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a b s t r a c t

Durability issues have been attracting a great deal of attention in hydrogen/air proton exchange mem-
brane (PEM) fuel cell research. In the present work, membrane electrode assembly (MEA) degradation
under open circuit (OC) conditions was carried out for more than 250 h. By means of several on-line elec-
trochemical measurements, the performance of the fuel cell was analysed at different times during the
degradation process. The results indicate that structural changes in the PEM and catalyst layers (CLs) are
the main reasons for the decline in performance during OC operation. The results also show that degra-
dation due to platinum oxidation or catalyst contamination can be partially recovered by a subsequent
potential cycling process, whereas the same cycling process cannot recover the membrane degradation.
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. Introduction

Although research and development of the proton exchange
embrane (PEM) fuel cell has progressed significantly since the end

f the last century, a wide gap still exists between the ideal and the
urrent state-of-the-art lifetimes, which hinders the commercial-
zation of this promising technology. In practice, the degradation
f fuel cell components in a low-load operating mode is one of the
ost crucial deterrents that affect a fuel cell’s durability, especially

or automotive fuel cell systems. The relevant circumstances, which
nclude open circuit (OC) conditions without electric load and idle
onditions with low current density [1], occur frequently over the
ntire lifetime of a PEM fuel cell.

OC operation has been used as an effective stressor for acceler-
ted testing in PEM fuel cell durability studies and several groups
ave reported the accelerated effects of OC operation on PEM fuel
ell degradation [2–5]. It is generally believed that enhanced gas

rossover due to PEM deterioration is the major mechanism for
C accelerated degradation. The fluoride emission rate (FER) from
ffluent water has been considered evidence of PEM degradation,
hich correlates to losses in both open circuit voltage (OCV) and cell
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performance [4,6]. Under certain OC operating conditions, mem-
brane thinning has also been observed and considered evidence of
PEM degradation [2].

Aside from the PEM, the catalyst layer (CL) can also be affected by
OC operation. Similar to degradation under other severe conditions,
CL degradation under OC operation might include platinum particle
agglomeration, carbon weight loss, and Nafion ionomer network
deterioration. Another important issue to be investigated under
OC operating conditions is the relationship between the degrada-
tion of the CL and PEM due to the inseparable interactions between
the two. This is especially important at interface areas under high
potential and with enhanced gas crossover [7]. However, research
has rarely focused on this area.

Given the level of research into degradation under OC con-
ditions, further understanding is certainly required, especially
regarding the correlation between different causes of degrada-
tion. To improve PEM fuel cell durability in the near future,
research should focus more on questions like what is the specific
mechanism of degradation under different conditions, and what
are the recoverability properties under various circumstances?
This calls for a detailed investigation, using a variety of diag-

nostic tools, into key components of the degradation process
and identification of reversible/irreversible degradation under OC
conditions.

In the present study, we conducted OC experiments on a 5 cm2

single cell to investigate the influence of an OC condition on PEM
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nd CL degradations. Gas crossover through the membrane, electro-
hemical surface area (ECSA), OCV, as well as the cell’s performance
nd impedance properties, were investigated using several elec-
rochemical techniques. We also tested the recovery effects of
otential cycling on the decayed membrane electrode assembly
MEA) to identify recoverable and irrecoverable degradations in
ndividual components. In addition, morphological changes in the

EA after degradation were also investigated using an infrared (IR)
amera and a scanning electron microscope (SEM).

. Experimental

The degradation experiment under OC conditions was per-
ormed using a single cell with an active area of 5 cm2 and a
eledyne Medusa RD Fuel Cell Test Station. A commercial catalyst
oated membrane (CCM) was used with a Pt catalyst loading of
.4 mg Pt cm−2 for both electrodes. The MEA was assembled with
GL gas diffusion layers (GDLs) on each side of the CCM, and the
ell was compressed uniformly under 100 Psi using nitrogen.

