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Abstract

The achievement of durability targets is an important chal-
lenge for the commercialization of fuel cell electric vehicles
(ECEV). In order to meet the requirements, knowledge about
the most severe degradation mechanisms of fuel cell stacks
under automotive conditions is crucial. In the present work,
degradation analysis of an automotive full size stack is per-
formed. Herein, we focus on defects at the cathode catalyst
layer and their interrelation including inhomogeneous adhe-
sion of the microporous layer on the catalyst layer, crack for-
mation, cathode catalyst layer thinning and wrinkling of the
catalyst coated membrane. In addition, we report linear and
circular Pt depositions on top of the cathode catalyst layer,

1 Introduction

Electromobility is a key technology for reducing both
greenhouse gas emission and urban air pollution in the mobil-
ity sector. Increasing traffic numbers [1] make the implementa-
tion of these goals even more challenging. Fuel cell electric
vehicles allow both a high driving range and quick refueling
time, while having zero emission and are thus considered a
promising candidate for green mobility [2]. Fuel cell electric
vehicles (FCEVs) generate power with the help of a fuel cell
stack typically assembled from several hundreds of single
polymer electrolyte membrane fuel cells (PEMFCs). A state-of-
the-art PEMFC itself consists of various components including
bipolar plates and a membrane electrode assembly (MEA).
The latter has two gas diffusion layers (GDLs) and a catalyst
coated membrane (CCM). The GDL typically consists of a
substrate like carbon paper and a microporous layer (MPL).
Catalyst coated membranes are composed of a proton con-
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which have to the best of our knowledge not been described
in literature yet. For the latter, a degradation mechanism
based on liquid water formation, local fuel starvation and
current density distribution at the interface between micro-
porous layer and cathode catalyst layer is postulated. Finally,
a fast indication for stack degradation is suggested by corre-
lating different degradation phenomena. This improved stack
analysis approach allowed us to detect local differences in
degradation on both cell and stack level.
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ducting membrane covered with two catalyst layers. For the
commercialization of fuel cell electric vehicles a sufficient dur-
ability (>5,000 h) of the fuel cell stack is required [3]. There-
fore, knowledge about full size stack degradation under
realistic conditions is crucial. Several studies performed degra-
dation analysis on lab-scale size single cells [4-7], on lab-scale
short- and mid-size-stacks [8-12] as well as on automotive size
single cells [13] and on automotive size short- and midsize-
stacks [14-16]. However, only few studies exist which analyze
the degradation of automotive full size stacks (>350 cells,
active area approx. 300 cm?). For instance, Ettingshausen et al.
[17] and Pei et al. [18] investigated a full size stack of a proto-
type vehicle and a full size stack aged with an accelerated
stress test, respectively. They both observed inhomogeneous
degradation along the stack. In particular, they found local
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variations in loss of electrochemical active surface area (ECSA)
at different locations on single cells as well as on different cell
locations within the stack [17,18]. Nonetheless, none of them
described degradation due to local fuel starvation, which is con-
sidered as a critical failure mode in automotive fuel cell applica-
tions [19-21]. The importance of this failure mode is emphasized
by several studies experimentally investigating local fuel starva-
tion on single cell level by simulating the degradation either by
closing parts of the flow field channels [22,23], impregnating
the gas diffusion layer [24], reducing hydrogen stoichiometry
[25,26], supplying liquid water to the cell [27], or feeding air to
the anode [28,29]. Thinning and porosity loss of the cathode
catalyst layer (CCL), an increase in the CCL's Pt particle size,
and a loss of carbon at the CCL resulting in a performance loss
of the cell are commonly found.

In this study both of the aforementioned highly relevant
topics of automotive full size stack degradation analysis and
local fuel starvation degradation obtained under realistic auto-
motive conditions are addressed. The goal is to identify degra-
dation phenomena with respect to their location on stack and
cell level. Information about the distribution of degradation
phenomena helps understanding different degradation pro-
cess during fuel cell system operation and gives input to
improve cell designs and operational strategies. Finally, a deg-
radation mechanism for a novel degradation phenomena is
postulated.

