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ABSTRACT

In automotive applications, the operational parameters for fuel cell (FC) systems can vary over a wide range. To
analyze their impact on fuel cell degradation, an automotive size single cell was operated under realistic working
conditions. The parameter sets were extracted from the FC system modeling based on on-road customer data.
The parameter variation included simultaneous variation of the FC load, gas pressures, cell temperature, stoi-
chiometries and relative humidity. Current density distributions and the overall cell voltage were recorded in
real time during the tests. The current densities were low at the geometric anode gas outlet and high at the anode
gas inlet. After electrochemical tests, post mortem analysis was conducted on the membrane electrode assem-
blies using scanning electron microscopy. The ex-situ analysis showed significant cathode carbon corrosion in
areas associated with low current densities. This suggests that fuel starvation close to the anode outlet is the
origin of the cathode electrode degradation. The results of the numerical simulations reveal high relative hu-
midity at that region and, therefore, water flooding is assumed to cause local anode fuel starvation. Even though
the hydrogen oxidation reaction has low kinetic overpotentials, “local availability” of H, plays a significant role
in maintaining a homogeneous current density distribution and thereby in local degradation of the cathode
catalyst layer. The described phenomena occurred while the overall cell voltage remained above 0.3 V. This
indicates that only voltage monitoring of fuel cell systems does not contain straightforward information about
this type of degradation.
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1. Introduction

Renewable energy capacities show an increasing trend in global
energy conversion. This causes challenges due to fluctuations in energy
production; and a possibility to address these issues is the use of hy-
drogen as an energy carrier. Therefore, Hy-powered fuel cell electric
vehicles (FCEVs) are nowadays becoming an attractive technology for
the automotive industry [1-3]. The polymer electrolyte membrane fuel
cell (PEMFC) is probably the most relevant type for FCEVs in this
context [4,5] due to their high energy conversion efficiency, environ-
mental friendliness, quick refueling time and high power density.
However, there are challenges on the way of further commercialization
of automotive PEMFCs originating from their limited durability [6,7].
The Department of Energy (DoE) of the United States defines several
technical targets for fuel cells listed in Table 1 [8].

Recently, significant progress has been made in achieving reason-
able fuel cell system lifetime for automotive applications. However, one
of the main remaining tasks thereby is the heterogeneity of degradation
of membrane electrode assemblies (MEAs) at the stack level, especially
due to transient operation (e.g. load cycling, start-up, shut-down)
[9-11].

As discussed by Pollet et al. [12] there are currently only small
quantities of commercial FCEVs available on the market, mainly due to
availability of the hydrogen infrastructure and due to high costs of fuel
cell systems. Nevertheless, there are certain efforts of some automotive
companies to invest into fuel cell technology, e.g. the BMW Group
announced in 2019 to present a small-series vehicle in 2022 based on a
hydrogen fuel cell electric drive system [13]. Some of the main relevant
markets to date for FCEVs are the USA, China and Japan.

On a material level, changes in the load influence mainly the
cathode and cause Pt dissolution when cycling between certain poten-
tials [14]. For instance, carbon corrosion and catalyst degradation of
the cathode is higher under dynamic operation [15,16]. Pei et al. de-
monstrated that start-ups, shut-downs and transient operation were the
dominant sources of the performance decay in vehicle fuel cells, when
comparing to the stationary procedures [17]. They found that this was
mainly due to poor water management during load cycling, causing
flooding and drying of the membrane. This flooding, especially of the
anode gas channels, caused fuel starvation. The relevant mechanism
was first described by Reiser et al., showing that water blockage of the
anode channels leads to carbon corrosion at the cathode catalyst layer
[18].