Before measurement, the fuel cell was conditioned based on a
otential cycling procedure at OCV, 0.6 V and 0.3 V, respectively,
or at least 6 h, until no further improvement of cell performance.
he cell performance and electrochemical characteristics, mea-
ured right after conditioning, were considered the baseline. After
series of baseline measurements, OC operation was performed at
constant flow rate of 100 sccm min−1 and 50 sccm min−1 for air

nd hydrogen, respectively. After the first 25 h and every subse-
uent 50 h of OCV degradation, electrochemical characterizations
ere performed. To assess the cell performance recoverability, two

ecovery processes of potential cycling were conducted on the cell
or 90 cycles, after 206 h of OCV degradation (first recovery) and
fter 256 h of OCV degradation (second recovery). A single poten-
ial cycle consisted of three voltage steps at 0.6 V, 0.3 V, and OCV,
ith each step lasting 30 s. 2.25 h (90 cycles) of recovery process
as chosen in order not to induce further performance decay in

ddition to OC degradation.
The electrochemical diagnostic tools used in this experi-

ent included polarization curve (IV), electrochemical impedance
pectroscopy (EIS), cyclic voltammetry (CV), and linear sweep
oltammetry (LSV). IV curves were tested at 70 ◦C under ambient
ressure. Hydrogen and air were humidified at 65 ◦C to obtain a rel-
tive humidity (RH) of 81% with stoichiometries of 1.5 and 2.5 for
ydrogen and air, respectively. Note that all temperature settings

or the following tests were the same as just described, to avoid any
ariation in conditions as much as possible.

A Solartron SI-1260 Impedance/Gain-Phase analyser and a
olartron SI-1287 Electrochemical Interface were used for EIS test-
ng at current densities of 100 mA cm−2 and 500 mA cm−2 over the
requency range of 10 kHz to 0.1 Hz. To eliminate the influence of
ooding on impedance spectra, the electrodes were purged to wash
ut the accumulated water in the channels and electrodes before
ach impedance measurement.

In situ CV was performed on the fuel cell using the Solartron
I-1287 Electrochemical Interface to measure the ECSA. To avoid
ossible degradation from carbon support oxidation induced by
igh potentials, the cell was cycled between 0.05 V and 0.8 V on
he cathode vs. reversible hydrogen electrode (RHE) at a scan rate
f 50 mV s−1. The ECSA was calculated based on the catalyst loading
nd total charge area of the hydrogen desorption/adsorption peak,
ntegrated from about 0.1 V to 0.4 V (vs. RHE), after subtracting the

ouble layer charge on the cyclic voltammogram.

The gas permeability or crossover through the membrane was
ssessed using LSV, at 70 ◦C, to measure the limiting oxidation cur-
ent densities of the crossover hydrogen. For LSV measurement, all
he operating conditions for the fuel cell were the same as the CV
Fig. 1. OCV change with time (a) from 0 h to 256 h and (b) from 25 h to 75 h compared
with simulation results based on Eq. (1).

test, except for a linear potential scan from 0 V to 0.5 V (vs. RHE) on
the cathode at a scan rate of 5 mV s−1.

Post-analysis was carried out using an IR camera (InfraTech
GmbH) after the experiment to detect whether any pinholes were
generated. The degraded MEA was removed from the degradation
cell and installed in a dummy cell with an open cathode. Hydrogen
passed through the anode side at a flow rate of 10 sccm min−1 at
room temperature. The IR camera was placed on the cathode side
to observe the temperature distribution. This temperature distri-
bution demonstrated the level of reactant crossover through the
PEM, based on the heat output from the chemical reaction between
hydrogen and oxygen in the presence of Pt catalyst. For comparison,
the same test was also conducted on a fresh MEA.

Cross-sectional scanning electron microscopy images were
taken using a HITACHI S-3500N SEM before and after degradation
to identify morphological changes.

3. Results and discussion

3.1. Performance degradation under OC operation

3.1.1. OCV decay
Fig. 1(a) shows the OCV decay trend during the 0–256 h of degra-

dation testing. At the beginning of each OCV degradation session,
the potential was relatively high, and then dropped gradually with
time. This OCV degradation followed a similar exponential trend at
the beginning of each session and then changed to a milder degra-
dation mode. After each degradation session, the OCV was partially
recovered in comparison with the ending point of the previous ses-
sion. This result coincides with previous OC degradation research

[3,4,7], which agreed that OCV degradation during a time period
is partially recoverable after an interruption. The decreasing trend
of the OCV, shown by the dashed line in Fig. 1(a), is obvious dur-
ing the entire degradation period. For the last 50 h of OC operation
(206–256 h), the OCV decline has a steeper slope, indicating that