2 Experimental

Anautomotive full size stack of the EU Inspire project, within
the predevelopment stage was aged by applying conditions of
different automotive driving points at a fuel cell test station for
approximately 100 h. The stack as illustrated in Figure 1A, con-
sists of more than 350 cells with an approximate active area of
300 cm? each. Gases, which were supplied in counter flow from
one end of the stack, flow in an U-shape from manifold inlet to
outlet. Cells from eight different positions along the stack
(region 1 to 8 in Figure 1A) were investigated thoroughly, in
order to depict degradation inhomogeneities. Extensive degra-
dation analysis was performed by a systematic failure analysis
approach in which various techniques were employed to cap-
ture defects on multiple length scales. The location of degrada-
tion phenomena on the MEA was described using a location
matrix, as shown in Figure 1B.
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Degradation analysis was initiated by photo documenta-
tion of bipolar plates, GDLs and CCMs. For CCM analysis,
GDLs were carefully removed from the MEA.

Digital 3D-light microscopy (Keyence VHIX-6000) was used
to investigate the morphology of GDLs and CCMs. Panorama
images were taken to get an overview of the degradation phe-
nomena distribution. In addition, single images with different
magnifications and light settings were taken to analyze differ-
ent degradation phenomena. In order to reveal local degrada-
tion development on a single cell, images of every single seg-
ment of the location matrix (Figure 1B) were taken under the
same conditions. A hole was artificially stamped into the MEA
as a reference point in order to locally correlate degradation
phenomena on GDLs, anode- and cathode catalyst layers.
Keyence VHX-6000 software was used to determine
3D-dimensions of different degradation phenomena.

Scanning electron microscopy (SEM, FEI Quanta FEG 650)
was applied to get deeper morphological information. Back-
scattered electrons (BSE) with an acceleration voltage of 5 kV
were used in most cases for imaging. Secondary electrons
were only used to visualize surface topography with an accel-
eration voltage between 1 kV to 2 kV.

To monitor the development of degradation like crack for-
mation and Pt deposition within the location matrix (see
Figure 1B) BSE images possessing a higher contrast than opti-
cal images were taken on different cells of the stack, thus sup-
porting information obtained from optical microscopy.
Depending on the degradation phenomena investigated, 9 to
20 SEM images under the same conditions were taken on
every of the 6 selected cells.

For quantification of the aforementioned surface morphol-
ogy changes image analysis of optical and SEM images was
performed by manually applying a contrast threshold with
the software Imagic IMS (Vers. V18Q4) to distinguishing dif-
ferent morphological compartments.

The surface area ratio of MPL adhesion on the catalyst layer
was calculated as: area of MPL in image/total area of the image.
The surface area ratio of cracks and Pt deposition was calculated
as: area of cracks or Pt deposition in the image/area of MPL-free
catalyst layer in the image. Regions of the CCL covered by the
MPL were excluded from the analysis, as no information about
crack formation or Pt deposition were accessible within these
regions. It should be mentioned, that preferential formation of
cracks or deposition of Pt in MPL-free areas of the CCL cannot

Fig. 1 (A) Schematic of an automo-
tive full size stack indicating the
location of cells under investigation.
(B) Location matrix of the MEA
placed on top of the CCL. The CCL
shows increased microporous layer
adhesion (dark region from H2 to
Mé) at the anode outlet.
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be excluded. Following this hypothesis we cannot exclude an
overestimation of the surface area ratio of cracks and Pt deposi-
tion with our calculation approach.

Cross sections of the active layers were prepared by a cryo
cross section polisher (JEOL IB-19520CCP) to determine thick-
ness or structural changes. The thickness of the single CCM
layers being imaged with SEM (BSE, 5 kV) were again deter-
mined by image analysis with the help of the software GFal
Layers (Vers. 1.74). After selecting every single layer by manu-
ally setting a contrast threshold, roughly 60 single thickness
measurements in a distance of 1 pm were automatically per-
formed and averaged.

Energy dispersive X-ray spectroscopy (EDX, Oxford X-Max
50, 5-10 kV) was performed to identify different materials on
and within the CCM during SEM measurements.

Finally, X-ray diffraction (XRD) (Bruker D8 Advance 2010)
was applied to investigate Pt crystallite size changes. For qualita-
tive comparison, Pt crystallite size was determined with Rietveld
refinement under the fundamental pa-
rameter approach with the help of the
software Bruker AXS Topas (Vers. 6).

