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a b s t r a c t

As catalyst support materials, the oxidation of carbon materials is considered one of the major factors for
performance decay during the startup and shutdown process of proton exchange membrane fuel cells,
which must be mitigated to achieve acceptable durability. In this paper, the effect of cathode exhaust
conditions on the degradation behaviors of fuel cells is investigated using two single cells named the
open-ended and closed cells. The cathode inlet pressure during the introduction of the dummy load is
an important factor in analyzing the performance decay of membrane electrode assemblies under dif-
tartup and shutdown cycles
erformance decay
arbon corrosion

ferent conditions. Electrochemical techniques, including the measurement of polarization curves, cyclic
and linear sweep voltammetry, and cross-sectional scanning electron microscopy of tested membrane
electrode assemblies, are employed to evaluate the performance decay of fuel cells. The results show that
a closed cathode exhaust valve during the introduction of the dummy load would significantly alleviate
both the performance decay and the decrease in the electrochemically active surface area, resulting in an
improvement in fuel cell durability. No significant deterioration of the membranes is observed for both

losed
the open-ended and the c

. Introduction

The proton exchange membrane fuel cell (PEMFC) has been con-
idered one of the most promising clean energy sources of the 21st
entury for transportation and stationary applications due to the
igh energy conversion efficiency and power density, fast startup
ime and low/zero emission level [1]. However, some technolog-
cal “bottlenecks” for current PEMFC technology have limited its
urther commercialization. For example, the relatively short life-
ime of PEMFCs induced by the degradation of the materials is still
nsatisfactory for stationary and mobile applications [2,3].

For mobile applications, PEMFCs must be operated under
arious conditions, such as load changing cycles, high power condi-
ions, idling conditions and startup and shutdown cycles. Pei et al.
nvestigated the durability of PEMFCs and evaluated its lifetime
nder these different conditions [4]. The results suggested that per-
ormance decay under frequent startup and shutdown cycles was
ery serious. Consequently, it is essential to investigate the system

trategies to enhance the durability of PEMFCs under startup and
hutdown cycles [5]. In 2005, a new decay mechanism related to
ocal hydrogen starvation, which possibly presented during startup
nd shutdown procedures, was described by United Technologies
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cells during frequent startup and shutdown processes.
© 2011 Elsevier B.V. All rights reserved.

Corporation (UTC) [6]. They pointed out that air was present on both
the anode and the cathode before the startup process of PEMFCs.
When introducing hydrogen to the anode, hydrogen only occu-
pied part of the electrode, resulting in an air/H2 boundary at the
anode and causing carbon corrosion and irreversible deteriora-
tion of the cell performance [7]. Tang et al. [8] investigated the
effect of unprotected startup and shutdown on PEMFC performance
degradation using both single cell and dual cell configurations.
The cathode potential as high as two times the open circuit volt-
age was observed after shutdown or during its restart. Kim et al.
[9] investigated the relationship between carbon corrosion and
positive electrode potential in a fuel cell during start/stop oper-
ations. The positive electrode potential increased to 1.4 V when the
air/hydrogen boundary was formed on the anode.

Recently, many research groups have paid more attention on the
system strategies of startup and shutdown operations to enhance
the durability of PEMFCs. The group of the Fuel Cell Research Center
at the Korea Institute of Science and Technology has been develop-
ing several methods to improve the durability of PEMFCs [10–12].
Kim et al. [10] investigated the effects of applying a dummy load
on the degradation of a single cell. Their results suggested that

applying a dummy load in starting up PEMFCs was an effective way
to mitigate performance degradation. Kim et al. [11] reported the
effects of cathode inlet relative humidity on PEMFC durability dur-
ing startup and shutdown cycling. The performance was better for
PEMFCs cycled at a lower cathode inlet RH than for those cycled at

dx.doi.org/10.1016/j.jpowsour.2011.01.075
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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while current was recorded, and a plot of the current vs. voltage
Fig. 1. Schematic diagram of single cells used in the experiment.

higher cathode inlet RH on the order of 0 > 50 > 100%. Jo et al. [12]
nvestigated the effects of hydrogen and the air supply sequence
uring the startup process on the durability of PEMFCs. These
esults suggest that supplying hydrogen prior to air can effectively
itigate performance degradation by retarding the degradation of

he electrodes rather than the membrane.
However, some of the above methods cannot be realized in

he automotive fuel cell engine. To simulate a real startup and
hutdown process, we investigated two different conditions of the
xhaust valve in the cathode, which could be controlled easily in
he fuel cell engine. To reveal the effect of cathode exhaust condi-
ions on the performance decay, open-ended and closed cells were
eveloped and investigated under specific startup and shutdown
ycles. Different electrochemical and physicochemical techniques
ere applied to characterize the performance decay of single cells.

