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Summary

Summary
This study deals with the investigation of degradation phenomena occurring during start-up and
shut-down of polymer electrolyte fuel cells. The main emphasis was put on obtaining a
comprehensive understanding of the involved processes on different levels of complexity.
Typically, fuel cell shut-down is performed by purging the hydrogen filled anode compartment
with air. To restart the fuel cell, hydrogen is again fed to the anode. During these purging
processes, the coexistence of hydrogen and oxygen at the negative electrode leads to the
development of potentials exceeding 1 V in certain areas of the positive electrode. Besides the
accelerated dissolution of the platinum catalyst, these elevated potentials can cause severe
corrosion of the carbon particles acting as catalyst support material, leading to a strong decline
in fuel cell performance. Since the oxidation of carbon results in the formation of CO2, catalyst
support corrosion can be directly monitored by measuring the carbon dioxide concentration in
the exhaust gas of the positive electrode. Based on this measurement principle, an experimental
procedure was developed which allows a reliable quantification of carbon corrosion under
various operating conditions.
Since the understanding of the decisive degradation processes is a prerequisite for the
investigation of start/stop induced fuel cell degradation behaviour, the first part of this study
focuses on the elucidation of fundamental corrosion mechanisms. To enable a good control of
the driving force leading to carbon corrosion at the positive electrode, the elevated potentials
occurring during start/stop processes were typically simulated by applying an external voltage to
cells operated in H2/N2 mode.
Measurements in various potential ranges showed that catalyst support corrosion is not limited
to the detrimental conditions occurring during start-up and shut-down of the fuel cell. Besides
the oxidation of carbon at elevated potentials, three different processes were found to cause
CO2 evolution in the potential range below 1 V. Although the contribution of these additional
sources of CO2 is comparatively small, they might affect the long-term stability of the fuel cell.
Furthermore, the catalytic effect of platinum on the corrosion of carbon was systematically
investigated. It was found that the contribution of the reaction pathway catalysed by platinum
strongly depends on both the potential acting as driving force for carbon corrosion and the
potential conditions before the exposure of the positive electrode to values exceeding 1 V.
Compared to the pure carbon support material, the presence of platinum can increase the
corrosion rate by more than one order of magnitude. Depending on the potential conditions,
however, the formation of a passivating oxide layer on the platinum particles was found to
result in a significant inhibition of the catalysed carbon corrosion pathway.
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Summary
Besides the measurements carried out under controlled potential conditions in H2/N2 mode, the
mechanisms determining the exchange of the anode gas were investigated by analysing carbon
corrosion behaviour in response to singe start-up and shut-down transients. Measurements
with various reactant gas compositions and gas flow rates indicated that the hydrogen/air front
propagates almost ideally through the anode compartment. Thereby, CO2 evolution during fuel
cell start-up is mainly controlled by the oxygen concentration while the effect of hydrogen
concentration is more pronounced in case of fuel cell shut-down. The ratio between the
corrosion rates obtained for fuel cell start-up and shut-down processes was found to be solely
determined by the hydrogen concentration.
In the second part of this study, the influence of decisive operating parameters on start/stop
induced fuel cell degradation behaviour was systematically investigated. Under controlled
potential conditions, the effect of reactant gas humidity and temperature on the carbon
corrosion rate was found to follow the theoretically expected linear and Arrhenius behaviour,
respectively. Moreover, both parameters strongly influence the loss of electrochemically active
platinum surface area.
In case of real start-up and shut-down processes by purging of the anode compartment with
hydrogen and air, however, the electrochemical generation of water as well as the effect of
operating parameters and degradation state on the detrimental potential developing at the
positive electrode leads to significant deviations from the behaviour obtained under idealised
conditions. The analysis of fuel cell degradation during the accumulation of 1,800 start/stop
cycles shows that platinum loss rates become largely independent of temperature and reactant
gas humidity. Fuel cell performance loss, however, which was found to be primarily caused by
carbon corrosion induced changes in the catalyst layer structure, is strongly influenced by both
the chosen operating conditions and the application of an external load.
To further elucidate the mechanisms leading to the decline in fuel cell performance, pristine and
degraded electrodes were analysed by FIB/SEM serial sectioning. The resulting 3-dimensional
images of the catalyst layer indicate that start/stop induced voltage loss cannot be ascribed to
one specific mechanism. Presumably, mass transport limitations, an increased ionomer
resistance and the formation of isolated electrode areas simultaneously contribute to the strong
decrease in fuel cell performance.
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Zusammenfassung
Diese Arbeit befasst sich mit der Untersuchung von Degradationsphänomenen, welche durch
das Ein- und Ausschalten von Polymerelektrolyt-Brennstoffzellen verursacht werden. Der
Schwerpunkt liegt dabei auf dem Erreichen eines umfassenden Verständnisses der beteiligten
Prozesse. Die Untersuchungen reichen daher von der Identifikation grundlegender
Degradationsmechanismen
bis
zur
Analyse
des
Alterungsverhaltens
unter
anwendungsrelevanten Bedingungen.
Üblicherweise erfolgt das Ausschalten von Polymerelektrolyt-Brennstoffzellen durch Spülen der
wasserstoffgefüllten Anode mit Luft. Zum Einschalten der Brennstoffzelle wird auf der
Anodenseite wieder Wasserstoff zugeführt. Während diesen Spülvorgängen verursacht das
gleichzeitige Vorhandensein von Wasserstoff und Sauerstoff an der negativen Elektrode in
bestimmten Bereichen der positiven Elektrode einen Anstieg des Potentials auf Werte deutlich
über 1 V. Neben der beschleunigten Auflösung des Platinkatalysators führen diese erhöhten
Potentiale zur Korrosion der als Katalysatorträgermaterial dienenden Kohlenstoffpartikel. Beide
Prozesse können eine starke Abnahme der Brennstoffzellenleistung zur Folge haben.
Da als Reaktionsprodukt der Kohlenstoffoxidation CO2 entsteht, kann die Korrosion des
Trägermaterials über die Bestimmung der Kohlenstoffdioxidkonzentration im Abgas der
positiven Elektrode erfasst werden. Auf Basis dieses Messprinzips wurde ein experimentelles
Verfahren entwickelt, welches eine zuverlässige Quantifizierung der Kohlenstoffkorrosion unter
verschiedensten Betriebsbedingungen erlaubt. Dieses Verfahren bildet die Grundlage für einen
Grossteil der durchgeführten Untersuchungen.
Eine wesentliche Voraussetzung für die Untersuchung des Alterungsverhaltens von
Brennstoffzellen ist das Verständnis der beteiligten Degradationsprozesse. Der erste Teil dieser
Arbeit konzentriert sich daher auf die Aufklärung grundlegender Korrosionsmechanismen. Da
diese Untersuchungen eine genaue Kontrolle der zur Kohlenstoffkorrosion führenden Triebkraft
erfordern, wurden die während dem Ein- und Ausschalten auftretenden erhöhten Potentiale
dabei üblicherweise durch das Anlegen einer externen Spannung an eine Zelle im H2/N2-Modus
simuliert.
Durch Messungen in verschiedenen Potentialbereichen konnte gezeigt werden, dass die
Korrosion des Trägermaterials nicht ausschliesslich auf die schädlichen Bedingungen während
dem Ein- und Ausschalten der Brennstoffzelle beschränkt ist. Neben der Korrosion von
Kohlenstoff bei erhöhten Potentialen wurden drei Prozesse identifiziert, welche zur Entwicklung
von CO2 im Potentialbereich unter 1 V führen. Obwohl die entsprechenden Korrosionsraten
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vergleichsweise gering sind, kann die Langzeitstabilität der Brennstoffzelle durch diese Prozesse
möglicherweise massgeblich beeinflusst werden.
Weiterhin wurde die katalytische Wirkung von Platin auf die Korrosion des KohlenstoffTrägermaterials systematisch untersucht. Die Ergebnisse zeigen, dass die Bedeutung des
platinkatalysierten Reaktionsweges sowohl vom Potential, welches als Triebkraft für die
Kohlenstoffkorrosion wirkt, als auch von den Bedingungen vor dem Anstieg des
Elektrodenpotentials auf Werte über 1 V abhängt. Durch den Vergleich mit reinen KohlenstoffElektroden konnte demonstriert werden, dass die Anwesenheit von Platin die Korrosionsraten
im für Ein- und Ausschaltprozesse relevanten Potentialbereich um mehr als eine
Grössenordnung erhöhen kann. Unter bestimmten Potentialbedingungen führt die Bildung einer
passivierenden Platinoxidschicht jedoch zu einer deutlichen Behinderung des katalysierten
Reaktionsweges.
Da die Dauer der schädlichen Potentialverhältnisse durch die Koexistenz von Wasserstoff und
Sauerstoff an der negativen Elektrode bestimmt wird, hat der Austausch des Anodengases einen
wesentlichen Einfluss auf die Korrosion des Katalysatorträgermaterials. Um die beim Spülen der
Anodenseite auftretenden Prozesse aufzuklären, wurde neben den Messungen unter
kontrollierten Potentialbedingungen daher auch die CO2 Entwicklung während einzelner realer
Ein- und Ausschaltvorgänge analysiert. Messungen mit unterschiedlichen Gaszusammensetzungen und Gasflussraten weisen darauf hin, dass die Wasserstoff/Luft-Front während des
Spülvorgangs nahezu ideal durch den Anodenraum läuft. Die durch das Einschalten der
Brennstoffzelle verursachte Kohlenstoffkorrosion wird dabei vorwiegend von der
Sauerstoffkonzentration im Reaktionsgas bestimmt, während die CO2 Entwicklung beim
Ausschalten der Zelle im Wesentlichen von der Wasserstoffkonzentration abhängt. Weiterhin
wurde gezeigt, dass das Verhältnis zwischen den für Ein- und Ausschaltprozesse ermittelten
Korrosionsraten ausschliesslich vom Wasserstoffgehalt bestimmt wird.
Der zweite Teil der Arbeit befasst sich mit systematischen Untersuchungen zum Einfluss
verschiedener Betriebsparameter auf die durch Ein- und Ausschaltvorgänge verursachte
Degradation der Brennstoffzelle. Für Befeuchtung und Temperatur ergibt sich eine weitgehende
Übereinstimmung mit dem theoretisch erwarteten linearen bzw. Arrhenius-Verhalten. Beide
Parameter haben ausserdem einen starken Einfluss auf die Abnahme der elektrochemisch
aktiven Platinoberfläche.
Im Fall realer Ein- und Ausschaltvorgänge durch Spülen der Anodenseite mit Wasserstoff bzw.
Luft führt jedoch sowohl die elektrochemische Erzeugung von Wasser im Betrieb als auch der
Einfluss von Betriebsparametern und Degradationszustand auf die Höhe der schädlichen
Potentiale zu deutlichen Abweichungen von den unter kontrollierten Bedingungen
beobachteten Zusammenhängen. Die Analyse des Degradationsverhaltens der Brennstoffzelle
während der Akkumulation von 1800 Start/Stop-Zyklen zeigt, dass die Platinverlustraten
weitgehend unabhängig von der Temperatur und der Befeuchtung der Reaktionsgase werden.
Die Abnahme der Brennstoffzellenleistung, welche hauptsächlich auf korrosionsinduzierte
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Änderungen in der Struktur der Katalysatorschicht zurückzuführen ist, wird hingegen stark von
den Betriebsbedingungen und dem Anlegen einer externen Last beeinflusst.
Um die zur Abnahme der Brennstoffzellenleistung führenden Prozesse aufzuklären, wurden
gealterte und ungealterte Elektroden durch ein kombiniertes FIB/SEM-Verfahren (FIB/SEM serial
sectioning) mikroskopisch untersucht. Mit Hilfe der resultierenden 3-dimensionalen Aufnahmen
der Katalysatorschicht konnte gezeigt werden, dass der durch das Ein- und Ausschalten der
Brennstoffzelle verursachte Leistungsverlust nicht auf einen einzelnen Mechanismus
zurückgeführt werden kann. Vermutlich tragen Massentransportlimitierungen, eine Erhöhung
des Ionomerwiderstandes und die Bildung von isolierten Elektrodenbereichen gemeinsam zur
Abnahme der Brennstoffzellenleistung bei.
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1 - Motivation

1 Motivation
Due to ecological as well as economic and political reasons, the importance of fossil fuels for the
global energy production will decrease in the foreseeable future. A promising alternative for
sustainable electricity generation is based on the use of hydrogen which is produced from
renewable energy sources such as solar power plants, wind turbines or biomass. The conversion
into electricity can thereby be performed electrochemically by various types of fuel cells, each
having specific advantages and disadvantages. Especially in a wide range of mobile applications,
fuel cells based on polymer membranes are the most promising candidates. In order to compete
with established technologies, however, both lifetime and cost effectiveness of these polymer
electrolyte fuel cells (PEFCs) have to be significantly improved. Particularly for applications
which require highly dynamic operation (e.g. automotive applications), durability is the most
crucial issue regarding a commercialisation of fuel cells. Some detrimental aspects of dynamic
operation, such as rapid load changes or intermittent operation without load can be mitigated
by employing a certain degree of hybridisation in the fuel cell system. In many applications,
however, frequent start-up and shut-down of the fuel cell can not be avoided.
In the most widely used approach, fuel cell shut-down is performed by purging the hydrogen
filled anode compartment with air (vice versa for start-up). The resulting equilibrium state with
the same gases at both electrodes ensures non-detrimental conditions over long time periods.
During the purging process, however, the propagation of a hydrogen/air front through the
anode compartment leads to the development of elevated potentials at the cathode, which
strongly accelerate catalyst dissolution and cause severe corrosion of the carbon particles
forming the porous structure of the catalyst layer. Both processes can result in a substantial
deterioration of fuel cell performance. In automotive applications, for instance, up to one third
of total performance loss is expected to originate from degradation processes occurring during
start-up and shut-down of the fuel cell [1].
The development of operation strategies which can mitigate start/stop induced fuel cell
deterioration requires a profound knowledge both about the involved degradation mechanisms
and the influence of decisive operating parameters. Due to the great importance for fuel cell
durability, specific aspects of start/stop induced degradation have been widely investigated by
the industry and the scientific community. A comprehensive understanding, however, is still
missing.
The work presented in this thesis aims to contribute to a broader understanding about
start/stop related degradation phenomena by providing a comprehensive investigation ranging
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from the identification of fundamental degradation mechanisms to the analysis of start-up and
shut-down behaviour under application relevant conditions. The high complexity of the involved
processes thereby requires a wide variety of experimental approaches. Specific corrosion
mechanisms can only be adequately investigated under simplified conditions, which involve a
simulation of the elevated potentials occurring during fuel cell start-up and shut-down by an
external voltage applied to a cell operated in H2/N2 mode. The elucidation of processes related
to the propagation of the hydrogen/air front through the anode compartment, however,
requires the analysis of real start-up and shut-down transients. The relevance of the obtained
results for start/stop induced fuel cell degradation behaviour can be assessed in cycling
experiments performed by alternating purging of the anode compartment with hydrogen and
air. Experiments carried out with fuel cell stacks finally provide information about the
degradation behaviour in commercial fuel cell systems.
This systematic performance of experiments at different levels of complexity provides essential
information both about the crucial degradation processes and the decisive parameters
influencing start/stop induced fuel cell degradation behaviour. Based on the obtained results,
start-up and shut-down protocols can be developed which enable an improvement of fuel cell
durability in many applications.
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2 Fundamentals
2.1 Electrochemical fundamentals
2.1.1 Formation of electrode potentials
The fundamental driving force for the formation of a potential difference between an electrode
and an electrolyte is the chemical potential μ. The chemical potential, which can be derived from
the fundamental thermodynamic relations [2-5], describes the change in Gibb’s free energy if
one mole of a species i is added to an infinite amount of a mixture at constant pressure and
temperature. Due to the interaction of ions in an electrolyte, the chemical potential depends on
the activity a of the respective species. It can therefore be split into an independent term μ0 and
a term considering the influence of the activity.

 ∂G 
0
 = µ i + RT ⋅ ln (ai )
∂
n

 p ,T

µi = 

(1)

The minimum energy of a system containing two phases A and B is obtained if the chemical
potentials of all species i are equal in both phases (cf. Equation 2). If this condition is not
fulfilled, the possible lowering of the system’s free energy leads to a spontaneous transfer of the
respective species from one phase to the other without external driving force.

µ iA = µ iB

(2)

In case of a metal electrode being in contact with an electrolyte containing the corresponding
ions (metal-ion electrode), the equilibration process leads to the release of metal ions or the
deposition of metal atoms at the electrode. The electrochemical double layer, however, which is
established as a result of the accumulation of positive and negative charges in the metal and the
electrolyte phase, terminates the equilibration process before the chemical potentials of the
respective species are equal. In order to describe the energy minimum of a system containing
two phases which exchange charged particles, Equation 1 must be extended by a term
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considering electrostatic forces. The resulting electrochemical potential μ* thus contains the
work zFφ which is necessary to bring a z-valent particle into a phase which is at a potential φ.

µ i∗ = µ i0 + RT ⋅ ln (ai ) + zFϕ

(3)

Inserting Equation 3 into Equation 2 gives the activity dependent Galvani potential
difference  between a metal electrode and an electrolyte phase containing the
corresponding metal ions Mez+. The fist term, which describes the potential difference in case of
aMe = aMez+ = 1 can thereby be written as the standard Galvani potential difference .

