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bstract

The impacts of unprotected start up and shut down on fuel cell performance degradation was investigated using both single cell and dual cell
onfigurations. It was found that the air/fuel boundary developed at the anode side after a fuel cell shut down or during its restart caused extremely

uick degradation of the cathode. The thickness, the electrochemical active surface area, and the performance of the cathode catalyst layer were
ignificantly reduced. By using a dual cell configuration, cathode potential as high as two times of open circuit voltage was measured, and the
orrosion current flowing externally between the two cells was detected and quantified. Carbon catalyst-support corrosion/oxidation at such a high
otential was largely responsible for the accelerated fuel cell performance degradation.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Inadequate reliability is one of the primary factors that
mpede the large-scale commercialization of proton exchange

embrane fuel cells [1,2]. Understanding the root causes for
arious failure modes is crucial to improving the reliability.
lectrochemical reactions occur within the membrane–electrode
ssembly, and thus, the latter is a key component of a fuel cell.
ts durability is affected by both its physical properties and the
uel cell operating conditions.

The state of the art fuel cell electrode is normally composed
f carbon-supported noble metal catalyst such as Pt, an ionic
onductor such as Nafion, and a water-repelling agent such as
TFE [3,4]. The carbon support provides several desired func-

ions. First, it enables the uniform dispersion of Pt nanoparticles.
econd, it retards the sintering or agglomeration of Pt nanopar-

icles. Third, it provides electronic continuity.
Carbon as a support has good chemical and electrochemical
tabilities, and these properties make it popular fuel cell catalyst-
upport. However, carbon will be oxidized/corroded at potentials
ear the open circuit voltage (OCV) of a fuel cell (about 1.0 V),
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nd the oxidation rate increases with the potential. The presence
f Pt could accelerate the carbon corrosion rate [5], and the cor-
osion may be more severe at places where Pt particles reside.
his would weaken the attachment of Pt particles to the carbon
upport, and even eventually lead to the detachment of Pt par-
icles from the carbon support, resulting in quicker Pt particle
gglomeration. In addition, the loss of carbon due to its cor-
osion could decrease the electronic continuity of the catalyst
ayer, and isolated Pt particles would not be able to participate
n the electrochemical reactions.

Under normal fuel cell operations, the highest potential that
he cathode encounters will be the OCV, which is 1.0 V or
lightly lower. For most of the time, the fuel cell will have a load,
nd the cathode voltage is likely to be between 0.4 and 0.7 V.
t such potentials, the carbon corrosion will not be severe, and

t should have limited impact on the durability. However, after
he fuel cell shut down or during its restart, some portions of
he cathode could experience a potential as high as twice of the
CV. Such a high potential would quickly corrode the carbon

atalyst-support [6–9].
Fig. 1 shows what could happen after an unprotected fuel
ell shut down. After the shut down, there will be unreacted air
nd hydrogen at the cathode and anode, respectively, resulting
n an OCV of about 1.0 V. If the anode exhaust port is not closed
fter shut down, air will gradually diffuse into the anode side,
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reating an air/hydrogen boundary, represented by the dotted
ine, and the boundary moves to the other end of the flow channel.
he boundary line creates four distinct regions marked A–D.
oth regions B and C are connected with region A through the
embrane, and thus they will bear a potential of OCV. At the

ame time, since the entire cathode is about 1.0 V higher than the
ntire anode, the potential of region D will be close to the sum
f the potentials at regions B and C, which is about two times of
CV. Please note that all the potentials mentioned here refer to

he potential difference between the electrode and the membrane
lectrolyte; and the potential of the membrane electrolyte section
hared by regions A and B could be largely different from that
hared by regions C and D. At such a high potential, both water
lectrolysis and carbon oxidation could happen in region D at
ignificant rates according to Eqs. (1)–(3):

H2O → O2 + 4H+ + 4e− (1)

+ 2H2O → CO2 + 4H+ + 4e− (2)

+ O2 → CO2 (3)

he surface of Pt particles could also be oxidized according to
qs. (4) and (5):

t + xH2O → PtOx + 2xH+ + 2xe− (4)

t + xO2 → PtO2x (5)

Resulting from the reactions occurring in regions A–D, there
ill be electron flows between regions A and C, and between

egions B and D, as well as proton flows between regions A
nd B, across the dotted line, and between regions C and D, as
hown in Fig. 1 (reactions (3)–(5) and proton movement across
he dotted line are not shown in Fig. 1 for simplicity).

