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a b s t r a c t

The degradation in performance of proton-exchange membrane fuel cells (PEMFCs) under open circuit
conditions was investigated. The oxygen reduction reaction (ORR) kinetic current density at 0.9 V was
found to decrease from 36 to 4 mA cm−2 (geometric) without significant crossover increase or loss in
the electrochemically active surface area. Cyclic voltammograms for the electrodes show characteristic
changes, e.g. appearance of peaks at ∼0.2 V and shift of the onset of platinum oxide formation to higher
eywords:
roton-exchange membrane fuel cell
pen circuit
xygen reduction reaction
embrane decomposition

potentials. It was identified that the large ORR kinetic decay has its origins in the reduction of available
Pt sites due to adsorption of anions, which are postulated to be membrane decomposition products such
as sulfate ions. Procedures carried out to condense water in the fuel cell led to the expulsion of anions
out of the membrane electrode assembly (MEA) resulting in the partial recovery of ORR kinetic current
density to 15 mA cm−2. In order to attain complete performance recovery of the catalyst, a more effective

ush o
nion adsorption
yclic voltammetry

and practical method to fl

. Introduction

One of major barriers to the commercialization of proton-
xchange membrane fuel cells (PEMFCs) for transportation power
ources is the degradation issue of membrane electrode assemblies
MEAs) [1–3]. Unlike stationary applications, PEMFCs for automo-
ive applications are operated under a variety of modes which can
e divided broadly into start/stop, load cycling, and low load.

During start-up, when hydrogen is introduced into the anode
here air is already present, the electrode potential of the por-

ion of the cathode opposite the part of the anode where oxygen
s remaining can exceed 1.5 V, causing carbon corrosion [4–6].

similar phenomenon is also observed during shut-down. The
arbon corrosion causes aggregation of catalyst particles and insuf-
cient electric contact between carbon agglomerates, resulting in
decrease of the electrochemically active surface area (ECA) of the
atalyst. Hydrophobicity and structure of electrode are also sub-
ect to harmful effects so that the gas transport property of the

EA diminishes. This is one of the most severe degradation that a
EMFC can experience. Over the last few years, a combination of

∗ Corresponding author at: Fuel Cell Laboratory, Nissan Research Center, Nissan
otor Co., Ltd., 1 Natsushima-cho, Yokosuka, Kanagawa 237-8523,

apan. Tel.: +81 46 867 5331; fax: +81 46 867 5332.
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ut the anions is desirable.
© 2008 Elsevier B.V. All rights reserved.

more benign operating conditions during start-up and shut-down
such as low temperature and low RH, use of advanced materials
such as graphitized carbon support, and low anode loading have
greatly diminished the issues.

In the course of vehicle operation, the fuel cell experiences
roughly 300,000 load cycles between peak power and idle over its
life [2]. Although the anode potential will settle in a narrow range
close to the reversible hydrogen potential because the hydrogen
reaction has a very high exchange current density on platinum,
the cathode potential fluctuates widely, approximately between
0.6 and 1.0 V. Under such condition, cathode ECA decreases rapidly
due to platinum dissolution [7–13] although carbon corrosion is
minimal. Darling and Meyers [8,9] developed mathematical mod-
els in which rapid anodic potential transition exposes bare platinum
to corrosive potential before a protective oxide layer forms on the
surface of platinum. The platinum dissolution can be mitigated by
modifying potential cycling profiles [14], lowering temperature and
RH, and use of modified catalysts such as Pt-alloy and larger particle
Pt.

The low load operating mode, which mainly consists of idling
and open circuit conditions, is known to accelerate proton-

exchange membrane (PEM) decomposition especially under low
humidification [15–22]. The decomposition of PEM is caused by
attack of peroxi-radicals which originate from hydrogen peroxide
produced at the anode catalyst surface due to reactant hydrogen and
oxygen crossover from the cathode side [15,18]. Ohma et al. [23,24]

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:seihou-sugawara@mail.nissan.co.jp
dx.doi.org/10.1016/j.jpowsour.2008.11.021
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uggested a mechanism in which platinum particles deposited in
he membrane, referred to as the Pt band, promotes peroxide forma-
ion. This mechanism can explain an observation of the membrane
egradation with MEA which is catalyzed only on the cathode side
19].

