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a b s t r a c t

For the clarification of water transport mechanisms in operating fuel cells, synchrotron radiation com-
puted tomography (SR-CT) was applied. A novel fuel cell has been designed that exposes the entire active
area (7 mm2) to the SR beam while at the same time allowing for full fuel cell operation during the imag-
ing experiment. This micro fuel cell has been qualified successfully prior to the SR imaging experiments.
The cell voltage was 600 mV at 0.2 A cm−2 (open circuit voltage, OCV > 950 mV) and the operation was
stable for hours. However, under SR beam exposition for in situ imaging, severe cell performance degra-
dation within minutes has been reproducibly observed. Even after the SR beam had been switched-off cell
operation remained irreversibly degraded whilst OCV could be recovered. Preliminary results indicate a
ater management
iagnostics
egradation

higher degradation sensitivity of the cathode side of the cell. Apparently, the unique setup of the exper-
iment which exposes an operating fuel cell with the entire active area to the SR beam reveals otherwise
unnoticeable degradation mechanisms. It may have to be concluded that the very same materials degrade
heavily during beam exposure that are subject of the imaging investigation. Consequently, the applica-
bility of SR imaging to study water transport in porous fuel cell materials has to be revisited critically.
This publication describes the observations made during fuel cell operation under SR beam exposure and

isms
discuss potential mechan

. Introduction

Water visualization in operating fuel cells was identified as
eing important for understanding the fundamental transport
echanisms within the different components of a polymer elec-

rolyte fuel cell. Various experimental techniques to determine
nd/or monitor the water distribution in operating fuel cells have
een developed and published. These methods comprise imag-

ng methods, for instance neutron and synchrotron radiography,
uclear magnetic resonance tomography as well as several opti-
al methods, and non-imaging analytical methods, e.g. Raman
nd IR spectroscopy, X-ray diffraction and electrical resistivity
easurements. Comprehensive overviews with continuative ref-

rences have been published by St-Pierre [1] and Bazylak [2]. From
he imaging methods neutron radiography is widely used. Fuel
ell hardware of any active area dimensions can be investigated
ith small, if any, influence on fuel cell performance and fuel cell
ehavior. The only disadvantage is the spatial resolution which is
urrently limited to approximately 25 �m. This resolution is not
ufficient to visualize water within the pore structure of typical
as diffusion media with average pore diameters between 10 and
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E-mail address: armin.schneider@opel.de.com (A. Schneider).
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that may cause beam-induced performance degradation.
© 2010 Elsevier B.V. All rights reserved.

30 �m and fiber diameters that typically range between 5 and
10 �m. In order to capture the dynamics of liquid water transport
and liquid/solid interaction in that scale, the resolution has to be
in the order of half of the fiber diameter or higher. Synchrotron
radiography, for instance, offers high spatial resolutions down to
0.5 �m [3]. These resolutions are also appropriate for resolving
a layer thickness as small as 100–200 �m for typical fuel cell
diffusion media. Besides spatial resolution, understanding trans-
port phenomena in the anisotropic diffusion media requires 3D
imaging instead of the more typical 2D investigations at sufficient
temporal resolution to cover the dynamic processes. Synchrotron
micro-tomography seems to be a good candidate to provide these
capabilities.

Several investigations regarding water visualization in operat-
ing fuel cells by synchrotron radiography have been published.
Manke et al. investigated the 2D water evolution and transport in
an operating fuel cell of technical size [4]. They used a fuel cell with
100 cm2 active area but visualized an area of about 7 mm × 7 mm
through an 8 mm hole in the metallic end plates. The beam expo-
sure was 1 s for each 2D image having a pixel size down to 1.5 �m.