1 er Sources 195 (2010) 1142–1148

s

c
d
b

O

w
e
d
e
l
i
t
t
t
e
t
d
O
O
d
s

3

O
a
T
u
p
n
c
t
r
m
d
t
O
i
o

O
p
r
r
T
n
t
5
s
a

T
C

144 S. Zhang et al. / Journal of Pow

evere degradation occurred in the fuel cell during this time period.
Based on the shape of the curves in Fig. 1(a), OCV degradation

an empirically be considered a combination of exponential degra-
ation and linear degradation. The following is the relationship
etween OCV and time (t):

CV = C − At − B log(t) (1)

here A is a parameter related to linear degradation, B is a param-
ter corresponding to exponential degradation, and C is a constant
esignated by the initial OCV of each session. According to the
xperimental data, the parameters in Eq. (1) are estimated and
isted in Table 1. A typical experimental OCV evolution curve and
ts simulation curve are compared in Fig. 1(b). It can be seen that
he simulated data fits the experimental curve very well. The dis-
ances from the horizontal line to the linear degradation and to
he exponential degradation can be regarded as the linear and
xponential contributions to the entire OCV degradation, respec-
ively; however, the contributions might be controlled by different
egradation modes. It was also observed that, during a continuous
C operation, the contribution from the linear degradation to the
CV degradation was much smaller than that from the exponential
egradation, which appeared partially recoverable when a new OC
ession began.

.1.2. Cell performance degradation
Fig. 2(a) compares the IV curves before and after each block of

C operation from 0 h to 206 h of degradation. The results show
steadily decreasing trend in cell performance until after 175 h.

he curve observed at 206 h of degradation shows a distinct and
nusual jump in cell performance. This is the result of an unex-
ected shutdown of the test station, during which the long-term
itrogen purge virtually removed the accumulated water, which
aused flooding of the channels and the electrodes, and possibly
he harmful species from the electrodes, resulting in improved
eactant transport within the CLs and therefore, increased perfor-
ance. Fortunately, this also demonstrates the performance loss

ue to flooding can be recovered by nitrogen purge after degrada-
ion. The performance, as well as the OCV, increases after 206 h of
CV degradation due to the accidental nitrogen purge, however,

t is still much lower than the baseline, with increased activation,
hmic, and concentration losses.

To further show the recovery ability of the fuel cell after lengthy
C operation, Fig. 2(b) compares IV curves before and after the
otential cycling recovery tests. It can be seen that after the first
ecovery potential cycling, both cell performance and OCV recover
emarkably compared with that after accidental nitrogen purge.
his demonstrates that potential cycling is more effective than

itrogen gas purge for recovering cell performance after OC opera-
ion. However, cell performance continues to degrade after another
0 h of OC degradation operated after the first recovery process, as
hown in Fig. 2(b) (by comparing the performance at 256 h to that
t 175 h). Then, cell performance was recovered again after a sec-

able 1
omparison of OCV degradation parameters and cell properties before and after each deg

Sessions OCV degradation parameters

A (V/s) B (V/dec) C (V)

Baseline –
25 h 0.00185 0.02646 0.884692
75 h 0.0009 0.03549 0.862428
125 h 0.00026 0.04291 0.833117
175 h 0.00044 0.04408 0.818515
206 h 0.0005 0.03037 0.800936
First recovery –
256 h 0.00131 0.0456 0.850396
Second recovery –
Fig. 2. Polarization curves before and after each degradation and recovery sessions
(a) within 206 h and (b) after 206 h of OC operation.

ond round of potential cycling, but the result was lower than that
of the first recovery.

According to the previous modeling studies the semi-empirical
relationship between cell potential E and current density i is
assumed to obey the following equation [8]:

E = E0 − b log(i) − Ri − m exp(ni) (2)

where

E0 = Er + b log(i0) (3)

Er is the reversible potential for the cell; i0 and b are the exchange
current densities and Tafel slope for oxygen reduction reaction
(ORR), respectively; R represents the resistance that causes a linear
variation of the cell potential with the current density; m and n are
the parameters related to mass transport limitation.