The membrane decomposition causes an increase of gas
rossover and a voltage drop especially at low current densities.
urther propagation of the membrane decomposition eventu-
lly causes a steep increase of gas crossover, which results in a
atastrophic performance drop of the PEMFC and an inevitable
hut-down of the PEMFC power plant system. Lifetime of a mem-
rane is often defined as the time at which a steep increase of gas
rossover beyond an acceptable limit is observed. Significant efforts
o improve the lifetime of membranes are being made [25–27].

Unlike the above definition of the lifetime of a membrane, life-
ime of an MEA or PEMFC is practically defined as the time when the
ower density decay approaches a certain value such as 10% of ini-
ial [28,29]. The lifetime of an MEA is generally shorter than that of
he membrane. In other words, power density drops by 10% before a
teep increase of gas crossover. If the cause of power density decay
nder low load operating mode is not the membrane degradation,

mprovement of the lifetime of membrane will not always improve
he lifetime of MEA.

Although many papers on membrane degradation and gas
rossover increase under the low load operation mode or open
ircuit condition have been published [15–24], there are only a
ew reports on fuel cell performance change under these operation

odes [30,31]. Inaba et al. [30] reported that voltage drop under low
oad (0.3 A cm−2) operation at low humidification is due to dehy-
ration of the membrane and the ionomer in the catalyst layers;
oth cause an increase of ohmic losses while the latter causes a
ecrease in electrode activity which is mostly recoverable. There
re also several reports on the significant decay of open circuit volt-
ge (OCV) observed in open circuit endurance tests [16–18,21–24].
nder open circuit conditions, there is no external current or load
o that ohmic losses are unlikely to be a factor causing the large OCV
ecay. Therefore, we suspect that other mechanisms might play an

mportant role in the OCV decay mechanism. However, taking into
onsideration the large drop of open circuit voltage observed in the
pen circuit endurance operation [16–18,21–24], since there is no
xternal current and only small internal current due to crossover
nd shorting at the condition, other mechanisms may play a role.

The main objective of this study is to carefully examine the fuel
ell performance loss under open circuit conditions at low humid-
ty and investigate the underlying root mechanisms involved. In
ddition, procedures for performance recovery are also explored.

. Experimental

.1. MEA and cell preparation

Electrocatalyst layers were fabricated on polytetrafluoroethy-
ene (PTFE) sheets by screen printing of catalyst ink. The catalyst ink
as prepared by mixing carbon-supported Pt catalyst (TEC10E50E,

KK, Japan), ionomer solution (Nafion® DE 2020, DuPont, USA),
ropylene glycol, and water. The electrocatalyst layers were trans-

erred on a perfluorosulfonic acid (PFSA) membrane (Nafion®

RE-212, DuPont, USA) by hot-press to fabricate a catalyst-coated
embrane (CCM) with 25 cm2 active area. The chemical struc-

ure of Nafion is shown in Fig. 1. The Pt loading was maintained
t 0.34 mg cm−2 for both anode and cathode. The CCM was sand-

iched between two commercially available carbon paper gas
iffusion layers with hydrophobic microporous layer to obtain an
EA. Single cells were assembled using serpentine flow fields with

hannels machined into graphite blocks. The MEA was conditioned
t 80 ◦C and a constant current density of 1 A cm−2 for 13.5 h with
Fig. 1. Chemical structure of Nafion.

1.0 dm3 min−1 of hydrogen and 1.0 dm3 min−1 of air for anode and
cathode feed, respectively (100% RH).

