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Abstract

For long-term operation of fuel cells the stability of all components is needed under extreme conditions. Especially the components in
polymer electrolyte fuel cells (PEFCs) may show corrosion problems caused by the acid character of the solid electrolyte. One of the parts
which is commonly neglected, is the sealing material. Sealings are necessary for separating the gas compartments from the each other
order to avoid mixing of hydrogen and oxygen. A typical sealing material is silicone.

Fuel cell components are characterized after operation in single cells under typical fuel cell conditions. After fuel cell operation frequently
an alteration is visible on the sealing and the membrane parts which were in direct contact with each other. Those parts of the membran
which were in contact with the sealing surface, became colored. Motivated by this observation membranes and sealings were investigated |
scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX). In addition, electrodes and backings were investigate
by X-ray photoelectron spectroscopy (XPS).

With the XPS measurements of the electrodes operated in a silicone sealed cell, residues of the silicone were detected on its surface. Tt
indicates that the decomposition products of the silicone seals have a high mobility. In SEM/EDX mappings, an enrichment of silicone
residues on the platinum was observed. Therefore, the decomposition products may contribute to a poisoning of the catalysts and may al:
change the hydrophilic/hydrophobic characteristic of the electrodes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tally friendly character, fuel cells and especially the poly-
mer electrolyte fuel cell (PEFC) have the chance to become
In the last decade worldwide energy consumption contin- a sustainable, resource-saving energy source for diverse ap-
ued to climb. It increased in the last decade by some 10% plications, e.g. for the mobile sectf3].
up to approximately & x 10?%J in the year 1999. Accord- The modular design of a PEFC suggests that manufactur-
ing to the International Energy Agency’s (IEA) World En- ing will in future will be of low-cost and permits mass pro-
ergy Outlook, the global demand for primary energy will duction. Recent improvements in fuel cell technology have
increase by 57% (corresponding to 2% a year) from 1997 led to a degree in development, which allows to envisage
to 2020 at an annual economic growth of roughly 3%. The commercial fields. Within the next decades a successive re-
IEA anticipates an annual rise in global g@missions be-  placement of conventional energy conversion technologies
tween 1997 and 2020 of almost 14 billion tons. This cor- is likely, even if certain technical obstacles remain still to be
responds to a total increase of 63% or 2.1% a \&gt]. overcome. For long-term operation of fuel cells stability of
If this increase of consumption is maintained, fossil energy all components is needed. At present, the status of fuel cell
resources will be spent within a few generations and the development can not guarantee sufficient life times of several
problem of environmental pollution will become a key issue thousands of hours for mobile or portable applications and
for the future of mankind. Therefore, the future of energy several ten thousands of hours for stationary applications.
supply lies in renewable energy sources and developing newTherefore, the investigation of degradation mechanisms is
energy conversion technologies such as fuel cells. Due toa main topic in fuel cell researcf]. However, only a
their potential in converting chemical energy with high effi- few publications exist concerning the investigation of degra-
ciency directly into electrical energy and their environmen- dation effects of polymer electrolyte membrane fuel cells
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the each other and to avoid mixing of hydrogen and oxy- was recorded separately for each segment, so that the MEAs
gen respectively. A faulty or inappropriate sealing leads to can be characterized bl curves and local current densi-
fuel losses and reduced voltage due to the formation of aties. At DLR, the segmented cells are used for the investi-
mixed potential at the electrodes. Usually the resulting gas gation of hydrogen supplied polymer electrolyte membrane
mixture can explode if the ratio of oxygen and hydrogen fuel cells as well as for the investigation of direct methanol
lies in a certain range. In a fuel cell, the hazard of an explo- fuel cells (DMFC). More details of this device can be found
sion is improbable due to the presence of the noble metalin [31]. Between the membrane electrode assembly and the
platinum. Platinum acts as a catalyst and stimulates the re-segmented cell, a sealing of silicone-fedas used for sep-
action of the fuel and the oxidant gas. But the heat of reac- arating the gas compartments against the environment. On
tion of this catalytic combustion generates hot spots in the both sides of the MEA, silicone sealings were used.
MEA. Thus, temperature rises until the membrane will be  The cells were fixed in test setups which were developed
destroyed. The resulting holes enhance mixing of the gasesfor automatic, continuous and safety controlled operations
that finally may lead to an open fire. Besides these safetywith hydrogen and oxygen or air. These facilities allow the
aspects, it is also necessary from the manufacturer’s pointvariation of the operating conditions in a wide range of pa-
of view that the sealing materials should be easy to han- rameterg21,31,32] In our experiments the cells operated in
dle, low priced and chemically inert, even under the cor- the dead-end-mode at a temperature of@@vith pure hy-
rosive environment caused by the acid electrolyte and thedrogen and oxygen (5.0 and Q 4.8, Messer Griesheim) at
chemical conditions. Typical sealing materials are fluorine 2.0 bar absolute. Both gases were not humidified. The anode
caoutchouc, EPDM and silicone. side was purged by opening the outlet valve with pulses of
0.5s every 900 s. On the cathode side, the outlet was opened
for 0.5s every 120 s at the beginning. Later on, the intervals