3 Results and Discussion

3.1 Structural Changes of MEAs after
Stack Operation

Investigation ~ of  degradation
revealed distinct failure phenomena
which were analyzed with respect to
appearance and distribution on the
active area and at different stack posi-
tions to obtaina comprehensive image.

GDLs of all investigated samples
(15 MEAs at 8 different stack positions
(see Figure 1A) showed increased
adhesion towards the CCM compared
to BOL samples, resulting in MPL
adhering to the catalyst layer after
MEA disassembly. It needs to be men-
tioned, that the GDL was not lami-
nated onto the CCM during MEA
production. On the anode catalyst
layer (ACL) only minor MPL adhe-
sion with a surface area ratio smaller
2% was observed. By contrast, we
found strong MPL adhesion on the
CCL (Figure 2A) having surface area
ratios of up to 88% in a single segment
of the location matrix. Optical micros-
copy revealed that adhesion of the
MPL on the CCL was inhomogeneous
and increased towards the anode out-
let region (Figure 1B). Scanning elec-
tron microscopy images of CCM
cross-sections in the region of strong

MPL adhesion showed a merging of the CCL and MPL at their
interface.

Furthermore, cracks were visible in light and SEM micro-
graphs (Figure 2B). The occurrence of cracks on the CCL
strongly correlated with the regions of MPL adhering to the
CCL. We found different typical crack shapes ranging from
small crack networks, to linear cracks with radial side cracks,
star like cracks as well as circular cracks. Six selected cells
within region 1, 6, and 8 (Figure 1A) showed that the crack
size and crack surface area ratio at the CCL increase towards
the anode outlet region, as analyzed with image analysis. By
contrast, only minor cracks at the ACL and no cracks on begin
of life (BOL) samples (Figure 2C) were detected.

Besides cracks, the formation of a circular (Figures 3A and
3B) and a linear pattern (Figure 3C), which appeared bright in
BSE micrographs (Figure 2B), were observed. Herein, circular
deposition occurred both in a disc (filled ring) and ring like
shape. The bright appearing features (Figures 2B and 3) were

Pt Deposiion

|

Cracks

(B)

Fig.2 Assembly of different degradation phenomena observed on the CCM: (A) Optical microscopy
image of CCL (top-view) showing MPL adhesion (black) on CCL (gray). (B) SEM image of CCL (top-
view) showing MPL adhesion (black), crack formation and circular and linear Pt deposition (white).
(C) 3D-optical microscopy image showing buckling and linear wrinkling on the ACL. The inset shows
corresponding holes and cracks in the MPL. (D) SEM image of CCM cross-section showing CCL layer
thinning and formation of a Pt band close to the CCL. (E) SEM image of a BOL CCL (top-view). (F)
SEM image of BOL CCM cross-section.
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analyzed by EDX measurements and were shown to consist of
Pt. This Pt deposition on top of the CCL appeared within
regions of strong MPL adhesion. Optical panorama images
showed cumulated occurrence of Pt deposition in distinct, but
randomly distributed areas on the CCL close to the anode out-
let. Threshold analysis of SEM images (taken from 4 cells of
regions 6 and 8) showed a trend of increasing Pt deposition
towards the anode outlet region. This result is supported by
XRD measurements showing Pt crystallite growth towards the
anode outlet region of the CCM. Compared to BOL samples
we found an increase in crystallite size by approximately 33%
+ 3% in the areas close to the anode inlet (values averaged of
positions B2/B6) and of 115% + 4% close to the anode outlet
(values averaged of positions J3/]5) for a strongly degraded
cell in region 6. For less degraded cells of region 7 we found
an increase of Pt crystallite size by approximately 33% + 2%
in the areas close to the anode inlet (values averaged of posi-
tions B3/B5) and 54% + 8% close to the anode outlet (values
averaged of positions K3/K5) compared to BOL samples. Cir-
cular Pt deposition had a diameter range from a few tens
micrometers to a few hundred micrometers while having a
depth range from a few micrometers to a few tens micrometers.

(C)

Fig. 3 Different types of macroscopic Pt depositions on top of the CCL
imaged by SEM. (A) Ringlike Pt deposition. (B) Disclike Pt deposition.
(C) Linear Pt deposition.