Based on Eq. (2), Fig. 3(a) can be plotted, which demonstrates
a perfect fit of the simulated IV curve and the baseline IV curve.
The distances from the horizontal line (E0) to the three downward
lines in turn represent the concentration polarization loss, activa-

tion polarization loss, and ohmic loss, respectively. Also based on
Eq. (2), these potential losses, at a current density of 600 mA cm−2

and after different degradation periods, can be obtained and plotted
in Fig. 3(b). It is found that at the beginning of OC operation, the acti-
vation polarization and the ohmic losses are quite close, while the

radation session and recovery session.

Hydrogen crossover flux (mol cm−2 s−1) ECSA (m2 g−1 (Pt))

1.87 × 10−8 37.6
1.89 × 10−8 28.6
1.99 × 10−8 24.4
2.28 × 10−8 21.6
2.16 × 10−8 20.8
2.49 × 10−8 19.9
2.96 × 10−8 23
2.08 × 10−7 15.4
2.41 × 10−7 18.1
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oxidation reactions [18,19]. As these reactions rely on the catalyst,
ig. 3. Simulated results of (a) the baseline IV curve with different losses marked
nd (b) different potential losses before and after each degradation and recovery
essions at 600 mA cm−2.

otential loss from concentration polarization is relatively small.
s OC operation proceeds, the activation loss increases continu-
usly with time until 175 h of OC degradation and decreases at
06 h after nitrogen purge. Then, after a further decrease due to the
rst potential cycling of recovery, the activation polarization loss

ncreased remarkably when another 50 h of OCV degradation was
arried out and decreased again when the second potential cycling
f recovery was conducted. This trend proves that long-term OC
peration can aggrandize the activation polarization loss for PEM
uel cell reactions, while both nitrogen purge and potential cycling
an partially reduce this loss. In addition, among the overall poten-
ial loss, the activation polarization loss plays a predominant role
uring the entire degradation period at the intermediate current
ensities. The evolution trends for ohmic and concentration losses
re relatively stable under the same condition.

.2. In situ electrochemical diagnosis

.2.1. LSV
The PEM functions as an electrolyte for transferring protons

rom the anode to the cathode, as well as a barrier to prevent gas
ermeation and electron transfer between the anode and the cath-
de. However, gas crossover through the thin Nafion membrane is
nevitable during PEM fuel cell operation, especially when no reac-
ant is consumed under OC conditions. Several researchers have
nvestigated the permeation of hydrogen and oxygen in order to
larify the gas crossover rate through Nafion membranes in PEM
uel cells [9,10]. The research reveals that the membrane proper-
ies (such as composition and thickness) and the environment (such
s pressure, temperature, and humidification) are the determining
actors in the crossover rate. Hydrogen crossover rates are in the
rder of a few milliamps to tens of milliamps per square centimetre,

hile oxygen permeates at about half that rate [10].

It has been proposed that PEM decay is partially caused by
eroxy radicals, which originate from hydrogen peroxide (H2O2)
roduced on the catalyst surface due to the reaction between
Fig. 4. H2 crossover current density change.

hydrogen and oxygen during long-term operation [11]. H2O2 is
known to form readily in a fuel cell environment, whether the
cell is under load or not [12]. Since the perfluorinated ionomer
is relatively stable against pure H2O2 solution [13], hydroxyl
and/or peroxy radicals, generated from the hydrogen peroxide, are
believed to be the direct cause of PEM degradation. The proposed
reactions describing this membrane decomposition are as follows
[14]:

Rf –CF2COOH + •OH → Rf –CF2
• + CO2 + H2O (4)

Rf –CF2
• + •OH → Rf –CF2OH → Rf –COF + HF (5)

Rf –COF + H2O → Rf –CF2COOH + HF (6)

More recently, Mittal et al. [15,16] have shown the possibil-
ity of an alternate membrane degradation mechanism, in which
harmful species other than H2O2 are generated on the catalyst sur-
face as a result of H2 and O2 reactions. Although none of these
mechanisms satisfactorily explain PEM degradation, reactant gas
crossover, which produces membrane-degrading species in the
presence of the catalyst, is essential to understand PEM degradation
under OC conditions.