. Experimental

.1. Single cell test

A single cell with an active area of 25 cm2 was fabricated with
commercially available MEA (Membrane Electrode Assembly),

eflon gaskets and seven serpentine flow fields on both sides of
he MEA. The MEA consisted of the polymer electrolyte membrane
Nafion211) in combination with platinum loadings of 0.4 mg cm−2

er electrode. The gas diffusion layers were made of Toray carbon
aper. The bipolar plates were tightened with gold-coated plates

hat were used for current collection. The schematic diagram of a
ingle cell is shown in Fig. 1. After assembly of the single cells, leak
ests were performed by nitrogen, and the leakage flux was not

ore than 0.1 nlpm.

Fig. 2. The schematic diagra
rces 196 (2011) 5077–5083

The schematic diagram of the testing system is shown in Fig. 2.
The testing system could be programmed precisely to control vari-
ous operational parameters, including the electronic load, gas flux
or excessive coefficient, dew point temperature and cell tempera-
ture. Fuel and air were passed through a bubble humidifier under
ambient pressure before introducing them into the cell for the sup-
ply of fully humidified gases. The cell temperature was held at 65 ◦C.
The stoichiometry of the fuel and air was 1.5 and 2.5, respectively,
during recording the polarization curves.

2.2. Open/closed operation in startup and shutdown cycles

Before the startup and shutdown cycles, all the MEAs were pre-
activated using H2/air (100% RH) with varying current for 8 hours,
and the polarization curves were recorded to characterize the per-
formance of fresh MEAs.

The startup and shutdown repetition (1500 cycles) was carried
out with the following steps. Step 1, the single cells were set to
the open-circuit voltage (OCV) state for 30 s. Fully hydrated hydro-
gen and air with a stoichiometry of 1.5 and 2.5, respectively, were
fed to the anode and cathode. Step 2, the air supply was shut off
with the introduction of a dummy load, which could eliminate the
residual O2 in the cathode gas channel. When the cell voltage was
below 0.05 V, the hydrogen supply was stopped. In this process,
the open-ended cell was kept as the cathode exhaust valve opened,
whereas the closed cell was kept closed. The electrochemical pro-
cesses in the two single cells are shown in Fig. 3. Finally, after 10 s of
shutting off the hydrogen supply, the dummy load was removed.
At the same time, hydrogen and air were fed into the cells. The
change in current density for one cycle, as the time scale, is shown
in Fig. 4.

After every 300 cycles, the performance of the single cells was
characterized by polarization curves, cyclic voltammetry (CV) and
linear sweep voltammetry (LSV). CV was implemented to deter-
mine the electrochemical active surface area (ECSA) of the Pt
catalysts. For the CV method, the working electrode was flushed
with nitrogen, and the other electrode was flushed with hydrogen,
with the polymer membrane as the electrolyte. Using a potentio-
stat, the system potential was swept between two voltage limits
was generated [13]. The applied potential was cycled from 0.05 to
1.2 V with a scan rate of 0.05 Vs−1. Similarly, LSV was applied to
determine the hydrogen crossover of the MEAs, applying potential
in the range from 0.05 to 0.7 V at a scan rate of 2 mVs−1.

m of the test system.
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ed cell and (b) closed cell in the startup–shutdown cycles.
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Fig. 3. The electrochemical process for (a) open-end

