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a  b  s  t  r  a  c  t

A  PEMFC  stack  inevitably  experiences  reverse  current  conditions  during  startup  and  shutdown  processes.
Residual  oxygen  partial  pressure  in  the  stack  affects  the  local  potential  in  the  cathode  facing  oxygen
in  the  anode  and  plays  a  critical  role  in  cathode  degradation.  In  this  study,  effects  of  residual  oxygen
partial  pressure  on  PEMFC  degradation  were  studied  under  reverse  current  conditions.  Increasing  the
residual  oxygen  partial  pressure  under  repetitive  reverse  current  conditions  accelerates  performance
decay  and  facilitates  cathode  degradation.  Cathode  degradation  is  revealed  by an  increase  in  charge-
eywords:
olymer electrolyte membrane fuel cell
egradation
urability

transfer  resistance  and  a  decrease  in  electrochemical  active  surface  area,  which  can  be  attributed  to
corrosion  of  the  carbon  support  and  dissolution/migration  and  agglomeration  of  the  platinum  catalyst.

© 2011 Elsevier B.V. All rights reserved.
everse current condition
xygen partial pressure

. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are attrac-
ive alternative power sources for next-generation vehicles due to
heir safe emission, high conversion efficiency, and high energy
ensity [1–3]. One of the critical issues in commercializing fuel
ell vehicles is the durability and cost of the PEMFC stack [4].
o reach the United States Department of Energy’s durability tar-
et for commercialization (a 5000 h lifetime), many efforts have
een devoted to the development of durable materials for PEMFC
tacks [5],  including catalysts [6],  supports [7–9], membranes,
nd bipolar plates, and to the development of durable operat-
ng techniques [10–12].  Although it is very difficult to clearly
efine the lifetime of an automotive PEMFC stack, it is gener-
lly accepted that current technology cannot reach the target
ifespan of 5000 h under dynamic operating conditions including
tartup–shutdown, freeze–thaw, and humid-dry cycles [5].  Partic-
larly, startup–shutdown cycles that induce the so-called reverse
urrent condition are known to result in membrane-electrode
ssembly (MEA) degradation by causing carbon corrosion [7–9] and

latinum dissolution/oxidation/agglomeration [10–12].

Fig. 1(a) schematically illustrates a representative formation
f the reverse current condition in a PEMFC stack [10]. During

∗ Corresponding author. Tel.: +82 2958 5279; fax: +82 2958 5199.
E-mail address: eacho@kist.re.kr (E. Cho).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.085
operation, anode and cathode gas channels are filled with hydrogen
and air, respectively (Stage 1). To shutdown the stack, the electri-
cal load (power output) is turned off, the air supply is stopped,
and a dummy  load is connected between the anode and cathode
to remove oxygen from the cathode gas channel (Stage 2). When
the oxygen in the cathode gas channel is completely consumed,
the hydrogen supply is stopped. After that, the stack is left alone
while the vehicle is parked. Then, ambient air diffuses into the stack
through the air exhaust vent and crosses over through the mem-
brane to the anode gas channel (Stage 3). Oxygen from ambient air
reacts with residual hydrogen, and eventually the anode and cath-
ode gas channels are filled up with N2 + xO2 gas (Stage 4, x = 0–21%).
As storage time goes on, oxygen partial pressure in the gas channels
increases up to 21% (air). To start up the stack, the dummy  load is
disconnected, and hydrogen and air are fed into the anode and cath-
ode gas channels, respectively. The reverse current condition occurs
when a hydrogen/oxygen boundary forms in the anode gas channel
while oxygen is present in the cathode gas channel (Stage 5). Under
these conditions, as shown in Fig. 1(b), a potential that is up to twice
as high as the open circuit voltage (OCV) is locally present in the
cathode (D) facing oxygen in the anode gas channel (B) [5–9]. Under
reverse current conditions, cathode degradation occurs mainly due
to the oxidation of carbon and platinum, as follows [8]:
C + 2H2O → CO2 + 4H+ + 4e− (1a)

C + O2 → CO2 (1b)

dx.doi.org/10.1016/j.jpowsour.2011.09.085
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:eacho@kist.re.kr
dx.doi.org/10.1016/j.jpowsour.2011.09.085
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Fig. 2 shows a schematic voltage profile for the startup–
shutdown cycle employed in this study [10–12,14–17]. As an oper-
ating step, hydrogen and air were supplied to the anode and the
ig. 1. (a) A schematic showing formation of reverse current conditions during shu
tage  5 [5,6].

t + xH2O → PtOx + 2xH+ + 2xe− (2a)

t + xO2 → PtO2x (2b)

n the previous studies [11,12],  we found that under the repeti-
ive reverse current condition, cathode degraded more severely
t higher cell temperature (40–80 ◦C) upon more humid reactant
ases (RH 0–100%) due to faster oxidation reaction rate of car-
on and platinum described in Eqs. (1) and (2). From Eqs. (1b) and
2b), oxygen concentration as well as water content in cathode was
xpected to affect the cathode degradation rate.