Fig. 4 compares the crossover current density measured by LSV
after different periods of OC degradation and recovery operation.
The calculated hydrogen crossover fluxes, according to the limit-
ing current density after each session, are listed in Table 1. It can
be observed that the limiting current densities are approximately
stable (less than 0.006 A cm−2, which is ca. 3 × 10−8 mol cm−2 s−1)
until after the first recovery process. However, after 256 h of OC
operation, the current density curve exhibits a significant jump
in the limiting current density, as well as a significant linearly
increasing current value with increasing potential. These increases
indicate a high gas crossover rate and a high internal electronic
short circuit between the two electrodes. Although the Nafion elec-
trolyte is designed to be an ionic conductor but not an electronic
conductor, finite electrical shorts between anode and cathode may
occur as a result of electrolyte thinning or pinhole formation
[10,17]. Therefore, it can be concluded that severe membrane struc-
tural damage occurred during 206–256 h of OC operation, which is
responsible for the OCV decrease, and the second recovery process
could not mitigate this membrane degradation, as shown by the
sustained higher crossover current density in Fig. 4.

3.2.2. CV
Aside from gas crossover, OCV is also influenced by mixed poten-

tial, resulting from the ORR and the simultaneous platinum surface
catalytic activity becomes very important for OC investigations.
Commonly, the electrochemical surface area attained from CV mea-
surement is used as an indicator of the catalyst’s performance.
Although the ECSA value can be underestimated when calculated



1146 S. Zhang et al. / Journal of Power Sources 195 (2010) 1142–1148

F

f
a
a

s
a
b
c
i
a
h
f
i
d
a
a
t
e
f
a
c
m

P

P

P

P

P

T
r
h
i
E
f
O
R
m
s
p
e
t
t
P
a
c
a
d
f

elements can be determined from the EIS data. In Fig. 7(a), R1 repre-
sents the high frequency resistance (HFR), R2 represents the charge
transfer resistance, and Cp represents the charge transfer related
double layer capacitance. A slightly increasing trend of the HFR can
ig. 5. ECSA change before and after each degradation session and recovery session.

rom the desorption/adsorption area of the cyclic voltammogram,
s it is affected by many operating factors [20–22], it is still effective
nd convenient for diagnosing catalyst degradation.

The change in the ECSA of the cathode after each degradation
ession is shown in Fig. 5. Specific ECSA values after each session
re also listed in Table 1. In Fig. 5, a downward ECSA trend can
e observed, which accords with the trend from the polarization
urves and the estimated activation polarization loss demonstrated
n Figs. 2 and 3(b), respectively. During the first 25 h of OC oper-
tion, the ECSA experienced the sharpest decrease, due to the
igh potential under OCV; the rate of decrease then slowed down

or the subsequent sessions. This phenomenon was also observed
n previous research on catalyst deterioration under accelerated
egradation conditions, and could be explained by processes such
s dissolution/re-deposition of platinum, corrosion of carbon, and
dsorption of impurities [20,23]. It can also be seen that the poten-
ial cycling processes after 206 h and 256 h of OC operation are
ffective in partially recovering the ECSA. This recovery could result
rom the formation/reduction of platinum surface oxide or the
dsorption/desorption of other contaminants caused by potential
ycling. Regarding the platinum surface oxide, related reactions
ay include [22]:

t + O2 → Pt–O2 (7)

t–O2 + H+ + e− → Pt–HO2 (8)

t–HO2 + Pt → Pt–OH + Pt–O (9)

t–OH + H+ + e− → Pt + H2O (10)

t–O + 2H+ + 2e− → Pt + H2O (11)

hese reactions may also be a reasonable cause of the OCV partial
ecovery after interruptions due to the potential cycling between
igh and low values. The recoverable part of the OCV degradation

s partially explained by the exponential degradation introduced in
q. (1). The contaminants might be identical to either the harm-
ul species generated on the catalyst surface as a result of H2 and
2 reaction [15,16], or the membrane decomposition products.
ecently, Sugawara et al. [1] also reported a water condensation
ethod as an alternative recovery operation for flushing out pos-

ible contaminants, and were able to partially recover fuel cell
erformance decay through flushing of the adsorbing anions gen-
rated during OC operation. From this research, it can be deduced
hat the hazardous species generated on the catalyst sites con-
ributed to initiating the PEM degradation, and, conversely, the
EM degradation products also acted as contaminants for the cat-

lyst, which proves that the PEM and CL degradation processes
ontribute to each other during OC operation. Obviously, to attain
deeper understanding of recoverable degradation under OC con-
itions, and the relationship between PEM and CL degradation,
urther work is still needed.
Fig. 6. Nyquist plots at 100 mA cm−2 (a) for 0–206 h of OC operation and (b) after
206 h.