. Result and discussion

.1. Startup and shutdown operation

Fig. 5 shows the experimental load profiles and cathode inlet
ressure change in one cycle for two cells: (a) for the open-ended
ell and (b) for the closed cell. In step 2, when the air supply was
hut off with the introduction of a dummy load, the voltage of both
ells dropped to 0.8 V and decreased slowly for 40 s. However, the
oltage dropped rapidly to nearly 0 V within the next 15 s. For the
pen-ended cell, the voltage dropped to approximately 0 V when
he cathode inlet pressure was nearly 5 kPag (Fig. 5a), whereas
he cell voltage dropped to 0 V for the closed cell until the cath-
de inlet pressure was nearly 0 kPag (Fig. 5b). When the cathode
xhaust valve was open, the residual gas in the channel would flow
utside the cell, which could lead to the pressure drop in the cath-
de channel. Under this pressure drop, the reaction gas in the inlet
ipe would spread into the cell, such that the inlet pressure of the
pen-ended cell did not decrease to 0 kPag. Whereas, the gas equi-
ibrium in the closed cell induced the inlet pressure to decrease to
pproximately 0 kPag.

In the cathode of both cells, the oxygen concentration decreased

ith the consumption under the electrochemical reaction after the

ntroduction of the dummy load. When the cathode exhaust valve
as open, air in the exhaust pipe would spread into the cell from

he open end. This could lead to an imbalance of gas distribution
n the plane direction of the flow field, resulting in the bias of oxy-

Fig. 4. Change of current density as a function of time in one cycle.
Fig. 5. Variation of cell voltage and cathode inlet pressure: (a) open-ended cell and
(b) closed cell.

gen pressure in the anode [14]. In this case, the H2/O2 interface
existing in the cell lasts a relatively long period of time. According
to the “reverse-current mechanism” [6], it is not beneficial to the
durability of the carbon support in PEMFCs.
3.2. Polarization curves

Cell performance was evaluated by polarization curves. Fig. 6
shows the polarization curves of fresh MEA and after 300, 600, 900,
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ig. 6. Polarization curves of (a) open-ended cell and (b) closed cell during 1500
tartup–shutdown cycles.

200 and 1500 startup and shutdown cycles for the open-ended cell
a) and the closed cell (b). It can be seen that the performance of
oth cells decreases with the increase in the number of operating
ycles. However, the performance decay for the open-ended cell
as more serious compared to that for the closed cell, especially

fter 1500 startup and shutdown cycles.
The performance degradation in different current density

egions was characterized by the degradation rates of the cell volt-
ge under certain current densities. According to St. Pierre [15,16],
he degradation rate can be calculated by the following formula:

egradation rate (mV/cycle)

= final performance (mV) − original performance (mV)
cycle number

Fig. 7 shows the degradation of the OCV and voltage at 100 and
000 mA cm−2 as a function of the startup and shutdown cycles.
or both single cells, the value of the OCV only slightly decreased,
ndicating that the gas crossover through the MEA did not signifi-
antly increase and that the proton exchange membranes in both

ells did not deteriorate. However, after 1500 cycles, the voltage
f the open-ended cell at 100 mA cm−2 decreased from 0.835 to
.776 V with a degradation rate of 0.0393 mV per cycle. In compar-

son, the voltage of the closed cell decreased from 0.833 to 0.801 V,
nd the degradation rate was 0.0213 mV per cycle, almost two
Fig. 7. Variation of OCV and cell voltage at 100 mA cm−2 and 1000 mA cm−2 as a
function of startup–shutdown cycles.

times lower than that of the open-ended cell. At 1000 mA cm−2,
the voltage of the closed cell decreased from 0.627 to 0.591 V
with a degradation rate of 0.024 mV per cycle, whereas the volt-
age of the open-ended cell decreased from 0.621 to 0.481 V, with
a degradation rate of 0.093 mV per cycle. It is apparent that the
cell performance decreased more seriously at high current density.
The performance decay in the high current density region may be
ascribed to the increased contact resistance at the CCM/GDL inter-
faces induced by carbon oxidation during the startup and shutdown
cycles, resulting in worsening of the hydrosphere transport and
mass diffusion [10–12]. By comparison of the degradation behav-
iors for open-ended and closed cells, it can be concluded that the
performance decay of a closed fuel cell is less serious than that of
an open-ended fuel cell while operating in frequent startup and
shutdown cycles. The results described here are in good agreement
with the Takeuchi’s modeling work [14], in which they found that
the open state of the exhaust valve increased the bias of oxygen
pressure in the anode and the existing time of the H2/O2 interface,
leading to severe performance degradation.