They found a periodic water droplet transport behavior. Further-
more, Hartnig et al. published 2D images of the water evolution
and transport in a 7 mm × 7 mm cross-section of an operating cell of
12 cm2 active area [5,6], again with a pixel size down to 1.5 �m. As
result they show a 2D liquid water formation resolved by different

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:armin.schneider@opel.de.com
dx.doi.org/10.1016/j.jpowsour.2010.04.032
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of 240 �m. The platinum loading was 0.4 mg cm−2 for both anode
and cathode side. The components of the cell hardware and the
softgoods are illustrated in Fig. 2.
350 A. Schneider et al. / Journal of P

ayers of the fuel cell. Mukaide et al. [7] investigated an operating
uel cell with different diffusion layers and found different water
istributions. The active area of the fuel cell was 20 mm × 7.5 mm,
ut the imaged area was just a fraction of that (approx. one-eighth
f the active area). The exposition time for each image was 1 s and
he pixel resolution approx. 6 �m. 2D images were taken from two
irections in-plane and through-plane. In contrast to the above
ublications, Flückiger et al. [3] determined a 3D liquid water dis-
ribution in hydrophobic and hydrophilic diffusion layers with a
ixel resolution of 1 �m. Therefore, they constructed a simplified
ircular fuel cell with an active area of 7 mm2. In order to gener-
te water the cell has been short-circuited, i.e. apparently current
nd voltage have not been controlled or measured actively. Due to
he minimized cell it is the first published operating fuel cell setup
here the entire active area was exposed to synchrotron radiation

SR).
The state-of-the-art as described above may not consider all cell

elated and imaging needs comprehensively. Either technically rel-
vant cells with designs used in actual applications are operated
uring the imaging but only 2D data sets of a fraction of the total
ctive area are provided. Alternatively, a whole miniaturized cell
s imaged, but it does not exhibit technically relevant cell designs
nd is not operated under controlled fuel cell operation during the
maging process.

Hence, the intention of the work presented here was to design a
uel cell for 3D imaging of the full active area and still have sufficient
patial and temporal resolution to visualize the dynamic water evo-
ution and transport. Furthermore, the design of the miniaturized
ell reflects the actual design of technical fuel cells like a sealed
arallel channel flow field with application relevant channel and

and geometries and adjustable cell compression. To image under
elevant operating conditions, the peripheral setup allows for mea-
uring and controlling voltage or current as well as temperature,
ressure and gas flow.

. Experimental

SR imaging has been performed at the European Synchrotron
adiation Facility in Grenoble, France, utilizing beam line ID19
hich is specifically equipped for micro-tomography [8] and also
brous materials have already been investigated successfully [9].
full 3D tomographic image of an object is obtained by turning

he object during beam exposure and making a series of 2D pro-
ection images for each individual object/beam angle by means of

charge-coupled device (CCD) optically coupled to a scintillator
rystal. The 3D information can be reconstructed from this series
f 2D images. In the case of the fuel cell the design of the cell and
he peripheral equipment have to comply with the need to rotate
he objects during the imaging process. Despite of possible spa-
ial resolutions down to 0.5 �m [10] a trade-off between spatial
nd temporal resolution has been made to meet the requirement
hat dynamic transport processes have to be captured. Based on
he steady-state requirement for fuel cell operation, it has been
stimated that a full tomography needs to be completed after less
han one minute (see e.g. [4]). Hence, a pixel size of 2.8 �m has
een chosen with a CCD operation in binning mode (summing 4
ixels of each 1.4 �m effective size) which reduces exposure time
er image and, hence, enables getting down to approx. 30 s for a
ull set of 2D projection images. Another 30 s were needed for the
cquisition of correction images of the beam profile and CCD dark
mages. Therefore, the data needed to reconstruct a full 3D tomog-

aphy could be obtained every 60 s which is expected to provide
ufficient temporal resolution to visualize transient water transport
henomena. The beam has a rectangular cross-section of approx.
.5 mm in height and 3 mm in width. The beam energy was adjusted
o 20.5 keV and the sample distance to the detector was 20 mm to
Fig. 1. SR imaging principle with cross-sectional view of the micro fuel cell.

provide edge enhancement due to phase contrast [8]. For 3D image
reconstruction, a standard filtered backprojection algorithm was
applied (“pyHST” provided by ESRF [11]).

To combine the requirements of 3D SR imaging and fuel cell
operation, a miniaturized fuel cell with a circular shape and an
active area of approximately 0.07 cm2 was designed (Fig. 1). The
active area diameter was restricted to 3 mm due to the beam geom-
etry mentioned above. To provide controlled and adjustable cell
compression, the cell housing was equipped with an adjustable
screw cap. For minimizing beam attenuation polypropylene and
small material thickness at the exposed locations have been used.