The boundary will disappear after all the hydrogen is con-
umed or displaced, and the anode will be filled with air even-
ually. The high potential region D will then disappear, and
eactions (1)–(5) will stop or proceed with much less severity.

owever, when hydrogen is fed to the anode during the restart of

he fuel cell, a new air/fuel boundary forms, causing cathode in
he region that faces the anode air section to corrode according
o reactions (1)–(5).

ig. 1. A schematic illustration of reactions in four distinct regions when an
ir/fuel boundary is formed at the anode. Region D experiences a potential of
bout twice of the OCV, and thus carbon in that region would be corroded
uickly.
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Colleagues at UTC Fuel Cells have done some excellent work
n this area for the past several years [6–9]. A recent publication
y Reiser et al. modeled this phenomenon using a simplified
athematical approach and obtained the electrolyte potential

rofile. Fuel cell performance degradation and cathode catalyst
ayer thinning were also investigated [9].

This phenomenon was also observed and studied at Plug
ower in the past several years. By using a dual cell con-
guration, we were able to detect and quantify the external
orrosion current between the two cells caused by the forma-
ion of air/hydrogen boundary, and thus it directly validated the
orrosion process.

. Experimental

.1. Fuel cell performance

Single fuel cell tests were performed using a homemade
0 cm2 active area test fixture. The test fixture was composed
f a pair of graphite plates with serpentine flow-fields for the
eactants to flow. There are cooling channels on the back of the
lates for liquid water to flow. Rod-like heaters were inserted
nto the plates to help control the cell temperature.

Reformate and air were used as the reactants at the anode and
athode, respectively. A 2% air bleed was used at the anode side
o enhance the CO tolerance [10]. The reformate was composed
f 10 ppm CO, 49% H2, 17% CO2, and balanced by N2. The cell
emperature was controlled at 65 ◦C, and both reactants were
00% humidified by passing them through humidifiers prior to
llowing them to enter the cell.

.2. Cyclic voltammetry (CV)

An EG&G Potentiostat (Model 263 A) was used to perform
he cyclic voltammetry. When the CV of the cathode (or anode)
as measured, it was taken as a working electrode, and was fed
ith an inert gas such as nitrogen; while the anode (or cathode)
as fed with pure hydrogen and it functioned as the counter and

eference electrode. Both gases were 100% humidified at the cell
emperature. The potential was scanned at 20 mV s−1 between
.05 and 0.50 V.

.3. Scanning electron microscopy (SEM)

A JEOL 6400 instrument was used for SEM analysis in order
o evaluate the cross section thickness of an MEA. The SEM
ample was prepared by first freezing it using liquid nitrogen
efore breaking it at the desired locations.

. Results and discussion

.1. Single cell configuration
Fig. 2 schematically shows the setup of a single cell con-
guration for the investigation of cathode corrosion. Air was
ontinuously fed to the cathode, while reformate and air were
ed to the anode alternatively and repeatedly. When reformate
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cell configuration.
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ode, and the result is plotted in Fig. 5. Clearly, the cathode
Fig. 2. Single

as fed to the anode, valves 1 and 4 were opened, and valves
and 3 were closed. When air was fed to the anode, valves 1

nd 4 were closed, and valves 2 and 3 were opened. The flow
ates of both the reformate and air to the anode were carefully
ontrolled in this process. Please note that the air was kept at
mbient condition (i.e. ambient temperature and humidity) and
he reformate was fully humidified during this corrosion pro-
ess. The fuel cell performance and the physical properties of
he cathode were evaluated periodically after different number
f corrosion cycles, and fully humidified gases were used.

