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7 [€2]
Griechische Symbole
a [-]

& [F/m]
o [V]

Nd [V]
Dy [°]

@ [V]
Poo [V]
Plon [V]

9 [°C]

p) [-]

Vi [-]

0 [-]

o [kg/m?’]
ol [N/m]

W [1/s]

Sonstige Indices

ad
des
norm

ox
red

Wechselstrom

Volumen

Volumenstrom
Potentialinderungsgeschwindigkeit
Molvolumen

Molenbruch

Durchtrittswertigkeit

Impedanz

Durchtrittsfaktor
Dielektrizititskonstante
Durchtrittsiiberspannung
Diffusionsiiberspannung

Phasenwinkel Strom/Spannung
Elektrodenpotential, Halbzellenpotential

Standardreduktionspotential der Halbzellenreaktion bei 25 °C,
1013 mbar, pH = 0 (gegen Normalwasserstoffelektrode)

Potential der lonomerphase
Temperatur

Stochiometrie, Luftzahl; A = 1 entspricht der nach Faraday fiir
den elektrischen Strom umzusetzenden Stoffmenge

Stochiometrischer Koeffizient der Komponente k
Bedeckungsgrad

Dichte der Komponente j

Oberflachenspannung

Kreisfrequenz

Adsorbierte Spezies
Desorption
Normiert

Oxidation
Reduktion
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Abkiirzungsverzeichnis

AES
AFC
BET
BOL
CCM
CPE
Ccv
DEMS

DFT
DMEFC
ECA

EDX
EELS
EIS

EOL
EPSA

GDE
GDL
HOR
ISE
MCFC
MEA
MOL
NDIR

Auger Electron Spectroscopy

Alkaline Fuel Cell (Alkalische Brennstoffzelle)
Stickstoffadsorption nach Brunauer, Emmet, Teller
Begin-of-Life (Neuzustand vor Beginn der Messungen)
Catalyst Coated Membrane (Katalysatorbeschichtete Membran)
Constant Phase Element (Konstantphasenelement)

Cyclic Voltammetry (Zyklovoltammetrie)

Differential Electron Mass Spectroskopy (Differenzielle Elektronen-
Massenspektroskopie)

Density Functional Theory
Direct Methanol Fuel Cell (Direktmethanol-Brennstoffzelle)

Electrochemically Active Area (Katalysatoroberfldche bezogen auf die
Platinbelegung)

Energy Dispersive X-ray Analysis (Energiedispersive Rontgenanalyse)
Low Energy Electron Loss Spectroscopy

Electrochemical Impedance Spectroscopy (Elektrochemische Impe-
danzspektroskopie)

End-of-Life (degradierter Zustand nach Abschluss der Messungen)

Electrochemical Platinum Surface Area (Katalysatoroberfldche
bezogen auf die geometrische aktive Flache)

Gas Diffusion Electrode (Gasdiffusionselektrode)

Gas Diffusion Layer (Gasdiffusionslage)

Hydrogen Oxidation Reaction (Wasserstoffoxidation)

Ion Selective Electrode (Ionenselektive Elektrode)

Molten Carbonate Fuel Cell (Karbonatschmelze-Brennstoffzelle)
Membrane Electrode Assembly (Membran-Elektrode-Anordnung)
Mid-of-Life (Zustand bei Zwischenuntersuchungen wihrend des Tests)

Non-Dispersive Infrared Spectroscopy (Nichtdispersive
Infrarotspektroskopie)



16

NECAR
NHE
ocv
ORR
PAFC
PEK
PEM
PEMEFC

PSU
PY/C
PTFE
PZC
REM
RHE
(R)RDE

SOFC
TEM
TFMSA
TISAB
UPS
XPS
XRD

New Electric Car (frithe Mercedes-Benz Brennstoffzellenfahrzeuge)
Normal Hydrogen Electrode (Normalwasserstoffelektrode)

Open Circuit Potential (Klemmenruhespannung)

Oxygen Reduction Reaction (Sauerstoffreduktion)

Phosphoric Acid Fuel Cell (Phosphorsaure Brennstoffzelle)
Polyetherketon

Polymer Electrolyte Membrane (Polymerelektrolytmembran)

Polymer Electrolyte Membrane Fuel Cell (Polymerelektrolytmembran-
Brennstoftzelle)

Polyethersulfon

Kohlenstoffgetragerter Platinkatalysator

Poly-Tetrafluorethylen (,,Teflon‘)

Potential of Zero Charge (Nullladungspotential)
Rasterelektronenmikroskopie

Reversible Hydrogen Electrode (Reversible Wasserstoffelektrode)
Rotating (Ring) Disk Electrode (Rotierende Scheibenelektrode (mit
Ring))

Solid Oxide Fuel Cell (Festoxid-Brennstoffzelle)
Transmissionselektronenmikroskopie

Trifluormethanesulfonic Acid (Trifluormethansulfonsiure)

Total Ionic Strength Adjustment Buffer (Pufferlosung)

Ultraviolet Photoemission Spectroscopy

X-ray Photoelectron Spectroscopy

X-Ray Diffraction (Rontgenstrahldiffraktometrie)
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Abstract

For automotive application the fuel cell of choice is the polymer electrolyte membrane fuel
cell (PEMFC). But, in addition to appreciable costs for catalyst and membrane, the low
lifetime and high power degradation of fuel cells so far have prevented a broad commer-
cialization of fuel cell technology in automotive application. This can mainly be attributed
to the tough operating conditions, which are unavoidable for automotive fuel cells, like
high dynamics and dry operation. In addition to that competition with conventional internal

combustion engines does not allow costly measures to improve lifetime.

