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In order to increase the reliability of fuel cells, an online diagnostic method for detection of operation malfunctions, as well as the
early detection of failures in the fuel cells, is necessary. For this purpose, locally resolved current density measurements are an
important tool, but the interpretation of the data related to the detection of malfunctions or failures is not straightforward. Here,
segmented cell technology is applied to investigate the current density distributions in the anode and cathode electrodes to
ascertain their equivalence due to the strong perpendicular coupling of currents. Current density distributions are further used to
determine the signature of pinhole formation in the membrane. Different behavior is observed for membrane leakage under open
circuit and under applied load conditions. Whereas the cell at open circuit is characterized by a positive current in the vicinity of
the pinhole and small negative currents in the remaining area, an applied load leads to large negative currents at the pinhole. The
characteristic behavior can be explained by high crossover rates of hydrogen from the anode to the cathode. The nongeneric
signature is used to detect the deterioration of a membrane electrode assembly after a test stand malfunction. A sudden pressure
drop associated with vaporation of water and the fast cooling of the cell is assumed to trigger the failure of the membrane. After
48 h, fissures in several positions of the membrane near the edges of the cell holder are observed. Through the evolution of
leakages in the fuel cell, a malfunction can be detected at an early stage and thereby catastrophic failure of the whole stack may
be avoided or anticipated.
© 2010 The Electrochemical Society. �DOI: 10.1149/1.3504255� All rights reserved.
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The durability of membranes has been improved dramatically
during the last decade by chemical stabilization routines. These pro-
cedures consist of eliminating the carboxylic acid groups which are
responsible for an autocatalytic radical attack. Radical formation has
been reported to lead to thinning of membranes and eventually to
pinhole formation. The degradation of membranes has been exten-
sively studied.1-17 Even for chemical stabilized membranes the ap-
pearance of leakages is still an important issue as the mechanical
strain during dry–wet cycling and the associated dimensional
changes may lead to fissures and holes in membranes.

Weber has theoretically investigated membrane thinning and the
formation of pinholes by sophisticated modeling.18 In this study, the
changes in the performance and homogeneity of the currents are
investigated as permeation of the various gases through the mem-
brane increases. In a first case, operation at 120°C is simulated with
a membrane of 25 �m thickness with a fixed conductivity of
0.1 S/cm. Increasing gas-permeation rates lead to lowering perfor-
mance especially in the low current density regime of the U�i� curve
�a maximum limit for the hydrogen permeation coefficient of 1
� 10−10 mol/�bar cm s� without affecting performance is deter-
mined�. At higher values the cell performance and current efficiency
decrease greatly, leading to current reversal �negative currents� due
to mixed potential at the anode and cathode. The negative currents
can reach very high values, being locally much larger than the cell
current density. The second case studied by Weber is the presence of
a single pinhole or multiple pinholes in the membrane. The model
also predicts negative current densities as well as temperature spikes
if the pinhole area is larger than 0.1% of the active area. Multiple
pinholes have a stronger detrimental effect depending on their spe-
cific locations. The work clearly demonstrates the influence of gas
crossover �mainly hydrogen�, which impacts performance and water
as well as thermal management.

In order to achieve a better understanding of the electrochemical
processes in polymer electrolyte membrane fuel cells �PEMFC� and
to investigate effects of operating conditions on the local perfor-
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mance and even the error detection of the fuel cell, a variety of
locally resolved current density distribution mapping techniques
have been developed.19-25

Achieving a homogeneous current density profile under a variety
of operating conditions is still a major task in the development of
fuel cells, which requires locally resolved in situ information. Het-
erogeneity in the current distribution can be a result of changes in
the reactant concentration as well as of other influences, such as
nonuniform contact pressure, temperature distribution, and water ac-
cumulation in some areas of the flow field. Efforts had been made to
measure the current density distributions by application of the
printed circuit board �PCB� technique to improve the accuracy of the
experiment.26,27 At DLR, PCBs with segments and internal measure-
ment resistances had been developed and used to study locally re-
solved current densities in various types of fuel cells or stacks. It is
clear that PCB technology exhibits not only space advantages en-
abling the integration of segmented bipolar plates in very different
geometries. Furthermore, segmented cells provide local properties
of the fuel cell in addition to the integral performance in order to
understand the degradation or failure of the fuel cells.27