∆ϕ = ϕ Me z + − ϕ Me =

0
0
µ Me
− µ Me
z+

zF

+

 a z+
RT
⋅ ln Me
zF
 a Me


 a z+
RT
 = ∆ϕ o +
⋅ ln Me
zF

 a Me





(4)

These considerations made for the metal-ion electrode are equally applicable to an inert
electrode which is in contact with an electrolyte containing species that can be converted by
oxidation or reduction (redox electrode). In this case, electrons formed or consumed during the
reactions are exchanged between the electrode and the electrolyte. Accordingly, to obtain an
equilibrium state, the electrochemical potential of the reduced species must equal the sum of
the electrochemical potentials of the oxidized species and the involved electrons [2]. Analogous
to the metal-ion electrode, the Galvani potential difference for a redox electrode can thus be
calculated as

∆ϕ = ∆ϕ o +

RT  aox
⋅ ln
zF
 a red





(5)

The same relation applies to gaseous reactants. In this case, the activity must be replaced by the
respective partial pressure of the involved gaseous species [2].
Although Equations 3 - 5 provide an accurate description of the potential difference developing
between two phases, the usage of  and  is impractical in most cases. Since both values
are not experimentally accessible, the potential difference at the considered electrode must be
referred to a second electrode having a constant Galvani potential difference. With respect to
this reference electrode,  and  can be measured and are then denoted as electrode
potential E and standard electrode potential E. Accordingly, Equation 5 can be transformed into
the Nernst Equation.
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E = Eo +

RT  aox
⋅ ln
zF
 ared





(6)

To allow a systematic tabulation of standard electrode potentials for different electrochemical
reactions, all values must be referred to the same reference electrode. Owing to the temporal
stability and good reproducibility, a platinized platinum sheet immersed in an aqueous solution
having a proton activity of aH+ = 1, which is in contact with hydrogen gas at a pressure of
1.013 bar, has been chosen as the standard reference value. By definition, the potential of this
standard hydrogen electrode (SHE) is set to zero.
The values for E, which are tabulated in the electrochemical series, can be either derived from
thermodynamics or experimentally determined by extrapolation of electrode potentials
measured at different reactant concentrations [2, 3, 6]. In many cases, however, the realization
of a SHE setup is not feasible. A widely used alternative is the reversible hydrogen electrode
(RHE). In contrast to the standard hydrogen electrode, the RHE is placed in the measured
electrolyte, thus providing a pH-independent reference potential [7].

2.1.2 Electrode kinetics
The current provided by an electrochemical reaction is determined by the polarization η, which
is defined as the deviation of the electrode potential from its equilibrium value. Generally, for a
redox reaction of the type

A

↔

Az+ + ze-

(7)

both the anodic and cathodic processes are taking place simultaneously. Provided that the rate
determining step of the overall reaction is a single one-electron process, which is the case in
most electrochemical processes [8], the resulting net current density jnet at the electrode is
determined by the difference between the anodic and the cathodic current density (cf.
Equation 8). In equilibrium state (i.e. η = 0), both processes are taking place with the same
reaction rate, thus leading to a net current density of jnet = 0.

jnet = ja − jc

- 15 -
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Generally, the anodic and cathodic current densities are determined by the respective rate
constants kc and ka and the concentrations cox and cred of the oxidized and reduced species.

ja = zF ⋅ k a ⋅ cred

(9)

jc = zF ⋅ kc ⋅ cox

(10)

Since both the oxidation and reduction reaction involve activated processes (migration through
the electrochemical double layer, adsorption/desorption at the electrode), the rate constants k
can thereby be described in terms of activated complex theory [3, 5].

 − ∆G * 

k ~ exp
 RT 

(11)

Equation 11 shows that the rate constants depend exponentially on the Gibbs activation
energy G*, which describes the difference in free energy between the reactants and the
activated state. If the electrode potential is not influenced by an external driving force, the
activation energies for the anodic and the cathodic process will adjust such that an equilibrium
state with identical current densities ja and jc is established (cf. Figure 1). A polarization of the
electrode, however, strongly affects the free energy distribution. A detailed energetic
description of electrochemical reactions can be found in [9]. Schematically, the effect of
electrode polarization on the activation energies G*a and G*c can be illustrated as in Figure 2.
The degree to which a change in electrode potential influences the anodic and the cathodic
activation energy is thereby described by the transfer coefficient α (cf. Equations 12 and 13).

∆Ga* = ∆Ga0 − (1 − α ) zFη

(12)

∆Gc* = ∆Gc0 + αzFη

(13)

In case of α = 0, the polarization mainly affects the anodic process while the cathodic activation
energy is basically unchanged. Accordingly, a transfer coefficient of α = 1 primarily influences
the cathodic process. With regard to the energy distribution shown in Figure 2, the influence of
α can be interpreted as a shift of the energy peak towards the outer plane of the
electrochemical double layer and the electrode interface, respectively.

- 16 -

2 - Fundamentals

Figure 1 Distribution of the free energy across the
electrochemical double layer in equilibrium state.

Figure 2 Distribution of the free energy across the
electrochemical double layer in case of a
polarization of the electrode by η.

The combination of Equations 9 to 13 yields the relationship between the electrode polarization
and the resulting anodic and cathodic current densities. All values which are independent of
electrode polarization can thereby be combined, giving the exchange current density j0. Since
the anodic and the cathodic current must be equal in case of η = 0, the values for j0 are the same
for both processes.

 − ∆Ga0 + (1 − α ) zFη 
(1 − α ) zFη 
 = j0 ⋅ exp
ja = zFcred k '⋅ exp

RT
RT





(14)

 − ∆Gc0 − αzFη 
 − αzFη 
 = j0 ⋅ exp
jc = zFcox k ' '⋅ exp

RT
 RT 



(15)

The constants k’ and k’’ derive from the proportionality described in Equation 11. Inserting the
expressions for the anodic and cathodic current density into Equation 8 yields the ButlerVolmer-Equation, which describes the correlation between electrode polarization and the net
current density jnet.

  (1 − α ) zFη 
 − αzFη 
j net = j0 ⋅ exp
 − exp

RT

 RT 
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In case of sufficiently high electrode polarization, either the anodic or cathodic term can be
neglected. Hence, the net current density is primarily determined by only one process, leading
to an exponential increase in current density with increasing electrode polarization. In this case,
the effect of current density on the polarization of an electrode can be expressed as

 j 

j
 0

η = b ⋅ log

(17)

Equation 17 is referred to as the Tafel equation, with b being the Tafel slope.

b=

RT
(1 − α ) zF

(18)

If the number of transferred electrons is known, the Tafel equation can be used to
experimentally determine the transfer coefficient α. Conversely, in case of known α, the
determination of the number of involved electrons can support the identification of the
dominating reaction among several possible processes.

2.1.3 Electrochemical cells
An electrochemical cell consists of at least two electrodes in contact with an electrolyte. If no
current is drawn from the cell, the open circuit voltage UOCV formed between the electrodes is
determined by the difference in the electrode potentials E1 and E2 (cf. Figure 3). Owing to the
systematic reference of all potential values to the standard hydrogen electrode, the respective
standard electrode potentials E can be obtained from the electrochemical series. The electrode
potentials E, which additionally take into account the given operating conditions, are calculated
according to the Nernst equation (cf. Equation 6). If the electrodes of the electrochemical cell
are polarized, two operating modes can be distinguished. Depending on whether the resulting
electrochemical reactions are driven by an internal or an external driving force, the cell is
working as a galvanic element or an electrolytic cell. If an electric load is connected to the cell,
the internal driving force originating from the difference in electrode potentials leads to
spontaneous electrochemical reactions at both electrodes.
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Figure 3 Formation of the open circuit voltage UOCV in an electrochemical cell comprised of two
electrodes having electrode potentials of E1 and E2. All electrode potentials are referred to the standard
hydrogen electrode potential of ESHE = 0 V.

The electrochemical cell, which is then called a galvanic element, converts chemical energy into
electrical energy. Thereby, the reduction reaction takes place at the electrode with the higher
potential (cathode) while the oxidation reaction occurs at the electrode having the lower
potential (anode). As a consequence of the resulting current flow, the cell voltage Ucell decreases
below the open circuit voltage UOCV. The typical potential distribution in a galvanic element is
schematically illustrated in Figure 4. Generally, three sources of voltage loss can be
distinguished (cf. Equation 19).

U cell = U OCV − η a ,ox − η a ,red − η iR − η mt

(19)

First, the activation overpotentials of the oxidation reaction ηa,ox and the reduction reaction
ηa,red, which stem from the necessary overcoming of the Gibbs activation energy, result in a
potetial drop at both the positive and the negative electrode. As described in Chapter 2.1.2, the
correlation between current density and the respective activation overpotentials is given by the
Butler-Volmer Equation (cf. Equation 16). The second source of voltage loss originates from
contact resistances and the finite conductivity of the fuel cell components. These losses are
typically assumed to be dominated by the conductivity of the electrolyte. According to Ohms
law, the voltage drop across the ion conducting phase ηiR increases linearly with increasing
current density. Third, in case of either high current densities or low concentrations of the
involved species, the insufficient supply of reactants can additionally lead to mass transport
losses ηmt.
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Figure 4 Typical potential distribution in a galvanic element. The effect of current density on the cell
voltage Ucell is determined by the activation overpotentials ηa of both the oxidation and reduction
reaction and the voltage drop in the electrolyte phase ηiR. Voltage losses caused by mass transport
limitations are not included in the figure.

If an external power source forces the voltage above OCV, the electrochemical cell works as an
electrolytic cell. Thereby, the electrodes are polarized against the internal driving force, i.e. the
oxidation reaction takes place at the more positive electrode while the reduction reaction
occurs at the negative electrode. Contrary to the galvanic element, electric energy is thus
converted into chemical energy.
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2.2 Polymer electrolyte fuel cells
2.2.1 Setup and working principle
The electric energy generated by a polymer electrolyte fuel cell originates from the
electrochemical reaction of hydrogen with oxygen. Thereby, the hydrogen oxidation reaction
(HOR) takes place at the fuel cell anode while the oxygen reduction reaction (ORR) occurs at the
cathode of the fuel cell (cf. Equations 20 and 21). Due to the low operating temperatures of
typically below 100°C, both reactions require a catalyst to achieve reasonable reaction rates.

H2 → 2H+ + 2eO2 + 4H+ + 4e- → 2H2O

E = 0 V

(20)

E = 1.23 V

(21)

The working principle of a polymer electrolyte fuel cell is illustrated in Figure 5. The central
component of a PEFC is the proton-conducting polymer electrolyte membrane, which has to
fulfil two essential functionalities. First, the membrane must ensure a spatial separation of the
electrochemical reactions. Thus, to prevent a direct recombination of the reactants, oxygen and
hydrogen permeability has to be as low as possible. Second, to make use of the energy
originating from the electrochemical reactions, the generated charge carriers must be efficiently
separated. Therefore, the membrane must possess high proton conductivity with simultaneous
electrical insulation. The fuel cell reactions described in Equations 20 and 21 are taking place in
the catalyst layers (CL), which are attached at both sides of the membrane. Typically, the
catalyst layers consist of platinum nanoparticles dispersed on a high surface area carbon
support. An impregnation with electrolyte solution ensures the necessary connection to the
proton conducting phase. The homogeneous supply of the catalyst layer with the respective
reactant gases is achieved by attaching a gas diffusion layer (GDL), which usually consists of
either carbon cloth or carbon paper. To facilitate the removal of product water from the cell, a
micro porous layer (MPL) can be additionally inserted between GDL and the catalyst layer. The
functional unit of membrane, catalyst layer, and gas diffusion layer is usually referred to as
membrane electrode assembly (MEA). To provide mechanical stability and to supply the
reactant gases, flow field plates are attached at both sides of the MEA. In contrast to the GDL,
which ensures a homogeneous distribution of the reactants on the local scale, the flow fields
distribute the gases across the entire active area of the fuel cell. If several cells are connected to
form a fuel cell stack, the flow field plates additionally act as bipolar plates ensuring the electric
connection between the single cells.
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Figure 5 Schematic cross section through a polymer electrolyte fuel cell.

2.2.2 Components and materials
This section describes the different components and typical materials for polymer electrolyte
fuel cells. Although the most commonly alternatives are discussed, the section does not claim to
provide a comprehensive overview of all employed materials.

Polymer electrolyte membranes
Membranes for the polymer electrolyte fuel cell must offer good proton conductivity with
simultaneous electric insulation and low gas permeability. The state of the art PEFC membrane
material is Nafion® by DuPont, USA. In the chemical structure of this perfluorinated sulfonic acid
membrane, two functional units can be distinguished (cf. Figure 6). While the hydrophobic
backbone provides mechanical stability, the hydrophilic sulfonic acid groups located at the side
chains enable proton conductivity. However, although extensively studied for more than
40 years, the morphology of the membrane as well as the proton transport mechanism is still
under discussion [10-18]. In terms of membrane morphology, most studies propose the
formation of water filled domains which might build an interconnected network of conducting
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channels in case of high water content. Regarding the transport of protons, two different
mechanisms are discussed. The hopping mechanism suggests a stepwise proton transport from
one sulfonic acid group to the other while the vehicular transport mechanism is based on the
diffusion of hydrated protons through the water-filled domains. Since both proton transport
processes are based on the presence of water, ionic resistivity is substantially influenced by the
hydration state of the membrane [19, 20]. The minimization of ohmic losses in the electrolyte
phase therefore requires a sufficient supply of water under all operating conditions. Usually, this
is achieved by humidifying the reactant gases prior to feeding them to the fuel cell. To avoid this
additional technical effort, several concepts of self-humidifying fuel cells have been developed
[21-26].

Figure 6 Chemical structure of Nafion®

The main drawback of perfluorinated membranes is the high price, which arises from the
complex fluorine chemistry. Therefore, substantial efforts are made to develop membrane
materials which potentially offer cost-efficient manufacturing. An overview on alternative
membranes for polymer electrolyte fuel cells can be found in [17, 27]. The most promising
materials are based on partially or non-fluorinated polymers, which contain sulfonated aromatic
units either in the main chain or attached to an aliphatic main chain [28]. The functionalisation
leading to the formation of proton conducting domains is thereby usually achieved by block
copolymerisation [29-32] or radiation grafting of low-cost base films [33-35]. Despite the
substantial progress during the last years, however, alternative materials can not yet provide the
superior combination of chemical stability, mechanical robustness, and performance offered by
perfluorinated membranes.
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Catalyst layer
The catalyst layers attached at both sides of the membrane provide the reaction sites for the
oxidation of hydrogen and the reduction of oxygen, respectively. Depending on the fabrication
process, the catalyst layers are either deposited on to the membrane or on the gas diffusion
layer. The respective functional units are referred to as catalyst coated membrane (CCM) and
gas diffusion electrode (GDE). Owing to the superior catalytic activity for the oxygen reduction
reaction, catalysts for polymer electrolyte fuel cells are almost exclusively made of platinum or,
more seldomly, platinum based alloys. To maximize the mass specific catalyst surface area, the
platinum particles are typically finely dispersed on a porous network of carbon black particles.
Representative SEM and TEM images of the catalyst layer structure are shown in Figures 7 and 8.
The carbon network acting as support material for the platinum catalyst is usually comprised of
aggregates of primary particles having a diameter between 20 and 50 nm [36-38]. The size
distribution of the platinum particles is significantly influenced by both the platinum/carbon
ratio and the specific surface area of the support material, which can range between 100 and
800 m2/g [36, 39, 40]. Typically, catalyst particles have diameters between 2 and 5 nm, leading
to an electrochemically active surface area of 60 to 120 m2/g [41]. Since the exchange current
density of the oxygen reduction reaction is about five orders of magnitude lower compared to
that of the hydrogen oxidation reaction [42], the required active platinum surface area at the
fuel cell cathode is significantly higher. Therefore, the platinum content of the anode and the
cathode usually differs in case of commercially available MEAs. Typically, fuel cell anodes have
platinum loadings of about 0.1 - 0.2 mgPt/cm2 while the cathode loading ranges between
0.4 and 0.5 mgPt/cm2.

Figure 7 SEM image showing the porous carbon
catalyst support structure (adapted from [43]).

Figure 8 Typical TEM image of the catalyst layer.
Dark spots represent the platinum particles
(adapted from [44]).
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To enable the electrochemical fuel cell reactions described in Equations 20 and 21, the reaction
sites must be equally accessible for electrons, protons, and the reactant gases. Accordingly, the
electrochemically active catalyst surface area is determined by the so-called three-phaseboundary of proton conducting phase, electrically conducting phase, and gas phase. The access
for electrons and the reactants is thereby achieved through the porosity and the high electric
conductivity of the catalyst support structure. To provide the necessary connection to the
proton conducting phase, the catalyst layer is impregnated with ionomer.
Since the catalyst layer is a decisive component with respect to fuel cell cost and durability, both
the catalyst and the catalyst support are subject of intensive research. The main goal of catalyst
research is to develop cost-efficient electrodes with competitive performance and durability.
Generally, two different approaches are followed. One approach for reducing costs is based on
the development of catalyst layers having ultra-low platinum loadings. Owing to the high
exchange current density of the hydrogen reaction, a decrease in platinum loading is particularly
feasible at the fuel cell anode. Several studies demonstrated that the loading can be reduced
below 50 μgPt/cm2 without significant loss in performance [45-48]. Despite the poor ORR
kinetics, also cathodes with platinum loadings of less than 0.1 mgPt/cm2 have been shown to
provide reasonable fuel cell performance [46, 49-51]. However, long-term stability under
dynamic operating conditions has not been proven yet. Moreover, effects such as gradual
performance decrease caused by CO poisoning additionally limit the applicability of electrodes
having ultra-low platinum loadings [45]. A second approach for the development of costefficient electrodes is the use of alternative catalyst materials based on platinum alloys [52].
Compared to pure platinum, the mass-based ORR activity of these catalysts is a factor of 2 - 4
higher [53], thus allowing the reduction of catalyst loading without loss of fuel cell performance.
Typically, platinum alloy catalysts consist of either binary or ternary systems containing different
transition metals such as cobalt, ruthenium, iron, nickel or chrome [54-60]. Studies on the
electrochemical stability of platinum alloy materials in the PEFC environment show
contradictory results. Some groups found an improved durability [61-63] whereas others
reported accelerated catalyst degradation [64]. In all cases, however, leaching of the less noble
components can contaminate the electrolyte phase, leading to an increase in ionic resistance
both in the catalyst layer and the membrane [53].
Another material system that has been developed for the use as PEFC catalyst is based on coreshell particles having a covering platinum layer and a core typically made of gold, cobalt or nickel
[65-68]. Besides the increased catalytic activity, core-shell particles offer the potential to
significantly reduce the amount of noble metals in the fuel cell electrode. Due to the instability
of the platinum layer, however, core-shell particles are not yet widely used as PEFC catalyst.
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The primary motivation for the development of alternative catalyst support materials stems
from the detrimental effect of carbon corrosion caused by elevated potentials occurring at the
positive electrode during fuel starvation or start-up and shut-down processes (cf. Section 3.2.2).
The simplest approach to increase the stability against carbon corrosion induced degradation is
the use of graphitized carbon particles as support material [69, 70]. Compared to conventional
catalyst supports, however, the average size of graphitized carbon particles is significantly
higher, thus leading to a smaller active catalyst surface area.