This work aims to examine place and mechanism of degradation processes and to evaluate
mitigation strategies concerning materials and ways of operation. Though aging mecha-
nisms of fuel cells cannot be strictly distinguished because of their close interactions, they

are often classified into mechanical, thermal and chemical degradation.

Degradation as a consequence of mechanically induced edge-failure can be easily avoided
by applying an appropriate design of the membrane-electrode-assembly (MEA). Thermal
degradation can be counteracted by preventing hot-spots with an adequate flowfield and
cooling concept. In contrast to that, chemical degradation dominates aging processes in
todays PEM fuel cells. Consequently this work concentrates on chemically induced aging

processes during fuel cell operation.

The work is divided into the general analysis of degradation processes during fuel cell
operation, the deeper evaluation of the identified aging mechanisms which have highest
impact on durability, i. e. carbon corrosion and platinum agglomeration, and concludes
with the examination of the long-term stability of alloy catalysts as a promising way to

improve fuel cell durability.
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Experiments were conducted in situ in membrane-electrode-assemblies (MEAs). This way
fuel cell specific border conditions like solid electrolyte and under-saturated conditions are
accounted for. Specific test protocols were developed to reduce the impact of the more
inhomogeneous local conditions over the active area, compared to a microelectrode in
liquid electrolyte. By means of specific test protocols it was possible to take into account
fuel cell specific conditions and ensure reproducibility. Furthermore analytic tools were

developed, e. g. the measurement of carbon corrosion rates by NDIR spectroscopy.

Relevant degradation mechanisms in long term operation were analyzed by periodic inter-
ruption of the test cycle to carry out polarization curves in air and oxygen, respectively,
and in addition impedance spectroscopy and cyclic voltammetry. The results were used to
calculate characteristic parameters which identify the state of health of the fuel cell, i. e.
cell voltage degradation, active platinum surface area, hydrogen crossover and catalyst
activity.

As a result, processes which take place in the cathode catalyst layer were identified as

determining lifetime and performance degradation.

Generally the operational time of a fuel cell is limited by chemical membrane degradation
which leads to membrane thinning and pinhole formation. Pinholes short circuit anode and
cathode compartment and enable direct chemical reaction of hydrogen and oxygen. To-
gether with mechanical stress and peroxide formation the recombination heat leads to
accelerated growth of the pinholes and to destruction of the MEA. From cross sectional
pictures it was possible to assign membrane thinning to chemical ionomer decomposition
starting from the cathode side of the membrane. Though sometimes the anode side is
reported as the starting point of membrane decomposition in the literature, anode-side
degradation was only observed after pinholes had formed and high quantities of oxygen
were able to react at the anode side. Membrane attack on the cathode side is caused by
formation of hydrogen peroxide and desorption of peroxide intermediates in the indirect
oxygen reduction path. These mechanisms particularly take place in dry areas where
platinum-adsorbed OH-groups are not stabilized by chemisorbed water. Together with
poor dilution and washing out due to lack of liquid water the accelerated degradation in the
dry inlet areas of fuel cells is explained. By means of current density distribution

measurements a corresponding deactivation of the inlet areas was detected.

Performance degradation of the MEAs could completely be correlated to the decrease of

active catalyst area. Degradation of the platinum surface explains the increased kinetic loss
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at low current densities as well as performance decrease at high current densities. The
latter one often is assigned to loss of hydrophobicity of the gas diffusion layer or the
deterioration of the catalyst layer pore structure. Here it was possible to show that the
apparent mass transport losses result from a longer average diffusion path of the reactants

to the decreased active catalyst area.

To sum up, results of long term tests showed that performance stability and lifetime of
PEM fuel cells is limited by processes which take place in the cathode catalyst layer. Most
important are the oxidation of the carbon catalyst support, the agglomeration of platinum

particles and the formation of peroxy radicals.

Corrosion mechanisms of the catalyst support were analyzed in potentiodynamic
measurements. Because electrochemical oxidation of the carbon support proceeds by reac-
tion of water with carbon, it was possible to conduct most measurements in nitrogen
atmosphere which excludes chemical degradation by peroxide formation during oxygen
reduction. Furthermore a homogeneous humidity level can be maintained all over the
active electrode area because of the lack of reaction water. As the most important advan-
tage of measurements in inert gas atmosphere, cyclic voltammograms can be recorded
which allow correlation of the carbon corrosion rates with processes that take place at the
active electrode surface. Carbon corrosion rates were determined by NDIR measurement of
carbon dioxide and carbon monoxide concentrations at the cell outlet. In contrast to mass
spectroscopy NDIR allows to measure COyx concentrations in the order of ppm in both,

nitrogen and oxygen atmosphere.

From potentiodynamic measurements it was possible to identify different corrosion
mechanisms as a function of electrode potential. The corrosion rates of pure carbon elec-
trodes and of carbon-supported platinum electrodes showed an exponential Butler-Volmer-
behaviour. This leads to the often observed cathode destruction at high electrode potentials

that are caused by open circuit voltage or even worse by hydrogen starvation.

At potentials below the thermodynamic equilibrium potential of the carbon oxidation reac-
tion an increase of corrosion rates could be observed on pure carbon and on carbon-
supported platinum electrodes. By means of fluoride release rate measurements it was
possible to prove the formation of hydrogen peroxide. This complies with the known
formation of H,O, on platinum and carbon and hydrogen-covered platinum in this potential
area. Thus it was concluded that carbon corrosion below 0.3 V is caused by chemical

oxidation of the carbon support by hydrogen peroxide.