The flow fields of both anode and cathode are manufactured
from carbon composite material and have the shape of cylinders
with an outer diameter of 6 mm to make them fit into the cell hous-
ing. Machined into one end is the flow field and inside the other
end are the connections for the gas inlet and outlet, current col-
lector, thermocouple and heater elements. The flow field has two
straight parallel gas channels with a length of 3 mm and a depth
and width of 0.5 mm separated by a 0.5 mm land. The gas inlet and
outlet boreholes have 0.5 mm diameter. The cell is sealed gas-tight
around the perimeter of the active area by flat Viton rings inserted
into a lining groove. The used polymer electrolyte membrane was
a perfluorosulfonic acid (PFSA) type membrane with a thickness
of 25 �m. As a gas diffusion electrode a catalyst coated diffusion
medium (CCDM) has been used comprised of a carbon paper with
a microporous layer and a catalyst layer with an overall thickness
Fig. 2. The components of the micro fuel cell.
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fuel cell to the beam in order to irradiate the individual softgood
ig. 3. Representative startup procedure of the micro fuel cell. A constant current
f 10 mA was adjusted which is equivalent to a current density of 0.14 mA cm−2.

Peripheral equipment and data acquisition have been realized
uch that full fuel cell operation from the remote control room at
he beamline was possible. In order to ensure stable galvanostatic
peration of the tiny fuel cell a suitable electronic load which covers
he automotive relevant range of current densities up to 1.5 A cm−2

n the 0–1 V voltage range and a control accuracy of ±7 mA cm−2

as been developed. Both anode and cathode have been equipped
ith heater elements and thermocouples for temperature control.
as mass flow controllers (MFC) where used to control the flow

ates and stoichiometries, respectively. The lowest adjustable flow
ates with the used MFC allowed for anode stoichiometries as little
s 2 at a current density of 0.14 A cm−2. Highest flow rates allowed a
athode stoichiometry of 5 at 1.5 A cm−2. Pressure controllers were
nstalled at the cell outlets and two additional pressure sensors
t the gas inlets. The sealing system of the cell allowed pressur-
zed operation up to 200 kPaabs. In order to simplify the peripheral
quipment with regard to the limitations at the beamline and to
void imaging artifacts caused by externally introduced condensa-
ion water, reactant humidification was not implemented, and the
ell has been operated with dry inlet gases.

. Results

.1. Cell performance without SR

In order to justify that findings from the imaging with the micro
uel cell can be transferred to technical fuel cell applications, the

iniaturized cell was required to work properly in terms of exhibit-
ng typical open circuit voltages (OCV) > 950 mV and reasonable
olarization curves. Hence, the cell has been qualified in the fuel
ell laboratory before being transferred to the SR facility. Fig. 3
xemplarily shows a representative startup procedure and corre-
ponding micro fuel cell response. The cell has been operated at
oom temperature and ambient pressure. After starting reactant
ow the OCV jumps to 955 mV and stabilizes in less than a minute
t approx. 880 mV, which is typically observed with new mem-
rane electrode assemblies (MEA) prior to the startup procedure.
fterwards, the cell load was set to a constant current density of
.14 A cm−2 resulting in a stable voltage of 520 mV after a few min-
tes. The gas stoichiometry for both air and hydrogen at the given

oad was at approx. 5 so that the operating conditions were very dry.
n the course of fuel cell operation the load was switched off regu-
arly to measure the OCV in order to ensure that no crossover leak
r short-circuit (e.g. by membrane puncturing) has occurred. As a

riterion for an intact cell after the startup procedure a minimum
CV of 900 mV has been defined.

Further qualification of the cell required execution of polar-
zation curves and variation of operating conditions. Fig. 4 shows
Fig. 4. Polarization curves at different operating conditions. In all cases no gas
humidification was provided and the gas stoichiometry was 2.

representative polarization curves under varying conditions. The
stoichiometry during all curves was 2 for anode and cathode side.
All polarization curves in Fig. 4 have been executed with the
same cell build, i.e. without disassembly of the cell, and before
each acquisition of a polarization curve it has been ensured that
the open circuit voltage was above 960 mV. Independent of the
operating conditions, all polarization curves shows similar perfor-
mance below 0.2 A cm−2. As a baseline, ambient conditions have
been applied. Increasing pressure to 150 kPa improves performance
visibly. Furthermore, by setting the temperature to 65 ◦C at ele-
vated pressure a significantly reduced performance was observed.
Besides the losses in the kinetic region which may indicate a sub-
optimal interface between the CCDM and the membrane in the
assembly for the micro fuel cell, it has to be assumed that the opera-
tion with unhumidified gases is a one major source of performance
limitation.