Figure 9 Catalyst layer made of Pt/Ru nanoparticles (bright spots) dispersed on a disordered
structure of carbon nanotubes (adapted from
[71]).

Figure 10 Non-carbon catalyst layer based on an
ordered structure of polymeric nanowhiskers
(adapted from [72]).

Another class of alternative catalyst support materials is based on ordered or disordered
arrangements of carbon nanofibers [73, 74], nanorods [75] or nanotubes [71, 76-78] (cf.
Figure 9). Due to the high degree of graphitization, theses structures offer increased stability
against electrochemical oxidation [79-81]. Moreover, several studies reported a significant
increase in fuel cell performance. Due to the instability of the porous support structure, which
causes problems regarding the supply of reactants and the removal of product water, catalyst
layers based on these nanomaterials do not yet achieve the operating performance of
conventional catalyst layers.
An approach to completely prevent carbon corrosion is the use of non-carbon catalyst supports.
Inorganic materials such as TiO2 offer superior stability against degradation processes caused by
elevated potentials [82]. Most inorganic catalyst supports, however, exhibit very low specific
surface areas, thus resulting in a poor catalyst activity [83]. Another non-carbon catalyst support
developed by 3M is based on an ordered structure of polymeric nanowhiskers made of the
organic pigment diperylene-bis(dicarboximide) [72, 84]. The lath-shaped whiskers have a
thickness of around 30 nm and a length of up to 2 m (cf. Figure 10). Although the specific
catalyst surface area is significantly lower compared to conventional Pt/C catalysts, the high
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catalyst utilization of almost 100% and negligible losses within the catalyst layer lead to
competitive fuel cell performance. However, drawbacks such as the high sensitivity to cathode
flooding prevent a broader application as catalyst support in polymer electrolyte fuel cells.

Gas diffusion layer
Generally, two types of gas diffusion layers having different morphologies are employed in
polymer electrolyte fuel cells. Both GDL structures are based on carbon fibres which are either
woven (carbon cloth GDL) or randomly distributed (carbon felt or paper GDL). Typical SEM
images of both materials are shown in Figure 11.
The three main tasks of the gas diffusion layer are (i) the homogeneous distribution of the
reactant gases, (ii) the efficient removal of product water, and (iii) the improvement of the
electrical connection between catalyst layer and the current collector. The need for a
distribution of the reactant gases arises from the channel and land structure of the flow field
plates. To provide sufficient mechanical stability, the flow field lands can not be made arbitrarily
small. A homogeneous supply of the catalyst layer with hydrogen and oxygen thus requires the
diffusion of the reactant gases under the lands of the flow field. To enable efficient gas
transport, GDLs usually possess a porosity of 70 - 80 % [37, 85]. Despite the high porosity,
however, inhomogenities on the channel and land scale can often not be avoided. Especially in
case of high current densities and during operation of the fuel cell with air, the limited gas
diffusion rate can result in a significant difference in current generated under the channels and
the lands of the flow field [86].

Figure 11 SEM images of gas diffusion layers based on (a) carbon cloth and (b) carbon paper (adapted
from [87]).

To enable an efficient transport of product water from the catalyst layer to the flow field
channels, the surface of the carbon fibres has to be highly hydrophobic. Therefore, the gas
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diffusion layers are typically impregnated with 5 - 30 wt% PTFE or FEP [88-91]. Besides the
hydrophobicity, the water removal characteristics strongly depend on the structure of the GDL.
Due to the larger average pore size, gas diffusion layers based on woven carbon fibres typically
offer superior water removal whereas GDLs made of carbon paper exhibit better performance
under dry conditions [92, 93]. In both cases, however, the compression of the GDL in the fuel
cell environment, which may substantially differ on the channel and land scale, can significantly
affect gas and water transport properties [94-97]. To further improve water removal
characteristics and the electric connection to the catalyst layer, a micro porous layer can be
additionally attached to the GDL [98-100]. Similar to the catalyst layer, the MPL consists of
impregnated carbon nanoparticles forming a porous network with a pore size which is
significantly smaller compared to that of the gas diffusion layer.

Flow field plates
The flow field plates, which are attached at each side of the membrane electrode assembly,
provide mechanical stability and distribute the reactant gases over the active area of the fuel
cell. Additionally, they serve as current collectors and drain the heat generated in the MEA.

Figure 12 Basic flow field designs for polymer electrolyte fuel cells. Figures a) and b) show the parallel
flow field layout and the resulting diffusive gas transport within the GDL. A serpentine-like flow field
design leads to an increasing fraction of convective gas transport (c and d). In case of interdigitated flow
field channels (e and f), the transport of reactant gases is purely convective. (Figures b, d, and f adapted
from [101])
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Flow fields are typically made of metal or graphite plates having a milled or pressed channel
structure. While metal plates provide better mechanical strength and allow a smaller cell pitch,
flow fields based on graphite offer superior chemical stability. Furthermore, composite materials
are developed which potentially offer tailor-made properties combined with cost efficient
fabrication techniques [102-108]. Since the layout of the channel and land structure significantly
affects gas distribution, water management and the electric contact to the MEA, various flow
field designs have been developed in order to improve fuel cell performance [109]. The three
basic design concepts are shown in Figure 12. Parallel channels represent the simplest flow field
layout. In this case, the gas transport within the GDL is mainly diffusive. The major drawback of
the parallel flow field design is the undersupply of reactant gases in the land areas at high
current densities [86]. To promote a homogeneous gas distribution, serpentine-like flow field
structures can be employed. As a consequence of the pressure gradient developing between the
channels, the fraction of convective gas transport increases, thus leading to an improved gas
supply under the lands of the flow field. The homogeneous distribution of reactants within the
gas diffusion layer can be further improved by using interdigitated flow fields. At the expense of
poor water management and a substantial pressure drop across the cell, this design results in a
purely convective gas flow [101].

2.2.3 Thermodynamics
The maximum electrical work Wmax generated by an electrochemical reaction is determined by
the change in Gibbs free energy ∆G. The electrical work is thereby defined as the product of
charge and potential.

Wmax = zFE = −∆G

(22)

Generally, the change in Gibbs free energy can be calculated by subtracting the entropic
losses T∆S from the enthalpy of reaction ∆H.

∆G = ∆H − T∆S

(23)

When regarding the reaction of hydrogen and oxygen at the polymer electrolyte fuel cell
cathode, ∆H and ∆S are determined by the enthalpies hf and entropies sf of formation of
hydrogen, oxygen and liquid water.
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∆H = h f ,H 2O − h f ,H 2 − 1 2 h f ,O2

(24)

∆S = s f ,H 2O − s f , H 2 − 1 2 s f ,O2

(25)

The respective values for hf and sf under standard conditions are summarized in Table 1. By
combining Equations 23 - 25, a change in Gibbs free energy of ∆G = -237 kJ/mol can be
calculated. Inserting this value into Equation 22 yields the thermodynamic equilibrium potential
Ec developing at the fuel cell cathode. Considering that the equilibrium potential of the
hydrogen-filled anode Ea under standard conditions is zero by definition, the cathode potential
equals the thermodynamic open circuit voltage of the fuel cell.

th
U OCV
= Eco − Eao =

− ∆G
237kJ / mol
− 0V =
− 0V = 1.23V
zF
2 ⋅ 96485C / mol

(26)

Since fuel cells are normally operated under non-standard conditions, the thermodynamic open
circuit voltage usually differs from the standard value of UthOCV = 1.23 V. Over the typical range of
PEFC operating conditions, however, the effect of temperature, pressure and reactant
concentration on the thermodynamic cell voltage is only in the order of a few millivolts [37,
110]. The influence of the same parameters on kinetics, mass transport and ionomer
conductivity has a substantially larger effect on fuel cell performance.

Table 1 Standard enthalpies and entropies of formation for hydrogen, oxygen and liquid water.

H2
O2
H2O (liquid)

hf [kJ/mol]

sf [kJ/mol·K]

0
0
-286.0

0.131
0.205
0.070

2.2.4 Voltage loss mechanisms
Depending on the current drawn from the fuel cell, the thermodynamic cell voltage of UthOCV =
1.23 V (cf. Section 2.2.3) is decreased by several processes. An overview of the different loss
mechanisms is illustrated in Figure 13, which shows the cell voltage as a function of the current
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density. Owing to the high exchange current density of the hydrogen reaction, voltage losses at
the fuel cell anode can generally be neglected. Except for the effects based on ionomer
conductivity, all described loss mechanisms can thus be solely attributed to a polarisation of the
positive electrode.

Figure 13 Typical fuel cell polarisation curve illustrating the different voltage loss mechanisms.

Even in case of currentless operation, the formation of a mixed potential at the fuel cell cathode
leads to a cell voltage significantly lower than the thermodynamic value of U = 1.23 V. Generally,
three reactions having an equilibrium potential below that of the oxygen reaction can be
involved. First, the potential at the positive electrode is decreased by the presence of hydrogen
permeating from the anode. Due to the fast kinetics and the low equilibrium potential of
E° = 0 V, already small amounts of hydrogen can significantly affect the cell voltage. The rate of
hydrogen permeation through the membrane is thereby strongly influenced by both fuel cell
operating conditions and the thickness and material composition of the membrane. Moreover,
mechanical as well as chemical membrane degradation can lead to a significant increase in
hydrogen permeability (cf. Section 3.2.3).
The second reaction leading to a decrease in cathode potential is the formation of hydrogen
peroxide (cf. Equation 27). Since this reaction, which has an equilibrium potential of
EH2O2 = 0.69 V, occurs as a side reaction of oxygen reduction, the reaction rate slightly depends
on the current density.
O2 + 2H+ + 2e- ↔ H2O2
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As a third process, the formation of platinum oxide species on the catalyst particles can
influence the effective potential at the positive electrode [111-114]. Generally, two different
oxidation reactions must be considered (cf. Equations 28 and 29). Since the equilibrium
potential of PtO formation is in the range of typical OCV values, the influence on cell voltage can
assumed to be negligible in most cases. In contrast, the reaction of platinum and water to PtOH, which occurs at potentials exceeding 0.88 V, can have a significant effect on the potential
developing at the positive electrode. Owing to the comparatively high equilibrium potential,
however, the formation of platinum oxide species influences the cathode potential only in case
of low current densities or under OCV conditions.

Pt + H2O ↔ PtO + 2H+ + 2e-

E= 0.98 V

(28)

Pt + 2H2O ↔ Pt(OH)2 + 2H+ + 2e-

E = 0.88 V

(29)

As a consequence of the mixed potential at the fuel cell cathode, the open circuit voltage is
typically between 0.9 and 1.0 V.
Besides the voltage loss originating from the formation of a mixed potential at the fuel cell
cathode, the generation and transport of current has a substantial effect on the cell voltage.
Depending on the current regime, voltage loss is dominated by either kinetic, ohmic or mass
transport losses. At low current densities (region I in Figure 13), the cell voltage is primarily
determined by kinetic losses originating from the activation overpotential of the oxygen
reduction reaction (cf. Section 2.1.2). According to the Tafel Equation, the corresponding voltage
drop Ukin increases logarithmically with increasing current density.

∆U kin = b ⋅ log( j )

(30)

At medium current densities (region II in Figure 13), the cell voltage is mainly influenced by the
finite conductivity of the fuel cell components. The resulting Ohmic voltage drop leads to a
linear decrease in cell voltage with increasing current density. Generally, both the ionic
resistance of the electrolyte in the membrane and the catalyst layer as well as the contact
resistance and electric resistance of the catalyst support, the gas diffusion layers, the flow field
plates and the current collectors contribute to the ohmic voltage loss. However, since the
resistance of the electrically conducting components of the fuel cell is typically one order of
magnitude lower compared to the ionic resistance, the ohmic voltage drop Uohm is usually
solely controlled by the conductivity of the proton conducting phase Rionomer (cf. Equation 31). As
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a consequence, both the thickness and the hydration state of the membrane have a strong
influence on the cell voltage. With regard to fuel cell performance and efficiency, a thin
membrane is therefore favourable. Yet, since membrane thickness also influences hydrogen
permeation and membrane durability, the membrane can not be made arbitrarily thin.

∆U ohm = j ⋅ Rionomer

(31)

At high current densities (region III in Figure 13), the cell voltage is limited by the insufficient
transport of reactant gases to the catalyst sites. The local depletion of oxygen in the cathode
catalyst layer results in a sharp voltage drop. At a cell voltage of Ucell = 0 V, the generated current
is primarily limited by the reactant supply. The corresponding limiting current density jlim is
thereby determined by the bulk reactant concentration cr, the diffusion coefficient D, and the
diffusion distance δ.

jlim =

zF ⋅ Dcr

(32)

δ

Since the polarization of the electrode by mass transport limitations results from a local
decrease in reactant concentration, the voltage drop Umt can be calculated by combining
Equation 32 with the Nernst Equation [37].

∆U mt =

RT  jlim
⋅ ln
zF
 jlim −



j 

(33)

Equations 32 and 33, however, only provide an idealised description of mass transport induced
voltage losses. Since the reactant concentration strongly differs on the local scale, effects
observed on the cell level are always a superposition of local mass transport limitations
occurring both in flow field direction and on the channel and land scale [86, 115, 116].

2.2.5 Efficiency
In contrast to heat engines, the theoretical efficiency of a fuel cell is only limited by entropic
losses. According to Equation 23, the maximum possible efficiency of a polymer electrolyte fuel
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cell is thus determined by the ratio between the Gibbs free energy and the reaction enthalpy.
Inserting the values from Table 1 yields a maximum thermodynamic efficiency of ηth = 83 %.

η th =

∆G − 237kJ / mol
=
= 0.83
∆H − 286kJ / mol

(34)

Due to the different loss mechanisms described in Section 2.2.4, the theoretical efficiency can
only be approached at unreasonably small current densities. In case of application relevant fuel
cell operation, the efficiency will decrease significantly below 83%. The efficiency value taking
into account the influence of kinetic, ohmic and mass transport losses is referred to as voltage
efficiency ηvolt. This value relates the actual cell voltage Ucell to the maximum thermodynamic
value of UthOCV = 1.23 V.

η volt =

U cell
th
U OCV

(35)

While ηvolt quantifies the decrease in efficiency originating from processes affecting the cell
voltage, losses related to current generation are described by the Faradaic efficiency ηFaradaic.

η Faradaic =

j
zFν

(36)

Wherein j is the usable current density and ν is the number of moles reacting per unit time. In
addition to the loss mechanisms described in Equations 34 - 36, the incomplete utilization of the
supplied fuel γfuel must be taken into account. The overall fuel cell efficiency can thus be
calculated as

η tot = η th ⋅η volt ⋅η Faradaic ⋅ γ fuel

(37)

As a result of the various sources of energy loss, effective fuel cell efficiency is significantly lower
than the thermodynamic value of 83%. Under application relevant operating conditions, the
efficiency of a single fuel cell can reach values of more than 60%. Due to the additional power
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consumption of peripheral devices, the efficiency of fuel cell systems typically ranges between
40 and 50% [37, 117].
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3 Start/stop induced fuel cell degradation
3.1 Fuel cell start-up and shut-down
During ordinary operation of a polymer electrolyte fuel cell, the anode compartment is filled
with hydrogen while air or oxygen is fed to the cathode. To prevent degradation during off state,
fuel cell shut-down must be performed such that an equilibrium state with the same gases at
both electrodes is achieved. In order to avoid undesired changes in the gas composition caused
by gradual diffusion of ambient air into the fuel cell, it is thereby preferable that both electrodes
are filled with air after the shut-down process. In the most widely used approach, fuel cell shutdown is therefore accomplished by purging the hydrogen-filled anode compartment with
ambient air (cf. Figure 14). The resulting air/air equilibrium state ensures non-detrimental
conditions over long time periods. To resume normal PEFC operation, hydrogen is again fed to
the anode.

Figure 14 Fuel cell shut-down by purging of the hydrogen-filled anode with air. During the purging
process, a hydrogen/air front is formed which propagates through the anode compartment.

During the purging processes, a hydrogen/air front is formed which propagates through the
anode compartment. The resulting temporary coexistence of two gases with different
equilibrium potentials at the negative electrode drives the potential in certain areas of the
positive electrode to values substantially exceeding 1 V. These elevated potentials occurring
during the purging processes can cause severe fuel cell degradation by corrosion of the carbon
support material and accelerated electrochemical dissolution of platinum.
The mechanism leading to the increase of the potential at the positive electrode is referred to as
reverse current mechanism [118]. Figure 15 illustrates the various electrochemical processes
taking place in the different areas of the fuel cell during start-up and shut-down by purging of
the anode compartment with hydrogen and air. Regions with hydrogen present at the anode
remain in normal fuel cell operation mode, therefore generating a voltage Ucell which polarises
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the regions in which both electrodes are filled with air. Accordingly, the hydrogen/air areas of
the fuel cell work as a power supply while air/air regions act as a load.