The cell open circuit voltage change during eight cycles of
orrosion process is illustrated in Fig. 3. When the reformate
as switched off and air was fed to the anode side, it triggered
steep decline in OCV and it reached to ca. 0.1 V in several
inutes. When air was switched off and reformate switched

n, the OCV jumped to ca. 1.1 V initially, and it then declined
radually. When OCV declined to about 0.90 V, air was fed to
he anode again. Feeding reformate and air to the anode was
lternated and repeated.

Fig. 4 shows the fuel cell performance at the beginning-
f-life, and after 20, 40, and 80 cycles of corrosion processes.
he flow rates of the reformate and air were controlled
onstant at 1.2 and 2.0 times stoichiometric for a current

−2
ensity of 0.60 A cm , respectively, and 2% air bleed was
sed at the anode. A large performance drop was observed
fter 20 cycles, and the performance drop continued as the
umber of cycles increased, but the decline rate became slower.

ig. 3. Cell OCV change when air and reformate are alternatively fed to the
node.

l
T
a

F

ig. 4. Effect of corrosion cycles on fuel cell performance; 65 ◦C cell tempera-
ure; cathode: air, 100% RH; anode: reformate with 2% air bleed, 100% RH.

bviously, the corrosion process severely reduced the fuel cell
erformance.

Hydrogen adsorption and desorption peak areas were used
o estimate the electrochemical active surface area of the cath-
ost tremendous amount of active surface area in 80 cycles.
he quickest decline occurred within about the first 30 cycles,
nd it approached a stabilization level after about 80 cycles.

ig. 5. Effect of corrosion cycles on cathode electrochemical active surface area.
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Fig. 6. SEM of fresh (a) and tested ME

his decline trend agreed well with the performance degrada-
ion trend shown in Fig. 4.

Scanning electron spectroscopy was used to measure the
hickness of the catalyst layers, and the results are shown in
ig. 6. Compared to the fresh MEA shown in Fig. 6a, the cathode
atalyst layer thickness was reduced to about 1/3 of its original
alue after 80 cycles, while the anode thickness did not show
uch change (Fig. 6b). So, the carbon catalyst-support in the

athode was severely corroded away.

.2. Dual cell configuration

As shown in Fig. 1, there should be electron flows between
egions A and C, and between regions B and D during the cor-
osion process due to the formation of air/fuel boundary at the
node. However, it is not possible to detect the electron flows by
sing the single cell configuration shown in Fig. 2. A configu-
ation that can spatially separate region A from C, and B from

will be needed in order to detect and measure some of the
orrosion current.

Fig. 7 shows a dual cell configuration that meets such a
equirement to some degree. It consists of two single cells that
re connected both physically and electrically. Cells 1 and 2
ere physically connected by conducting cell 1’s anode and

athode exhausts to cell 2’s anode and cathode inlets, respec-

ively. Cells 1 and 2 were electrically connected by linking the
wo cathode current collectors together using a metal wire and
he two anode current collectors together using an multi-channel
P Agilent 34401A digital multimeter, respectively. The digital

b
1
s
fl

Fig. 7. Dual cell co
er 80 cycles (b); magnification 1500×.

ultimeter was connected to a real time data acquisition system
rogrammed by Lab-View, and it allowed continuous measure-
ent of the current between anodes 1 and 2. When air flowed

hrough these compartments that was initially filled with refor-
ate, we refer it as Case 1. When reformate flowed through the

node compartments that was initially filled with air, we refer it
s Case 2. The cell 1 voltage was measured through a data acqui-
ition system and hence continuous data were available; while
ell 2 voltage was measured at discrete times using a voltmeter.
he flow rates and the relative humidity levels of the gases are
etailed in the figure.