To further analyze these failure mechanisms and to optimize the
fuel cell design, in-plane current density and potential distribution of
fuel cells during operation were recorded. The technique was initially
implemented for PEMFCs in 1997 by Cleghorn et al. [19] Later,
Baumgartner et al. [20] correlated the local potentials with the carbon
dioxide and carbon monoxide content in the anode and cathode off
gases. They found that local fuel starvation caused the local cathode
potential to rise leading to carbon corrosion. Furthermore, also high
current densities due to poor current density distributions (CDDs) re-
sulted in increased carbon corrosion. Non-uniform potential distribu-
tions and CDDs can be triggered by operating the fuel cells using low
supply of the oxidant. Increased current densities will thus occur at the
gas inlet. In the case of fuel starvation, the non-uniformity is dominated
by the local anode potential that is dictating the cathode potential

Table 1
Some technical targets for membrane electrode assemblies for transport appli-
cations as defined by the US Department of Energy [8].

Characteristic Units 2020 Targets (DoE)
Durability with cycling h 5000

Performance @ 0.8 V mA/cm? 300

Performance @ rated power (150 kPayp;) mW/cm? 1000
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profile [21]. Abbou et al. [22] recently showed that in galvanostatic
operation, the anode potential during fuel starvation increased due to a
drop in hydrogen partial pressure, causing high overpotentials, and due
to the reverse current mechanism. This process occurs mainly at the
anode outlet triggering the cathode potentials at the location to in-
crease due to the carbon oxidation and oxygen evolution reactions. In
turn, the other areas of the fuel cell need to compensate the low current
density at the anode outlet area inducing high current densities at the
inlets.

The investigations in aforementioned references took place using
lab scale fuel cells with active areas of about 25 cm?. Yet, it is important
to transfer current density measurements also to large area fuel cells
that are used in the automotive industry. During normal operation, the
oxygen partial pressure, drying and flooding of the MEAs are the key
parameters that impact the CDD. High air supply implies high oxygen
partial pressures, but at low relative humidity also causes high proton
resistance of the membrane. Low hydrogen stoichiometries have little
impact on CDDs; only in case of anode flooding the current density at
the anode outlet decreases, as described before [23].

Beside the operational strategy, the fuel cell components also im-
pact the CDD. Herden et al. [24,25] used electrode structures with
polymers having different equivalent weights to compensate in-plane
differences in humidity showing enhanced performance in a wide
temperature range. A comparison of oxidant and fuel starvation in
automotive size cells was analyzed by Enz et al. [26] finding sig-
nificantly lower carbon corrosion during air starvation but carbon
monoxide and dioxide peaks at cathode and anode exhaust during fuel
starvation.

To get closer to real world applications, automotive size fuel cells
also need to be tested in representative operational modes. Therefore,
several different durability test protocols have been developed, mostly
varying the fuel cell load [7]. Gazdzick et al. [11] analyzed dynamic
load cycles (DLC) including start-up/shut-down cycles on MEAs with an
active area of 25 cm?. They focused especially on reversible and irre-
versible degradation mechanisms and found a strong dependence of
reversible degradation based on the shut-down strategy. The impact of
water and temperature management was in depth analyzed by Sanchez
et al. [27] Tests on a 142 cm? MEA operated between 60 and 80 °C
showed that the cathode humidity was the dominant control value to
stabilize the cell performance. Due to lower water uptake of the gas
streams at lower cell temperatures, the cells tend to operate more stable
at lower operating temperatures. Nandjou et al. [28] performed an
extensive research using current density and temperature distribution
measurements within a 30-cell stack configuration during load and
humidification cycling. Their focus was set on degradation of the bi-
polar plates (BPP) and membrane during local temperature and hu-
midity cycles based on the New European Driving Cycle.