Figure 15 Reverse current mechanism leading to elevated potentials at the positive electrode during
start-up and shut-down of a fuel cell by purging of the anode compartment. Hydrogen/air regions
generate a voltage Ucell which polarises both electrodes in the air/air regions. The resulting elevated
potentials at the positive electrode cause corrosion of the carbon support material and accelerate
electrochemical platinum dissolution. For the sake of clarity, the iE-plots only show the total current
generated by the different processes at the respective electrode.
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The voltage generated in the normal operation regions of the fuel cell is mainly determined by
the kinetics of the oxygen reduction reaction. Due to the high exchange current density of the
hydrogen reaction, polarisation of the negative reaction can be neglected.
Thus, starting from the oxygen equilibrium potential EO2 under the given conditions, the positive
electrode is polarised until an equilibrium state between current generation in the hydrogen/air
regions and current consumption in the air/air regions is established.
In the air/air areas of the fuel cell, the equilibrium potential at both electrodes is determined by
the oxygen reaction. As a consequence of the polarisation by the normal operation regions, the
potentials at the positive and the negative electrode are driven in opposite directions. At the
negative electrode, the polarisation decreases the potential below the effective oxygen
equilibrium potential. Accordingly, the oxygen reaction is driven towards oxygen reduction, thus
leading to a cathodic current j-. In case of significant electrode polarisation, the current can
additionally be provided by the reduction of platinum oxide which is formed on the catalyst
particles as a consequence of the high equilibrium potential of approximately 1 V. The
corresponding anodic current j+ at the positive electrode, which results from a polarisation
above the oxygen equilibrium potential, can be generated by three different electrochemical
reactions. Besides the non-detrimental oxygen evolution reaction, the elevated potentials can
cause two processes which are highly detrimental for the fuel cell catalyst layer (cf. Section 3.2).
First, the pronounced platinum oxide formation strongly promotes the electrochemical
dissolution of the catalyst particles. Second, the carbon nanoparticles used as catalyst support
material can undergo severe corrosion at potentials exceeding approximately 1 V.
As a consequence of the significant increase of the potential in parts of the positive electrode,
the occurring oxidation and reduction reactions can not be assigned to one specific electrode. In
contrast to normal fuel cell operation mode, the reduction of oxygen in the air/air regions takes
place at the negative electrode while the various oxidation reactions occur at the positive
electrode. Consequently, the positive electrode simultaneously acts as anode (regions with air
present at the negative electrode) as well as cathode (regions with hydrogen present at the
negative electrode). Correspondingly, both the anodic oxidation of hydrogen and the cathodic
reduction of oxygen take place at the negative electrode. The resulting simultaneous generation
and consumption of protons at the same electrode causes a reverse proton flow in the air/air
and the hydrogen/air regions of the fuel cell. If no external load is applied to the cell, start-up
and shut-down processes thus lead to a circular current flow in the cell (cf. Figure 15).
The potential distribution developing in the different phases along the direction of the gas front
during purging of the anode compartment is illustrated in Figure 16. Due to the high electric
conductivity of the electrode materials, the absolute potentials of the positive electrode + and
the negative electrode - can be considered uniform in all areas of the fuel cell. The cell voltage
Ucell is thereby determined by the electrochemical reactions taking place in the hydrogen/air
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areas of the fuel cell. Corresponding to the respective equilibrium potentials, the interfacial
potential difference between electrode and electrolyte is about 0 V at the hydrogen-filled
electrode and about 1 V at the air-filled electrode of the normal operation region. The local
increase in the potential difference + between the positive electrode and the electrolyte
phase in the air/air regions arises from the coexistence of hydrogen and oxygen at the negative
electrode. Due to the significant difference of the equilibrium potentials, the interfacial
potential difference - at the negative electrode increases from about 0 V in the hydrogenfilled regions to about 1 V in the air-filled regions. Since the high electric conductivity of carbon
prevents the formation of a potential gradient in the electrode, the increase in - must be
caused by a drop of the electrolyte potential e.

Figure 16 Potential distribution along the direction of the gas front during fuel cell start-up and shutdown by purging of the anode compartment. The polarisation by the voltage Ucell leads to a drop of the
membrane potential in the air/air regions. As a result, the interfacial potential difference at the positive
electrode + increases to values significantly exceeding the oxygen equilibrium potential of
approximately 1 V.

As a consequence of the decreased electrolyte potential, the interfacial potential difference at
the positive electrode significantly exceeds the equilibrium value of the oxygen reaction,
thereby leading to the detrimental processes mentioned above. Theoretically, the potential in
the air/air areas can reach a maximum value of twice the oxygen equilibrium potential. Yet, due
to kinetic losses caused by the circular current in the cell, the effective potential developing at
the positive electrode is significantly lower. Since the increase in interfacial potential difference
is based on a drop of the potential in the electrolyte phase, however, the elevated potentials
can not be directly determined by measuring the cell voltage. Therefore, several groups
employed reference electrodes in the membrane to probe the potentials developing at the
electrodes during fuel cell start-up and shut-down by purging of the anode compartment with
hydrogen and air, respectively [119-122]. Depending on the chosen operating conditions,
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maximum potentials at the positive electrode were found to range from 1.4 V to 1.6 V, which is
in good agreement with theoretically predicted values [118, 123, 124].
Besides the magnitude of the elevated potentials, the duration of the detrimental conditions is a
crucial parameter influencing start/stop induced fuel cell degradation. Since the time for which
the positive electrode is exposed to potentials exceeding 1 V is controlled by the coexistence of
hydrogen and air at the negative electrode, the exchange of the anode gas is a decisive process
determining the intensity of carbon corrosion and platinum dissolution. Despite the importance
for fuel cell durability, however, very little is known about the parameters influencing the
replacement of the anode gas. By measuring local current densities, several groups have shown
that that the duration of the gas exchange process is controlled by both front propagation in the
direction of the flow field as well as gas diffusion on the channel and land scale [119, 125-127].
However, since the total current comprises contributions originating from carbon corrosion,
platinum oxidation, oxygen evolution and charging of the electrochemical double layer, a direct
correlation between local current densities and processes leading to catalyst layer degradation
is not possible.

3.2 Start/stop induced degradation processes
3.2.1 Platinum dissolution
Electrochemical dissolution of platinum already occurs under ordinary fuel cell operation
conditions, but is substantially accelerated by the transient exposure to elevated potentials
during start-up and shut-down processes. The dissolved platinum ions can either redeposit on
other platinum particles (electrochemical Ostwald ripening) or migrate into the ionomer phase,
where metallic platinum reprecipitates through reduction of the platinum ions by dissolved
hydrogen. While the first process leads to an increase in average particle size, platinum which
precipitates in the ionomer phase is lost for the catalysis of the fuel cell reactions. The resulting
reduction of electrochemically active platinum surface area leads to increased kinetic losses,
thus lowering the performance of the fuel cell.
Generally, platinum can dissolve at potentials exceeding approximately 0.7 V via the reduction
of platinum oxide (Equations 38 and 39) or directly from metallic platinum (Equation 40).
Besides operating parameters such as temperature and humidity, the dissolution rate thereby
strongly depends on the potential conditions. If the electrode is exposed to a constant potential
between 0.7 V and approximately 1.2 V, both platinum oxide formation and platinum
dissolution take place simultaneously. In this potential range, platinum dissolution rate strongly
increases with increasing potential. At higher electrode potentials, however, passivation of the
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platinum particle surface by extensive PtO or PtO2 formation inhibits the dissolution process,
thus leading to a decrease of the platinum dissolution rate [128-130]. Consequently, in case of
constant potential conditions, the rate of dissolved platinum passes through a maximum at
approximately 1.2 V.

PtO + 2H+ → Pt2+ + 2H2O

(38)

PtO2 + 4H+ + 2e- → Pt2+ + 2H2O

(39)

Pt → Pt2+ + 2e-

(40)

An exposure of the electrode to cyclic potentials substantially accelerates the dissolution of the
platinum catalyst. The amount of dissolved platinum thereby strongly depends on both the
magnitude and the rate of the potential change. Due to the missing passivation by platinum
oxide, a rapid increase of the electrode potential initially results in dissolution rates which are
significantly higher than the maximum values occurring during constant potential conditions. If
the potential is subsequently held at a constant value, the increasing coverage of the platinum
surface with passivating oxide species leads to a gradual decrease in dissolution rate. During the
subsequent drop of the potential, the previously formed platinum oxide layer is instantly
reduced. The resulting rapid rearrangement of the particle surface promotes the dissolution of
platinum according to Equations 38 and 39. Hence, platinum oxidation/reduction behaviour
strongly influences both the anodic and the cathodic dissolution process. As a consequence,
platinum loss rates generally decrease with increasing duration of the potential change.
Independent of the rate of potential change, however, an increase of the maximum potential
accelerates platinum dissolution both during anodic and cathodic transients. In contrast to
constant potential conditions, platinum dissolution caused by a fast increase in potential is
thereby not or only slightly limited by the formation of a passivating oxide layer. Thus, platinum
dissolution rates increase with potential even in the range above 1.2 V. As a second effect, the
maximum potential influences the thickness of the oxide layer which is formed on the platinum
particles. Therefore, since the amount of platinum which can be dissolved during the reduction
of PtO or PtO2 strongly depends on the amount of available platinum oxide species, the
magnitude of the potential also significantly influences cathodic platinum dissolution.
Accordingly, the combination of strongly elevated potentials and rapid potential changes
occurring at the positive electrode during fuel cell start-up and shut-down processes leads to a
significant dissolution of the platinum catalyst. As mentioned above, the dissolved platinum ions
either redeposit on other platinum particles or in the bulk of the membrane. Both processes
result in a significant loss of electrochemically active catalyst surface area.
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Platinum dissolution with subsequent redeposition of the Pt2+ ions on the surface of other
catalyst particles leads to an increase in average platinum particle size (cf. Figure 18). This
process is usually referred to as electrochemical Ostwald ripening. The driving force for particle
growth is thereby based on the fact that larger particles are energetically favoured. For the
same reason, platinum is preferentially dissolved from smaller catalyst particles. Thus, as a
consequence of the correlation between particle size and electrochemical stability, larger
catalyst particles grow at the expense of smaller particles.

Figure 17 SEM image showing the platinum
band formed in the membrane as result of
platinum dissolution with subsequent
reprecipitation through the reduction by
permeating hydrogen. (adapted from [131])

Figure 18 Carbon supported platinum particles (dark
spots) before (a) and after (b) the exposure to 400
potential cycles between 0 and 1.25 V. The
simultaneous increase in carbon particle size results
from corrosion induced agglomeration. (adapted from
[132])

The platinum ions which migrate into the membrane reprecipitate through the reduction by
permeating hydrogen. Under ordinary fuel cell operating conditions with hydrogen at the
negative electrode and air or oxygen at the positive electrode, the reductive deposition of Pt2+
ions leads to the formation of a distinct platinum band in the membrane (cf. Figure 17). The
location of the band is thereby controlled by the molar flux of hydrogen and oxygen permeating
from the fuel cell anode and cathode, respectively [133, 134]. Depending on the position in the
membrane, the platinum catalysed reaction of both gases to water results in a local depletion of
either hydrogen or oxygen. In regions where mainly hydrogen is present in the vicinity of the
deposited platinum particles, the interfacial potential difference between membrane and
platinum particles is pinned to approximately 0 V, thus promoting the further reductive
deposition of Pt2+ ions. Accordingly, the reduction of platinum ions is inhibited if the potential is
determined by the presence of oxygen. Consequently, the dissolved platinum ions can migrate
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through the oxygen rich regions of the membrane until they are reduced as soon as hydrogen
becomes the potential determining species.
Since the decrease of available catalyst surface area can significantly affect fuel cell performance
under dynamic operating conditions, platinum loss has been widely investigated by applying
cyclic potentials to cells operated in H2/N2 mode. Although the published results are not entirely
consistent, most studies agree on the influence of potential conditions and the decisive
operating parameters. However, since platinum loss is typically quantified by determining the
electrochemically active surface area, a distinction between the contribution of platinum
dissolution and additional effects such as carbon corrosion induced particle agglomeration (cf.
Section 3.2.2) is not possible.
As a consequence of the strong influence of platinum oxidation/reduction behaviour on
platinum dissolution, square-wave potential cycling leads to significantly higher platinum loss
rates than the exposure of the electrode to triangular potentials [135]. Thereby, the platinum
dissolution rates can be several orders of magnitude higher compared to constant potential
conditions [128]. In case of frequent potential changes, the total amount of dissolved platinum
is therefore primarily determined by the number of applied potential cycles. The accumulated
time at elevated potentials only plays a minor role [136, 137].
Besides the influence of potential conditions, platinum loss strongly depends on the cell
temperature and the humidity of the reactant gases. Several groups reported that the platinum
dissolution rate increases dramatically if the temperature is increased from 40°C to 80°C [130,
138, 139]. The effect of humidity, which can be ascribed to the influence of water content on
the transport of Pt2+ ions, is significantly less pronounced [136, 140, 141].

3.2.2 Carbon corrosion
Fuel cell performance loss caused by start-up and shut-down processes can mainly be attributed
to a severe corrosion of the porous network of carbon nanoparticles which is typically used as
support material for the catalyst particles.
Thermodynamically, the corrosion of carbon is favoured at potentials exceeding about 0.2 V
[142]. Due to kinetic hindrance, however, carbon corrosion induced catalyst support
degradation is usually assumed to be negligible under ordinary fuel cell operating conditions.
Significant corrosion rates are typically expected at potentials exceeding approximately 1 V.
Although the exact mechanism is not fully understood yet, carbon corrosion at elevated
potentials is generally assumed to occur via a two step reaction (cf. Equations 41 and 42). In a
first step, oxide species are formed on the carbon surface which are then further oxidised to CO2
in a second, rate determining step.

- 44 -

3 - Start/stop induced fuel cell degradation

C + H2O → C-Oad + 2H+ + 2eC-Oad + H2O

(41)

→ CO2 + 2H+ + 2e-

(42)

In the presence of platinum, the rate determining step of the corrosion reaction can be
significantly catalysed. The involved reaction mechanisms, however, are poorly understood yet.
Maass et al. proposed the reaction of carbon surface oxides with OH-like species on the
platinum particles as the catalysed reaction pathway [143].

Pt + H2O → Pt-OHad + H+ + e-

(43)

C-Oad + Pt-OHad → Pt + CO2 + H+ + e-

(44)

Besides the reactions described in Equations 41 - 44, corrosion of the carbon support can
additionally lead to the formation of carbon monoxide according to Equation 45. However, due
to the favourable equilibrium for CO2 formation at positive potentials (cf. Equation 46), CO
evolution rates are comparatively low. For pure carbon electrodes, the rate of carbon monoxide
formation was found to be roughly one order of magnitude lower than the CO2 evolution rate
[143-145]. Moreover, in the presence of platinum, CO can be further oxidised via a reaction
similar to that described in Equation 48. In case of standard Pt/C fuel cell electrodes, carbon
monoxide evolution can therefore assumed to be negligible [143, 145, 146].

C + H2O
CO + H2O

→ CO + 2H+ + 2e-

E = 0.52 V

(45)

→ CO2 + 2H+ + 2e-

E = - 0.10 V

(46)

Besides the corrosion processes occurring at elevated potentials, carbon can additionally be
oxidised in the potential range below 1 V. By measuring the concentration of the reaction
product CO2 in response to potential sweeps applied to Pt/C and pure carbon electrodes, several
groups identified three additional sources of carbon dioxide evolution [143, 145, 147, 148]. First,
CO2 was found to evolve at potentials between 0.7 and 0.8 V during the cathodic sweep of the
applied sweep. Corrosion in this potential range is assumed to be based on effects associated
with platinum oxide reduction. PtO or PtO2, which is formed on the catalyst particles during the
exposure of the electrode to elevated potentials, is reduced once the potential drops below
around 800 mV. The formation of OH-like species, which accompanies platinum oxide reduction,
can lead to carbon corrosion via a reaction similar to that described in Equation 44. Second, CO2
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evolution was detected during the anodic sweep at potentials of approximately 0.55 V. Due to
the similarity to the onset potential of CO oxidation, CO2 evolution at 0.55 V is usually assumed
to originate from the oxidation of carbon monoxide which was previously adsorbed on the
platinum catalyst particles. Consequently, the formation of carbon dioxide at this potential is a
secondary effect which does not directly indicate corrosion of the catalyst support. Third, carbon
can be oxidised at potentials below approximately 0.2 V. Carbon corrosion in this potential
range is not fully understood yet. Proposed mechanisms include the release of trapped CO2 and
chemical oxidation of carbon by hydrogen peroxide which may be formed in small amounts at
potentials below the equilibrium value of E = 0.695 V [143, 149, 150]. In contrast to the
generation of CO2 at 0.55 V and 0.8 V, which requires the presence of platinum, corrosion at
potentials below 0.2 V can also be detected in case of pure carbon electrodes.
Compared to carbon corrosion at elevated potentials, the amount of CO2 generated in the
potential range below 1 V is substantially lower. Consequently, the contribution of these
additional effects to total carbon corrosion induced fuel cell degradation can assumed to be
negligible in most cases.
As a consequence of carbon corrosion, the porous structure of carbon nanoparticles which is
typically used as catalyst support material can undergo significant morphological changes.
Corrosion induced agglomeration and sintering of the carbon particles simultaneously leads to a
substantial decrease of porosity and a thinning of the catalyst layer [43, 118, 151-153] (cf.
Figures 19 and 20). The resulting deterioration of mass transport properties within the catalyst
layer causes a significant loss of fuel cell performance mainly in the high current density regime
[43]. Yet, the microscopic processes leading to the substantial change in catalyst layer
morphology are largely unclear. Only Liu et al. systematically investigated the thermal and
electrochemical corrosion behaviour of Pt/C electrodes by analysing TEM images [38]. This study
proposes several mechanisms that can lead to the observed changes in the catalyst support
structure. First, corrosion can lead to a uniform removal of material from the surface of the
particles. This process, however, cannot explain the dramatic loss of porosity observed after
severe carbon corrosion. Second, structurally weak aggregates can be totally removed from the
carbon network. Especially smaller carbon aggregates were found to be prone to complete
dissolution. Third, the connection between single carbon aggregates can be weakened or even
removed by a neck-braking mechanism. In contrast to the uniform corrosion of the carbon
particles, the two latter processes might influence the stability of the carbon network, thus
leading to a collapse of the whole structure.
Besides the influence on the transport of oxygen and protons to the reaction sites, the
morphological changes of the support material can significantly affect the water management
properties of the catalyst layer. Moreover, already in case of comparatively low corrosion rates,
a change of carbon surface properties might cause a loss of hydrophobicity. The resulting
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increased susceptibility to local flooding can affect the operating behaviour of the fuel cell even
if the transport of reactants is not limiting [154-156].