In order to estimate the potential of cell 2 cathode, cells 1 and
were initially not connected either physically or electrically.
ir and reformate were fed through cell 1 cathode and anode,

espectively, and were vent out to exhaust lines directly. This
ell showed a voltage of 0.93 V (cathode 1 versus anode 1). At
he same time, both the anode and cathode of cell 2 were filled
ith air, and this cell showed a voltage of 0 V (cathode 2 versus

node 2). Since cell 2 anode was filled with air, its potential
ersus cell 1 anode potential should be around 0.93 V. Once
lectrical connections were made between cells 1 and 2, cell 2
oltage rose to 0.82 V immediately. This essentially meant to
s that cell 2 cathode potential increased to about 1.75 V versus
ell 1 anode. These measured values are shown in Fig. 7.

Fig. 8 shows the cell 1 voltage change and the current flow

etween anodes 1 and 2 in one cycle. When air entered cell
anode that was initially filled with reformate, cell 1 voltage

tarted to go down towards 0.1 V (Case 1 region). A current
ow from cell 1 anode to cell 2 anode was detected (note that

nfiguration.
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only a portion of the total corrosion current occurring at cathodes
1 and 2. As shown in Fig. 10, the total corrosion current is the
sum of the internal current I1 and the external current I2. What we
Fig. 8. Profiles of cell 1 voltage and the current between the anodes o

he electrons flowed from cell 2 anode to cell 1 anode), and a
urrent peak of around 20 mA was observed. Once cell 1 anode
as completely filled with air, the current flow between anodes
and 2 disappeared completely. Air then entered cell 2 anode,

nd no current flow between the two anodes was generated.
Without waiting for air to flow through cell 2 anode com-

letely, Case 2 was started by flowing the reformate to cell 1
node and then cell 2 anode. Cell 1 voltage jumped up beyond
.9 V immediately after the reformate entered cell 1 anode. Since
he reformate flow rate was much higher than the air flow rate
60 ml min−1 versus 3 ml min−1), a very sharp current peak of
bout 88 mA was observed, and the current flow direction was
rom cell 2 anode to cell 1 anode. This current died down quickly
nce cell 1 anode was completely filled with the reformate.
urprisingly, when the reformate entered cell 2, a smaller and
eversed transient current flow from cell 1 anode to cell 2 anode
as observed. We have no good explanation to this reversal

urrent yet. Once the reformate filled cell 2 anode, the current
etween cells 1 and 2 anodes completely disappeared.

The electrochemical active surface area of cell 2 cathode was
easured to be about 35% of the initial value after 50 such cycles

Fig. 9, filled square). Fig. 9 also shows the correlation between
lectrochemical active surface area and cell voltage at a current
ensity of 0.1 A cm−2 of another identical MEA. This MEA was
alvanically corroded using an external power sources at a gal-
anic current density of 2 mA cm−2, and its performance and
he cathode electrochemical active area were measured period-
cally. The performance and the cathode electrochemical active
urface area of cell 2 agreed well with this galvanically corroded
ell.

Integrating the currents with time observed in the dual cell
onfiguration yielded a total charge of about 8.0 C per cycle
switching between reformate and air). Out of this total charge,

pproximately 6.0 C (75%) came from Case 1 where air entered
he anodes that were filled with reformate, and 2.0 C (25%)
ame from Case 2 where reformate entered the anodes that were
lled with air. This amount of charge could corrode 0.25 mg

F
0
r

s 1 and 2 when air and reformate are fed to the anodes alternatively.

f carbon when C is oxidized to CO2 according to Eq. (2)
8.0 × 12–96,500–4 × 1000 mg). If we assume that the cath-
de catalyst layer contained about 0.6 mg cm−2 carbon as the
atalyst-support, two 50 cm−2 cells will have a total carbon load-
ng of 60 mg. Thus, the carbon corroded per cycle by this amount
f charge was about 0.4% of the total carbon in the catalyst layer
=0.25 mg/60 mg).

It is interesting to notice that Case 1 caused more corrosion
o the cathode than Case 2 (6 C versus 2 C corrosion charge).
his was probably because air was fed to the anodes (Case 1) at
much slower rate than reformate (Case 2), so that the air/fuel
oundary lasted much longer in Case 1 than in Case 2. This may
mply that by quickly purging the anode after fuel cell shut down
r during its restart, the cathode would be corroded less—even
n air/fuel boundary forms in these fast purging processes.