Recently, DoE analyzed the degradation of Toyota Mirai fuel cells in
vehicular operation using their durability test protocols [29]. It has
been shown that catalyst particle growth, cathode catalyst layer com-
paction and membrane thinning after 3000 h of real driving are neg-
ligible. However, the Mirai fuel cells were not stable when using the
DoE test protocol. After 5000 cycles, the electrochemical surface area
(ECSA) loss was 60%, particle size increased by more than 10% and
only little performance remained. The difference between the real
driving and DoE test protocol mainly originated from mitigation stra-
tegies employed at system level to avoid degradation [29]. During au-
tomotive operation, gas pressures, stoichiometries, humidity, cell cur-
rent and temperature are varying simultaneously. Increased outlet
pressures lead to decreased pressure losses along the flow channels and
thereby to lower water removal capability. Increased current densities
lead to higher temperatures due to increased reaction enthalpy [30]
and can trigger more homogeneous temperature distributions due to
increased gas flows [31]. Low inlet gas humidification might lead to
more non-uniform temperature distributions due to inhomogeneous
membrane humidification [32]. These examples of interactions
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between local temperature, current and humidity show that it is in-
cremental for real-word applications to investigate realistic drive cycles
that cycle all relevant operational parameters simultaneously. Most
publications focus on test protocols analyzing the impact of isolated
operational parameters [7,33] even though a strong interaction be-
tween the operational parameters takes place as modeled by Chen et al.
[34]. The here presented work investigates coupled phenomena using a
real-world test protocol that cycles the most relevant operational
parameters simultaneous.

The objective of this work is to investigate and compare the da-
maging impact of different operational parameters with respect to the
overall cell performance, degradation mechanisms and identification of
most harmful operation conditions for automotive size PEMFCs. The
implemented parameter sets are thereby extracted from customer
driving profiles, including high load operation as well as cycling of gas
pressures, humidity, load, stoichiometry and cell temperature. The
operational conditions compared to other cycling papers were adjusted
to required automotive parameter ranges. Therefore, the parameter
range was extended up to 2.0 A cm ™2, 90 °C cell temperature, 175 kPa
operating pressure (absolute) and down to the cathode stoichiometries
of 1.4 [11,7,27,28]. Ex-situ investigations were used to analyze the
impact on component degradation and correlated to operational para-
meters via CDD measurements. Degradation of electrodes and mem-
brane are put into perspective of flow field design and operational
strategy.

2. Experimental
2.1. Cell design

The cell set up is illustrated in Fig. 1 and comprises of two metallic
bipolar plates (BPPs), two gas diffusion layers/micro porous layers
(GDLs/MPLs), one catalyst coated membrane (CCM), two gold plated
copper end plates, one current scan shunt (CSS), and two compression
plates. The commercial GDL was obtained by SGL Carbon SE. On the
anode side the type 29 BC (thickness 235 um) while on the cathode side
a special designed GDL by SGL Carbon SE 22 BB (thickness 220 pm)
were used. The catalyst coated membrane was provided by Johnson
Matthey Fuel Cells. The catalyst material was pure platinum on anode
and cathode. The catalyst loadings on anode and cathode were 0.05 and
0.3 mg/cm?, respectively. The anode and cathode catalyst layer thick-
nesses were approximately 3 and 8 um, respectively. The thickness of
the polymer membrane was 15 pm. Filtered air and hydrogen with a
purity of 99.999% were used to operate the fuel cell.

2.2. Current density distribution measurements
A commercial CSS sensor plate provided by S+ + Simulation

Services was used to measure the CDD. A detailed description is pro-
vided by Kraume [35]. The CSS consisted of 17 X 32 segments with a
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total area of 287.9 cm? The active area of the CCM was similar and
therefore all segments of the CSS were considered during data analysis.
A schematic of the cell set up is illustrated in Fig. 1A. The CSS was
placed between the cathode BPP and the endplate. On both sides of the
CSS active area two graphite foils provided by SGL Carbon SE were
attached to guarantee electrical contact between the CSS and the BPPs.
A BPP with closed gas and cooling channels was used to seal the CSS. To
provide electrical conductivity another graphite foil was placed be-
tween BPP and end plate. Homogeneous pressure distribution within
the active area of the cell was obtained by adding an aluminum pres-
sure plate. Between graphite foil and pressure plate, an isolation plate is
placed to electrically isolate the surrounding from the cathode cell
potential. Pressure distribution maps were recorded using Fujifilms to
guarantee homogenous contact of the CSS to the cell.