The reproducibility of the fuel cell assemblies was demonstrated
with three different identical cell builds where the spread between
each built is sufficiently small as the maximum voltage difference
to the average value for a specific load case is 26 mV. Based on
the results from the qualification experiments it has been decided
that the cell should be usable for the purpose of imaging water in
an operating fuel cell where liquid water in the fibrous diffusion
medium (DM) has been generated electrochemically and occur-
rence and transport of water in the porous media is relevant for
the application.

3.2. Cell performance under SR exposure

Cell and peripheral equipment were transferred to the ID 19
micro-tomography beamline at the ESRF where proper teststand
and cell operation have been checked and lab performance has
been reproduced. Each individual imaging experiment has been
executed with fresh, unused softgoods, and prior to beam expo-
sition the cell was operated at constant current conditions at room
temperature and ambient pressure until stable conditions were
reached. However, as soon as the cell was exposed to the SR beam
cell performance decayed instantly and severely which could be
observed reproducibly. Due to the high rate of this decay, a sys-
tematic study of the degradation observation by exposing the fuel
cell components individually to the beam, was done prior to any
further imaging experiment, as described in the following.

A slit aperture has been used to expose just fractions of the
layers instead of the entire fuel cell and thereby identify the com-
ponent which reacts sensitive to beam exposure. For this purpose,
the slit aperture of the beamline has been closed in such a way that
the effective cross-section of the beam was reduced to a height of
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Fig. 5. Schematic illustration of a scan series. Th

0 �m. By moving the beam from the top to the bottom of the cell in
ucceeding scans the sensitivity of the cathode side vs. the anode
ide of the cell to the beam exposition could be separated. Since
he thickness of the compressed softgood assembly, comprising the

EA and the anode and cathode DM, was 350 �m (30% compres-
ion) and the height of the beam was set to 50 �m 6 scans per
eries have been chosen in order to cover the cross-section largely.
schematic illustration of this procedure is shown in Fig. 5.
At first two series with the reduced beam height were executed.

fterwards the slit aperture has been removed and another scan
ith the full beam cross-section, i.e. exposing the entire cell to

he beam again, has been done. Finally, the slit aperture has been
ounted again and one further series has been taken. In total, four

cans three of which with the slit aperture and one without have
een executed.

The first series from anode to cathode was done during startup
t no load. No influence on the cell voltage was observed and the
CV prior to putting the cell under load was 925 mV. After the first

eries the cell was put under load with 0.14 A cm−2 constant current
ensity, and a second series was started. The first and second scan
f this series were done at the anode and did not indicate a strong
orrelation between beam exposure and voltage. Moving the beam
urther to the cathode side of the cell, scans 3–6 cause clearly visible

oltage responses to beam exposure. These observations indicate
hat predominantly the cathode materials interact with the beam
hereas the anode materials seem to be less sensitive.

ig. 6. The fuel cell operation at nearly constant conditions before and after apply-
ng synchrotron radiation. During the beam exposure for one tomography the cell
oltage crashed and no further operation was possible.
ple shows the beam position during the 3 scan.

Fig. 6 shows an exemplary and representative result for the
observations made during the series under load as described above.
The figure depicts the cell behavior during the third series (full
beam exposure under load). The cell was operated with a constant
current density of 0.14 A cm−2. Despite of the fact that some detri-
mental interaction of the SR beam with the materials in the cell
during the two preceding series has to be assumed the cell is level-
ing out at approx. 320 mV before being exposed to the beam again.
With the cell being largely stable at 320 mV, one full scan was exe-
cuted. The cell voltage decayed completely, and after reaching zero
potential the electronic load was not able to maintain the current.
After switching-off the load, though, a reasonable OCV of 930 mV
was obtained. However, it was impossible to get the cell in opera-
tion again afterwards. The voltage loss was irreversible despite of
the normal OCV.