Current density distributions can be influenced by both anode
and cathode heterogeneities in the fuel cells, which is difficult to
identify. Furthermore, the printed circuit board itself introduces a
disturbance by additional resistances in the electrical circuit and also
by changing the water interactions compared to the normal bipolar
plate. The resulting complexity of the experimental setup has led to
some uncertainties in the interpretation of results.22,28 It is com-
monly believed that current densities of both electrodes are identical
because they are strongly coupled through the membrane conductiv-
ity. This depends, however, on the ratio of in-plane to out-of-plane
electronic conductivity of electrodes, gas diffusion layers, and bipo-
lar plates �or PCBs�. Since the interpretation of the measurements
here is based on the anode-sided PCB location, we wanted to ascer-
tain the assumption of identical current density distributions inde-
pendent of the segmented bipolar plate location. For that purpose,
segmented bipolar plates are integrated on both sides of the cell.
Single segmented arrangements are consecutively used to investi-
gate pinhole failures of the membrane and to determine their signa-
tures in the current density distributions. This study aims at early
detection of membrane thinning to avoid the resulting catastrophic
failure of the cells and the whole stack by adapting operation con-
ditions.
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Experimental

Principle of segmented bipolar plate.— As mentioned, the PCB
technique allows a flexible design of shape and size of the current
collector segments, which are placed on the surface of an epoxy–
glass resin matrix. The resistor array for the current measurement is
integrated in the PCB using a multilayer assembly. The back side of
the measuring plate is connected with the gas supply and bracing
plate. The top and back layers of the board are connected with each
other by conducting wires and the layer which is in contact with the
Membrane Electrolyte Assembly �MEA� �i.e., segmented surface� is
divided into segments to avoid lateral �i.e., in-plane� conduction
�Fig. 1�.

This setup forces the current between the segmented surface and
the collector surface �back layer� on discrete pathways, which con-
nect every segment surface with the collector surface. The current
collector segments of the measuring board are gold plated to de-
crease the contact resistance and to avoid corrosion. The sensing
wires on the segmented bipolar plate are connected to a data acqui-
sition unit consisting of a multiplexer and a digital multimeter. The
measurement setup works independently from the electric load unit
and the control system of the fuel cell. The shunt resistance in the
board is R�80°C� = 4.3 m��1 � 0.5%�.

Design of segmented bipolar plates.— A segmented bipolar
plate with 49 segments for the single cell was used in this experi-
ment. The schematic of the flow field �serpentine flow field� in re-
lation to the segment in the PCB is shown in Fig. 2. thirty-three flow
field channels were machined directly into the plate. The width of
the channel and the land are 1.1 and 0.8 mm, respectively. G1 is the
inlet of the coflow configuration, whereas A7 is the location of the
flow outlet. Coflow for fuel and oxidant is used for all presented
measurements. To detect the coupling properties of anode and cath-
ode electrode current distributions, two PCBs with segmented cur-
rent collectors and flow fields are integrated at both electrodes for
the current density distribution measurements. The scheme of cur-
rent density measurement configuration with double printed circuit
boards is shown in Fig. 3. It consists of MEA, gas diffusion layers,
segmented printed circuit boards, and current collectors at anode and
cathode sides of the cell.

Figure 1. �Color online� Schematic diagram of the measuring unit �PCB�
inside the fuel cell for current density distribution measurements.

Figure 2. �Color online� Segmented flow field of current density distribution
measurement board. T1-T6 are the temperature sensors for resistance cali-
bration and temperature distribution measurements.
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Test procedure and operating conditions.— The MEA was ob-
tained from Ion Power Company at an effective electrode area of
25 cm2 with a 25 �m thick membrane. The gas diffusion layers
from the SGL group �24/25BC� were placed on both sides of the
MEA without hot-pressing steps. The cell was tested for gas leakage
and crossover before operation in the test stand. Hydrogen stoichi-
ometry ��H2� and air stoichiometry ��air� were kept constant at 1.5
and 2, respectively. The pressure of the single fuel cell is varied
from 0.2 to 0.4 MPa, which is specified for each measurement. The
operation temperature was either 80 or 120°C, the latter for accel-
erated aging of the membrane.