The CSS is meant to measure the current density distribution of the
CCM. As illustrated in Fig. 1A, a bipolar plate and a graphite foil se-
parate the CSS from the MEA. They do have a certain in-plane electrical
conduction that influences the current density distribution measured at
the CSS. The current density within the CCM based on CSS measure-
ments can be determined using a numerical model that includes the
electrical conductivities of the layers between CCM and CSS. In this
work the numerical approach similar to Haase et al. [36] and Herden
et al. [24] based on a finite-volume framework [37] was applied.

2.3. Bipolar plate design

The automotive BPPs used in this work were provided by DANA
(Reinz-Dichtungs GmbH). The plates were made from stainless steel
with a carbon coating on top of the land areas to decrease contact re-
sistance between GDL and BPP. An illustration of the anode plane of the
BPP is shown in Fig. 1B. The BPP consisted of two monopolar plates
with anode and cathode flow channels that were welded together. The
section between the two monopolar plates built channels for water used
as coolant. The cell was always operated in counter flow regime.
Beaded gaskets were used to seal the cell. A straight flow was realized at
anode and cathode. The gas distribution zones (see Fig. 1B) are de-
signed to gain a homogeneous gas distribution among the flow channels
within the active area of the cell.

2.4. Degradation tests

On-road customer data of conventional cars were taken to de-
termine the power sequences requested by the driver. The power se-
quences were used as input parameter for a fuel cell system simulation
tool. The simulation tool provided the corresponding operating points
for the fuel cell stack itself. Out of these, seven different operational
parameter sets were defined to represent states that occur during the
automotive system operation. These sets contain different values for the
following operational parameters:

Gas distribution zones

Manifold

Active area Gas sealings
b) ¢

Fig. 1. Cell hardware used to operate the fuel cell. (A) Schematics of the cell set up (B) BPP with the cathode flow field (straight flow channels). The white arrows in

the middle of the flow field indicate the flow direction of air.
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Fig. 2. Operational parameters during one cycle of the testing protocol. The
upper figure shows the average relative humidity (RH) at the inlets of anode
and cathode compartment as a function of time. The figure below shows the cell
temperature variations. The next figure illustrates the gas pressures changes at
the outlets of anode and cathode. The bottom graph shows the load current, i,
during the tests. The labels A and B at the top of the graph designate two
specific operational parameter sets.

® Current density

e Coolant inlet temperature

® Anode and cathode inlet gas humidification
® Anode and cathode stoichiometry

® Anode and cathode outlet gas pressure

For the single cell test described here, operational parameters of a
cell located in the middle of an automotive fuel cell stack are taken. The
sequence of the operational parameter sets is illustrated in Fig. 2. The
stoichiometries vary between 1.25 and 1.38 at the anode side. At the
cathode, the stoichiometry varies between 1.40 and 1.60. Humidifica-
tion of the electrodes was controlled using a bubbler-based humidifi-
cation system. The testing protocol was performed using automated test
scripts. To prevent cell damages, safety points were approached when
the cell voltage dropped below 0.3 V for longer than 1 s. Within the
safety point, the cell was switched from galvanostatic to potentiostatic
operation with the voltage of 0.75 V. The volume flows of anode and
cathode were controlled by stoichiometry. To avoid media starvation,
minimum gas flows of 1 and 2.5 Nl min~! were defined for the anode
and the cathode, respectively.

To minimize influences due to inhomogeneous temperature dis-
tribution a coolant flow rate of 1.5 NI min~' was used. Thereby, the
temperature spread from cathode inlet to outlet is 1.5 K and remained
constant throughout the whole experiment.

Scanning electron microscopy (SEM) coupled with energy dispersive
X-ray spectroscopy (EDX) is used to characterize the catalyst layer at
EoT. As the BoL reference, the catalyst layer of the same MEA type and
batch was analyzed. SEM backscatter images were recorded using a
Hitachi TM3030 Plus microscope.