After the fully exposed scan (Fig. 6), the slit aperture has been
mounted again for the final series. Since the cell could not be recov-
ered to draw current, though, just OCV could be studied regarding
beam exposition. As shown in Fig. 7, scans with the anode exposed
to the beam (i.e. scans 1–3) seem to keep the OCV unaffected. In
contrast to that, scans that expose the cathode to the beam (scans
4–6) result in a drop of the OCV which stabilizes at a lower level
and seems to be reversible after the beam is switched off. This find-

ing seems to contradict to what has been found during the scan at
startup, and it has to be concluded that there is a beam/cell inter-
action even under OCV if the cell had been operated under beam
exposure before.

Fig. 7. A series of 6 scans in different areas of the fuel cell at OCV was recorded. The
first scan starts in the region of the anode diffusion media and the last ends in the
region of the cathode diffusion media.
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ig. 8. The fuel cell operation during synchrotron radiation. Marked are the posi-
ions when the beam exposure starts and ends.

The above observations have been confirmed in several cell
uilds. As an example, Fig. 8 shows another cell build with the entire
ell exposed to the beam. The fuel cell was operated at 0.14 A cm−2

or about 10 min and behaved normally until a full scan over the
hole setup was applied. The start and the end of this scan are
arked in the figure. Although the beam exposure was only 30 s

he voltage decreased after the scan much faster than before. This
ould indicate irreversible changes of material properties.

.3. Imaging

Despite of the above findings that may question the applicabil-
ty of SR at this point in time, imaging data sets have been acquired.
he images are obtained by phase-contrast imaging in the so-called
dge detection regime [8], and the 3D data set has been recon-
tructed afterwards. As an example, a reconstructed data set is
hown in Fig. 9. The reconstructed area is about 2.8 mm in diameter
nd shows clearly the flow field geometry with the adjacent carbon
ber structure of the gas diffusion layer.

As an example, Fig. 10 shows a perspective view into a full 3D
maging data set obtained during fuel cell operation. The catalyst

ayers on both sides of the membrane are clearly visible in the cross-
ectional cut. For illustrative reasons, the cathode is displayed on
he top side and the anode on the bottom side. In the diffusion

edia bright areas correspond to the carbon fibers whereas dark

ig. 9. Reconstructed 3D imaging data set of the micro fuel cell. The two channel
tructure of one flow field and a gas diffusion media are visible.
Fig. 10. Representative imaging data set obtained during fuel cell operation showing
liquid water filling part of the pore space between the fibers of the diffusion medium
(perspective view).

areas represent the free gas space, i.e. gas-filled pores. The medium
grey-scale values represent areas filled with water. Consistent with
the expectation much more water has been found on the cathode
side.

Qualitatively, the degree of liquid saturation seems to be high.
In order to quantify the saturation and clarify the water trans-
port mechanisms, though, accurate image processing of the data
is required. The major challenge in that regard is namely the seg-
mentation, of the gray-scale data sets to clearly identify solid, liquid
and pore volumes. The spatial resolution of 2.8 �m (voxel size) cho-
sen here clearly complicates the segmentation process as the edges
between the phases (solid, void and liquid) seem to be foggy. As
shown by Flückiger et al. [3] such an analysis might be facilitated by
increasing spatial resolution down to 1 �m or even less. However,
it has to be clarified whether the trade-off with temporal resolution
remains reasonable if such high spatial resolution is used.

4. Discussion

As described above and illustrated in Fig. 6 the decay of the fuel
cell performance takes place with rates that are in the same order
of magnitude as the transients of the water transport mechanisms
that are the actual objective of the imaging experiment. Manke et
al. [4], for instance, indicate time constants of approx. 1 min for
the periodic water transport while the performance degradation
observed here was in the order of 30 s for complete voltage decay.

First of all, it has to be speculated whether the design specifics
of the micro fuel cell, the challenging cell assembly or the dry
operating conditions cause performance degradation that is not
representative for a technical fuel cell. However, the compre-
hensive cell qualification in the absence of any beam exposure
demonstrated stable cell operation. Furthermore, the large amount
of water visible in the imaging data (Fig. 10) suggests that despite
of using dry inlet gases humid or even wet conditions exist in the
porous gas diffusion medium. Hence, attributing the fading perfor-
mance to the dry conditions does not hold, as reflected by the stable
operation in the absence of the beam. Besides that, the qualitatively
high liquid saturation emphasizes the need to hydrophobically
treat the diffusion medium in order not to get flooded with liq-
uid water and maintain the wetting properties of the surface. For
that reason it would be of particular concern if the performance