Linear Pt deposition possessed an average width and height of a
few micrometers while having an average length of a few hun-
dred micrometers. Within its detection limits, SEM-EDX mea-
surements of CCM cross-sections revealed that Pt concentration
gradients did not exist in the proximity of the Pt deposition,
neither in horizontal nor in vertical direction. Likewise, no
change in catalyst layer porosity was found in the vicinity of the
circular Pt deposition. In addition, 83% of 30 investigated circu-
lar Pt depositions also showed Pt deposition on the correspond-
ing location of the MPL surface. The location of another 10% of
these Pt depositions correlated to holes in the MPL, where Pt
deposition could not definitely be proven. No Pt deposition was
found on the ACL and BOL samples (Figure 2C).

Degradation due to carbon corrosion was shown by cross
sections of CCM samples taken at different locations from
anode inlet to outlet. As shown in Figure 4B, we observed a
gradually decrease of the CCL thickness towards the anode
outlet region in all regions of the stack. As shown in Figure 2E,
in the region close to the anode outlet a collapse of the porous
CCL structure was detected, compared to a BOL sample
(Figure 2F). Within this region we observed a thickness
decrease of up to 73% (region 1, Position L4, 2 cells investi-
gated), 72% (region 6, Position 14, 2 cells investigated), and
64% (region 8, Position L4, 2 cells investigated) compared to
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(B) Segment 4
Fig.4 (A) Correlation of surface area ratio of adhered MPL, CCL layer
thickness (blue) and crack surface area ratio (orange) of different seg-
ments of 6 cells within stack region 1, 6 and 8. (B) Spatially resolved cor-
relation of surface area ratio of adhered MPL (solid) and CCL thickness
(dashed) along segment 4 (see Fig. 1(B)) of a single cell of region 1 (pur-
ple) and region é (yellow) of the stack.
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BOL samples. ACL and membrane thickness remained con-
stant within the measurement accuracy.

SEM-EDX measurements of CCM cross-sections also showed
the formation of a Pt band in the membrane close to the CCL,
whose intensity extended towards the anode outlet region.

Additionally, circular and linear protrusions and extrusions
of the CCM (Figure 2D) were found on both the ACL and
CCL. These circular and linear protrusions and extrusions,
which will be referred to as buckling [30] and linear wrinkling,
respectively, were observed to the same extent in terms of den-
sity and size distribution throughout all investigated single
cells. Buckling exhibited a diameter range of a few tens micro-
meters to a few hundred micrometers, while having a height
range of a few micrometers to a few tens micrometers. No dif-
ferences of buckling at the anode and cathode were observed.
Buckling was proven to be a wrinkling of the whole CCM by
correlating location of protruding buckles at the CCL to
extruding buckles at the ACL and vice versa. Buckling as a
wrinkling of the whole CCM was also shown with cross-section
images. Linear wrinkling possessed an average width and
height of a few micrometers while having an average length of a
few hundred micrometers. No correlation between linear
wrinkling on the ACL and CCL could be found. As shown in
the inset of Figure 2D, buckling and linear wrinkling were found
to correlate to holes and cracks in the corresponding MPL by
comparing their shape, size and position. Additionally, we dis-
covered that 80% of 38 circular Pt depositions of a single cell in
region 6 correlated with geometric displacements like buckling
and linear wrinkling. Herein, the dimensions of 93% of 27 inves-
tigated Pt depositions were detected to be smaller than the
dimensions of the corresponding buckle and linear wrinkling.
No differences of buckling and linear wrinkling along a single
cell and within different cells of the stack were observed.

3.2 Interpretation of Structural Changes

During operation MEAs undergo several relative humidity
changes and can be exposed to harsh conditions like local fuel
starvation, which can lead to the observed degradation phe-
nomena. Especially, the observed degradation phenomena of
CCL thinning, crack formation and Pt deposition indicate a
rise of electrode potential at the cathode due to local fuel star-
vation [22-24, 28].