2. Experimental were extended to 240s. For the start-up, the MEAs were
humidified by an injection of liquid water directly into the
2.1. Sample preparation test-cell. The cell voltage was 500 mV. Under these condi-

tions, the cathode became flooded over the operational time.
For the experiments membrane—electrode assemblies
(MEAs) with two different types of electrodes were used. 2.3. Physical characterization
The first one contains commercial electrodes purchased from

E-TEK with 20 wt.%. Pt/C and a Pt-loading of 0.4 mg&km The different fuel cell components were characterized af-
The second one was a proprietary development prepareder operation.
with the DLR dry spraying technique. In contrast to typi- After preparation and electrochemical stressing by fuel

cally used preparation methods for commercial electrodescell operation, the MEAs were investigated by scanning elec-
from a catalyst-containing suspension, the DLR manufac- tron microscopy (SEM}33] combined with energy disper-
turing way is a dry process avoiding solvents and compli- sive X-ray spectroscopy (EDXB3], X-ray photoelectron
cated process steps and can fit to a fully automated massspectroscopy (XPS)33] and porosimetry (with mercury
production[17-22] It is a consequent further development intrusion) [34,35] For the SEM and EDX measurements,
of the manufacturing technique for alkaline fuel cell elec- a Zeiss Gemini microscope (LEO) was used in combina-
trodes[23-30] with a new deposition type of the powder tion with a NORAN VOYAGER 3000 EDX-detector. This
mixture for the reaction layer. The resulting electrodes con- SEM allows high magnification imaging at low and high
tained 20 wt.% Pt/C and a Pt-loading of 0.2 mgfapn each beam voltages (1-30keV). The SEM and EDX measure-
electrode. On each electrode E-TEK single sided backingsments were performed on the backside surface as well as on
were used as gas diffusion layers. In both cases the MEAscross sections of the MEASs.

were prepared by hot pressing the electrodes (1.6 MPa, The XPS measurements were performed in a XSAM 800
2min, 160°C) onto a Nafio membrane (purchased from (Kratos). The XPS equipment is described in more details

DuPont). The active area of each MEA wa8 & 4.8 cn?. in [36]. XPS yields information about the chemical com-
position of the surface and the method shows a very high
2.2. Electrochemical experiments surface sensitivity. In contrast, EDX has a low surface sen-