Characterization of the fuel cell.— The morphological changes
of membrane and catalyst were characterized by scanning electron
microscopy �SEM� before and after operation. Images of the MEA
were examined by a JSM-5600LV microscope to analyze and record
the morphological changes of the electrodes and the connection be-
tween the catalyst layer and the membrane.

Results and Discussion

Coupling of anode and cathode current distributions.— In gen-
eral, current may flow in three dimensions, and only in a special
case of an anisotropic electronic conductor it would flow just in one
direction. It is generally assumed that the local current density of
both electrodes of the Polymer electrolyte membrane �PEM� fuel
cell is identical due to their strong coupling but no direct evidence
has been reported. An intact MEA is placed between two segmented
bipolar plates in this experiment to compare the current distribution
on both membranes and to evaluate the significance of lateral cur-
rents. Figure 4 displays the current density distributions measured in
a galvanostatic mode at 80°C with both gas streams fully humidi-
fied. The global current is controlled at 9 A in this measurement,
and variations of the current density are observed in different seg-
ments �25 cm2 active area; 360 mA cm−2�. Even under normal op-
eration conditions the current density distribution is heterogeneous
over the active area with variations from 200 to 500 mA/cm2 �Fig.
4�. The higher values of the current density are located in the outlet
part of the cell, while the lowest current density is found at the inlet
region near G1, which normally indicates an insufficient humidifi-
cation of the membrane in the inlet area.

In Fig. 4a and b the current density distribution at the anode and
cathode are displayed. The heterogeneous distribution of the current
densities appears to be very similar, both exhibiting the pronounced
low current density area in the inlet region. In Fig. 4c the difference
between both current density distributions is shown to expose the
differences between both sides. The observed differences in Fig. 4c
are quite small between +30 and −10 mA/cm2 and not associated
with a specific area of high or low current density and indicate the
accuracy limits of the measurement. It can be concluded that due to
the still high conductivity perpendicular to the membrane plane
�even though the shunt resistors are integrated� compared to the
in-plane conductivity, the lateral currents are negligible and the an-
ode and cathode current density distributions are equivalent. In ad-

Figure 3. �Color online� Schematic diagram of current density measurement
configuration with double printed circuit boards �the arrow points to the
direction of the current�.
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dition, the effect of the channel structure on the current density of
segments is not evident in the measurement. However, it has to be
stressed that the segment sizes are not small enough to resolve the
finer channel structure.

For the following locally resolved measurements in this arrange-
ment we can ascertain that a single segmented bipolar plate provides
the accurate current density distribution of the whole cell. The lat-
eral conductivity in the membrane has no significant influence as the
membrane thickness is small compared to the segment size.

Pinhole detection by current density distribution.— Under “nor-
mal operation” of the cell—where the term “normal operation”
means that the fuel cell has no leakages and that the fuel cell is
operated without flooding of the cell, avoiding fuel starvation and
other failure modes—the total �integral� current is zero for open
circuit conditions independent of the operating parameter �gas flow,
temperature, humidification, etc.�. In this case, the gas concentra-
tions and the other physical conditions in the cell are similar over
the complete area and therefore the variations in the local potentials
are very small and no significant local current density variation
should exist. However, even at open circuit conditions, in some
areas variations occur with different current directions; so in the
normal operation, current density fluctuations of a few mA/cm2

around zero are typical.29 Under load, the current density in each
segment increases, leading concurrently to larger variations between
segments. The variations in the fuel cell performance correspond
mainly to local variations in the operating conditions at which the
local humidification is of major importance.

With a leakage due to a pinhole in the membrane, the variations
of the local operating conditions can dramatically increase. In par-
ticular, the composition of the reactants is changed strongly in the
leakage area since the gases, in this case hydrogen and oxygen mix
and react. Naturally, the heterogeneous reaction to water takes place
on the catalyst surfaces in parallel to the electrochemical reactions.
Consequently, at the leakage a local mixed potential will be formed
as was also investigated by the paper of Weber.18