3.2.3. EIS
Fig. 6(a) and (b) illustrates Nyquist plots measured at

100 mA cm−2. During the 0–206 h of the OC operation test, shown
in Fig. 6(a), the charge transfer resistance (i.e., the diameter of the
arc on the Nyquist plot) increased with degradation time until the
unexpected nitrogen purge caused by the accidental test station
shutdown. We believe that this charge transfer increase mainly
resulted from catalyst degradation. This is also confirmed by the
decreased ECSA using CV. Furthermore, in the additional test,
shown in Fig. 6(b), the charge transfer resistance was observed to
only partially recover from potential cycling, which is consistent
with the CV results.

Using a typical equivalent circuit (Fig. 7(a)), the equivalent cell
Fig. 7. HFR change before and after each OC degradation session.
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Fig. 8. IR camera images of (a) the fresh MEA and (b) the degraded MEA.

e found after each session of OC operation at current densities
f 100 mA cm−2 and 500 mA cm−2, as shown in Fig. 7(b). This resis-
ance increase arises mostly from structural and interfacial changes
n the PEM (e.g., delamination of the layers) during OC operation.
or example, the loss of Nafion ionomer during the degradation
ight decrease the conductivity of the PEM and therefore increase

ts resistance.

.3. Post-analysis

According to the images from the IR camera, shown in Fig. 8,
he average temperature of the decayed MEA (Fig. 8(b)) was about
.1 ◦C higher than that of the fresh one (Fig. 8(a)) with no evident
ot spots in the decayed MEA area (the circle in the middle of the

mage). It can be concluded that no obvious pinholes were gen-
rated during the test, since air/hydrogen crossover through the
EM determined the temperature distribution under the dummy
ell experimental conditions. However, the temperature increase
as not quite even across the entire MEA area, which suggests the
resence of a weak area in the PEM after the test. Therefore, it is pos-

ible to conclude that fatal degradation due to membrane thinning
r potential pinholes occurred during the accelerated degradation
est.

SEM images of the cross-sectioned MEA before and after the
egradation test are shown in Fig. 9. As labelled, the anodes are at
Fig. 9. SEM images of the MEA (a) before and (b) after OC operation.

the top of these images and the light-colored thin layer between
the two electrolyte layers is a reinforced layer. Compared with the
“fresh” MEA, which has been clamped and conditioned (Fig. 9(a)),
the degraded MEA (Fig. 9(b)) displays obvious thinning of the MEA
with PEM thickness decrease from 23 �m to 16 �m at both sides
of the reinforced layer. This further confirmed the results obtained
using the IR camera. The PEM thinning is a direct reason for the
increased hydrogen crossover, which resulted in an unrecoverable
decrease of OCV and cell performance. As shown in the circled
area of Fig. 9(b), membrane thinning did not occur evenly through-
out the MEA. However, the thinning of the catalyst layer is not as
significant as expected.

4. Conclusion

Using electrochemical and physical diagnostic tools, specif-
ically IV, CV, LSV, EIS, IR camera, and SEM, OCV degradation
of a PEM fuel cell was investigated. The results show a pro-
nounced decreasing trend for both OCV and cell performance for
each session of the OC operation. The OCV decay and cell per-
formance degradation can be attributed to membrane thinning
(supported by SEM, LSV and IR images) and catalyst agglomer-
ation (supported by CV). Cell performance, characterized by IV
curves, shows that the kinetics of ORR decreases with time under
OC operation and is partially recoverable by nitrogen purge due to
improved reactant transport. The unrecoverable degradation was
mainly caused by PEM degradation and catalyst agglomeration,
whereas the recoverable degradation arose from the accumu-
lated water in the channels and the electrodes. Therefore, PEM

thinning and CL decay were two primary reasons for perma-
nent performance degradation under this accelerated degradation
test.
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