The measured current between cells 1 and 2 might account
ig. 9. Cathode electrochemical active surface area vs. fuel cell voltage at
.1 A cm−2 for a galvanically corroded cell (open diamond). The filled square
epresents cell 2 cathode after 50 corrosion cycles in the dual cell configuration.
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Fig. 10. A schematic illustration of internal and ex

ere able to measure was only I2. Since the electrode materials
re very good electron conductors, I1 should not encounter much
esistance to against the flow of electrons; and thus, it could be
ignificant too. By comparing the results from the single cell
nd dual cell experiments, we could make an estimate about
heir relative contributions to the cathode corrosion in the dual
ell configuration.

In the single cell experiments, the cathode catalyst layer thick-
ess was reduced to about 1/3 of its virgin thickness after 80
ycles (Fig. 6). Although we were not sure exactly how much
arbon was corroded away, it would be certain that at least 2/3
f the carbon was corroded away based on the thickness reduc-
ion and the following reasoning. One other component within
he catalyst layer is Nafion, and its content normally ranges
rom 20 to 30% by weight, translating to a volume fraction of
pproximately 20–30%. The high voltage might also cause some
amage to Nafion, but its loss from the catalyst layer should be
inimal. Some Pt might be dissolved due to the high voltage,

ut the volume taken by Pt is much less than either carbon or
afion. So, if carbon takes 70–80% volume fraction within the

atalyst layer, and its corrosion is the primary reason to cause
he catalyst layer thickness to reduce for 2/3, the loss of car-
on must be least 2/3 of its initial amount. This amount of loss
ould correspond to about 0.9% of carbon corroded per cycle

(2/3)–80). Therefore, the internal current I1 was estimated to
e about twice of the external current I2 in the dual cell config-
ration (0.9%–0.4%).

The total corrosion current I1 + I2 should also include the
ontribution from water electrolysis according to Eq. (1). We
sed very low cathode dew point (20 ◦C) in the experiments in
rder to minimize reaction (1) and to maximize reaction (2). The
urrent I1 + I2 could also cause Pt oxidation and even dissolution.
owever, water electrolysis and Pt oxidation were not included

n the above analysis because their contributions were difficult
o quantify.

The above experiments have clearly demonstrated the sever-

ty of cathode catalyst layer corrosion when an air/fuel boundary
s formed at the anode during unprotected fuel cell shut down and
estart. Actions must be taken to prevent such a boundary from
ormation in order to achieve a long fuel cell life. One approach

R

l corrosion currents in the dual cell configuration.

ould be purging both the anode and cathode using an inert gas
fter the fuel cell is shut down or before the fuel cell is restarted.
nother approach could be connecting a suitable resistor to the

uel cell so that the cathode potential would be never higher than
CV during the start up or shut down. A third approach could be
sing high corrosive resistant materials as the catalyst-supports
r completely eliminating the support. However, the high poten-
ial could still severely oxidize Pt or other catalysts, leading to
ither oxide formation or catalyst dissolution.

. Conclusions

It has been demonstrated that the formation of air/hydrogen
oundary at the anode could seriously and quickly corrode the
arbon catalyst-support in the cathode, resulting in dramatic cat-
lyst active surface area loss and the fuel cell performance loss.
he most sever damage was done within the first 30 cycles when
ir and fuel were fed to the anode alternatively. After about 50
uch cycles, the cathode remained about 30% of its initial elec-
rochemical active surface area; and after 80 such cycles, the
athode catalyst layer thickness was reduced to about 1/3 of its
nitial value. By using a dual cell configuration, a portion of the
orrosion current was able to be detected and quantified. This
easured external corrosion current was slightly less than 1/2 of

he total corrosion current. Prevention of such an air/fuel bound-
ry from formation during the shut down and restart of a fuel
ell is crucial in order to achieve long MEA life.
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