We expect elevated temperatures in the degraded area and
carbon corrosion of the catalyst layer to be responsible for the
adhesion of MPL and CCL. Agglomeration of ionomer on top of
the CCL due to carbon corrosion in combination with an in-
creased mobility of the ionomer due to increased temperature
could lead to ionomer migration into the MPL and thus to the ob-
served adhesion effect. In addition, carbon corrosion during fuel
starvation could lead to a roughening of MPL and CCL surface,
which could lead to a mechanical adhesion of the two layers.

We also assume carbon corrosion to support crack forma-
tion at the CCL due to a weakening of the CCL structure, thus
leading to the increased crack surface area ratio at the CCL
compared to the ACL. Crack formation itself is assumed to be

caused by tensions within the catalyst layer originating from
membrane swelling, which occurs during cycling of the rel-
ative humidity [30]. This is also in accordance with the pref-
erential formation of cracks in the vicinity of CCM buckles,
where CCM expands during buckle formation.

The fact that Pt deposition is accumulated in distinct but
randomly distributed areas close to the anode outlet of the
CCL leads to the assumption of water accumulation at the
CCL surface being a prerequisite for Pt deposition. This
hypothesis is in accordance with the relative position and
shape of buckles and linear wrinkles on the CCM and holes
and cracks in the MPL. For linear wrinkling no correlation on
the ACL and CCL was found. Therefore, it might be a local
wrinkling effect of the single catalyst layer, which is in accor-
dance with the results of Mehmood et al. [32].

In accordance with the results of Uchiyama et al. [30,31],
buckling and linear wrinkling is supposed to occur due to rel-
ative humidity cycling of the cell during operation. While
Uchiyama et al. simulated low supporting MPL areas by intro-
ducing a perforated foil between CCM and GDL to artificially
create buckles, we observe buckling in a real system. Buckling
formation is explained as follows: Due to relative humidity
change the membrane swells and the CCM extends. At loca-
tions of low support due to holes or cracks in the MPL, the
CCM releases the stress by wrinkling into these geometric dis-
placements, thus forming buckles and linear wrinkles. This
hypothesis is in accordance with the position and shape of
buckles and linear wrinkles on the CCM in relation to holes
and cracks in the MPL.

Linear wrinkling, where no correlation of linear wrinkles
on the ACL and CCL was found, might be a local wrinkling
effect of the single catalyst layer, which is in accordance with
the results of Mehmood et al. [32].

3.3 Correlation of Fuel Starvation Degradation Phenomena

For simplification of further stack analysis related to fuel star-
vation we correlated the degradation phenomena of MPL adhe-
sion, CCL thinning and crack formation being determined on
different segments (along row 4) within 6 cells at stack position
1, 6, and 8. Figure 4A shows that an increase in MPL adhesion
correlates with both an increase in crack surface area ratio as
well as with a decrease in CCL thickness. In particular,
Figure 4B shows strong CCL thinning in the transition region of
low to high MPL adhesion of cells in region 1 and 7. In addition,
we observed a correlation in terms of an increase in both MPL
adhesion and Pt deposition towards the anode outlet region.
Consequently, the degradation phenomena of MPL adhesion
can be used as a first indicator for the degradation phenomena
of CCL layer thinning, crack formation and to a certain extend
Pt deposition. Therefore, our results allow the conclusion that a
fast indication of fuel starvation degradation along different
cells of the stack can be made by analyzing MPL adhesion on
the single cells of the stack. It has to be mentioned that a transfer
to different material systems and operation conditions still has
tobe proven.
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3.4 local Development of Degradation along Single Cells and
within the Stack

In order to investigate the influence of cell geometry as well
as cell stacking on degradation we used the aforementioned
correlation of different degradation phenomena to perform a
simplified stack degradation analysis. The representative deg-
radation phenomena of MPL adhesion was quantified via cal-
culation of MPL surface area ratio (as described in the experi-
mental section) at various positions within a single cell.
Quantification was repeated for cells at eight different stack
positions (regions 1 to 8 in Figure 1A).