As a new approach to mitigate cathode degradation caused by
everse current conditions, we focused on the residual oxygen par-
ial pressure in the gas channels upon startup. The potential present
n region D in Fig. 1(b) increases with the residual oxygen partial
ressure in regions B and D according to the well-known Nernst
quation [13]. Thus, higher residual oxygen partial pressure results
n faster electrochemical and chemical oxidation of carbon and plat-
num as given in Eqs. (1) and (2). Therefore, it is expected that
uppressing diffusion of ambient air into the stack and keeping the
esidual oxygen partial pressure low will reduce cathode degrada-
ion. In this study, we investigated the effects of residual oxygen
artial pressure in the gas channels on degradation of PEMFCs
nder reverse current conditions.

. Experimental methods

.1. Single cell preparation and operation
Single cells were prepared with a commercial membrane elec-
rode assembly (MEA) with an active area of 25 cm2, SGL GDLs, and
raphite bipolar plates (BPs) with serpentine flow fields. Assembled
ingle cells were operated at 65 ◦C using hydrogen and air with RH
n–startup process and (b) the mechanism of reverse-current reactions, induced in

of 100%, followed by activation at 0.4 V for 24 h. The stoichiom-
etry ratios (SRs) of fuel (H2) and oxidant (air) were 1.5 and 2.0,
respectively.

2.2. Startup–shutdown cycling test
Fig. 2. Experimental load profile for the startup–shutdown cycle employed in this
study.
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ig. 3. Effects of oxygen concentration in the purging gas (N2 + xO2) on i–V curves fo
e)  OCV and (f) cell voltage at 400 mA  cm−2 as a function of the number of cycles.

athode, respectively, for 17 s (Stage 1 in Fig. 1(a)). Upon shut-
own, the air supply was stopped and a dummy  load was connected
etween the anode and the cathode to remove oxygen from the
athode (Stage 2 in Fig. 1(a)). In 10 s, hydrogen supply was  stopped
nd kept for another 10 s. Because the complete consumption of
ydrogen in the anode by reaction with oxygen from natural diffu-
ion is slow, and because it is difficult to monitor and control the
esidual oxygen partial pressure, the anode and cathode gas chan-
els were purged with a mixture of N2 + xO2 (x = 0, 1, 10, 21%) gas

or 20 s to simulate stage 4 in Fig. 1(a). Then, to startup the single
ell, hydrogen was supplied to the anode while the dummy  load
as disconnected, and in 3 s, air was fed to the cathode (Stage 5 in

ig. 1(a)).
During the startup–shutdown cycles, cell temperature was

5 ◦C, and the RH of all the gases was 100%. The flow rates of hydro-
en and N2 + xO2 mixture gas were determined so that the SR of
ydrogen and oxygen were 1.5 or 2.0 at a given current density of
00 mA  cm−2.
.3. Electrochemical characterizations of the single cells

To characterize the electrochemical properties of the single
ells, current density–voltage (i–V), electrochemical impedance
ingle cells during 1200 startup–shutdown cycles: x = (a) 0, (b) 1, (c) 10, and (d) 21%.

spectroscopy (EIS), cyclic voltammetry (CV), and linear sweep
voltammetry (LSV) were performed. EIS was measured from
50 mHz  and 10 kHz. The amplitude of the sinusoidal current signal
was  5 mV  at an applied potential of 0.85 V. The anode served as both
reference and counter electrode, and the cathode was  employed
as the working electrode. We  assumed that reactions at the anode
were negligible [18]. CV was measured from 50 mV  to 1.2 V at a scan
rate of 50 mV  s−1. LSV was  measured in the voltage range from 0
to 0.6 V at a scan rate of 2 mV  s−1. When CV and LSV were mea-
sured, humidified N2 gas was  fed to the cathode. CV and LSV were
used to measure the electrochemically active surface area (EAS) of
the cathode and the hydrogen gas crossover rate (from anode to
cathode) through the membrane, respectively.

2.4. Post-mortem analyses of MEA

Cross-sectional images of MEAs were measured by scanning
electron microscopy (SEM). The surface compositions of the MEAs
were analyzed by wavelength dispersive spectroscopy (WDS).