2.2. Open circuit endurance operation

Fuel cell test stations from Chino Corporation (Japan) were
employed for all experiments. During open circuit duration, the
anode flow field was supplied with 0.5 dm3 min−1 of hydrogen
and the cathode flow field was supplied with 0.5 dm3 min−1 of air.
Back-pressure was maintained at ambient. Cell temperature was
controlled at 90 ◦C and temperature of bubbler type humidifier for
both anode and cathode were controlled at 61.2 ◦C in order to set
the gas RH at 30%. The duration of the open circuit test was 48 h.
Cell voltage (open circuit voltage) and area specific resistance mea-
sured using high frequency (1 kHz) resistance meter (Model 3566,
Tsuruga Electric, Japan) were monitored during the period. Effluent
water was collected and fluoride and sulfate ions were analyzed
using ion chromatography.

2.3. Diagnosis

Diagnostic tests were conducted before and after the endurance
test in order to determine performance change. Polarization curves
were taken starting from open circuit to high current density along
with area specific resistance measurements. Hydrogen and air were
used as reactant gases and constant utilization of 0.67 and 0.5 were
set respectively. Temperature of the humidifier for anode and cath-
ode were controlled at 58.9 ◦C and 71.4 ◦C in order to set gas relative
humidity at 40% and 70%, respectively. Back-pressure was main-
tained at ambient. Cell temperature was controlled at 80 ◦C. Oxygen
was also used at a low utilization of 10% for the cathode feed to
minimize effect of concentration drop and focus on kinetic loss.

ECA of the cathode catalyst layer was measured by in-situ cyclic
voltammetry (CV) using potentiostats (HZ-3000, Hokuto Denko).
Cell temperature was kept at 80 ◦C for the CV measurement in order
to avoid variation of conditions as much as possible. The anode
was fed with fully humidified hydrogen at 0.5 dm3 min−1 serv-
ing as reference/counter electrode. The cathode was fed with fully
humidified nitrogen at 0.5 dm3 min−1 serving as working electrode.
Voltammograms were measured within a scan range of 0.04–0.9 V
at a scan rate of 50 mV s−1. The ECA can be usually calculated by
integration of the total charge of hydrogen desorption using the
specific capacitance of 210 �C cm−2. However, at the set tempera-
ture 80 ◦C, it is very difficult to estimate real absolute value of the
surface area [32]. Hence, relative value of the ECA was calculated
by division of hydrogen desorption total charge by one measured
before the endurance test.
Hydrogen crossover (HXO) and electronic shorting were elec-
trochemically measured by steady-state potentiostatic method.
Potential was held at 0.2, 0.3, 0.4, and 0.5 V for 180 s for each poten-
tial. Other conditions were the same as that of CV. Measured current
represents leak current consisting of both the HXO and the short-
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ng. The currents during the final 20 s of each potential hold were
veraged. A plot of the average current vs potential typically gave a
traight line. The HXO current density and the short-circuit resis-
ance were determined from the intercept and the slope of the
traight line, respectively.

.4. Recovery operation

Based on analyses of the diagnostic results (see next sec-
ion for details), a water condensation operation was selected as
he recovery operation. The anode flow field was supplied with
.5 dm3 min−1 of hydrogen and the cathode flow field was sup-
lied with 0.5 dm3 min−1 of nitrogen. The cell temperature was
ontrolled at 50 ◦C and the humidifier temperature was controlled
t 80 ◦C so that water can be condensed in the cell. This condition
ith leaving open circuit was maintained for 2 h. A typical open

ircuit voltage in the condition is ∼0.1 V. The effluent water was col-
ected and fluoride and sulfate were analyzed during the recovery
peration as well.