2.5. Simulation

A computational fluid dynamic (CFD) half-cell model for the anode
was built-up in order to design a flow field with a homogeneous mass
flow distribution of the gas flow channels. This is achieved by
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Table 2
The boundary conditions used in the CFD half-cell model.

Operational parameters

Current density / A cm ™2 0.1
Cell temperature/K 330
Operational pressure/kPa 148

Mass flow at inlet

Mass flow/kg s~ * 1.62-10~°
Temperature/K 330

H, mole ratio 0.807
N, mole ratio 0.128
H,0 mole ratio 0.065

introducing a gas distribution zone (Fig. 1 right) that directs the gases
from the manifolds to the active area of the cell; the CFD approach was
published by Enz et al. [38]. The half-cell geometry consisted of the
flow field, GDL, MPL and electrode as fluid zones. A homogeneous CDD
was assumed using volumetric sink and source terms inside the elec-
trode. Additionally, only the gas phase was considered in the model and
the mean temperature of the cell was applied as the isothermal condi-
tion. Geometric and material properties of the experimentally used
components were taken into account within the simulation. The op-
erational parameter set A (see Fig. 2) summarizes the boundary con-
ditions for the simulation. The mass flows at the anode media inlet at
the stoichiometry specified in Fig. 2 are listed in Table 2. The external
humidification is taken into account in the gas mixture settings at the
cell inlet. The water balance of the anode compartment was considered
using source and sink terms related to a back diffusion flux and electro
osmotic drag. An overview of the boundary conditions is listed in
Table 2.

3. Results
3.1. In-situ diagnostics

The cell was operated for an accumulated time of about 300 h ac-
complishing 20 cycles. During testing, there were 2 interrupts after 130
and 200 h of testing time. In both cases the cell voltage increased
compared to the pre-shutdown when restarting the cell again. This is
commonly explained by recovery effects of the catalyst layer. The
startup protocol followed a procedure optimized to maintain a homo-
geneous CDD. The CDD at BoL is illustrated in Fig. 3C.

Fig. 3C-E show the CDD maps at different testing times. For com-
parability, the CDD maps correspond to the same operational parameter
set. In this case, parameter set A, as described beforehand in Fig. 2, is
represented. Parameter set A was chosen as reference set since the in-
homogeneous behavior is most pronounced at low current densities.

At the BoL, the current densities closer to the anode inlet (H,;,) are
higher than the mean current density. Segments closer to the anode
outlet (Hpou) show currents lower than the mean current. During
testing, currents close to the anode inlet increase while those close to
anode outlet decrease. This is in more detail illustrated in Fig. 3A.
Fig. 3A shows the trend of two segments, one of them close to anode
inlet (segment 2) and one close to the anode outlet (segment 31). The
trends of segments 2 and 31 are representative for segments close to
anode inlet and outlet, respectively. The current density in segment 2 is
rather linearly increasing over time. The current density in segment 31
decreases linearly within the first 200 h, afterwards it decreases ex-
ponentially. Fig. 3E shows the CDD after about 300 h of operation.
Negative currents occur in parameter set A (Fig. 2) at positions close to
the anode outlet. This phenomenon is only observed at current densities
below 0.2 A cm ™2 and when operating in potentiostatic mode at 0.75 V.
The trend of increasing current spread between the anode inlet and
outlet can be seen in all parameter sets. Nevertheless, it is more pro-
nounced at the parameter sets with current densities below 0.2 A cm ™2,

Fig. 3B illustrates the voltage within the operational parameter set
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Fig. 3. Experimentally measured current density distribution (CDD) at an average current of 0.1 A cm™2 (corresponding to parameter set A in Fig. 2). (A) Current
densities at segments 2 and 31 (see Fig. 3C for segment location) and (B) the corresponding overall cell voltage. (C-E) current density distribution maps based on
current scan shunt measurements after 10 h (cycle 1), 150 h (cycle 9) and 300 h (cycle 14) of operation. Within the current density distribution maps the values
below 0 A cm ™2 are displayed using white color. The flow directions of air, hydrogen and coolant are indicated on (C) and are similar for all three maps. The color bar

(right, bottom) applies for all three maps.