Figure 19 SEM images of the catalyst layer before
(a) and after (b) severe carbon corrosion.
(adapted from [43])

Figure 20 SEM images showing an MEA before (a)
and after (b) severe carbon corrosion at the fuel
cell cathode. The corrosion induced collapse of
the carbon structure leads to a significant
decrease of the cathode thickness. Additionally,
the platinum band resulting from catalyst
dissolution and redeposition (cf. Section 3.2.1) is
clearly visible after degradation. (adapted from
[124])

Besides the influence on the morphology of the catalyst support, carbon corrosion can promote
the loss of electrochemically active platinum surface area. Due to the catalytic effect of
platinum, carbon corrosion preferentially takes place in the vicinity of the platinum particles,
thereby leading to a weakening of the connection to the support material or even to the
detachment of whole catalyst nanoparticles [44]. Detached particles can either move to inactive
sites of the catalyst layer or form larger particles by agglomeration. Both processes result in a
reduction of the active catalyst surface area. Moreover, corrosion induced changes in the
support morphology normally lead to a significant reduction of available carbon surface, which
increases the tendency for catalyst nanoparticles to agglomerate. The contributions of platinum
particle detachment/agglomeration and electrochemical platinum dissolution/redeposition to
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total platinum surface area loss are still under discussion. Some studies propose particle
coalescence as the dominating mechanism [44, 157] while others favour electrochemical
particle growth [138, 158] or a combination of both processes [132, 136].

3.2.3 Degradation of other fuel cell components
Start/stop induced fuel cell performance loss mainly originates from structural changes of the
catalyst support and loss of electrochemically active catalyst surface area. However, additional
effects caused by simultaneous degradation of other fuel cell components can not always be
completely excluded. Therefore, the following section briefly describes the mechanisms leading
to degradation of the membrane, the MPL/GDL, and the flow field plates.

Membrane
This section primarily describes the mechanisms leading to degradation of perfluorinated
sulfonic acid membranes. Information about processes affecting the durability of other
membrane types can be found in [34, 159, 160].
Generally, membrane degradation can be divided into chemical and mechanical degradation
[161, 162]. Chemical degradation takes place via decomposition of the polymer backbone by the
attack of radicals which originate from dissociation of hydrogen peroxide or direct formation at
the platinum catalyst [163]. As a result of chemical polymer decomposition, the membrane
becomes thinner and looses mechanical stability. Both processes increase the probability for
pinhole or crack formation, which can lead to catastrophic failure of the membrane. Moreover,
the increasing gas permeability further accelerates chemical degradation by promoting the
formation of radical species.
Mechanical degradation of PFSA membranes stems from mechanical stress, which can be either
induced by the compression of the membrane in the fuel cell environment or by repeated
swelling and shrinking as result of frequent humidity changes. As in case of chemical
decomposition, mechanical degradation can lead to the formation of cracks or pinholes in the
membrane. The resulting strong increase in local gas permeation causes the direct
recombination of hydrogen and oxygen at the platinum catalyst. Since this reaction is highly
exothermic, crack formation can additionally lead to thermal degradation of the membrane and
the catalyst layer.
Generally, chemical degradation rates were found to be significantly increased in case of low
humidity conditions, high temperatures, and operation of the fuel cell under OCV conditions
[161, 164] while mechanical degradation is most severe under humidity cycling [165]. Yet, in
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contrast to carbon corrosion and platinum dissolution, membrane degradation is not directly
influenced by the electrode potentials.

Gas diffusion layer and microporous layer
Already under ordinary fuel cell operating conditions, chemically induced modifications of the
carbon surface can lead to a gradual degradation of the microporous and the gas diffusion layer
[91]. The main effect on fuel cell performance is thereby based on water management issues
caused by a loss of hydrophobicity. If the electrode is exposed to elevated potentials, corrosion
processes can accelerate the change in MPL/GDL surface properties [166]. Moreover, similar to
the degradation of the catalyst layer, the MPL might additionally undergo structural changes
[167].
During all fuel cell operating conditions, however, microporous layer, gas diffusion layer and
catalyst layer always experience the same potential. Thus, since the catalyst layer is significantly
more vulnerable to carbon corrosion induced degradation, the contribution of MPL/GDL
degradation to total fuel cell performance loss can usually assumed to be negligible under
start/stop conditions [168].

Flow field plates
Flow field plates are typically made of graphite. This material offers superior chemical and
electrochemical stability both under ordinary fuel cell operating conditions and during start-up
and shut-down processes. Only mechanical stress such as a prolonged exposure to vibrations
may limit the durability [162]. In case of metal or composite bipolar plates, however, corrosion
processes can cause a significant loss of fuel cell performance. Information about the durability
of different materials and the corresponding degradation mechanisms can be found in [169172].

3.3 Mitigation strategies
Due to the high relevance for fuel cell durability, several strategies have been developed to
mitigate start/stop induced electrode degradation. However, since the majority of the proposed
mitigation procedures are published in patent literature, data about the effectivity and practical
feasibility is not available in most cases. In the following, the most important mitigation
strategies are briefly summarised.
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Application of a dummy load
The most common approach to mitigate corrosion induced fuel cell degradation is based on the
application of an external load during fuel cell start-up and shut down processes. The external
load reduces the voltage generated by the normal operation section of the fuel cell, thus
lowering the detrimental potential developing at the positive electrode (cf. Section 3.1). Several
patens propose the application of an external load over the whole fuel cell stack [173] or single
resistors for each individual fuel cell [174].

Catalytic consumption of oxygen and hydrogen
The development of detrimental potentials during fuel cell start-up and shut-down requires the
presence of oxygen at the positive electrode. Therefore, several patents propose the
consumption of oxygen by stopping the air flow at the fuel cell cathode with simultaneous
application of an external load [175] or by burning the oxygen in an external recycle loop [176].
Ideally, this procedure results in the presence of pure nitrogen at the positive electrode, thus
preventing degradation during purging of the anode compartment with air. Similar methods
have been also developed to consume the hydrogen at the fuel cell anode [177, 178].
In principle, the same effect could be obtained by purging the anode or cathode compartment
with nitrogen prior to shutting down or starting up the fuel cell. However, the installation of an
additional nitrogen tank is not desired for most fuel cell applications.

Promotion or inhibition of individual reactions
Owing to the equilibrium between the currents generated by the different processes during the
propagation of the hydrogen/air front, the carbon oxidation current can be decreased by
inhibiting or promoting individual electrochemical reactions (cf. Figure 15). Generally, two
mitigation strategies have been proposed. First, the current provided by the carbon oxidation
reaction at the positive electrode can be reduced by inhibiting the oxygen reduction reaction at
the negative electrode. This can be achieved either by reducing the platinum loading [123] or by
using an alternative HOR catalyst which inhibits the oxygen reduction reaction [179]. The second
approach is based on the use of an additional catalyst promoting the oxygen evolution reaction
at the positive electrode [180, 181]. As a consequence of the resulting increase in OER current,
the current provided by carbon oxidation is significantly reduced.
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Mitigation strategies based on operating parameters
Besides the material and system based mitigation strategies, carbon corrosion rates can be
decreased by suitably controlling the operating parameters during fuel cell start-up and shutdown. One approach to reduce the detrimental effect of start/stop induced degradation
processes is to increase the gas flow rate during purging of the anode compartment [182, 183].
The resulting shorter coexistence of hydrogen and oxygen at the negative electrode decreases
the time for which the positive electrode is exposed to elevated potentials. Furthermore, the
influence of temperature [184] and reactant gas humidity [185, 186] on the membrane
conductivity and the kinetics of the involved reactions can be utilised to decrease carbon
corrosion rates. Yet, the practicability of these approaches strongly depends on the application
of the fuel cell. Particularly the time-consuming decrease of the temperature prior to fuel cell
shut-down is not feasible in most cases.

3.4 Literature review
Due to the strong influence of start-up and shut-down processes on fuel cell durability, the
involved degradation mechanisms have been widely investigated. Generally, the studies can be
divided into three categories. First, the corrosion behaviour of the catalyst support material was
investigated by applying potentials to pure carbon electrodes both under half cell and PEFC
conditions. Second, similar investigations have been carried out using standard Pt/C fuel cell
electrodes. Most studies in this field were performed by simulating the elevated potentials
occurring during start/stop process through the application of a constant or cyclic voltage to fuel
cells operated in H2/N2 mode. In contrast to real start-up and shut-down processes by anode
purging, in which the detrimental potential is determined by the voltage generated in the
normal operation section of the cell, the potential can thus be controlled and does not depend
on the operating conditions. This simplified approach, however, which is essential to identify
fundamental corrosion mechanisms, cannot provide information about effects related to the
propagation of the hydrogen/air front in the anode compartment. Therefore, also real start-up
and shut-down processes were investigated by purging the anode compartment with hydrogen
and air, respectively. In these studies, which represent the third category, the main focus lies on
the determination of local current densities and the potential developing at the positive
electrode. In addition to the experimental investigations, several groups developed
mathematical models to explain the observed phenomena. The following gives a short overview
on the different research activities in the field of start/stop induced fuel cell degradation.
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3.4.1 Degradation behaviour of pure carbon electrodes
The coverage of the carbon surface with oxide species makes the catalyst support prone to
further oxidation according to Equation 42 or 44. Therefore, studies investigating the corrosion
behaviour of pure carbon electrodes mainly concentrate on the influence of potential conditions
on the surface oxidation of different carbon materials. Compared to pristine electrodes, the
coverage of the carbon surface with oxide species was found to be significantly increased after
exposing the electrodes to elevated potentials. Thereby, the exposure to cyclic potentials results
in substantially higher surface oxidation rates than holding the potential at a constant value
[187, 188]. Since the amount of surface oxide species correlates with the rate of CO2 formation
[149], dynamic potential conditions can therefore be assumed to result in significantly higher
carbon loss rates. The mechanisms leading to the accelerated oxidation, however, are not clear
yet.
Besides the total amount of available oxide species, the surface oxide composition might
influence carbon loss behaviour. XPS measurements and thermal gravimetric analysis revealed
that the oxidation of catalyst supports leads to the formation of various functional groups on the
carbon surface [187-189]. The fraction of the respective species thereby depends on whether
the electrode was previously exposed to a cyclic or a constant potential. Since different oxide
species might have a different tendency to further oxidise to CO2, the effect of potential shape
on the surface oxide composition can have a significant influence on the corrosion behaviour of
the carbon support.
Besides the effect of potential conditions, the corrosion behaviour of the catalyst support is
significantly influenced by the type of carbon used. Generally, low surface area carbons were
found to possess a higher oxidation resistance than high surface area carbons [190]. Moreover,
a graphitisation of the carbon particles leads to lower CO2 evolution rates and a significantly
increased onset potential for carbon dioxide formation [149, 190]. A detailed study on the
influence of carbon nanostructure on the electrochemical oxidation behaviour was published by
Gallagher et al. [191]. Depending on the oxidation current measured during the exposure of the
electrodes to constant potentials, various carbon materials were classified into a weak and a
strong group. The different oxidation behaviour of the two groups was thereby suggested to be
based on the strength of the local graphene sheet interaction. Moreover, it was demonstrated
that the increased degree of crystallinity after heat treatment of standard Vulcan XC72 carbon
black particles decreases the CO2 evolution rate by one order of magnitude. However, the heat
treatment simultaneously reduces the specific surface area by a factor of two to four.
The same group proposed a kinetic model to explain the decay of the corrosion current
observed during potential hold and potential cycling experiments [192].The current decay under
constant potential conditions is suggested to be based on three different processes. First, the
loss of material via the generation of CO2 decreases the available carbon surface. This process,
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however, only becomes relevant in case of prolonged exposure to highly detrimental conditions.
Second, the oxidation current can be decreased by the reversible formation of passivating
oxides on the carbon surface. As a third source of current decay, the authors suggest an
irreversible reduction of catalytic surface oxides. Depending on the duration of the detrimental
potential conditions, the complex interplay of the different oxide species leads to a varying
contribution of the three processes. Since the complexity further increases in case of potential
transients, the model only allows assumptions about the processes occurring during cyclic
potential conditions.

3.4.2 Degradation behaviour of Pt/C electrodes
Owing to the catalytic effect of platinum, the corrosion behaviour of Pt/C electrodes significantly
differs from that of pure carbon electrodes. The influence of platinum on carbon corrosion was
first described by Willsau and Heitbaum in 1984 [145]. By measuring the CO2 evolution rate in
response to potential sweeps applied to Pt/C and pure carbon electrodes in sulphuric acid, three
distinct effects of platinum were demonstrated. First, the CO2 concentration at potentials
exceeding 1 V is strongly increased in the presence of platinum. Second, the onset potential of
carbon corrosion was found to be shifted towards significantly lower values. Third, two
additional sources of CO2 evolution appear in the potential region below 1 V. Similar results
were obtained by several other groups both under half cell and PEFC conditions [143, 144, 147,
148, 193].
As a consequence of these additional platinum induced corrosion processes, the influence of
potential conditions is more complex than in case of to pure carbon electrodes. To investigate
the effect of potential limits on the corrosion behaviour of Pt/C electrodes, Gallagher et al.
determined CO2 evolution rates in response to several triangular potential cycles applied to cells
operated in H2/N2 mode [150]. They found that the appearance of additional carbon dioxide
peaks in the exhaust gas of the positive electrode depends on both the chosen potential limits
and on whether the electrode was previously exposed to a cyclic or a constant potential.
Moreover, corrosion behaviour was found to undergo significant changes after repeated
exposure of the electrode to elevated potentials.
Besides the analysis of fundamental corrosion processes, most studies carried out with Pt/C fuel
cell electrodes focus on the influence of operating parameters on the degradation behaviour of
the catalyst layer and the accompanying decline of fuel cell performance. Several potential
cycling studies showed that both carbon corrosion and platinum loss rates strongly increase with
increasing temperature and humidification of the reactant gases [136, 194, 195]. Due to the
requirement of one water molecule for the oxidation of one carbon atom in the rate
determining step of the platinum catalysed reaction pathway, carbon corrosion rates were
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found to increase linearly with increasing water vapour partial pressure [143]. The correlation
between carbon corrosion rate and temperature typically follows an Arrhenius type behaviour
[143, 147, 193].
As a consequence of the different processes contributing to the decrease of electrochemically
active platinum surface area, the relationship between operating parameters and platinum loss
is of much higher complexity. Several studies proposed first or second order kinetic models to
explain the catalyst surface area loss as a function of the number of applied potential cycles [72,
132, 138, 196, 197]. As in case of carbon corrosion rates, the rate constants obtained for
different temperatures show an Arrhenius dependence. The correlation between platinum loss
rate constants and reactant gas humidity was not systematically investigated, though.
As in case of pure carbon electrodes, graphitization of the catalyst support leads to an increased
stability against carbon corrosion induced degradation. Compared to standard electrode
materials, fuel cells containing Pt/C electrodes based on graphitized carbon supports show
substantially lower performance loss rates [69, 70, 198]. Similar results were obtained for
catalyst supports made of carbon nanofibers and nanocages [81].
Compared to studies investigating the effect of different operating parameters on fuel cell
performance degradation, much less literature is available on the morphological changes
occurring in the catalyst layer. Systematic studies on structural modifications of the catalyst
support were only carried out by Liu et al. [38, 43]. Besides the identification of different
corrosion processes on the nanoparticles scale (cf. Section 3.2.2), they correlated the observed
morphological changes to the limiting current density of the fuel cell. Some more data is
available on changes of the platinum particle size distribution. Depending on the chosen
conditions, the average platinum particle diameter was found to increase by a factor of 2 to 3
after prolonged potential cycling [72, 132, 136, 138]. Furthermore, Ferreira et al. showed that
particle growth behaviour strongly depends on the position in the catalyst layer [199].

3.4.3 Real start-up and shut-down processes
Most studies investigating the stability of the catalyst layer against elevated potentials are
carried out by applying cyclic or constant potentials to cells operated in H2/N2 mode. This
approach ensures homogeneous operating conditions and enables good control of the potential,
which acts as driving force for carbon corrosion. The relevance of this simplified approach
regarding start/stop induced degradation processes is limited, though. Especially the
investigation of mechanisms related to the propagation of the hydrogen/air front through the
anode compartment and the development of elevated potentials at the positive electrode thus
requires the analysis of real start-up and shut-down processes.
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As described in Section 3.1, the potential developing at the positive and negative electrode
during start-up and shut-down processes can only be determined by employing reference
electrodes in the membrane. The first study analysing local potentials and current densities
during different start-up processes was carried out by Siroma et al. [119]. Depending on the
position along the flow field, potentials up to 1.5 V were detected during the exchange of the
anode gas from hydrogen to 5% oxygen. Prior purging of the electrode compartments with
nitrogen was found to result in substantially lower potential values. In a similar study, Shen et al.
showed that the potential developing at the positive electrode is virtually the same for start-up
and shut-down processes [121]. Yet, the duration of the detrimental conditions was found to be
slightly higher in case of fuel cell shut-down. Furthermore, the gas purging rate strongly
influences the time for which the positive electrode is exposed to elevated potentials. Another
study published by Kim et al. describes the correlation between the potential developing at the
positive electrode and the CO2 concentration in the cathode exhaust gas [120]. The longer
duration of the detrimental potential condition during shut-down processes was found to result
in significantly higher carbon corrosion rates. The same study showed that the potential at the
positive electrode is only slightly affected by the temperature. The substantially higher
degradation rates at higher temperatures were attributed to faster kinetics.
The propagation of the hydrogen/air front through the anode compartment is usually monitored
by measuring local current densities in fuel cells having segmented electrodes. All groups
investigating the front propagation along direction of the flow field generally found the same
current density distribution [116, 119, 126, 127]. Due to the changing ratio of hydrogen and air
filled areas at the negative electrode, the measured current densities decrease towards the
segment located near the gas outlet. The maximum values were found to be in the range of
approximately 1 A/cm2. Since these current densities are substantially higher than the expected
carbon corrosion current densities, the majority of the generated current can be attributed to
charging of the electrochemical double layer and the oxidation of the platinum particles.
Another approach to visualise the propagation of the hydrogen/air front was described by
Ishigami et al. [200]. This group inserted a polymer sheet covered with an oxygen sensitive dye
between a transparent acrylic end plate and a combined flow field/current collector to monitor
the change in oxygen partial pressure during fuel cell start-up and shut-down. They found that
the duration of the gas replacement process is significantly higher than expected from the
channel volume and the gas flow rate. Moreover, the degradation state of the fuel cell was
observed to significantly influence the exchange of the anode gas both in case of start-up and
shut-down processes. The discrepancy between the measured and the predicted durations of
the gas replacement processes might be attributed to diffusion phenomena on the channel and
land scale. Recent studies by Schneider and von Dahlen showed that the diffusion of the gases
under the lands of the flow field causes a current distribution which is comparable to that
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observed along the direction of the flow field [125, 201]. The local increase of the potential at
the positive electrode during purging of the anode compartment (cf. Figure 15) can therefore
assumed to be not only determined by the propagation of the hydrogen/air front along flow
field direction, but also by the coexistence of hydrogen and oxygen on the channel and land
scale.
Due to the advantages of potential cycling, only few groups performed real start/stop cycling by
alternating purging of the anode compartment with hydrogen and air to determine the effect of
operating parameters on fuel cell degradation behaviour. A detailed study on the influence of
relative humidity and the application of an external load during fuel cell start-up was published
by Kim et al. [185, 186, 202, 203]. As expected from potential cycling studies, they found that
carbon corrosion rate, platinum loss rate and fuel cell performance loss decreased with
decreasing humidification of the reactant gases. Similar effects were observed when applying a
dummy load during start-up of the fuel cell.