. Results and discussion

.1. Observation during open circuit operation

Fig. 2 shows the decay trends for OCV and area specific
esistance during the open circuit endurance test. The OCV grad-
ally decreased from 0.99 to 0.87 V. In contrast, the area specific
esistance did not show significant change. The theoretical OCV cor-
esponds to the difference between the equilibrium potentials of
ydrogen oxidation reaction (HOR) and oxygen reduction reaction
ORR), i.e. 1.229 V at standard conditions. Under operating condi-
ions, the OCV usually deviates from the theoretical value mainly
ue to not only the difference of reactant partial pressures and tem-
erature from standard conditions but also mixed cathode potential
rising mainly from reactions [33–35]:

+ −

2 + 4H + 4e → 2H2O (1)

2 → 2H+ + 2e− (2)

t + H2O → PtO + 2H+ + 2e− (3)

ig. 2. Change of the open circuit voltage (solid line) and area specific resistance
dotted line) measured by high frequency (1 kHz) resistance meter vs time under
pen circuit operation at 80 ◦C with H2 on the anode and air on the cathode. Reactants
ere humidified at 61.2 ◦C to regulate the relative humidity to 30%.
Fig. 3. Total fluoride emission under the open circuit operation (48 h) and the recov-
ery operation (2 h) in effluent water analyzed using ion chromatography.

Hence, the observed decay of the OCV can be considered to orig-
inate from (1) decay of ORR kinetics, (2) increase of the HXO, and (3)
change of reaction rate for formation/reduction of Pt surface oxide
or other processes such as dissolution/re-deposition of Pt, adsorp-
tion/desorption of impurities, and corrosion of carbon support. The
HXO determined by electrochemical diagnosis conducted before
and after the open circuit operation showed only slight increase
from 1.51 to 1.58 mA cm−2. Pt surface oxide growth at potentiostatic
condition usually proceeds according to logarithmic oxide growth
kinetics [36,37] at potentials near OCV. This implies that the Pt sur-
face oxidation rate should be diminishing. Consequently, the decay
of OCV is most likely due to ORR kinetics decay.
Fluoride emission and sulfate emission under the open circuit
operation are shown in Figs. 3 and 4. Although the HXO did not
increase significantly, large amount (∼530 �mol by summing up
the both electrode) of fluoride in the effluent water was detected,

Fig. 4. Total sulfate emission under the open circuit operation (48 h) and the recov-
ery operation (2 h) in effluent water analyzed by ion chromatography.
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at ∼0.45 V can be observed in Figs. 8 and 9. Similar changes of
voltammogram have been reported in the literature to be caused by
specifically adsorbing anions on polycrystalline and single crystal
Pt [40–45]. Hence, we can infer it is estimated that the adsorb-
ig. 5. Polarization curves with area specific resistances for H2/air operation at con-
tant utilization of 67/10% (40/70% RH) and 80 ◦C cell temperature measured before
he open circuit operation (open circles), after the open circuit operation (solid
ircles), and after the recovery operation (triangles).

ndicating the membrane was chemically decomposing. By a rough
stimation using Nafion’s general chemical structure (Fig. 1) and
ypical value for the properties of Nafion NRE-212 such as 50.8 �m
hickness, 100 g m−2 basis weight, and 0.92 meq. g−1 acid capacity
38], 6% of fluorine in membrane was released. On the other hand,
ulfate emission during the open circuit operation was relatively
ow (Fig. 3).

.2. Analyses based on diagnostic results

Change of polarization curve along with area specific resistances
easured utilizing H2/air as reactant gases is shown in Fig. 5. A large

oltage decay in the whole current density range can be observed.
his voltage decay is not due to membrane dehydration because the
easured area specific resistance actually decreased after the open

ircuit operation. Mass transfer characteristics were not affected by
he open circuit operation because a noticeable voltage drop at high
urrent density was not observable.

Fig. 6 shows the change of IR-free, leak-corrected, Tafel plots
easured employing H2/O2 as reactant gases. In order to extract the
RR kinetic current from the measured current, the correction of

he leak current due to HXO and the electrical shorting was carried
ut using following equation:

lc = i + iHXO + V

rs
(4)

here ilc is the leak-corrected current density, i is the measured
urrent density, iHXO is the HXO current density, V is the cell voltage,
nd rs is the area specific shorting resistance [39].