A. Within the first 200 h of operation the voltage is decreasing with a
rate of 0.042 mV h™!. Between 200 and 300 h, the slope increases to
0.25 mV h ™. With increasing testing time, the voltage decreases while
the spread in current density over the MEA also increases. It is em-
phasized that the overall cell voltage stays above 0.3 V throughout the
whole experiment. Therefore, degradation effects due to global cell
voltage reversal do not play a role within this analysis.

The CDDs in Fig. 3 are always correlated to the partial pressure of
hydrogen. Due to the high overpotential of the oxygen reduction re-
action compared to the hydrogen oxidation reaction, the illustrated
trends were not expected. To further investigate the impact of the
anode conditions on the CDD a hydrogen stoichiometry variation was
carried out as illustrated in Fig. 4. When ramping up the stoichiometry
from 1.4 to 1.8 the overall cell voltage increases from 0.4 to 0.48 V. At a
hydrogen stoichiometry of 1.4 the current density close to the anode
inlet (Fig. 4A) is close to 0 A cm ™2 When increasing the hydrogen
stoichiometry to 1.5 and 1.8 the current density distribution gets more
homogeneous and the region with low current densities disappears. At
the highest stoichiometry the CDD follows the partial pressure of
oxygen as expected.

Beside CDD maps also the temperature distribution was recorded
during testing. The average temperature increases by 0.4 °C while the
temperature spread over the the MEA stays constant throughout the
whole experiment at 1.5 K. Therefore, the impact of inhomogeneous
membrane hydration on the CDD is assumed to be low.

3.2. Ex-situ diagnostics

Fig. 5B shows a photograph of the cathode CCM after about 300 h of
operation. There are three areas that show a different surface structure.
The areas close to the ports are rougher than the area in the center of
the CCM. The area marked with yellow borders correspond to the area
that showed MPL deposits on top of the CCM as well as CCM crack
formation. Fig. 5A shows corresponding SEM cross section images of
the cathode electrode (close to the membrane interface) at the anode
inlet in comparison to the cathode electrode layer close to the anode
outlet. The typical porous structure of the cathode is still visible within

the cathode layer close to the anode inlet. The cross section close to the
anode outlet shows a collapsed cathode electrode structure indicating
carbon corrosion within this area. The yellow line in Fig. 5A marks the
area where these effects could be observed. The cathode catalyst layer
thickness close to the anode outlet is thereby decreased to 4.8 pm,
compared to 6.8 pm at the anode inlet.

A CDD map close to the EoT recorded during parameter set A is
shown in Fig. 5D. The region that shows low and negative current
densities during operation also shows the strongest catalyst degradation
in ex situ diagnostics. SEM images of the anode catalyst layer within the
areas with low current densities did not show noticeable degradation.

3.3. Results of numerical simulations

Fig. 5C illustrates the results of numerical simulations for the re-
lative humidity within the anode electrode layer. The simulated para-
meter set corresponds to parameter set A in Fig. 2. The maximum re-
lative humidity is close to the anode outlet with ca. 163%. The
simulation shows an increase of relative humidity from the anode inlet
towards the anode outlet. This indicates that close to the anode outlet
liquid water is present within the anode electrode. The general trend as
illustrated in Fig. 5C can also be found in simulations with higher
current densities.