3.4.4 Modeling of start/stop induced carbon corrosion
Mathematical models describing the processes occurring during fuel cell start-up and shut-down
have been developed by several groups [204]. The first models explaining the potential and
current distribution along the direction of the propagating hydrogen/air front were published by
Reiser et al. [118] and Meyers et al. [124]. In these studies, the potentials developing at the
positive electrode were calculated to be in the range of approximately 1.5 V, which is in good
agreement with the experimentally determined values (cf. Section 3.4.3). However, even under
ordinary fuel cell operating conditions, carbon corrosion induced electrode degradation can
affect fuel cell performance. Takeuchi and Fuller predicted significant carbon loss in case of long
term operation [205]. The same group applied their model to investigate the influence of fuel
cell design factors on the degradation of the positive electrode [123]. They found that the
carbon corrosion rate is strongly influenced by the potential distribution in the membrane. The
calculations showed that a decrease in membrane thickness from 50 to 10 m increases the
corrosion current density by a factor of 6. Moreover, ORR kinetics at the negative electrode
were found to significantly affect the potential developing at the positive electrode. In another
modeling study, Gu et al. showed that pseudo-capacitive effects result in different corrosion
rates for start-up and shut-down processes [206]. Depending on the position along the direction
of the propagating gas front, the additional generation or consumption of protons by platinum
oxidation/reduction and hydrogen adsorption/evolution can significantly influence the potential
developing at the positive electrode. As a consequence, shut-down processes lead to higher
carbon loss rates near the gas inlet while start-up processes cause higher carbon corrosion rates
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near the gas outlet. Altogether, the model predicts higher degradation rates during fuel cell
start-up.
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4 Fuel cell characterisation
4.1 Electrochemical characterisation
This section describes the various electrochemical characterisation techniques applied within
this thesis. For the sake of clarity, all parameters and conditions are specified separately in
Section 4.1.6.

4.1.1 Cyclic voltammerty
Cyclic voltammetry (CV) is a standard method for the qualitative and quantitative investigation
of electrochemical reactions. The measuring principle is based on the application of a cyclic
potential to one of the electrodes of an electrochemical cell. The resulting current provides
information about the electrochemical reactions taking place in the different potential regimes.
To ensure a well-defined potential at the electrode of interest (working electrode), the second
electrode of the cell is usually used as counter as well as reference electrode.
For the characterisation of PEFC electrodes by cyclic voltammetry, the cell is operated in H2/N2
mode. The hydrogen-filled electrode thereby acts as a reversible hydrogen electrode (cf.
Section 2.1.1). In the fuel cell environment, however, the corresponding reference potential
strongly depends on both cell temperature and hydrogen partial pressure. Thus, care must be
taken when comparing cyclic voltammograms recorded under different operating conditions.
A typical cyclic voltammogram of a platinum based polymer electrolyte fuel cell electrode is
shown in Figure 21. At potentials around 400 mV, the catalyst surface is considered to be mainly
comprised of blank platinum atoms. The current in this potential range primarily originates from
charging and discharging of the electrochemical double layer. At potentials above and below this
so-called double layer region, four distinct current peaks can be distinguished. If the electrode
potential is increased to values exceeding approximately 700 mV, the surface of the platinum
particles is being oxidized. Initially, the reaction of platinum atoms with water results in the
formation of OH-species on the platinum surface. A further increase in potential leads to the
formation of PtO and eventually PtO2. Although extensively studied, the processes leading to
PtO formation are still under discussion. The 'classical' mechanism involves a place exchange
process between platinum surface atoms and OH-species with subsequent oxidation to PtO
[207, 208] (cf. Equations in Figure 21). Recent studies by Jerkiewicz et al., however, suggest the
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direct formation of PtO via the reaction of platinum atoms with chemisorbed oxygen [209, 210].
Yet, independent of the mechanism, the thickness of the resulting platinum oxide layer strongly
depends on the upper potential limit and the time for which the electrode is exposed to
potentials exceeding the onset potential of platinum oxidation [210, 211]. If the electrode
potential is driven to values significantly higher than 1 V, the current is additionally provided by
oxygen evolution and corrosion of the catalyst support material. A distinction between the
different contributions is not possible, though.

Figure 21 Typical cyclic voltammogram of a platinum based PEFC electrode. Shaded areas indicate the
regions of platinum oxidation/reduction and hydrogen adsorption/desorption.

In the subsequent cathodic sweep, the platinum oxide layer is again reduced. Generally,
platinum oxide reduction follows a reaction mechanism similar to the oxidation process. Besides
the reactions shown in Figure 21, however, platinum oxide can also partially decompose via the
formation of Pt2+ ions. The platinum ions then either redeposit on other platinum particles
(Ostwald ripening) or precipitate in the electrolyte phase via the reduction by permeating
hydrogen.
If the potential is further decreased below the effective hydrogen equilibrium potential, protons
are reductively adsorbed on the platinum surface. Since fuel cells are normally operated under
non-standard conditions, the onset potential of hydrogen evolution thereby usually exceeds the
standard equilibrium value of E = 0 V. The corresponding anodic current peak occurring during
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the subsequent sweep towards more positive potentials arises from the re-oxidation of the
adsorbed hydrogen atoms.

4.1.2 Determination of the active platinum surface area
The in situ determination of the electrochemically accessible platinum surface area in the fuel
cell environment can be performed by two different methods based on the adsorption of either
hydrogen or carbon monoxide on the platinum particles. If carbon monoxide is used as the
adsorbed species, the method is referred to as CO stripping voltammetry. In this case, the
electrode of interest is purged with CO containing nitrogen while holding the potential at a value
significantly below the onset potential of carbon monoxide oxidation. Ideally, the purging
process leads to the adsorption of one CO molecule on each platinum surface atom. Afterwards,
pure nitrogen is fed to the electrode in order to remove remaining carbon monoxide which is
not adsorbed on the platinum particles. The subsequent quantification of the electrochemically
active platinum surface area is performed by determining the charge generated during the
oxidation of the adsorbed CO molecules (cf. Equations 47 and 48). Therefore, at least two
consecutive cyclic voltammetry sweeps are recorded. In the first sweep, the oxidation of carbon
monoxide results in a current peak which is integrated to calculate the generated charge. To
allow an accurate integration, the second sweep is thereby used as a baseline (cf. Figure 22).
Provided that all platinum particles are homogeneously covered with adsorbed CO molecules,
the oxidation charge is proportional to the number of platinum surface atoms. Hence, the total
platinum surface area can be calculated by assuming a specific charge of 420 μC/cm2 [212].

Pt + H2O

→ Pt-OHad + H+ + e-

Pt-COad + Pt-OH → 2Pt + CO2 + H+ + e-

(47)
(48)

The oxidation of carbon monoxide on well-defined platinum surfaces has been intensively
investigated. These studies show that the position and the shape of the CO oxidation peak is
strongly correlated to the size distribution of the platinum particles [213-217]. Generally, an
increase in particle size leads to a shift of the peak potential towards lower values. Accordingly,
peak broadening or the appearance of multiple peaks can indicate changes in the particle size
distribution. Although the surface morphology of the platinum particles used in fuel cell
catalysts is of much higher complexity, the correlations found for well-defined platinum surfaces
can assist the interpretation of catalyst degradation experiments.
The second approach for determining the electrochemically active platinum surface area is
based on the adsorption of hydrogen during the recording of a cyclic voltammogram. In the
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cathodic sweep, protons are reductively adsorbed on the platinum surface as soon as the
potential decreases below the effective hydrogen equilibrium potential. This adsorption process
is commonly denoted as hydrogen underpotential deposition (HUPD).

Figure 22 Schematic cyclic voltammogram illustrating the quantification of the electrochemically active
platinum surface area by CO stripping voltammetry and via hydrogen underpotential deposition.
Shaded regions indicate the respective areas integrated for ECA determination.

Similar to CO stripping voltammetry, the current resulting from the re-oxidation of the adsorbed
hydrogen atoms during the subsequent anodic sweep can be integrated to calculate the active
platinum surface area (cf. Equation 49). Due to the contribution of only one electron in the
oxidation process, the specific charge of 210 μC/cm2 is half of the value used in case of CO
oxidation. Although the calculation of the platinum surface area is based on the integration of
the oxidation charge, the resulting ECA value is commonly referred to as HUPD area.

Pt-H → Pt + H+ + e-

(49)

Besides the advantage of being a fast and straightforward method, ECA determination based on
hydrogen underpotential deposition has two crucial drawbacks. First, the strong dependence of
the hydrogen oxidation charge on the lower potential limit of the cyclic voltammogram makes a
precise determination of the active platinum surface difficult. Second, the integration of the
hydrogen oxidation current requires an accurate subtraction of the currents originating from
electrically conducting pathways (cf. Section 4.1.3) and from charging of the electrochemical
double layer. Since the simultaneous consideration of both effects is complex in most cases, an
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accurate positioning of the integration baseline is difficult. For these reasons, CO stripping
voltammetry is generally considered to provide more accurate ECA values.

4.1.3 Hydrogen permeability
The rate of hydrogen permeation through the membrane is an important parameter providing
information about the integrity of the membrane (cf. Section 3.2.3). Furthermore, the precise
determination of kinetic parameters requires an accurate quantification of the current
originating from permeating hydrogen (cf. Section 4.1.4).

Figure 23 Schematic illustration of the
measuring principle for determining
hydrogen permeability.

Figure 24 Influence of the applied voltage on the
measured permeation current density. To eliminate
effects based on electronic conduction, the current
density is extrapolated to a voltage of U = 0 V.

To determine the amount of hydrogen permeating through the membrane, a voltage exceeding
the hydrogen equilibrium potential is applied to a cell operated in H2/N2 mode. As a
consequence of the increased electrode potential, all hydrogen molecules permeating from the
hydrogen-filled negative electrode to the nitrogen-filled positive electrode are instantly oxidized
(cf. Figure 23). The resulting permeation current density jperm is proportional to the number of
hydrogen molecules permeating through the membrane per unit time. Since the migration of
hydrogen is not driven by electrostatic forces, the permeation current is, in principle,
independent of the applied voltage. However, electronically conducting pathways across the
membrane or the fuel cell housing can lead to an ohmic behaviour (cf. Figure 24). To eliminate
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this effect, the permeation current density is therefore usually extrapolated to a voltage of
U = 0 V.

4.1.4 Polarisation curve
Polarisation curves (or iE-curves) show the voltage of a fuel cell as a function of the current
density. As described in Section 2.2.4, the polarisation behaviour is thereby mainly determined
by kinetic and mass transport losses at the positive electrode and ohmic losses within the
electrolyte phase.
Polarisation curves can provide both quantitative information about catalyst and fuel cell
performance as well as qualitative information about the dominant loss mechanisms. By fitting
the measured curves according to Equation 50, several parameters characterising catalyst
activity and fuel cell performance can be extracted [218, 219].

U cell = U 0 − b ⋅ log( jcorr ) − Rmem ⋅ jcorr

(50)

where Ucell is the measured cell voltage, U0 is the fitted open circuit voltage, b is the fitted Tafel
slope, Rmem is the fitted or measured membrane resistance and jcorr is the measured current
density which is corrected by the contribution originating from hydrogen crossover (cf.
Section 4.1.3). The fitted parameters enable the calculation of the mass specific activity of the
catalyst am, which is usually expressed in terms of the current density at an iR-corrected cell
voltage of 0.9 V.

am =

j0.9V − j perm
LPt

(51)

where jperm is the hydrogen permeation current and LPt is the platinum loading.
Besides the quantification of parameters characterising catalyst and fuel cell performance,
polarisation curves can provide information about the main degradation processes occurring
during aging of the fuel cell. According to Chapter 3, fuel cell degradation can be generally
classified into (i) catalyst degradation, (ii) catalyst support degradation and (iii) degradation of
the ionomer. Since all three processes have a distinct effect on the polarisation behaviour, iEcurves can help to identify the dominating loss mechanisms [219]. The influence of the different
degradation processes on the shape of the polarisation curve is schematically illustrated in
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Figure 25. A loss of active catalyst surface area caused by platinum dissolution or particle
agglomeration leads to higher local current densities at the catalyst particles surface. The
resulting increase in activation overpotential influences the polarisation curve primarily in the
low current density regime (cf. Figure 25a). The main effect of carbon corrosion induced catalyst
support degradation is a decrease of porosity inside the catalyst layer. The resulting
deterioration of mass transport properties causes a shift of the limiting current density towards
lower values (cf. Figure 25b). A loss of sulfonic acid groups as consequence of chemical
membrane degradation leads to an increase in ionomer resistance. Due to the linear correlation
between current density and the ohmic voltage drop, the slope of the polarisation curve is thus
increased over the entire current range (cf. Figure 25c).

Figure 25 Effect of catalyst degradation (a), catalyst support degradation (b), and ionomer degradation
(c) on the polarisation behaviour of a polymer electrolyte fuel cell. Dashed lines represent polarisation
curves of the degraded fuel cells. (adapted from [219])

Under most operating conditions, however, fuel cell performance loss is caused by a
combination of several degradation processes. Therefore, polarisation curves can only provide a
rough estimation about the contribution of individual mechanisms to total voltage loss. A
detailed analysis of the involved loss mechanisms thus requires the combination with other
characterisation techniques such as electrochemical impedance spectroscopy, catalyst surface
area determination or imaging techniques.

4.1.5 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a characterisation technique used to reveal the
different sources of voltage loss occurring during fuel cell operation. In contrast to polarisation
curves, which only show the total voltage loss in the different current regimes, EIS
measurements allow a clear distinction of the different loss mechanisms. The measurement
principle is based on the application of a sinusoidal voltage perturbation with simultaneous
determination of the resulting current response (or vice versa). The perturbation frequency is
thereby typically varied over several orders of magnitude.
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Analogous to the ohmic resistance, the impedance Z is defined as the relationship between
time-dependent voltage and time-dependent current (cf. Equation 52). Thereby, the impedance
magnitude Z0 represents the ratio of the amplitudes while  expresses the phase shift between
both signals.

Z=

U 0 ⋅ cos(ωt )
U (t )
cos(ωt )
=
= Z0 ⋅
j (t ) j0 ⋅ cos(ωt − φ )
cos(ωt − φ )

(52)

Alternatively, the impedance can be expressed in terms of a real and an imaginary component
[110].

Z = Z 0 (cos φ + i sin φ )

(53)

The most commonly used method for displaying impedance spectra is the so-called Nyquist plot,
which shows the imaginary component of the impedance Im = Z0⋅sini as a function of the real
component Re = Z0⋅cos (cf. Figure 27). The interpretation of the spectra is usually performed
by means of equivalent circuits representing the electrochemical processes taking place in a
polymer electrolyte fuel cell [220]. The most widely used equivalent circuit describing
impedance spectra recorded under ordinary PEFCs operation is shown in Figure 26. The catalyst
layers at the anode and cathode of the fuel cell are represented by a parallel circuit consisting of
a capacitor and a resistor. Thereby, the resistor Rct describes the charge transfer taking place in
the catalyst layer while the capacitor C represents the behaviour of the electrochemical double
layer. The finite conductivity of the membrane is described by a resistor Rmem located between
the parallel circuits.
By determining the characteristic parameters of the single elements, the contribution of the
different voltage loss mechanisms can be quantified. In case of high perturbation frequencies,
the capacitors representing the electrochemical double layers act like ideal conductors, thus
leading to the elimination of the imaginary component of the impedance. Since Rmem is therefore
the only element limiting the current flow in the equivalent circuit, the membrane resistance is
determined by the real component of the impedance at the point of intersection with the x-axis.
In case of low frequencies, the capacitors can be treated as perfect insulators. The voltage drop
across the fuel cell is therefore determined by the sum of the remaining resistances. Analogous
to the membrane resistance, the total resistance is defined by the intersection with the real axis
in the low frequency range. Due to the fast kinetics of the hydrogen reaction, the contribution of
the anodic charge transfer resistance can thereby usually be neglected. Thus, subtraction of
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Rmem from the low frequency resistance yields the charge transfer resistance of the oxygen
reduction reaction.

Figure 26 Equivalent circuit representing
the electrochemical processes occurring in
a polymer electrolyte fuel cell.

Figure 27 Typical impedance spectra (Nyquist plot) of a
polymer electrolyte fuel cell. The frequency-dependent
determination of the impedance allows the quantification
of the membrane resistance Rmem and the charge transfer
resistance Rct,c. Due to the fast kinetics of the hydrogen
reaction, the charge transfer resistance at the anode can
be neglected.

4.1.6 Standard parameters and conditions
This section summarizes the standard parameters and test conditions used for electrochemical
fuel cell characterisation. Any deviations from these conditions are specified in the respective
results section.