Distribution of Pt species on cross-sectional MEA was observed
using electron probe X-ray microanalysis (EPMA). The parti-
cle size of Pt catalyst was obtained from transmission electron
microscopy (TEM). To analyze the chemical bond structure of the
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ig. 4. Effects of oxygen concentration in the purging gas (N2 + xO2) on Nyquist plo
1%.  (e) Roh and (f) Rct as a function of the number of cycles.

embranes, Fourier transform infrared spectroscopy (FT-IR) was
mployed.

. Results and discussion

.1. Degradation of cell performance

Fig. 3(a)–(d) shows current density–voltage (i–V) curves for the
ingle cells measured before and after 200, 600, 800, and 1200
ycles employing a mixture of N2 + xO2 gas (x = 0, 1, 10, and 21%),
s described in Fig. 2. With 0 or 1% O2 gas, performance decay was
arely observed during 1200 cycles, while with 10 or 21% O2 gas,
ell performance decreased dramatically with repeated cycling.
rom the data in Fig. 3(a)–(d), the open circuit voltage (OCV) and the
oltage at a current density of 400 mA  cm−2 for a single cell were
lotted as a function of cycle number in Fig. 3(e) and (f), respec-
ively. Fig. 3(e) shows that the OCV value changed slightly, from 0.96
o 0.99 V over 1200 cycles, reflecting that gas crossover through
he membrane was not strongly affected by the startup–shutdown
ycles for all of the gas mixtures [11]. On the other hand, the cell

oltage at a current density of 400 mA  cm−2 decreased with the
ycle number, as presented in Fig. 3(f). For the cycles with 0 or 1%
2 gas, cell voltage decreased very slowly during 1200 cycles, from
.75 to 0.73 V, and from 0.75 to 0.71 V, respectively. In contrast,
he single cells during 1200 startup–shutdown cycles: x = (a) 0, (b) 1, (c) 10, and (d)

for the cells with 10 or 21% O2 gas, cell voltage decreased drasti-
cally from 0.74 to 0.48 V and 0.38 V, respectively. Voltage decay
rate was calculated to be 17, 33, 210, and 300 �V/cycle for the
cycles with 0, 1, 10, and 21% O2 + N2 gas. These results show that
with repetitive formation of reverse current conditions, cell perfor-
mance decayed faster with higher residual oxygen partial pressure
in the gas channel. With increasing oxygen partial pressure, the
equilibrium potential of hydrogen oxidation–oxygen reduction cell
increases as follows:

E = −�G(T)
2F

+ RT

2F
ln

pH2 · p0.5
O2

pH2O
(3)

In Eq. (3),  E is the reversible cell voltage (V), �G(T) is the Gibbs
free energy change during a fuel cell reaction (J mol−1), F is
Faraday’s constant (96,485 C mol−1), R is the ideal gas constant
(8.314 J mol−1 K−1), and T is the temperature (K). Eq. (2) becomes
the well-known Nernst equation [13] when the activities of the
reactant and product are replaced by the partial gas pressure (p).

Thus, the potential present in region D in Fig. 1(b), which is
twice the OCV, increases with oxygen partial pressure, resulting

in faster electrochemical oxidation of carbon and platinum as
described in Eqs. (1a) and (2a). In addition, the chemical oxidation
of carbon and platinum, described in Eqs. (1b) and (2b), will
also occur faster with higher oxygen partial pressure. Therefore,
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ig. 5. Effects of oxygen concentration in the purging gas (N2 + xO2) on cyclic volta
nd  (d) 21%. (e) EAS as a function of the number of cycles.

athode degradation that is attributed to the oxidation of carbon
nd platinum will be accelerated with higher residual oxygen
artial pressure under reverse current conditions.

.2. Electrochemical analyses

To examine the effects of residual oxygen partial pressure on
he electrochemical properties of the single cells experiencing
epetitive reverse current conditions, electrochemical impedance
pectroscopy (EIS), cyclic voltammetry (CV), and linear sweep
oltammetry (LSV) were performed before and after 200, 600, 800,
200 cycles employing N2 + xO2 mixture gas (x = 0, 1, 10, and 21%)
s described in Fig. 2.