loss was caused by a beam-induced material degradation of the
hydrophobic PTFE treatment. In that regard, the scanning experi-
ment indicated strongly a higher beam sensitivity of the cathode
where the product water is generated. This might give a hint to
a correlation of performance degradation with deteriorated water
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anagement caused by increasing wetting of the solid surfaces. In
act, interaction of water and X-rays resulting in a decrease of the
atural surface tension of water has been observed [12]. Even in
he absence of any PTFE degradation a lower surface tension of the
roduct water would necessarily increase the wetting and, hence,
he liquid saturation of the pore space with liquid product water.
owever, material degradation through X-ray irradiation in terms
f changing composition actually has been observed. Himmer-
ich et al. [13] studied the changes of PTFE-like fluorocarbon films
xposed to soft X-ray radiation and observed a strong decrease
f the fluorine-to-carbon ratio of the fluorocarbon surfaces. This
efluorination strongly reflects the decomposition of the surface. As
etting is a surface rather than a bulk mechanism, even small mod-

fications of the surface composition may lead to severe changes
f the wetting properties. Kanda et al. [14] exposed PTFE to syn-
hrotron radiation and measured the wetting behavior afterwards.
hey found that at room temperature the contact angle of water
n PTFE decreased severely with increasing SR dose. However, the
oses applied by them were in the order of tens and hundreds of
A h. In our case, with ring currents of approx. 200 mA and fuel cell

ecay in less than 1 min, doses were rather in the order of 1 mA h.
evertheless, even in case of small separate impact of the individ-
al mechanisms, i.e. reduced surface tension and PTFE degradation,
oth mechanisms may aggravate and lead to the observed high
erformance degradation rates. Besides PTFE, interaction of X-rays
nd SR beams with PFSA-based polymer electrolyte membranes
as been reported [15]. From the perspective of fuel cell operation, a

oss of sulfuric acid groups, for instance, would be directly reflected
n a performance loss due to lower membrane ion conductivity.
his should not affect, though, the OCV which has been observed
ere. However, degradation products of membrane decomposition
uring beam exposure may poison the Pt catalyst. For instance,
ulfur and sulfur compounds are known as strong catalyst poisons
16,17]. Since the active groups in PFSA membranes are sulfuric
cid, any loss of these is a potential source for catalyst poisoning.
particular irradiation sensitivity of the side-chains that attach

he acid groups to the polymer backbone of the membrane has
een reported previously [18]. Besides that, the backbone of PFSA
embranes is PTFE which is, as mentioned above, prone to beam-

nduced decomposition. Apart of CO2 as a decomposition product of
TFE, CO is produced, too [19]. Like sulfur compounds, CO is a strong
atalyst poison and will immediately deteriorate cell performance.
he high excess of O2 in the cathode gas, though, should oxidize
O from the catalyst surface and, hence, restore performance after
oisoning fast. This effect is utilized to mitigate CO contamination

n hydrogen-rich reformate fuels by adding small amounts of air to
he anode feed [17]. However, the low sensitivity of the anode to
eam exposure observed here may rule out CO as a contaminant.

The potential mechanisms due to beam/material interaction
eading to performance degradation may be summarized as fol-
ows:

decrease of water surface tension and PTFE decomposition caus-
ing increased wetting of pore space and potential flooding,
decomposition of PFSA-based polymer electrolyte membrane
reducing membrane conductivity (loss of sulfuric acid groups),
decomposition of PTFE and PFSA membrane causing catalyst poi-
soning by decomposition products (CO, S),
a combination of these mechanisms.

However, based on discussed literature the potential mecha-

isms should occur at low radiation energies only. For instance,
inding energy of C–C and C–F bonds are 284 and 697 eV,
espectively [14]. Publications reporting fluoropolymer degrada-
ion therefore utilized soft X-rays or low-energy synchrotron
adiation. Hence, dissociation of these bonds is not to be expected
ources 195 (2010) 6349–6355