3.3. Electrochemical analyses

Cyclic and linear sweep voltammetry are important methods
in evaluating the degradation of the MEA after frequent startup
and shutdown cycles. The in situ CV technique has proven to be
quite valuable for ascertaining the electrochemical surface area of
the electrodes, as previously described [13,17–19]. Fig. 8 shows
the cyclic voltammograms of open-ended and closed cells during
1500 startup and shutdown cycles. The hydrogen desorption peak
decreased with an increase in the number of startup and shutdown
cycles. It can be clearly seen that the degradation in the cathode
(Fig. 8A and C) was more severe than that in the anode (Fig. 8B and
D) after frequent cycles for both cells.

Nanoscale Pt particles are usually distributed on carbon support
materials to obtain a maximum utilization ratio and to decrease
the cost of fuel cells. However, under prolonged operation at high
temperatures, high water content, high oxygen concentration, low
pH, existence of the Pt catalyst and/or high potential, the carbon
support is prone to degrade both physically and chemically, called

carbon oxidation [20]. Carbon corrosion may occur as a chemical
or an electrochemical process. In addition to local fuel starvations
[21], both startup and shutdown processes can cause a high poten-
tial in the cathode of the fuel cell. Reiser et al. have explained the
decay phenomenon with one-dimensional electrochemical poten-
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ig. 8. Cyclic voltammograms during 1500 startup–shutdown cycles: (A) cathode o
losed cell.

ial profile mode, using simplified mathematical approaches [6].
uring the shutdown process of the PEMFC, the cathode interfacial
otential difference was raised to 1.44 V. At such high potential,
he carbon in the catalyst layer can be corroded within a few
ours, damaging the cathode electrode, even for low-temperature
olymer electrolyte fuel cells, according to the following reaction
21–23]:

+ 2H2O → CO2 + 4H+ + 4e−, E00 = 0.207 V (1)

+ H2O → CO + 2H+ + 2e−, E00 = 0.518 V (2)

Carbon oxidation weakens the attachment of Pt particles to
he carbon surface and eventually leads to structural collapse and
etachment from the carbon support, leading to the agglomerate
nd/or the dissolving of Pt particles into the electrolyte without
edeposition. Nanoparticles have the inherent tendency to agglom-
rate into bigger particles to reduce the high surface energy [21,24].
oreover, Pt may be transported through the electrolyte and/or

hrough the ionomer [25]. Therefore, the carbon oxidation, which
as caused by the high potential, is the main reason for the catalyst

egradation occurring in the cathode of the fuel cell.

However, for the catalyst layer in the anode, the interfacial
otential difference was kept at the open-circuit voltage during
he startup and shutdown process. At this potential, the oxidation
f carbon in the anode was much slower than that in the cathode,
Fig. 9. Cathode ECSA for open-ended cell (circles) and closed cell (squares) during
1500 startup–shutdown cycles.
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ccording to the kinetics of the electrochemical reaction. There-
ore, the degradation rate of the catalyst layer in the anode is less
ronounced than in the cathode, as shown in the cyclic voltammo-
rams.

As shown in Fig. 8(A–D), the decay of the catalyst layer in the
pen-ended cell was more serious than that in the closed cell, espe-
ially at the cathode. The electrochemical surface area (ECSA) was
pplied to evaluate the degradation of the MEA, which can be cal-
ulated by the following equation:

CSA = QH

[Pt] × 0.21
here [Pt] represents the amount of Pt catalyst per unit area of the
lectrode (mg cm−2), QH is the charge area of the hydrogen desorp-
ion (mC cm−2), and 0.21 mC cm−2 denotes the charge required to
xidize the hydrogen monolayer on bright Pt [10,26]. The data of the
athode ECSA for the open-ended cell and the closed cell are shown

able 1
omparison of ECSA loss ratio between open-ended cell and closed cell.