Determination of the active catalyst surface area
If not noted otherwise, the electrochemical platinum surface are was determined by CO
stripping voltammetry. Therefore, the fuel cell was operated in H2/N2 mode with fully humidified
gases at a pressure of 2.5 bara and a temperature of 80°C. In order to remove impurities from
the catalyst surface, the electrode of interest was initially exposed to five CV sweeps in the
potential range between 0.1 V and 1.0 V (scan rate 100 mV/s). Afterwards, carbon monoxide
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was adsorbed on the catalyst surface by purging the electrode compartment with 1% CO in
nitrogen for 15 minutes. Depending on the operating conditions, the cell potential was held at a
value between 110 mV and 150 mV during the adsorption process. After purging for another 15
minutes with pure hydrogen, four cyclic voltammetry sweeps between 0.1 V and 1.0 V (scan rate
10 mV/s) were recorded. Assuming a specific charge of 420 μC/cm2Pt, the active platinum
surface area was calculated by integration of the resulting CO stripping peak.

Hydrogen permeation
For determining the hydrogen permeability of the membrane, the cell was operated with fully
humidified hydrogen and nitrogen at 2.5 bara and a temperature of 80°C. To be able to eliminate
the effect of electrically conducting pathways across the cell, the applied voltage was stepwise
decreased from 800 to 200 mV (step size 100 mV). At each voltage step, the current density was
determined after equilibration for 60 seconds. Calculation of the hydrogen permeation current
density was performed by extrapolation to a cell voltage of 0 V.

Polarisation curve
Polarisation curves were measured in both H2/air and H2/O2 mode. If not noted otherwise, the
fuel cell was operated with fully humidified gases at a pressure of 2.5 bara. The cell temperature
was 80°C in all cases. To avoid an undersupply of reactant gases in the high current density
regime, the cell was operated in stoichiometric mode (minimum gas flow limit 600 mln/min).
Starting from the open circuit voltage, the current was first increased in steps of 62 mA/cm2. At
current densities higher than 250 mA/cm2 the step size was increased to 250 mA/cm2. Time at
each current density was 60 seconds.
To be able to correct the measured cell voltages by the potential drop in the membrane, the
high frequency resistance (1 kHz) was simultaneously recorded using a Tsuruga Model 3566
digital AC Ohmmeter.

Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy was performed using a Zahner IM6 electrochemical
workstation. The impedance spectra were recorded by applying a sinusoidal current
(amplitude 10 mA) in the frequency range between 100 mHz and 25 kHz. All measurements
were performed at a temperature of 80°C using fully humidified gases at a pressure of 2.5 bara.
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4.2 Quantification of carbon corrosion
Since each corroded carbon atom leads to the formation of one carbon dioxide molecule,
catalyst support corrosion can be quantified by monitoring the CO2 concentration in the exhaust
gas (cf. Equations 41 and 42). Carbon monoxide, which may additionally be formed in the
corrosion process, is instantly oxidised to CO2 if the electrode potential exceeds a value of
approximately 0.55 V [143]. Even if the potential is lower, however, the amount of generated CO
can assumed to be negligible compared to CO2 evolution [36]. Monitoring of the carbon dioxide
concentration thus allows an accurate quantification of carbon corrosion. In this work, the CO2
concentration was determined using a gas analyser based on infrared absorption (California
Analytical Instruments Model 100). To avoid condensation in the measurement device, the
analysed exhaust gas was dried by bubbling through an ice-cooled water recipient prior to
feeding it to the analyzer.
The temporary exposure of the positive electrode to elevated potentials, either caused by
start/stop processes or the application of an external voltage to the cell, leads to the
appearance of distinct peaks in the CO2 signal (cf. Figure 28a). The measured carbon dioxide
concentrations, however, do not provide an accurate temporal representation of CO2 evolution
in the cell. The finite volume of the gas analysis setup results in a broadening of the peaks and a
decrease in maximum CO2 concentration. To allow a reliable quantification of catalyst support
corrosion, CO2 concentration peaks were therefore integrated to calculate carbon corrosion
rates.

Figure 28 (a) CO2 concentration peak in the exhaust gas appearing in response to a temporary
exposure of the electrode to elevated potentials. (b) Area integrated for calculation of the carbon
corrosion rate after subtraction of the ground level.

Due to additional infrared absorption caused by residual water in the gas stream, the measured
carbon dioxide concentration is higher than the amount of CO2 evolving in the fuel cell. To

- 69 -

4 - Fuel cell characterisation

account for this effect, the corresponding ground level was subtracted from the measured CO2
signal. Integration of the resulting CO2 concentration peak yields the amount of carbon which is
corroded during the temporary exposure of the electrode to elevated potentials (cf. Figure 28b).
Since carbon corrosion behaviour strongly depends on the conditions prior to the corrosion
process, care must be taken to obtain reliable results. Pristine cells usually exhibit very high CO2
evolution rates, which strongly decrease upon repeated exposure of the electrode to elevated
potentials and subsequently approach a relatively constant level. To minimize this effect, all
characterized electrodes were initially exposed to 100 potential cycles between 0.6 V and 1.3 V
(50 mV/s). Afterwards, eight CO2 concentration peaks were recorded for each investigated
condition. Since the carbon corrosion rate slightly decreases during the first few cycles after
equilibrating to the new operating conditions, only the last three CO2 concentration peaks were
integrated to calculate carbon corrosion rates.
To be able to monitor the CO2 concentration as a direct indicator of carbon corrosion, the
electrode must be exposed to detrimental potentials. The resulting degradation of the catalyst
layer, however, influences the carbon corrosion rates of all subsequent measurements. To
account for this degradation effect, all investigated parameters were varied in both directions
(e.g. 40°C → 60°C → 80°C → 60°C → 40°C in case of temperature variation). All Figures show
the average values of both measurements.

4.3 FIB/SEM serial sectioning
The combination of scanning electron microscopy (SEM) with successive material removal by a
focused ion beam (FIB) allows the calculation of three-dimensional images of the porous catalyst
support structure. In contrast to conventional 2D-microscopy, porosity and pore size distribution
can thus be determined quantitatively. Moreover, FIB/SEM serial sectioning provides
information about the connections between single pores. Due to the limited resolution,
however, a distinction between carbon support material, catalyst particles and ionomer is not
possible.
The calculation of 3-dimensional images requires several processing steps. First, the focused ion
beam (Ga+ ions, acceleration voltage 30 kV) is used to cut a columnar structure out of the
catalyst layer (cf. Figure 29). To ensure a homogeneous material ablation in the subsequent
sectioning process, the columnar structure is covered with a thin carbon layer. After taking a
SEM image of the front side (Zeiss NVision 40 microscope), a slice with a thickness of
approximately 10 nm is removed by the focused ion beam. Afterwards, the next SEM image is
taken. Repeated FIB sectioning and SEM imaging leads to a set of several hundred single images
which can be used to calculate a 3-dimentional structure of the investigated volume. Processing
of the 3D-images was performed using Aivzo Standard 5.1 software (VSG, USA). To ensure
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accurate results, the discrimination between bulk material and pore volume was manually
refined.

Figure 29 (a) SEM image of the investigated columnar volume. (b) Single SEM image of the catalyst
layer. Repeated FIB sectioning and SEM imaging allows the calculation of 3-dimensional structures.
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5 Experimental
5.1 Fuel cell setup and MEA fabrication
All measurements presented in this work were carried out using membrane electrode
assemblies with an active area of 16 cm2. Except for start/stop cycling experiments and
investigations on structural changes in the catalyst layer, the MEAs were fabricated by hot
pressing of the respective electrodes with a Nafion 212 membrane (DuPont, USA) for 3 minutes
at 120°C. An illustration of the MEA configuration is shown in Figure 30. The 25 m PEN
subgaskets, which slightly overlap with the electrode, prevent accelerated membrane
degradation in the edge regions of the active area.

Figure 30 Illustration showing the MEA configuration. (adapted from illustration by L.
Gubler)

Figure 31 Illustration of the standard fuel cell setup.
(adapted from illustration by L. Gubler)

After hot pressing, the MEA was sandwiched between graphite flow field plates and PTFE
gaskets with a thickness of 100 m (cf. Figure 31). If not noted otherwise, the experiments were
performed using a parallel flow field structure with channel and land dimensions of 1 mm.
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5.2 Electrode materials
A comprehensive investigation of start/stop induced degradation phenomena requires
experiments with various electrode compositions. In the following, all electrode materials used
in this work are summarised. If not noted otherwise in the respective results section, all
experiments were carried out with standard electrodes both at the anode and cathode side of
the fuel cell.
Standard electrodes
All experiments which did not require a specific electrode configuration were carried out with
commercially available gas diffusion electrodes supplied by Johnson Matthey Fuel Cells. The
catalyst layer of these electrodes consists of 60% platinum on a high surface area carbon
support. The standard catalyst loading was 0.4 mgPt/cm2.
Electrodes with specific platinum and carbon contents
The investigation of fundamental corrosion processes requires experiments with catalyst layers
having different platinum and carbon contents. For these measurements, electrodes based on
Johnson Matthey’s catalysts HiSpec 9100 (60% Pt on high surface area carbon) and HiSpec 4100
(40% Pt on high surface area carbon) were fabricated by PaxiTech SAS (Echirolles, France).
Besides the GDEs with platinum loadings of 0.18 and 0.4 mgPt/cm2, electrodes containing only
the carbon support material and the ionomer (carbon loading: 0.27 mgC/cm2) were used to
investigate the corrosion behaviour of the pure carbon support nanoparticles. Moreover,
platinum black electrodes (Johnson Matthey Fuel Cells, platinum loading: 3 mgPt/cm2) were used
in experiments on the mechanisms of CO2 evolution in the potential range below 1 V.
Commercially available MEAs and CCMs
All start/stop cycling experiments described in Section 8.2.2 were carried out using commercially
available membrane electrode assemblies supplied by Johnson Matthey Fuel Cells (Swindon,
UK). The MEAs consist of standard Johnson Matthey electrodes which are hot pressed with
subgaskets and a perfluorinated membrane (thickness  30 m). The catalyst loading of the
electrodes is 0.18 and 0.42 mgPt/cm2 for the anode and cathode, respectively.
Due to the necessary separation of GDL and catalyst layer, visual characterisation of start/stop
induced structural changes by FIB/SEM serial sectioning and TEM sectioning was performed
using catalyst coated membranes (CCMs) supplied by W.L. Gore & Associates (Primea MEA
series 5710) in combination with E-TEK LT14010W gas diffusion layers (BASF Fuel Cell). The
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CCMs consist of a membrane with a thickness of 18 m and electrodes having catalyst loadings
of 0.1 and 0.4 mgPt/cm2 at the anode and cathode side, respectively.

5.3 Conditioning and standard test conditions
Prior to all experiments, the cells were conditioned for approximately 10 h at a current density
of 0.5 A/cm2 using fully humidified oxygen and hydrogen at a pressure of 2.5 bara and a
temperature of 80°C. Fuel cells made of electrodes which did no contain platinum were
conditioned under open circuit conditions in H2/N2 mode. If not noted otherwise, all
experiments in this work were carried out at a temperature of 80°C using fully humidified
reactant gases.
Determination of corrosion rates under controlled potential conditions
To determine carbon corrosion rates under controlled potential conditions, the cell was
switched to H2/N2 mode and atmospheric pressure after conditioning. To investigate the effect
of the upper potential limit (EU), the lower potential limit (EL) and specific operating parameters,
corrosion rates in response to single potential sweeps were determined according to the
procedure described in Section 4.2.

Figure 32 Illustration of the potential sweeps applied to the cell in order to determine carbon loss
rates. For each investigated condition, the cell operated in H2/N2 mode was exposed to eight single
triangular potential sweeps. The time interval t between the sweeps was 120 s in all cases. The sweep
duration tsweep results from the scan rate and the upper (EU) and lower (EL) potential limit.
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To account for the initial gradual decrease of the CO2 evolution rate, eight single triangular
potential sweeps were applied for each investigated condition (cf. Figure 32). The time interval
between the applied sweeps was 120 s in all cases. If not noted otherwise, all experiments were
carried out at 80°C using fully humidified gases. Standard upper and lower potential limits were
1.3 V and 0.6 V, respectively.

Figure 33 Fitting of the CO2 concentration peaks developing in response to potential cycling between
0.6V and 1.3 V. The straight line represents the measured CO2 signal. Open circles show the fitted data
consisting of the sum of Cauchy-Lorentz distributions representing the single sources of CO2 evolution
(dashed lines).

The same standard conditions were used in potential cycling experiments. Basically, the
quantification of carbon corrosion follows a similar procedure as in case of measurements
carried out applying single potential sweeps. Due to the overlapping of the CO2 concentration
peaks, however, carbon corrosion rates can not be directly determined. To separate the single
peaks, the CO2 signal was therefore fitted using a Cauchy-Lorentz distribution for each carbon
dioxide concentration peak (cf. Figure 33). Subsequent integration of the fitted data allows the
accurate determination of carbon corrosion rates for single potential cycles.
Determination of corrosion rates in response to single start/stop transients
To determine the effect of different operating parameters on the evolution of CO2 during single
start-up and shut-down transients, the anode gas was switched between hydrogen and air. The
cathode was continuously fed with air in all cases. The flow rate for both the anode and cathode
gas was 600 mln/min. If not noted otherwise, the cells were operated at a temperature of 80°C.
To avoid electrode flooding, temperature and resistance variation experiments were carried out
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at 70% R.H. Except for the increase of the time interval between the single transients from 120 s
to 180 s, the measurement procedure was similar to that under controlled potential conditions.
Effects related to the propagation of the hydrogen/air front through the anode compartment
were investigated by determining the influence of reactant gas composition, flow field design
and the application of an external load on the evolution of CO2 during single start-up and shutdown processes. Under all investigated conditions, the gas flow rate at the anode was varied
between 200 and 1000 mln/min. To enable a reliable quantification of CO2 evolution, the
positive electrode was continuously purged with air (gas flow rate: 600 mln/min) in all cases.
Prior to the measurements, the cells were exposed to 100 potential cycles between 0.6 V and
1.3 V in H2/N2 mode. All experiments were carried out at ambient pressure with a reactant gas
humidity of 70% R.H. Except for the investigations on the effect of an external load, the cells
were operated in OCV mode at a temperature of 50°C.
The correlation between reactant gas composition and carbon corrosion behaviour was
investigated by varying the concentration of hydrogen and oxygen in the anode gas. For
determining the effect of oxygen content, the concentration of hydrogen was kept constant at
21% while artificial air (21% O2 in N2) was used at the anode in case of measurements carried
out with varied hydrogen concentrations. In all cases, nitrogen was used to dilute the respective
reactant gases.
The effect of diffusion processes on the channel and land scale was assessed by using different
parallel flow fields at the negative electrode. While a standard flow field (1 mm) was used at the
fuel cell cathode, the channel/land dimensions of the anode flow field were varied between
1 mm and 4 mm. In all measurements, the anode gas was switched between 21% hydrogen and
air.
The same reactant gas concentrations were used to determine the influence of an applied load
(3 Ωcm2) on the carbon corrosion behaviour. Since the application of an external load results in a
strong decrease in the potential developing at the positive electrode, the driving force for
carbon corrosion become significantly lower. To obtain CO2 evolution rates which allow a
reliable quantification of carbon corrosion, the temperature was therefore increased to 80°C.
Determination of start/stop induced fuel cell degradation behaviour
To investigate the effect of different operating parameters on start/stop induced fuel cell
degradation behaviour, the anode compartment was alternately purged with hydrogen and air
for 60 s each. The fuel cell cathode was continuously fed with air over the whole course of the
experiment. All measurements were carried out using commercially available MEAs supplied by
Johnson Matthey. If not noted otherwise, the cells were operated at a temperature of 80°C
using fully humidified gases with a flow rate of 600 mln/min and a pressure of 3 bara. Except for
the resistance variation experiments, an external load of 3 Ωcm2 was continuously applied to the
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cell during start/stop cycling. In total, 1,800 start/stop cycles were accumulated for each
investigated condition. During the cycling experiment, the fuel cell was characterised in regular
intervals. To obtain comparable results, all characterisations were performed at the same
operating conditions (temperature 80°C, fully humidified gases, pressure 3 bara). ECA values
were determined by CO stripping voltammetry, assuming a specific charge of 420 C/cm2.
Impedance spectra were recorded while operating the cell at a current density of 0.5 A/cm2 in
H2/O2 mode. As a measure for fuel cell performance degradation, the loss in cell voltage at a
current density of 1 A/cm2 was determined from iR-corrected polarisation curved measured
with pure oxygen as cathode gas.
Visualisation of start/stop induced degradation
All investigations on start/stop induced changes in the morphology of the catalyst layer were
carried out with MEAs containing catalyst coated membranes supplied by W.L. Gore &
Associates (Primea MEA series 5710) and E-TEK LT14010W gas diffusion layers (BASF Fuel Cell).
After conditioning, the cells were subjected to two different degradation protocols. To assess
catalyst degradation under ordinary operating conditions, one cell was exposed to 24,000
square wave potential cycles between 0.6 V and OCV (10 s each) in H2/O2 mode. The cell was
operated at a stoichiometry of 1.5/1.5 using fully humidified gases. A second cell was exposed to
1000 start/stop transients. Start-up and shut-down was performed by alternating purging of the
anode compartment with hydrogen and air (60 s each). During the experiment, an external load
(3 Ωcm2) was applied to the cell. To avoid electrode flooding, start/stop cycling was performed
at a relative humidity of 70%. Both degradation experiments were carried out at ambient
pressure and a temperature of 80°C.
To assess the decline in fuel cell performance, the cells were characterised in regular intervals.
Polarisation curves were recorded in H2/O2 mode at a pressure of 2.5 bara and a stoichiometry of
1.5/1.5 (temperature: 80°C, fully humidified gases). The electrochemically active platinum
surface area was assessed by determining the HUPD area from cyclic voltammograms recorded
with a scan rate of 100 mV/s (temperature: 80°C, pressure: 2.5 bara, fully humidified gases).
Moreover, the CO2 concentration in the exhaust gas of the positive electrode was continuously
monitored during both experiments.
After the degradation experiments, 3-dimensional images of the catalyst layer structures were
obtained by FIB/SEM serial sectioning (cf. Section 4.3). All FIB/SEM measurements were carried
out by Julijana Krbanjevic (Centre de Recherches en Physique des Plasmas, École Polytechnique
Fédérale de Lausanne). Image processing was performed by Bernhard Schwanitz
(Electrochemistry Laboratory, Paul Scherrer Institut).
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6 Determination of carbon corrosion rates
A majority of the results obtained in this thesis relies on the accurate determination of carbon
corrosion rates. Due to the complexity of the carbon oxidation process, however, a reproducible
quantification of carbon corrosion via the integration of CO2 concentration peaks detected in the
exhaust gas of the positive electrode is highly challenging. The following section provides
information about different phenomena related to the quantification procedure and discusses
effects that might influence the determination of carbon corrosion rates.