sitivity and yields information about the bulk composition

All electrochemical experiments were carried out in a of the volume close to the surface. SEM yields informa-
23cnt single cell. On the cathode side, a stainless steel tion about the surface structure and gives information about
electrode holder with moulded meander structures was usedhe bulk character. The used XPS does not allow to inves-
as gas distributor. The current collector on the anode hadtigate the samples with a high lateral resolution, the pos-
a flow-field with a chocolate wafer structure which was di- sible resolution amounts to a few mntherefore, no XPS
vided into 4x 4 quadratic segments of stainless steel. By investigations on cross sections were performed, but only
means of this device, the value of the current which is gener- the electrode surfaces, reaction layers and backings, as well
ated in a certain region of the membrane electrode assemblyas the membrane surface of the MEAs.
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3. Results and discussion would be a kind of impurities, but the displayed particle has
a form like a crumpled foil and such a form of a particle is
After an operational time of several days, a leakage test untypical for dust, abrasion or similar impurities. Therefore,
showed that the mechanical function of the silicone sealings the particles were investigated by EDX. In the EDX anal-
still remain. After these tests, the fuel cells were opened andysis silicon and oxygen were determined as main compo-
the different parts of them were examined. At first, it can be nents. Silicon oxide particles in the form of sand (crystalline
noticed that the sealings always stuck on the N&fiorem- structure) as well as in form of glass (amorphous structure)
brane and an alteration of those membrane areas which wergaypically have a different particle shape. In addition, if the
in direct contact with the sealings was visible. Those parts particles were abrasion fragments of the silicone sealing,
of the membrane surface became colored yellow, which in- similar particles should also be found on the anode side,
dicates a chemical reaction of the sealing material. A ther- which was not case. Therefore, the displayed particle seems
mal change of the sealing could be excluded, because theitto be a separated part of the silicone sealing or is formed
range of application was from90 up to 250C according by a reaction with decomposition fragments of the silicone
to the manufacturers specification. sealing. A significant concentration of carbon and fluorine
Motivated by the change of the silicone appearance, thein the particles was not observed. In the carbon mapping,
MEA was studied with different physical methods to inves- the structure of the carbon cloth is shadowed by the parti-
tigate alterations in the structure and in the chemical com- cle. From the silicon, oxygen, carbon and fluorine signal, it
position. On the cathode backside, numerous particles werecannot be distinguished if the particle is a fragment of the
visible. The particles were imaged with optical and scan- sealing or a decomposition product. In addition to the silicon
ning electron microscopy. The particle sizes are in the rangeand oxygen, some platinum can be detected. The platinum
of below 1um to few hundredum. Different forms of the in the particle is observed in the edges of the investigated
particles were observed; compact particles, which were de-particle. The platinum decoration of the edges indicates an
termined by EDX as platinum oxide shown[Bv] and more alteration in the electrodes. The mobility of platinum and its
structured particles. agglomeration in PEFC electrodes is a known eff8¢t38],
Fig. 1shows a photography of the MEA taken with a light where the platinum migrates in the direction from the anode
microscope. The displayed area is appro% % 3.9 mn?. to the cathod¢37].
The bright region at the left upper corner shows the mem-  The particles on the cathode backing are distributed over
brane, below the diagonal in the figure the cathode backingthe complete area. Consequently, the decomposition prod-
is displayed. On the cathode backing, bright domains can ucts from the silicone sealing must be mobile.
be observed. Thus, depositions were observed on the whole On the anode backing no particles, neither platinum ox-
cathode backing. On the anode backing, no particles wereide [37] nor the silicone-containing particles could be ob-
visible by light microscopy. served. Two different hypotheses allow to explain why no
Fig. 2shows a SEM image of such a structured particle. silicon is observed on the anode backing: on the one hand,
The first explanation for particles on the cathode backside the decomposition components of the silicone move in the

Fig. 1. Photography of membrane electrode assembly made by a light microscope on the cathode backing. The displayefl ar@a isr¥.
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Fig. 2. SEM micrograph of a particle of the backside of the cathode backing after fuel cell operation (a) and the corresponding EDX mappings for
carbon (b), fluorine (c), silicon (d), oxygen (e) and platinum (f). The imaged area is 460u.m?.