Since the voltage decay is roughly independent of current den-
ity, increase of kinetic loss is obvious. The kinetic loss increase is a
unction of the deterioration of catalytic activity, which consists of
rea specific activity and roughness factor. The current density at
.9 V (IR-free) derived from interpolation or extrapolation of the
lots decreased from 36 to 4 mA cm−2 (geometric), as shown in
ig. 7.
Figs. 8 and 9 show comparison of cyclic voltammograms of the
node and the cathode, respectively. Voltammograms for both the
node and the cathode exhibit a similar transformation of their pro-
les when measured before and after the open circuit operation.
aying attention to Hupd region (0.1 < E < 0.4 V) of the voltammo-
Fig. 6. Tafel plots for H2/O2 operation at constant utilization of 67/10% (40/70% RH)
and 80 ◦C cell temperature measured before the open circuit operation (open cir-
cles), after the open circuit operation (solid circles), and after the recovery operation
(triangles).

grams, no significant loss of electrochemically active surface area
is found because curves are roughly overlap before and after the
endurance test. In fact, the final ECA of the cathode relative to the
initial value is ∼0.85. Therefore, the principal cause of the kinetic
loss increase is a result of the lowering of the catalyst specific activ-
ity rather than loss of roughness factor.

By comparing the shapes of the voltammograms carefully, char-
acteristic changes such as appearance of peaks at ∼0.2 V can be
observed. Furthermore, shifts of the onset of platinum oxide for-
mation to higher potentials and the appearances of small peaks
Fig. 7. Comparison of current density at 0.9 V (IR-free) derived from Fig. 3 by inter-
polation or extrapolation.
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Fig. 8. Cyclic voltammograms of the anode measured before the open circuit opera-
tion (solid line), after the open circuit operation (dashed line), and after the recovery
operation (dotted line). All curves are measured at 80 ◦C cell temperature, 50 mV s−1

s
w
s

i
c
p
f
o
a
a

F
a
o
s
a
s

Fig. 10. Oxygen reduction reaction kinetic current density at 0.9 V vs RHE in 0.1 M
HClO4 containing H2SO4 (solid circles) or CF3SO3H (open circles) at various con-

◦

can rate. The anode was fed with fully humidified N2 at 0.5 dm3 min−1 serving as
orking electrode. The cathode was fed with fully humidified H2 at 0.5 dm3 min−1

erving as reference/counter electrode.

ng anion produced by membrane decomposition is likely to have
aused the change in the voltammograms. Among various decom-

osition products of membrane such as fluoride, sulfate, and other
ragments of perfluorosulfonic acid [17,30,46], the most suspicious
ne as a cause of voltammogram change is sulfate because its
dsorption strength is known to be high. In addition, remaining
mount of sulfate within the MEA is expected to be relatively large

ig. 9. Cyclic voltammograms of the cathode measured before the open circuit oper-
tion (solid line), after the open circuit operation (dashed line), and after the recovery
peration (dotted line). All curves are measured at 80 ◦C cell temperature, 50 mV s−1

can rate. The cathode was fed with fully humidified N2 at 0.5 dm3 min−1 serving
s working electrode. The anode was fed with fully humidified H2 at 0.5 dm3 min−1

erving as reference/counter electrode.
centrations at 25 C [63,64]. The dashed, dotted, and dash–dot lines represent the
kinetic current density in unmixed electrolytes.

since the release of sulfate ions during the open circuit operation
is much lower than that of fluoride ions (Figs. 3 and 4). Inaba et al.
[30] reported that the sulfate ions accumulate in the MEA during
low humidification operation at low current density (300 mA cm−2)
although fluoride ions can be released in the form of volatile HF
molecules.

The equilibrium potential of HOR/HER (0 V) is low enough for
anions not to adsorb on Pt except for extremely strong adsorbing
one such as I− [47] and Br− [48,49]. Thus, we can expect that the
HOR is not suppressed by the adsorbing anions produced by decom-
position of the membrane like sulfate whose surface concentration
on Pt at this potential region is very low [43,47,50–52]. Although one
report showed sulfate ions diminished HOR [53], intrinsic activ-
ity of Pt for HOR is much higher than that for ORR so that the
impact of adsorbing anion on the fuel cell performance is likely
to be insignificant.