Figures 5A and 5B show the local development of the deg-
radation along a single CCM at different stack positions. At
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Fig. 5 (A) Distribution of MPL adhesion on an exemplary cell of the
stack, showing increasing degradation from anode inlet to anode outlet.
Ai/Ci and Ao/Co indicate positions of anode/cathode inlet and outlet,
respectively. (B) Horizontal development of degradation from anode inlet
to outlet region (as depicted by arrow in A) for different cells of the stack.
Region 4 and 5 show similar results as region 6 and are excluded from
the graph for reasons of clarity. (C) MPL free area of the CCL as a mea-
sure for cell degradation at different stack positions. Increased degrada-
tion (lower MPL free area) in the middle of the stack slightly shifted to the
end of the stack (regions 4-6) as well as at both ends of the stack
(regions 1 and 8) were observed. Cells with increased degradation
showed lower performance in terms of in situ measured cell voltage.

least two specimens were taken for each location to analyze
the degradation phenomena. An exception was made for
region 2, where only one cell was investigated. We found a
general trend of increased MPL adhesion towards the anode
outlet (position M7) in both horizontal (position A-M) and ver-
tical direction (position 1-7). An exception was made for cells
at the end of the stack (region 8), where we observed a
decrease of MPL adhesion towards the anode outlet after an
initial increase of degradation. This behavior might be due to
a transport of excess hydrogen from the outlet manifold,
which is also referred to as vacuum effect [33-35].

We also found local differences in total cell degradation
according to the cell position within the stack. As shown in
Figure 5C, we observed increased degradation, by means of
MPL covering the CCL, in the middle of the stack slightly
shifted to the end of the stack (region 4 to 6, where region 4
depicts the middle of the stack). In addition, slightly stronger
degradation was observed in the region close to the stack inlet
(region 1) and at the end of the stack (region 8). The distribution
of degradation along the stack was in accordance with in situ
data, showing cell voltages (at a current density of 1.4 A cm™?)
within regions of increased degradation being lower compared
to cell voltages within other regions of the stack (see Figure 5C).

Due to the complexity of the automotive fuel cell system
and its operating points a clear reason for the inhomogeneous
stack degradation could not be found. However, the occur-
rence of regions of stronger degradation within the stack could
be explained by stack and cell design as well as by self-reinfor-
cing effects due to the mutual dependence of water accumula-
tion and fuel starvation degradation. On the one hand, inho-
mogeneous incoming gas flow of different cells due to stack
design and peripheral fuel cell system devices could have led
to increased local fuel starvation in distinct cells. On the other
hand, fuel starvation could have been supported by water
accumulation within the MEA by preventing hydrogen to
access the active area. The observed degradation of buckling
and linear wrinkling are supposed to support the accumula-
tion of water [32] on both anode and cathode. In addition,
degradation phenomena like crack formation on top of the
CCL could also lead to an enhanced accumulation of water on
the cathode side [32,36]. Due to water diffusion from cathode
to anode, water accumulation at the anode could also be
increased by the aforementioned cathode degradation. This
could have led to a self-worsening effect of fuel starvation deg-
radation supporting further fuel starvation. Therefore, both
inhomogeneous incoming gas flow and the mutual depen-
dence of water accumulation and fuel starvation can cause the
observed inhomogeneous stack degradation.

3.5 Postulation of a Degradation Mechanism for Circular and
Linear Pt Deposition

Itiswell agreed, that Pt agglomeration and particle growth is
highly relevant for fuel cells and thus for stack performance loss
[19,37,38]. Since circular and linear Pt deposition was observed
throughout the stack and, to the best of our knowledge, has not
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been described in literature yet, we tried to better understand
this degradation mechanism. As illustrated in Figure 6, we
assume voids between MPL and CCL like buckling and linear
wrinkling of the CCM as well as MPL cracks and holes to be the
starting point of degradation. At high current densities and/or
high relative humidities of the supplied gases these voids at the
cathode are suspected to be filled with liquid water. Addition-
ally, due to possible hydrogen starvation at the anode, electrode
potential U, rises at the CCL according to the reverse current
mechanism [28]. As a result of the increased cathode potential,
Pt dissolves into water within the voids (Figure 6A) [39,40]. The
dissolution of Pt ions in water is supported by the results of Xie
et al. [41]. When starved anode regions are resupplied with
hydrogen the potential U, of the CCL decreases and reaches the
reduction potential of dissolved Pt ions, thus leading to deposi-
tion of the dissolved Pt (Figure 6B). In order to deposit Pt in the
center of the macroscopic voids (diameter = few tens to few hun-
dreds micrometers, depth = few to few tens micrometers), elec-
trons have to migrate a long distance in the order of tens of
micrometers within the strongly degraded cathode catalyst
layer possessing a severe decreased thickness of approximately
two to three micrometers. The large electric resistance of the
long path electrons have to move within the collapsed electrode
leads to an increase in electric potential towards the center of the
void. Since the change of protonic potential from the edge to the
center of the void canbe neglected, the increase in electric poten-