Fig. 4(a)–(d) present Nyquist plots for the single cells obtained
rom EIS. A standard semicircle was obtained for all experimental
ases. The high-frequency intersection of the x-axis frequency and
he diameter of the semicircle correspond to the ohmic resistance
Rohm) and charge-transfer resistance (Rct), respectively. From the
ata in Fig. 4(a)–(d), Rohm and Rct were plotted versus cycle number

n Fig. 4(e). During 1200 cycles, Rohm remained almost at a con-

tant value of 0.06 � cm2 for cells cycled with N2 + 0 or 1% O2 gas.
n contrast, Rohm increased from 0.06 to 0.21 and 0.22 � cm2 for
ells cycled with N2 + 10 or 20% O2 gas, respectively. This increase
s associated with a decrease in the ionic conductivity of the
grams for single cells during 1200 startup–shutdown cycles: x = (a) 0, (b) 1, (c) 10,

membrane or in the electronic conductivity of the electrodes. As
will be discussed below, the increase in Rohm is more likely caused
by a decrease in the electronic conductivity of the cathode result-
ing from corrosion of the carbon support than by a decrease in ionic
conductivity of the membrane. During 1200 cycles with N2 + 0, 1,
10 and 21% O2 gas, Rct of the single cells increased from 0.76 to 1.2,
2.5, 10.6 and 17.0 � cm2, respectively, in a good agreement with
the performance decay shown in Fig. 3.

To evaluate electrochemical active surface area (EAS), CV was
performed, and the results are presented in Fig. 5(a)–(d). From the
hydrogen desorption peak observed at about 100 mV,  EAS was cal-
culated under the assumption that the normalized charge density
for a monolayer of adsorbed hydrogen on polycrystalline platinum
is 210 �C cm−2 [19]; the calculations of EAS are summarized in
Fig. 5(e). Pt loading for the cathode was  0.4 mg cm−2. With repeated
cycling, EAS decreased for all the cells, from 60–62 to 44, 31, 11 and
8.9 m2 g−1 for O2 concentrations of 0, 1, 10 and 21%. The decrease
in EAS may  be caused by loss and/or agglomeration of Pt catalyst in
the cathode.

Hydrogen crossover current density obtained from LSV (not

shown here) remained almost constant at 1.6 mA  cm−2 during the
1200 cycles irrespective of oxygen partial pressure, implying that
physical degradation of the membrane such as thinning and pinhole
formation was negligible.
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ig. 6. Cross-sectional SEM images for the MEAs (a) before and after 1200 startup–s
.3. Post-mortem analyses of MEA

To investigate the physical and chemical degradation of the
EAs after the startup–shutdown cycles employing N2 + xO2
wn cycles employing (b) 0, (c) 1, (d) 10, and (e) 21% O2 in the purging gas (N2 + xO2).
mixture gas (x = 0, 1, 10, and 21%), after 1200 cycles, the cycled
MEAs were analyzed by SEM, WDS, EPMA, TEM, and FTIR and com-
pared with a fresh MEA. Fig. 6 exhibits cross-sectional SEM images
for the MEAs. The anode and membrane thickness remained 11



48 K. Eom et al. / Journal of Power Sources 198 (2012) 42– 50
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Fig. 8. Chemical composition of the cathode before and after the 1200
startup–shutdown cycles using the purging gas (N2 + xO2).

Table 1
Average sizes of Pt particles measured by image analysis of the bright-filed TEM
images (Fig. 9) before and after cycles employing various oxygen partial pressures
((a) 0%, (b) 1%, (c) 10%, and (d) 21% O2) in purging gases.

Samples Anode (nm) Cathode (nm)

Before cycling 2.46 2.34
N2 (0% O2) 2.77 3.47
1%  O2 2.81 3.32

of Pt catalyst particles, TEM images were obtained. Fig. 9 shows
clearly the growth of Pt particles, particularly for the cathode cycled
with higher oxygen concentration gas. The calculated Pt particle

Table 2
Selected infrared absorption bands of H-Nafion [23].

Band location (cm−1) Assignment

∼960 strong C–O–C stretching, symmetric
EAs (a) before and after 1200 startup–shutdown cycles employing (b) 0, (c) 1, (d)
0,  and (e) 21% O2 in the purging gas (N2 + xO2).

nd 20 �m,  respectively, before and after cycling, irrespective of
esidual oxygen partial pressure. In contrast, cathode thickness
ecreased remarkably with higher oxygen concentration, from 11
o 11, 10, 7 and 3 �m with 0, 1, 10, and 21% O2 gas. This decrease
hows that increasing residual oxygen partial pressure facilitated

arbon corrosion in the cathode.