ECSA Single cell

Open-ended cell Closed cell

0 cycle-ECSA (m2 g−1) 84.3 78.6
1500 cycles-ECSA (m2 g−1) 41.2 57.8
Loss ratio of ECSA 51.13% 26.46%

ig. 10. Linear sweep voltammograms of MEAs in (a) open-ended cell and (b) closed
ell during 1500 startup–shutdown cycles.
Fig. 11. Cross-sectional SEM images: (A) fresh MEA without startup–shutdown
cycles; (B) MEA in open-ended cell after 1500 cycles; (C) MEA in closed cell after
1500 cycles.

in Fig. 9. After 1500 cycles, the ECSA of the closed cell decreased
from 78.6 to 57.8 m2 g−1. In contrast, the ECSA of the open-ended
cell decreased more significantly from 84.3 to 41.2 m2 g−1. The loss

ratio of the ECSA for the open-ended cell was approximately twice
that for the closed cell, as can be seen from Table 1.

Crossover of hydrogen through the membrane is considered to
be one of the most important phenomena in PEMFCs, which leads to
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ecreased efficiency of the fuels [27]. The hydrogen crossover cur-
ent and hydrogen permeability of the proton exchange membrane
ere measured by linear sweep voltammetry [28,29]. LSV curves of

he fresh membrane and after every 300 cycles are shown in Fig. 10.
he hydrogen crossover current density at 0.6 V was selected to
valuate the degree of gas permeability. By dividing the current
y active area, the hydrogen current density of all the MEAs was
onstant before and after frequent startup and shutdown cycles,
early 1 mA cm−2. The result indicates that membranes in both
he closed cell and the open-ended cell did not deteriorate signifi-
antly, which could also be confirmed from the variation in the OCV.
hus, the performance degradation in the single cells was mainly
aused by the decay of the catalyst layer and was independent of
he proton-exchange membrane.

.4. Cross-sectional SEM of MEAs

At the end of the test of the two single cells, the MEAs were ana-
yzed by cross-sectional scanning electron microscopy (SEM). As
hown in Fig. 11, the SEM images of the MEAs before and after 1500
tartup and shutdown cycles in both the open-ended cell and the
losed cell were compared by the thickness of the electrolyte lay-
rs. The boundary among the membrane, catalyst and gas diffusion
ayer was significantly delaminated.

In Fig. 11A, the thickness of the catalyst layers in the anode and
athode of fresh MEAs was 9.81 and 9.60 �m, respectively. After
500 cycles in the closed cell, the thickness of the catalyst layers
ad a slight change at the anode. At the cathode of the closed cell,
he thickness decreased to 7.01 �m, as can be seen in Fig. 11C. How-
ver, Fig. 11B shows that the thickness of the catalyst layer at both
he anode and the cathode in the open-ended cell was 7.02 and
.47 �m, respectively. The degradation of the catalyst layer in the
pen-ended cell was more severe than that in the closed cell. Thus,
losing the exhaust valve of the PEMFC while operating in frequent
tartup and shutdown cycles was an effective way to alleviate the
egradation of the catalyst layer.

. Conclusions

Two different conditions of cathode exhaust (open or closed) in
requent startup and shutdown cycles were investigated in open-
nded and closed cells, respectively. The degradation behaviors
f two single cells were analyzed and compared by various elec-
rochemical and physicochemical techniques. Combined with the
esults of polarization curves, CV, LSV and cross-sectional SEM, the
ollowing conclusions can be drawn:

When the PEMFC was operated with frequent startup and
hutdown cycles, a closed cell would significantly reduce the per-
ormance decay and the decrease in the electrochemically active
urface area. In an open-ended cell, cell performance decreased sig-
ificantly, especially at high current density. Therefore, a closed cell

s much more durable than an open-ended cell during startup and
hutdown processes.
The stability of the catalyst in frequent startup and shutdown
ycles is important for the durability of PEMFCs. The performance
ecay is mainly due to the loss of active area in the catalyst. The cat-
lyst in the cathode was more prone to oxidation than in the anode.
he loss ratio of the ECSA for the open-ended cell was approxi-

[
[

[

ces 196 (2011) 5077–5083 5083

mately twice that for the closed cell, which also could be found
from the variation in the thickness of the catalyst layers in the
cathode.

However, the membrane deteriorated neither in the open-
ended cell nor in the closed cell, which was confirmed from the
variation in the hydrogen crossover current and open-circuit volt-
age.
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