for the SR application reported here where beam energies of
>20 keV have been used. If so far not understood mechanisms exist
that either lead to the discussed mechanisms or which generate
low-energy fractions in the beam is currently being studied. The
general degradation of the MEA caused by the mere fuel cell oper-
ation itself is subject of numerous publications that also aim at
identifying the individual anode and cathode sensitivities [20,21].
It has to be noted, though, that typical in situ lifetime tests like
those referenced here are in the order of hundreds and thousands of
operating hours in order to observe significant performance degra-
dation. This is in sharp contrast to our observation where severe
performance degradation under beam exposure is in the order
of tens of seconds. Hence, beam-induced degradation cannot be
understood as being relevant to actual fuel cell operation. Whether
beam exposure acts as an accelerating factor for degradation mech-
anisms that may occur in regular fuel cell operation but on a very
different time scale needs to be further investigated. Unfortunately,
the amount of sample from an in situ SR experiment with full expo-
sure of the entire active area is not sufficient for typical analytical
material characterization methods.

The above findings seem to contradict other results obtained
on operating fuel cells imaged with SR. Despite of electrochemical
operation during exposure, no performance degradation has been
reported. This circumstance should be due to the fact, as indicated
in the introduction, that different from our experiment either not
the entire active area has been exposed to the beam or the elec-
trochemical behavior of the cell has not been actively controlled or
monitored. For instance, experiments reported by [4,6,7] exposed
only a fraction of the cells to the beam while unintentionally shield-
ing the active area largely from the beam. Hereby any degradation
of the exposed area will not be visible in the overall current–voltage
behavior which is dominated by the unexposed active area. It has
to be concluded that only a fully exposed active area provides the
sensitivity of the electrical signal to reveal the degradation effect.
On the other hand, experiments which operate electrochemically
to generate product water but do not monitor the electrical signals,
e.g. [3] simply do not detect the performance degradation.

A worst case implication of these observations could be the non-
applicability of SR imaging to fuel cells due to severe degradation
of fuel cell materials under beam exposure. Hence, any conclusion
drawn from such imaging might be misleading as the materials
are not longer representative for undegraded fuel cell materials.
For example, if it is the hydrophobic treatment that degrades, any
interpretations relating to the distribution and movement of liquid
water in the GDL might not be applicable to actual fuel cells. These
questions are currently under investigation.

5. Conclusions

For the purpose of SR imaging of the entire active area a minia-
turized fuel cell and peripheral equipment for controlled fuel cell
operation during the imaging have been developed. The micro cell
has been well characterized and representative performance has
been demonstrated. Operation at the imaging facility showed a
significant correlation between SR beam exposure and fuel cell per-
formance. Under OCV the impact of irradiation seems to depend on
the history of the fuel cell operation and indicated that the OCV can
be regenerated if the beam is switched off. Under load, however,
cell performance decreases seriously and with fast rates indicating
that the beam induces high degradation rates on fuel cell materials.

This seems to contradict other published in situ SR imaging results.
However, so far no imaging experiment that operates a fuel cell
with controlled voltage and current and exposes the entire active
area to the beam has been demonstrated yet. This is assumed to
be the key aspect for making the degradation observation reported
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[19] M. Schulze, A. Schneider, E. Gülzow, J. Power Sources 127 (2004) 213–221.
A. Schneider et al. / Journal of P

ere. First results did not indicate that these effects are reversible
ince the cell that had been tested could not be recovered. Pre-
iminary tests suggest that the cathode is more sensitive to beam
xposure compared to the anode. Based on the observations and
iterature data on material/beam interaction it can be speculated
hat key properties of typical fuel cell materials, e.g. wetting prop-
rties of the PTFE-based hydrophobic treatment or ion conductivity
f the polymer electrolyte membrane, may change under expo-
ure. Besides this, poisoning of the Pt catalyst with decomposition
roducts may occur. However, it is unclear yet if the observa-
ions published here in the end actually relate to a degradation of
he porous, hydrophobically treated diffusion medium. Since the
ater transport in the diffusion medium is the subject of the SR

maging investigation any beam-induced material degradation that
hanges its wetting properties introduces non-negligible artifacts.
onsequently, before further in situ imaging studies are going to be
xecuted, a clarification of the interaction of synchrotron radiation
nd fuel cell materials is required. This clarification is subject of
urrently ongoing investigations. If such an interaction with high
egradation rates in the order of minutes or even faster can be con-
rmed, interpretations of SR imaging results with regard to water
ransport mechanisms in the actual fuel cell application have to be

ade carefully.
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