEA operated 100,000 cycles under RH 80%, and (c) the
MEA operated 100,000 cycles under RH 50%.

Table 1. The size of Pt particles calculated from X-ray patterns.
The particle size was measured by the Pt (111) peak

MEAs Anode (nm) Cathode (nm)
Fresh 2.53 2.53
After 100,000cycles under RH 80% 3.79 3.78
After 100,000cycles under RH 50% 2.93 347

of platinum catalyst occurred by on/off operation quantitatively. More-
over, Pt peak is not observed in the membrane during physical de-
gradation.

CONCLUSIONS

Assessments of the physical degradation of MEAs in the PEM
fuel cell were provided by on/off cyclic operation with N,/N,. After
on/off operation for 100,000 cycles, performance drops were observed
at high current density in both humid conditions of RH 80% and
RH 50%, which may be due to the degradation of the membrane-

January, 2010

Fig. 8. EDX images and Pt line scanning of (a) the fresh MEA, (b)
after the MEA operated 100,000 cycles under RH 80%, and
(c) after the MEA operated 100,000 cycles under RH 50%.

electrode interfacial structures. In our experiments, the membrane
resistance was constant while the polarization resistance was from
0.04 £2 to 0.08 £2 under two different humid conditions similarly.
The electrochemical area and the hydrogen crossover current were
slightly affected by on/off cycle operation. The results of XRD analy-
ses indicated that the size of the Pt catalyst increased during on/off
operation, and the rate of Pt particle growth was greater under high
relative humidity.
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