The mixed potentials are formed on the anode as well as on the
cathode. However, the variation of the anode potential upon varia-
tion of the hydrogen concentration is smaller compared to the cath-
ode potential variation upon changing the oxygen concentration.
Furthermore, the oxygen reduction reaction has to be superimposed
with the hydrogen oxidation reaction resulting from the permeated
gas. The reason is that the reaction rates �determined by exchange
current densities� at the anode are significantly higher compared to
the reaction rates at the cathode �hydrogen oxidation exhibits ex-
change current densities in the order of 10 mA cm−2, whereas the
oxygen reduction reaction possesses much lower exchange current
densities in the order of 10−8 A cm−2�. In addition, in the case of a
leakage, typically more hydrogen crosses over compared to oxygen,
especially if the cell is operated with air. The hydrogen diffusion

Figure 4. �Color online� Current density distributions measured at galvano
humidifier temperature��. �a� Anode current density distribution; �b� cathode
density distribution.
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coefficient is higher than for oxygen, and the oxygen concentration
is diluted by nitrogen in air. Consequently, it can be generally ex-
pected that the variation of the local potential induced by the forma-
tion of the mixed potential is more significant at the cathode com-
pared to the anode and this result is confirmed by Weber’s
simulations.

In Fig. 5 the current density distribution measured for a cell with
a pinhole at 80°C which is formed accidentally under open circuit
�Fig. 5a� and under load of ca. 100 mA cm−2 �Fig. 5b� is shown.
The PCB used for the current density measurement is integrated
only on the anode side of the fuel cell for all other measurements
discussed here. The current density distributions in Fig. 5a and b
show an unequal current density distribution which clearly marks
the presence of a leakage associated with a pinhole. For open circuit
conditions, in the area neighboring the leakage, a positive current is
observed which corresponds to the fuel cell operation reaction
mode. In contrast, the current in most of the residual area shows a
current direction corresponding to a reverse current, meaning that
the cell is operating in an electrolysis mode.

Due to the pinhole in the area, on the hydrogen electrode a re-
duction reaction and on the cathode an oxidation reaction take place.
In the area directly influenced by the leakage a mixed potential is
formed, leading to overpotentials on anode and cathode sides. This
deviation from the equilibrium potential is not restricted just to the
leakage area but influences nearby areas and drives the fuel cell
reaction. In contrast, the distant areas are not influenced significantly
by the leakages; therefore, the local potentials are deviating moder-
ately in an opposite direction from the equilibrium potential and
consequently the electrolysis reaction takes place in these areas. In
this regard, the electrode can be considered a local-action cell which
is driven by the continous gas crossover. Of course, the different
electrochemical reactions at the open circuit condition compensate
over the total electrode, but the mean open cell voltage is lower than
in a cell with intact MEA.

The current distribution changes markedly under applied load
conditions, as shown in Fig. 5b. The cell with a pinhole exhibits a
larger heterogeneity of the current density distribution compared to
an undamaged cell. In the current density measured under load the
areas operating in the “fuel cell” mode and in the “electrolysis”
mode are reversed compared to the current density observed at open
circuit conditions. This is exactly the behavior reported by the simu-
lation study of Weber for high gas permeation through the mem-
brane or pinhole formation. From the discussed literature it is quite
evident why the reversal of the current appears near the pinhole
under load. This is illustrated in Fig. 6. This graph shows schemati-
cally the hydrogen and oxygen reactions on the reversible hydrogen
potential scale. When hydrogen crosses to the cathode side �with
higher rates compared to oxygen in air to the anode side� the hydro-
gen oxidation and oxygen reduction currents superimpose, leading

mode �9A� �an intact MEA with gases fully humidified at 80°C �cell and
t density distribution, and �c� difference between anode and cathode current
static
curren
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to mixed potentials at the electrode. In a first approximation �ne-
glecting loss of active area at the pinhole and water formation� the
curve for the oxygen reaction can be shifted upward. If the hydrogen
oxidation rate is higher compared to the original oxygen reduction
rate, the current is revered, meaning that the positive electrode be-
comes the anode. To compensate, the negative electrode has to
evolve hydrogen as a partner reaction and is now a local cathode.
Due to the high exchange current density of the hydrogen reactions,
the electrode potentials and the cell voltage do not change signifi-
cantly under these conditions. Therefore, no major lateral currents
which would equalize potential differences are expected.