On the other hand, many reports have shown that the pres-
ence of adsorbing anions significantly affect the ORR activity
on polycrystalline Pt [42,54,55], Pt single crystal [43,56–59], and
carbon-supported Pt nano-particle [60–62]. Tsujita et al. [63,64]
investigated influence of a trace of sulfate ion and trifluoromethane
sulfonate ion on ORR activity employing RRDE setup with Pt poly-
crystalline disk electrode (Fig. 10). As shown in Fig. 10, sulfate
addition to non-adsorbing electrolyte (0.1 M HClO4) suppressed
20% of ORR activity even at sulfate concentration as low as 10−8 M.
The significance of the sulfate ion on the ORR activity compared
with other perfluorocarboxylic acids has been confirmed by Kaba-
sawa et al. [65]. Therefore, the kinetic loss increase observed here in
the open circuit operation can be also attributed to the ORR activity
lowering due to the presence of adsorbing anions, probably sulfate,
formed by decomposition of the membrane.

Schmidt et al. [62] have reported that the amount of peroxide
formation is almost the same in 0.5 M HClO4 and 0.5 M H2SO4 at

potentials positive to the hydrogen adsorption region. In contrast,
Tsujita et al. [63,64] reported an increase in H2O2 formation at typ-
ical operating potentials caused by the presence of sulfate ions at
higher concentration than 10−6 M (Fig. 11). It implies that the sul-



S. Sugawara et al. / Journal of Power

Fig. 11. Fraction of H2O2 formation at 0.6 V vs RHE in 0.1 M HClO4 containing H2SO4
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where �OHad is the surface coverage by the hydroxyl species,
and �Aad is the surface coverage by the adsorbing anions. It is
expected that �ad after the open circuit operation is higher than
that of initial value. Fig. 12 shows correlation between platinum
solid circles) or CF3SO3H (open circles) at various concentrations at 25 ◦C [63,64].
he dashed, dotted, and dash–dot lines represent the fraction in unmixed elec-
rolytes.

ate ions produced by decomposition of membrane is capable of
ccelerating decomposition of the membrane.

.3. Recovery of performance

Based on the analyses described above, we presumed that
he kinetic loss increase under the open circuit operation can be
ttributed to the presence of adsorbing anions, such as sulfate ion.
agahara et al. [66] reported on the impact of SO2 on PEMFC perfor-
ance and found that the severe performance loss due to decrease

f available Pt sites by adsorption of sulfur species can be partially
ecovered by excursions to high potentials (>0.9 V) where the sulfur
pecies can be oxidized to sulfate. They also found that the specific
dsorption of sulfate is a cause of residual performance loss and
omplete recovery can be achieved only by flushing out of sulfate
rom the catalyst layer by an application of 100% RH operation at
A cm−2 using pure oxygen for the cathode feed.

The performance loss under the open circuit operation reported
n this paper is also expected to be recovered by the flushing out
f sulfate. However, pure oxygen is typically unavailable in fuel
ell vehicles. The 100% RH operation utilizing air cannot be imple-
ented because liquid water easily obstructs transport of oxygen

nless flow rates are extraordinarily high. Here, we employed a
ater condensation operation as an alternative recovery opera-

ion for flushing out sulfate ions because there are opportunities
or water to be condensed when the temperature of the fuel cell
tack falls after shut-down of the FCV. As described in Section 2,
ases humidified at 80 ◦C were supplied to the cell which is con-
rolled at 50 ◦C in order to condense water in it. N2 was used for the
athode feed instead of air so as to isolate and examine the effect
f only water condensation although it is also unavailable in the
ehicle. This condition was maintained for 2 h.