same direction as the platinum; possibly the driving force lyst in the commercial electrodes is covered by a polymer
for the mobility is the electrical field for both. On the other film [21,40] Additionally, the signal of silicon, enlarged in
hand, the reaction conditions on anode and cathode differFig. 3, was observed. This is a second indicator for a high
extremely; therefore, it is possible that the silicone sealing mobility of the silicone decomposition products. Combining
decomposes only on the cathode side. Which explanationthe high mobility of the silicone decomposition fragments
is correct cannot be derived from these investigations on and the attraction between these and the platinum catalyst a
the reaction layer. Therefore, additional measurements arepoisoning of the catalyst becomes more likely.
needed. Furthermore, the sealings have a hydrophobic char-
In an independent XPS investigation on the reaction layer acter. Therefore, the decomposition products could also
surface of a used commercial electrode applied as anode irbe hydrophobic and may change the wetting behavior
the reaction layer silicon was detectédg. 3). Also, in this of the electrodes, which is determined by the content of
case, silicone rédlwas used as sealing material for the cells. polytetrafluoro-ethylene PTFE41]. The influence of the
For the XPS analysis of used electrodes using commercialsilicone decomposition fragments on the wetting behavior
electrodes, there is the advantage that the electrodes can bef the electrodes cannot be determined, because the PTFE
better separated from the membrane electrode assemblieq the electrodes is also changed by the electrochemical
after operation. This is due to the preparation technique; thestressing due to fuel cell operatip42].
commercial electrodes are manufactured as self contained The silicon in the anode reaction layer is a clear indicator
units; in contrast the reaction layers prepared with the DLR that the silicon decomposition fragments move in the same
dry spraying techniquiR0,21,39]are fixed on the membrane direction as the platinum—from the anode backing in the
and cannot be separated. The XP spectrum is dominated bydirection to the cathode backing. In addition, the XPS mea-
the carbon, oxygen and fluorine signal. The platinum cata- surements show clearly that the silicone on the anode side
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Fig. 3. XP spectrum of an used electrode (The Si2p-region is enlarged).

decomposes, too. An alternative explanation for the silicon the membrane is displayed dark. The thickness of the mem-
on the anode reaction layer could be given, if the silicone de- brane is approximately 90m.

composition products migrate from the cathode side through In the EDX mapping, carbon is detected in the electrodes,
the membrane to the anodic reaction layer. This should bewhile the carbon concentration in the membrane is signifi-
excluded because no silicon was detected on the cathodiccantly lower. The fluorine is bound in the polymers, PTFE
reaction layer as well as no silicon was observed in the and Nafioff. Consequently, the fluorine concentration is
membrane (see below). Therefore, the silicone decomposesnaximum in the polymer electrolyte membrane and the hy-
also on the anode side, this means, the reaction conditiondrophobic layer. The electrolyte membrane also contains a
are not the reason why the silicon-containing particles are significant concentration of sulfur. The platinum is concen-
only observed on the cathode backing and not on the anodetrated in the reaction layer as expected. Very interesting is
backing. Therefore, it can be concluded that the movementthe distribution of the silicon in the cross section. The de-
of the silicone decomposition fragments is not induced by composition products of the silicone sealing could only be
the different reaction conditions on anode and cathode, butfound on the reaction layer of the anode whereas the cath-
is induced by a directed movement of the silicone decom- ode reaction layer remains silicon-free. Only particles con-
position fragments. taining silicon are found in the cathode backing.