The pronounced signature of a pinhole in the membrane can be
used to follow the time evolution of a membrane leakage and to use
current density distributions for malfunction detection, which is de-
scribed in the following

Failure detection due to evolution of membrane leakage.— A
different cell with the same manufacturing specifications was oper-
ated at 120°C at 0.4 MPa �for both electrodes� and the humidifica-
tion temperature of the anode and cathode was also set to 120°C.
These are highly accelerating degradation conditions which corre-

Figure 5. �Color online� Current density distribution measured on a ME
100 mA/cm2�.

Figure 6. �Color online� Schematic representation of the influence of large
cross-over rates of hydrogen on the reaction characteristics of the cell. When
hydrogen oxidation at the cathodes exceed oxygen reduction current a cur-
rent reversal is observed.
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spond to the temperature used in the theoretical investigations by
Weber. The total durability of the cell under these conditions is
found to be around 200 h. A test stand related malfunction with an
accidental pressure drop induced a membrane failure which was
monitored and is described in detail.

Figure 7 monitors the evolution of global current and the cell
temperature in the segmented cell area when the test stand malfunc-
tion happened. This incident is seen in the inset of Fig. 7 showing
the time dependence of air and hydrogen pressure. It occurred
2 days before the membrane leakage started, which is described in
Fig. 8 and 9. It is speculated that the sudden pressure drop of both
gas streams initiated a membrane failure reported in the following.
The temperature of the segments reflected precisely the real tem-
perature of the MEA due to its close proximity to the membrane.
Due to the test stand malfunction the air and hydrogen pressure
rapidly decreased and at the same time the temperature decreased
from 120 to 112°C in a relatively short time �85 s�. Also, the global
current diminished concurrently. The sudden drop of the hydrogen
and air pressure causes evaporation of the liquid water present under
this high humidity conditions and results in a large variation of local
water content. The drop in pressure also induced a fast cooling of

th a pinhole for �a� open circuit conditions and �b� under load �approx.

Figure 7. �Color online� Evolution of the current, the cell temperature and
the pressures of hydrogen and air �in the insert�, two days before the mem-
brane leakage started.
A wi
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the membrane and a pronounced temperature gradient for different
locations. As a consequence, the membrane will experience me-
chanical strain due to local dimensional changes which has been
reported before.30,31 Even though the membrane could be operated
stably for some time after the incidence, the premature damage led
to a thinning of the membrane which exacerbates the heterogeneous
distribution, leading to the future fissures and tearing of the mem-
brane near the edges of the cell holder.

Figure 8 shows a map of current density distribution of the cell at
about 48 h after the accidental pressure drop. The color coding rep-
resents a range from negative current densities to current densities

Figure 9. �Color online� Plots of segmented and global current density dis-
tribution and open circuit voltage vs time: �a� Global and open circuit voltage
and �b� selected segments of the cells �E1, G6, F1, D1, G5 and G4�.
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larger than 1 A cm−2. Negative currents have been observed in areas
of membrane pinholes. It is observed that a negative current density
first appeared in the area of segment �E1� �the value of negative
current is indicated by the legend�. This indicates that a leakage of
the membrane started in the area of segment E1 at the edge of the
cell. Since the appearance of negative currents is characteristic for
membrane pinholes, the evolution of the cell malfunction can be
monitored. After some time, another leakage appeared in G6, which
is also near the border of the flow field. Then, more and more leak-
ages �G6, F1, D1, G5, and G4� appear, which were all located in the
boundary of the flow field and gasket. Furthermore, the leakage
affects the neighboring regions, spreads to the middle of the mem-
brane, and affects an increasing part of the active area. Finally, the
membrane is totally destroyed, which is seen by simultaneous strong
current and voltage decrease. From the analysis of the images, it is
clear that the current drop in the third image in segment E1 is larger
compared to the fluctuations under normal operation, even in the
presence of flooding. As a consequence, such occurrence can be
used as an indication of an imminent failure and could be used for
initiation countermeasures or a safe shutdown of the fuel cell sys-
tem.

Figure 9 shows the plots of global cell current density and volt-
age versus time as well as locally resolved currents for selected
segments for the same incident of the cell at 120°C.