4. Discussion

The CDD was shown to be mainly dependent on the hydrogen vo-
lume flow during the experiment. It is suggested that the anode elec-
trode flooding dominates the CDD. Simulation results confirm the as-
sumption on the electrode flooding at the beginning of life. This might
be caused by low pressure losses within the anode flow field due to the
straight channel flow configuration. To investigate this hypothesis, the
pressure at anode inlet to outlet within parameter set B (Fig. 2) was
analyzed. An increase in pressure drop by about 60 mbar was observed
within this parameter set. Fig. 5 illustrates that the areas with high
anode electrode relative humidity correspond to the low current density
regions during operation. Additionally, the cathode within this area
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was found to be stronger corroded than in other areas of the CCM.
Negative currents were found within the anode outlet region. As de-
scribed by Reiser et al. [18] local fuel starvation causes corrosion of the
cathode electrode within this region. Therefore, flooding of the anode
electrode layer is assumed to be the dominant degradation mechanism
within this experiment. As previously shown in Fig. 4, the current
density spread decreases with increasing hydrogen stoichiometry. This
indicates that the higher gas volume flows at prevent anode flooding.
Therefore, operation at low anode volume flows (low current densities
and potentiostatic modes) are mainly contributing to local anode fuel
starvation as is well known in literature. The effect of the local anode
starvation gets especially dominant, when jumping from high current
densities with high water production to low current densities, where
the hydrogen gas flow has a low water discharge capacity.

Fig. 3C-E disclose that the effect of anode flooding increases over
time. It is hypothesized that flooding at the anode outlet features a “self-
energizing” mechanism: The catalyst layer at the area prone to fuel
starvation shows more cracks than other areas due to carbon corrosion. As
described by Mehmood et al. [39] electrode flooding is supported by
increasing crack formation within the electrode layer. Therefore, flooding
of the anode electrode at BoL causes higher water contents at the cathode
electrode layer in regions close to the anode outlet. This in turn leads to
high water contents at the anode electrode layer due to diffusion of water
through the polymer membrane. It is likely that the increased amount of
liquid water within the anode electrode causes a rise in liquid water
within the GDL and flow field. Therefore, the channel diameter within the
flow field channels that are located within flooded areas is decreased and
causes increased backpressures as observed in this study. Due to the
straight flow alignment of the channels this causes the hydrogen flow to

flow along the edges of the flow field. Therefore, current densities are
higher on the edges of the flow field close to the anode outlet (e.g.
Fig. 5C) while fuel starvation is promoted in the middle. The area subject
to this degradation process is increasing with operational time. The op-
timization of the flow field and operational strategy especially at low
hydrogen flow rates plays a key role to avoid inclined flooding of the
anode compartment with increasing operational time.

5. Conclusions

In this study, an automotive size single cell was operated under au-
tomotive operational parameter sets. The cell was in-situ characterized
using a current scan shunt. The current density distribution was domi-
nated by the partial pressure of hydrogen due to flooding of the anode
catalyst layer close to the anode outlet especially when jumping from high
to low current densities. This led to fuel starvation within the anode outlet
region. The development of flooding within the anode electrode layer was
analyzed by evaluating the current density distribution maps. The flooded
area increased over time. During testing also the pressure drop along the
anode flow field increased. A mechanism that indicates that flooding of
the anode catalyst layer is a self-energizing effect that leads to failure of
the cell is proposed. This is mainly impacted by crack formation of the
cathode catalyst layer within these regions that could be shown by SEM
analysis. Decreased pressure drops of the straight flow channels reduce
the capability of the flow field to effectively remove liquid water.
Therefore, optimization of the flow field plays a key role in avoiding
flooding of the anode. In addition, the use of a CSS measurement allowed
an in-situ diagnostic tool to evaluate different operational strategies with
respect to fuel starvation.
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a) Cathode electrode
at anode in- (left) and
outlet (right) at end of
test.

b) End of test images
of the cathode cata-
lyst layer.

c) Simulation of the
relative humidity dis-
tribution.

d) Measurement of
the current density
distribution at end of
test.
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Fig. 5. Distribution maps at parameter set A shown in Fig. 2. (A) SEM cross section images of the cathode electrode. The location of the specimens is indicated by two
black arrows related to Fig. 5B. A backscatter detector was used for these illustrations. (B) Photograph of the cathode microporous layer at the end of test (EoT). (C)
Simulated relative humidity distribution at the anode electrode layer. (D) Current density distributions during operation close to EoT. The media flow directions

indicated in figure (D) are similar for all three images.
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