Uc’V

MPL

CCL Y-
ACL g

MPL

CCL e
Mem |
ACL o

MPL

(B)

Fig. 6 Schematic of postulated formation mechanism of Pt deposition on
top of the CCL. (A) Dissolution of Pt in water within a void (here: buckle)
at elevated cathode potential due to local fuel starvation. (B) Pt deposi-
tion close to contact area of MPL/CCL (high current density for Ption
reduction) at reduced cathode potential.

tial leads to an increase in the local cathode potential (see
Figure 6B). Thus, dissolved Pt will preferentially deposit at the
edge of the water filled void, where a lower cathode potential is
present (see Figure 6B). In addition, dissolved Pt ions will
migrate towards the edges of the macroscopic void, due to the
established electric field, also leading to increase Pt deposition
at the edges of the void and thus explaining the formation of cir-
cular Pt deposition.

Another possible mechanism that could explain favored Pt
deposition at the edges of the water filled void is given by
cathode potential differences along the void during fuel star-
vation. According to the reverse current mechanism the poten-
tial increase at the cathode is caused by oxygen reduction reac-
tion at the starved anode and thus dependent on the oxygen
diffusion from cathode to anode. The water droplet within the
void having a thickness of several micrometers and having an
oxygen diffusion coefficient in the range of fully hydrated
polymer-electrolyte membranes possesses an additional diffu-
sion resistance for oxygen diffusion from cathode to anode.
Thus, oxygen partial pressure at the anode and the corre-
sponding local cathode potential in the center of the void is
decreased. As a result, Pt dissolution at the edges of the water
filled voids is enhanced leading to an increased Pt ion concen-
tration in the water droplet in the proximity of the void’s
edges. This leads to an increased Pt deposition on top of the
cathode catalyst layer compared to the center of the void,
when the cathode potential drops below the Pt reduction
potential during hydrogen resupply.

In case of linear Pt deposition, the width of a linear void
(cracks; width = few micrometers, length = few hundred
micrometers) is assumed to be not large enough to create a
sufficient increase in electric potential and decrease in oxygen
partial pressure. Thus, a linear Pt deposition is formed.

4 Conclusions

Different degradation phenomena were found on cells of
an automotive full size stack operated under different automo-
tive driving points. By correlating the observed degradation
phenomena of crack formation, CCL thinning and Pt deposi-
tion, which are all related to local fuel starvation, to the degra-
dation of MPL adhesion, a fast indicator for degradation inho-
mogeneities in particular for fuel starvation degradation
within single cells and between different cells of the stack were
presented. Buckling (wrinkling of the CCM) and linear wrink-
ling of the CL was observed continuously throughout the cell
and stack, the other degradation phenomena were found to
increase towards the anode outlet and exhibited different
extent at different locations of the stack. An increased degra-
dation in terms of MPL adhesion in the second half of the
stack as well as a slightly increased degradation at both ends
of the stack were detected. A potential rise at the CCL due to
fuel starvation was assumed to be the main cause of degrada-
tion. Gas flow inhomogeneities and self-reinforcing effects due
to the mutual dependence of water accumulation and fuel
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starvation were thought to be responsible for the different
extents of degradation along the stack. Finally a degradation
mechanism for the formation of Pt deposition was proposed.
In brief, voids between MPL and catalyst layer being filled
with liquid water are suggested to be the starting point of the
Pt deposition. A potential rise according to the reverse current
mechanism is suggested to lead to Pt dissolution in water
filled voids. After resupply of H, and corresponding decrease
of potential, dissolved Pt deposits preferentially at the edge of
water filled voids. This might be both due to increased cath-
ode potential in the center of the void due to high in-plane
electron resistance of the degraded CCM, and an increased Pt
ion concentration at the edges of the water filled voids.
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