Increasing the cathode potential and oxygen concentration in
he cathode gas channel should increase Pt catalyst oxidation as
ell as carbon corrosion. As shown in Fig. 6, a Pt band was observed
10%  O2 3.04 4.96
Air  (21% O2) 3.14 5.25

in the membrane. To confirm the migration of Pt into the mem-
brane, EPMA mapping images for Pt were obtained as shown in
Fig. 7. Even though it is difficult to estimate the amount of Pt in the
membrane quantitatively, Fig. 6 suggests that more Pt migrated
into the membrane with increasing residual oxygen partial pres-
sure. Previous studies reported that a Pt band line in the membrane
may  be formed by dissolved Pt species diffusing from the cathode
and precipitating in the membrane by reduction with crossover
hydrogen from the anode [20–22].

As discussed above, carbon corrosion and Pt oxidation and
migration occurred simultaneously in the cathode under reverse
current conditions. To estimate the relative loss of carbon and Pt,
the chemical composition of the cathode was measured, and the
weight percent of carbon and Pt were plotted, as shown in Fig. 8.
For a fresh MEA, the weight percent ratio of carbon to Pt was 55:41
(the remaining 4% was fluorine). After 1200 cycles, carbon to Pt
was  51:44, 47:46, 38:54, and 21:72 for the single cells operated
with 0, 1, 10, and 21% O2 + N2 mixture gas. In other words, higher
residual oxygen partial pressure caused a faster loss of carbon
from the cathode compared to Pt.

To investigate the effects of oxygen concentration on any growth
∼980  strong C–F stretching (–CF2–CF(CF3)-group)
∼1060 strong S–O stretching, symmetric
∼1100 very strong, very broad CF2 stretching, symmetric
∼1200 very strong, very broad CF2 stretching, asymmetric
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ig. 9. TEM images for the anode (left) and cathode (right) catalyst (a) before and 

urging gas (N2 + xO2).

ize is summarized in Table 1. For the anode, the Pt particle size
ncreased slightly from 2.46 to 2.77, 2.81, 3.04 and 3.14 nm for 0,
, 10, and 21% O2 + N2 mixture gas. For the cathode, the Pt parti-
le size increased from 2.34 to 3.47, 3.32, 4.96 and 5.25 nm.  These
esults reflect that increasing the residual oxygen partial pressure

ncreases the potential at the cathode and facilitates carbon corro-
ion and Pt dissolution/agglomeration. These reactions result in an
ncrease in Rct and a decrease in EAS, which, in turn, lead to a decay
n cell performance.
200 startup–shutdown cycles employing (b) 0, (c) 1, (d) 10, and (e) 21% O2 in the

To  examine the degradation of the membrane, the chemi-
cal structure of the membranes was  analyzed by FT-IR before
and after cycling, as shown in Fig. 10.  Table 2 summarizes the
well-assigned vibrational bands, based on previously published
data [23]: C–F stretching (–CF2–CF(CF3)-group) at 980 cm−1, S–O

symmetric stretching at 1060 cm−1, CF2 symmetric stretching at
1100 cm−1, and CF2 asymmetric stretching at 1200 cm−1. None of
the bands exhibited any shifts, indicating that changes in chemi-
cal structures of the membranes were not detectable, irrespective
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ig. 10. FT-IR spectra TEM images for the membrane before and after 1200
tartup–shutdown cycles employing 0, 1, 10, and 21% O2 in the purging gas
N2 + xO2).

f oxygen concentration. Negligible changes in the OCV, hydrogen
rossover current density, and chemical structure all support the
dea that decay in cell performance is caused by degradation of the
athode rather than the membrane and that the increase in Roh
s associated with destruction of the electronic network structure
f the cathode. This destruction is probably caused by carbon cor-
osion and/or a decrease in ionic conductivity of the membrane
s a result of penetration and precipitation of Pt particles on the
embrane.

. Conclusions

The effects of residual oxygen partial pressure in a PEMFC stack
n the degradation of MEA  under reverse current conditions were
xamined. Increasing the residual oxygen partial pressure from 0 to
1% facilitated the degradation of the cathode and accelerated per-
ormance decay. Cathode degradation was revealed by an increase
n charge-transfer resistance and a decrease in electrochemical
ctive surface area and could be attributed to corrosion of carbon
upport and/or dissolution/migration and agglomeration of plat-

num catalyst. As a new approach to mitigate cathode degradation,
uppressing diffusion of ambient air and keeping the residual oxy-
en partial pressure low were effective at reducing the corrosion
f carbon and oxidation/agglomeration of platinum. Therefore, to

[

[

ources 198 (2012) 42– 50

prevent performance decay during reverse current conditions, oxy-
gen partial pressure in the gas channel of the stack should be kept
as low as possible, i.e. by applying a gas-tight air vent to the stack.
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