In Figs. 3 and 4, total fluoride and sulfate emission during the

ecovery operation are shown along with that during open circuit
peration. Very small amounts (<1 �mol) of fluoride emission dur-
ng the recovery operation were detected, indicating almost no

embrane decomposition during the operation. However, large
mounts of sulfate were detected in the effluent water during the
Sources 187 (2009) 324–331 329

recovery operation. Hence, it was confirmed that the open circuit
operation caused membrane decomposition resulting in the for-
mation of sulfate ions which accumulated within MEA during the
open circuit period and was exhausted out of the MEA during the
recovery period.

In Figs. 8 and 9, transition of the cyclic voltammogram during the
condensation operation is shown. The voltammogram of the anode
shows almost complete restoration to its initial shape whereas the
cathode shows only partial recovery. The extent of recovery corre-
sponds to the amount of sulfate exhausted out of the MEA (Fig. 4).

Figs. 5 and 6 show partial restoration of performance by the
recovery operation, which is consistent with the partial recovery of
voltammogram. The ORR current density at 0.9 V (IR-free) increased
to 15 mA cm−2 (geometric), as shown in Fig. 7. In order to attain
full recovery, a more effective method to wash out the sulfate like
the application of 100% RH operation at 1 A cm−2 using oxygen for
the cathode feed is needed [66]. However, as mentioned above,
this method is not practical. Finding new uncomplicated method
is desired.

3.4. Hypothesis for degradation mechanism

The rate of the ORR can be expressed as [58]:

i = nFkcO2 (1 − �ad)x exp

(
−ˇFE

RT

)
exp

(
−�r�ad

RT

)
(5)

where i is the ORR current, n is the number of electrons, k is the
rate constant, cO2 is the concentration of O2, �ad is the total surface
coverage by adsorbed species, x is the site requirement of the adsor-
bates, ˇ and � are the symmetry factors, F is the Faraday’s constant,
E is the potential, R is the gas constant, T is the temperature, and
r is the Temkin parameter. With the existence of adsorbing anions
such as sulfate,

�ad = �OHad + �Aad (6)
Fig. 12. Correlation between platinum oxidation charge density at 0.9 V and ORR
current density at 0.9 V.
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xidation charge density at 0.9 V, which was derived by integration
f oxidation current density from onset to 0.9 V in cyclic voltam-
ograms, and ORR current density at 0.9 V. In this figure, the Pt

xidation charge, which is representative of �OHad, is low after the
pen circuit operation. It indicates enormous effect of the cover-
ge by the anion �Aad on the ORR kinetics after the open circuit
peration.

The mechanism of the performance decay by the open circuit
peration can be postulated as follows:

Electrolyte fragments form as a result of membrane decomposi-
tion.
Specifically adsorbing anions such as sulfate in the electrolyte
fragments accumulate within MEA.
The anions cause loss of available Pt sites for oxygen reduction
resulting in performance loss.
The anions may accelerate formation of H2O2 that leads to further
decomposition of the membrane.
Expulsion of the anions out of MEA by washing out can recover
the performance.

. Conclusions

We investigated the fuel cell performance change under open
ircuit condition under low humidity in order to determine the
ause of performance change. Large losses in ORR kinetic activ-
ty were observed based on diagnostic tests conducted before and
fter open circuit operation. The profile of cyclic voltammograms
btained during diagnosis revealed appearance of peaks at ∼0.2 V
nd shifts of the onset of platinum oxide formation that corre-
pond to adsorption of anions such as sulfate ions. The anions
re postulated to be membrane decomposition products. Ion chro-
atography analyses of the effluent water during the open circuit

peration indicated large amount of fluoride ions but not a cor-
esponding amount of sulfate ions. It was hypothesized that the
ulfate ions are trapped in the MEA and adsorb on the platinum
ites. This coverage of platinum site by anions results in a loss in
RR activity. Flushing out of the trapped anions in the MEA by water
ondensation led to a partial recovery of ORR activity. In order to
ttain complete recovery, a more effective and practical method to
ush out the anions is required.
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