From the plots of global current versus time �Fig. 8a�, it is ob-
served that at potentiostatic operation conditions, the global current
density gradually decreases to zero after 4:40 h. In general, fluctua-
tions in the current are evident, which are associated with the high
temperature operation of the cell. After the current density, drops to
zero, the controlled voltage starts to decrease, indicating the com-
plete failure of the cell function. In Fig. 6b, the time dependences of
segments E1, G6, F1, D1, G5, and G4 during the same period are
displayed. For clarity, the strong fluctuations of the segment currents
have been removed and the lines of the graph indicate only the main
time-dependent current trend. It was found that the current density
of the segments decreased from positive values to zero and then
exhibited large negative current values. The negative current densi-
ties can reach exceptionally high values in some segments
�−6000 mA/cm2�, in particular G4 and G5 segments. In accordance
with the current density mapping, a negative current density first
appeared in segment E1, followed by G6, F1, D1, G5, and G4 in this
sequence. As described, the observations here are interpreted as in-
dicative of a spreading membrane leakage: the leakage first started
at the E1 segment and then another leakage appeared in G6 follow-
ing the appearance of negative currents �comparing to crossing of

Figure 8. �Color online� Mapping of cur-
rent density distributions during the evo-
lution of a membrane leakage �absolute
values of current density plotted�.
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the zero line�. Furthermore, leakages in F1, D1, G5, and G4 seg-
ments gradually appeared, which were all located at the boundary of
the flow field and gasket. After the first hole forms, the heteroge-
neous current density and temperature distribution are increased and
lead to severe mechanical strain. Finally, the cell voltage decreases
gradually even under potentiostatic conditions due to massive gas
crossover and mixed potential formation on both sides.

SEM characterization of the ruptured MEA.— The fuel cell
MEA was disassembled to explore the degradation mechanism by
SEM Figure 10 compares the morphology of the fresh and the failed
MEA with the images of the cathode electrode of the unused MEA
shown at the top and the degraded cathode electrode displayed at the
bottom of the figure. It is evident that the unused MEA possesses
uniformly dispersed Pt/C catalysts.32 In contrast, the degraded MEA
shows aggregated catalysts in the layer. More pronounced is the
appearance of cracks in most regions of the catalyst layer of the
failed MEA. Considering the malfunction of the fuel cell, it is as-
sumed that these structural changes may also be associated with the
mechanical strain caused by pressure drop and temperature change
during the operation.

Conclusions

Current density distribution measurements are reported with seg-
mented printed circuit boards introduced both at the anode as well as
at the cathode side to prove the equivalence of the distributions at
both sides. Even though measurement resistances are introduced
into the electrical circuit by the measuring device, the difference of
current density distributions is minimal, which indicates that the
coupling of both electrodes through the membrane is strong and
lateral equalizing currents are not important under these conditions.

The signature of membrane pinholes in the current density dis-
tribution is determined for open circuit conditions and under load. It
is clear that the current density measurements allow detecting leak-
ages in the cell. Especially at open circuit conditions, large areas
operating in the electrolysis mode as well as areas near the pinhole
operating in the fuel cell mode coexist under stationary conditions.
Under load, the current density distribution is reversed, with large
negative currents present in the neighborhood of the pinhole. This
effect is explained by the dominance of hydrogen oxidation rates
over the oxygen reduction currents at the cathode side. As a conse-
quence, the reaction at the anode side �negative electrode� is also
reversed.
ownloaded 15 Jan 2011 to 129.247.247.240. Redistribution subject to E
This pronounced pinhole signature can be used for monitoring
the time development of the failure of fuel cells, which is especially
important for high temperature PEMFC. Through the in situ study of
the evolution of current density distributions, an evolving membrane
leakage is identified. The occurrence of a test stand error is identi-
fied as the probable inducing incident for the membrane failure. A
variation in local water content and temperature gradient resulted in
mechanical strain and stress. The degraded electrodes are character-
ized by SEM. It is found that the electrodes show cracks in the
catalyst layer, which are also the result of mechanical stress.

The application of segmented cells helps to find the causes and
mechanisms of cell degradation and their influence on long-term
performance can be evaluated. With this knowledge, a catastrophic
failure of the whole stack may be avoided by implementing appro-
priate control systems. Safety and reliability of stack operation can
be improved.
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