In order to get more information about the movement of  The electrolyte membrane contains oxygen and sulfur.
the silicone decomposition fragments and the commonly ob- In addition, the oxygen of the air can oxidize the catalyst
served platinum and silicon a cross section of the used DLRin the reaction layers after operation and separation of the
MEA operated with silicone réti as sealing material was membrane electrode assemblies from the fuel cell. Conse-
investigated by SEM and EDX(g. 4). Fig. 4a and lshow quently, oxygen is found in the reaction layer and in the
the SEM micrographs imaged with back-scattered electronsmembrane. The oxygen concentration in the anode reaction
and with secondary electrons. Using the back-scattered elecdayer is higher than in the cathode reaction layer. In addition,
trons for the imaging, the contrast is determined by the dif- a high oxygen concentration is found in the silicon contain-
ference in the efficiency to back-scatter electrons. Heavy ing particle in the cathode backing. Both, the higher oxygen
elements are displayed brighter than light elements in this concentration in the anode reaction layer and the oxygen in
imaging mode. If the secondary electrons are used for thethe silicon particles, show that oxygen is found accompa-
imaging, the contrast is determined by the differences in the nying the silicon—this means the silicon is in an oxidized
electron work function. In addition, the secondary electrons form.
are detected in a high angle to the sample normal, there- In the membrane, no silicon is observed. Consequently,
fore, the shadowing effect yields a more steric impression. the transport of the silicone decomposition fragments in the
In both imaging modes, the platinum is displayed bright and membrane and in the electrode must be completely different.
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Fig. 4. SEM micrograph and EDX-mappings of a MEA cross section: (a) SEM micrograph image with back-scattered electrons; (b) imaged with the
secondary electrons, (c—h) EDX mappings for the elements: (c) carbon, (d) fluorine, (e) sulfur, (f) platinum, (g) silicon and (h) oxygen. Theeamaged ar
is 190x 190um?.

If the transport in the membrane were to would be fast, a the silicone fragments follow the moving platinum, but in
low silicon concentration in the membrane is possible, but in this case also silicon should be detected in the cathode re-
the cathode reaction layer silicon should also be observable.action layer. Therefore, most likely for the movement of the
Therefore, the absence of the silicon in the membrane issilicone decomposition fragments a directed driving force
effected by the hindering of the diffusion into the membrane exists like that for the platinum migration.
from the electrode side. Consequently, it can be concluded, A risk for fuel cells is that the probability of a poison-
that the Nafio® membrane is a diffusion barrier for the ing of the platinum catalyst increases due to the attractive
silicone decomposition fragments. interaction. The poisoning of the catalyst is more critical in
The combined appearance of silicon and platinum espe-the anode than in the cathode, because for the silicone de-
cially in the EDX analysis of the particles on the cathode composition fragments the driving force yields a migration
backing indicates that an attractive interaction between plat- away from the cathode reaction layer.
inum and the silicone decomposition fragments exists. The In addition to a poisoning of the catalyst, the silicone de-
attractive interaction could be the cause for the directed composition fragments may change the wetting behavior of
movement of the silicone decomposition fragments, becausethe electrodes. On the anode side, mainly the reaction layer



228 M. Schulze et al./Journal of Power Sources 127 (2004) 222-229

is influenced; on the cathode side, mainly the gas diffusion conditions to the changed cathode character. Furthermore,
layer. In both electrodes, the transport processes will be in-the platinum catalyst of the anode can be poisoned due to
fluenced by the decomposition of the silicone. Caused by an interaction of the noble metal to the silicone fragments.
the barrier function of the polymer electrolyte membrane, Impedance studies on MEAs have shown, that the contribu-
the silicone decomposition fragments will be enriched on tion of the anode towards the total impedance usually can
the interface between the membrane and the anode reactiome neglectef3]. According to this result, a distinct change
layer. This will increase the transition resistance, whereas of the anode’s condition should effect the behavior and the
the problem is more critical in MEAs with self-contained performance of the MEA close to the limiting current.
electrodes assemblies than in MEAs with reaction layers di- A lot of different degradation processes, agglomeration of
rectly fabricated onto the membrane, because the transitionthe catalys{37], changes of PTF42] and so on, proceed
resistance between electrode and membrane is higher usingimultaneously. So, it is impossible to quantify the influ-
self-contained electrodes and therefore, the migration of theence of the individual degradation effects separately at the
ions in the interface zone is enhanced, which is also observedpresent state of knowledge. Therefore, further investigations
for the platinum[37]. In any case, the silicone decomposi- of degradation processes are necessary.

tion fragments in the electrodes as well as the enrichment

in the interface between membrane and anode should influ-

ence the media transport in the electrodes and should effectAcknowledgements
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