6.1 Quantification procedure and hysteresis effect
As described in Section 4.2, the evolution of CO2 strongly depends on the conditions before the
exposure of the electrode to elevated potentials. To account for this effect, both the potential
conditions and the time interval between the applied potential sweeps or start/stop transients
were kept constant in all experiments. The determination of carbon corrosion rates as a function
of different operating conditions, however, requires an equilibration of the cell after changing
the investigated parameter. Since the equilibration time is typically longer than the interval
between the single potential sweeps or start/stop transients, the parameter change influences
the carbon corrosion behaviour. The resulting effect on the carbon dioxide concentration in the
exhaust gas of the positive electrode is shown in Figure 34. The application of eight consecutive
potential sweeps between 0.6 V and 1.3 V to a cell operated in H2/N2 mode leads to the
appearance of eight distinct CO2 concentration peaks. Thereby, due to the previous equilibration
of the cell, the CO2 evolution rate is highest during the first potential sweep. With increasing
number of applied sweeps, the amount of evolved CO2 decreases and finally approaches a
relatively constant level. Hence, to enable an accurate and reliable quantification, only the last
three CO2 concentration peaks were integrated to calculate carbon corrosion rates. This
behaviour, which might be attributed to time dependent changes in the carbon surface oxide
composition [192], was observed for all investigated operating conditions and materials. Only in
case of upper potential limits exceeding approximately 1.5 V, CO2 evolution rates were found to
slightly increase with increasing number of applied sweeps. This change in corrosion behaviour
might be ascribed to the beginning oxidation of the microporous and gas diffusion layer (cf.
Section 6.2). However, since the maximum potentials occurring during fuel cell start-up and
shut-down do not exceed 1.5 V, corrosion in this potential range was not further investigated.
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Figure 34 Carbon dioxide concentration in the exhaust gas of the positive electrode (b) in response to
eight consecutive potential sweeps applied to a cell operated in H2/N2 mode (a). Due to the initially
higher CO2 evolution rates, only the last three concentration peaks are integrated to calculate carbon
corrosion rates.

Besides the temporary effect of fuel cell equilibration on the carbon corrosion behaviour, the
amount of evolved CO2 generally decreases over the course of the experiment. Since the
determination of carbon corrosion rates requires the exposure of the electrode to detrimental
potentials, catalyst layer degradation can not be avoided during the measurement. As a
consequence of the resulting decrease in available carbon and platinum surface area (cf.
Section 3.2), electrode degradation usually causes a reduction of CO2 formation, thus leading to
an underestimation of carbon corrosion rates determined at the end of the experiment. To
compensate for this effect, the CO2 concentration peaks were always recorded at two different
degradation states for each investigated condition. As an example, Figure 35 shows corrosion
rates determined in response to potential sweeps with different upper limits. Initially, the upper
potential limit was stepwise increased from 1.0 V to 1.4 V. The respective corrosion rates in

- 80 -

6 - Determination of carbon corrosion rates

Figure 35 are displayed as open triangles. Afterwards, the upper limit was again decreased to
the initial value. As a consequence of the electrode degradation occurring during the
experiment, the corresponding corrosion rates (open circles) are lower compared to the
measurement towards higher potential limits. Hence, to ensure comparable values, all Figures in
this work show the average corrosion rates of both measurements.

Figure 35 Carbon corrosion rates as a function of the upper limit of potential sweeps applied to a cell
operated in H2/N2 mode (lower limit 0.6 V). Open triangles and circles represent the measurements
towards higher and lower limits, respectively. Filled symbols show the average value of both
measurements.

6.2 Influence of MPL/GDL corrosion
Since fuel cell electrodes typically consist of several layers which all contain carbon, corrosion
processes are not limited to the carbon particles in the catalyst layer. The evolution of CO2
originating from corrosion of the carbon in the microporous and gas diffusion layer, which is
assumed not to affect fuel cell performance, might lead to an undesired overestimation of the
obtained carbon corrosion rates. To assess the influence of these additional contributions,
corrosion of the MPL/GDL was investigated by applying potential sweeps with different upper
limits to cells made of a standard electrode (negative electrode) and an electrode which did only
contain the MPL/GDL (positive electrode).
The measurements show that the corrosion of the MPL/GDL strongly depends on the previous
exposure to high potentials. In case of freshly conditioned fuel cells, no corrosion can be
detected for upper potential limits lower than 1.6 V. At higher potentials, however, the
appearance of CO2 concentration peaks in the exhaust gas indicates significant MPL/GDL
corrosion. If the cell was not previously exposed to elevated potentials for a longer time, CO2
evolution thereby strongly increases with the number of applied potential sweeps (cf.
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Figure 36). For an upper voltage limit of 1.7 V, the maximum CO2 concentration increases from
3 ppm during the first potential sweep to 12 ppm during the eighth sweep. To further
investigate this continuous increase in corrosion rate, a freshly conditioned cell was exposed to
30 consecutive potential sweeps between 0.6 V and 1.7 V. In Figure 37, the resulting carbon
corrosion rates are plotted as a function of the number of applied potential sweeps. After
comparatively low CO2 evolution rates during the first few sweeps, the carbon corrosion rate
exhibits an almost linear increase and finally approaches a relatively constant level. This
behaviour might be explained by a gradual formation of oxide species on the carbon surface
with repeated exposure to elevated potentials. These catalytic surface oxides strongly promote
corrosion, hence leading to a substantial increase in carbon corrosion rates. The simultaneous
formation of passive oxides and a re-reduction of catalytic species may finally result in an
equilibrium oxide coverage, which causes the corrosion rate to level off to a constant value
[192].

Figure 36 CO2 evolution in response to eight subsequent potential sweeps between 0.6 V and
1.7 V (30 mV/s).

Figure 37 Carbon corrosion rate as a function of
the number of applied potential sweeps between
0.6 V and 1.7 V (30 mV/s) without previous
exposure to elevated potentials.

After applying eight potential sweeps with the highest investigated limit being 1.9 V, the upper
potential limit was again stepwise decreased. In contrast to the previous measurements with
increasing upper potential limits, CO2 evolution does not depend on the number of applied
potential sweeps, indicating complete saturation coverage of the carbon surface with catalytic
oxide species (cf. Figure 38). As a second consequence of the prior exposure to high potentials,
CO2 evolution can also be detected for upper potential limits that are significantly lower than
1.6 V. This behaviour shows that carbon is much more prone to corrosion after the formation of
catalytic oxide species on the carbon surface. Compared to freshly conditioned fuel cells, the
onset potential of carbon corrosion is 0.2 V lower. The constant magnitude of the CO2
concentration peaks in case of saturated catalytic oxide coverage allows the determination of
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corrosion rates as a function of the upper potential limit. As shown in Figure 39, the carbon
corrosion rate increases exponentially from 0.02 μgC/sweep at 1.4 V to more than
10 μgC/sweep for an upper potential limit of 1.9 V. The obtained values, however, are
substantially lower than corrosion rates determined for MEAs containing a catalyst layer (cf.
Figure 55). The comparison shows that corrosion of the MPL/GDL only accounts for less than 1%
of total CO2 evolution. With respect to potential sweep measurements carried out with standard
fuel cell electrodes, all contributions besides the corrosion of carbon particles in the catalyst
layer can consequently be neglected.

Figure 38 CO2 evolution in response to six subsequent potential sweeps between 0.6 V and
1.7 V (30 mV/s) after the cell was exposed to
potential sweeps with an upper limit up to 1.9 V.

Figure 39 Carbon corrosion rates as a function of
the upper potential limit. The measurements were
carried out after saturated oxidation of the carbon
surface by exposure of the cell to potential sweeps
with an upper limit of 1.9 V.

MPL/GDL corrosion caused by real start/stop processes can not be directly determined since the
formation of elevated potentials at the positive electrode is not possible without catalyst layer.
As described in Section 3.4, several groups measured maximum potentials of about 1.5 V during
fuel cell start-up and shut-down by purging of the anode compartment with hydrogen and air,
respectively. Since corrosion in this potential range only occurs after previous exposure of the
positive electrode to potentials exceeding 1.5 V, start/stop processes are not expected to cause
significant MPL/GDL corrosion. Though, even without measurable carbon corrosion, changes in
the surface properties of carbon can slightly affect water transport after a large number of startup and shut-down processes [166]. Yet, the contribution of this effect to overall fuel cell
performance loss is negligible compared to the strong influence of simultaneously occurring
catalyst layer corrosion.
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6.3 Carbon dioxide in the exhaust gas of the negative electrode
In case of potential sweep experiments carried out in H2/N2 mode, carbon dioxide is solely
generated at the positive electrode. CO2 evolution at the hydrogen filled negative electrode can
be excluded due to the negligible polarisation of only a few millivolts. The gas permeability of
the membrane, however, allows the diffusion of carbon dioxide from the positive to the
negative electrode. Since carbon corrosion is monitored by measuring the CO2 concentration in
the exhaust gas of the positive electrode, this permeation process might lead to an
underestimation of the determined carbon corrosion rates.

Figure 40 CO2 concentration peaks in the exhaust gas of the negative electrode in response to
potential sweeps applied to the positive electrode. The upper potential limit was varied between 1.3 V
and 1.5 V while the lower potential limit was 0.6 V in all cases (scan rate 30 mV/s).

To assess the influence of this effect on the quantification of carbon corrosion rates, the CO2
concentration in the exhaust gas of the negative electrode was monitored in response to
potential sweeps applied to the positive electrode. In case of potential sweeps with upper limits
of 1.2 V or lower, no carbon dioxide can be detected in the exhaust gas of the negative
electrode. If the potential limit exceeds 1.2 V, however, the permeation from the positive
electrode leads to the appearance of distinct CO2 concentration peaks (cf. Figure 40). The
corresponding carbon corrosion rates are listed in Table 2. Additionally, the table shows
corrosion rates determined from CO2 concentration peaks developing in the exhaust gas of the
positive electrode under similar conditions (cf. Section 8.1.1). The comparison shows that the
integrated CO2 concentration in the exhaust gas of the negative electrode is more than two
orders of magnitude lower than the values obtained for the positive electrode. The permeation
of CO2 from the positive to the negative electrode can consequently be expected not to
influence the determination of carbon corrosion rates.
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Table 2 Carbon corrosion rates for different upper potential limits calculated by integrating the CO2
concentration peaks developing in the exhaust gas of the negative and the positive electrode.

Upper potential limit

1.3 V
1.4 V
1.5 V

Carbon corrosion rate [gC/sweep]
negative electrode

positive electrode

0.01
0.03
0.07

2.1
8.3
29.1
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7 Investigations on fundamental
start/stop induced carbon corrosion
processes
7.1 Carbon corrosion in different potential ranges
During the operation of a fuel cell, the potential at the positive electrode can vary between
values near 0 V (very high current densities) and values significantly exceeding 1 V (start/stop
processes). As described in Section 3.2.2, CO2 evolution can thereby be observed in all potential
ranges. Since catalyst support degradation is most severe during start-up and shut-down of the
fuel cell, carbon corrosion at elevated potentials has been widely investigated. Yet, the
mechanisms leading the generation of CO2 in the potential range below 1 V are still largely
unclear.
To further elucidate the corrosion processes occurring in the different potential ranges, the
evolution of CO2 at the positive electrode of a cell operated in H2/N2 mode was monitored under
various potential conditions. To be able to distinguish between uncatalysed corrosion processes
and processes depending on the presence of platinum (cf. Section 7.2), the experiments were
carried out with standard Pt/C electrodes, Pt black electrodes and electrodes only containing the
carbon support. All measurements were performed at a temperature 80°C using fully humidified
gases at ambient pressure.

7.1.1 Identification of different sources of CO2 evolution
To identify the different sources of CO2 evolution in the application relevant potential range, the
carbon dioxide concentration in the exhaust gas of the positive electrode was monitored in
response to single potential sweeps between 0.15 V and different upper limits (30 mV/s).
The CO2 concentration peaks developing in case of a standard Pt/C electrode are shown in
Figure 41. For upper potential limits of 0.2 V and 0.3 V, no carbon dioxide can be detected in the
exhaust gas. A further increase of the potential limit leads to the appearance of a pronounced
CO2 concentration peak which strongly increases between 0.4 V and 0.5 V. Afterwards, the peak
remains virtually unchanged for potential limits up to 0.7 V. The second CO2 concentration peak
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develops at potentials exceeding 0.8 V. CO2 evolution in this potential range corresponds to the
standard carbon corrosion reaction described in Equations 41 - 44. If the upper potential limit is
further increased above 1 V, two additional peaks appear in the CO2 concentration of the
exhaust gas. Both peaks develop during the cathodic sweep at potentials below about 0.8 V and
0.6 V, respectively.

Figure 41 CO2 concentration peaks in the exhaust gas of the positive electrode determined in response
to potential sweeps between 0.15 V and different upper limits EU (scan rate 30 mV/s) for a fuel cell
made of standard Pt/C electrodes. To account for the strongly differing CO2 evolution rates, the data is
presented in two Figures showing CO2 concentration peaks determined for upper potential limits below
(a) and above (b) 0.9 V. To facilitate the assignment of the individually sources of carbon dioxide
evolution, the four CO2 concentration peaks developing in response to a potential sweep between
0.15 V and 1.3 V are consecutively numbered.
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Thus, for a standard Pt/C electrode, the application of a potential sweep over the application
relevant range between 0.15 V and 1.3 V leads to CO2 evolution in four different potential
ranges (cf. labelling of the peaks in Figure 41b):

• Peak I develops during the anodic sweep at potentials between 0.4 V and 0.5 V. A
further increase of the upper potential limit does not further increase the amount of
released carbon dioxide. CO2 evolution in this potential range is usually attributed to
the electrooxidation of CO which might originate from the corrosion of carbon by
hydrogen peroxide [143, 147, 148].
• Peak II corresponds to carbon corrosion according to Equations 41 - 44. An increase
of the upper potential limit results in a strong increase of the CO2 evolution rate.
Since this corrosion mechanism is extensively discussed in the other sections of this
work, CO2 formation at potentials exceeding 1 V is not further investigated in this
experimental series.
• Peak III appears at approximately 0.8 V during the cathodic sweep. The amount of
evolved CO2 increases with increasing upper potential limit. This CO2 concentration
peak is normally ascribed to the reaction of carbon oxides with Pt-OH species
formed during the reduction of platinum oxide [143, 148].
• Peak IV appears in the potential range below about 0.5 V during the cathodic sweep.
This CO2 concentration peak, which increases with increasing upper potential limit,
can only be observed if the electrode was previously exposed to potentials
exceeding 1 V. CO2 evolution in this potential range is largely unclear. Different
groups proposed the release of trapped CO2 [149, 150] and the oxidation of carbon
by hydrogen peroxide [143, 150].

To be able to assess the role of platinum in the different processes, similar measurements were
carried out with electrodes only containing the platinum catalyst or the carbon support material.
In case of pure carbon electrodes, the application of a potential sweep between 0.15 V and 1.3 V
leads to the appearance of only two CO2 concentration peaks (cf. Figure 42). The comparison
with the corresponding potential ranges shows that these two sources of CO2 evolution can be
assigned to Peak II and Peak IV. The fact that Peak II is substantially smaller compared to the
measurement carried out with a platinum containing electrode indicates a strong catalytic effect
of platinum on the carbon corrosion reaction (cf. Section 7.2). Also Peak IV, which appears as a
shoulder at the trailing edge of the main CO2 concentration peak for potential limits exceeding

- 89 -

7 - Investigations on fundamental start/stop induced carbon corrosion processes

1.1 V, is significantly less pronounced. Furthermore, the absence of Peaks I and III demonstrates
that CO2 evolution at potentials below 0.5 V during the anodic sweep and at approximately 0.8 V
during the cathodic sweep requires the presence platinum.

Figure 42 CO2 concentration peaks in the exhaust gas of the positive electrode determined in response
to potential sweeps between 0.15 V and different upper limits EU (scan rate 30 mV/s). The investigated
MEA was made of a standard Pt/C electrode (negative and reference electrode) and an electrode only
containing the carbon support material (positive electrode).

If potential sweeps with different upper limits are applied to an electrode only containing the
platinum catalyst particles, only one CO2 concentration peak can be observed (cf. Figure 43).
Generally, the CO2 evolution behaviour is similar to that observed for Peak I in case of
measurements carried out with standard Pt/C electrodes. The potentials, however, are shifted
towards slightly higher values. While the onset potential for carbon dioxide evolution is
approximately 0.5 V in case of the pure platinum electrode, the first CO2 concentration peak
already appears at 0.4 V if the electrode additionally contains the carbon support. Similarly, the
potential limit of maximum CO2 evolution is increased from 0.5 V to 0.6 V. Despite this potential
shift, however, the almost identical CO2 evolution behaviour strongly indicates that the carbon
dioxide peaks occurring in case of pure platinum electrodes correspond to Peak I observed for
Pt/C electrodes. This shows that the evolution of CO2 at potentials below 0.6 V during the anodic
sweep is, at least partially, independent of the presence of carbon in the catalyst layer.
In contrast to the other CO2 concentration peaks, Peak III can neither be observed for pure
carbon electrodes nor in case of pure platinum electrodes. Therefore, it can be concluded that
the processes leading to CO2 evolution at potentials of approximately 0.8 V during the cathodic
sweep require the presence of both platinum and carbon.
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Figure 43 CO2 concentration peaks in the exhaust gas of the positive electrode determined in response
to potential sweeps between 0.15 V and different upper limits EU (scan rate 30 mV/s). The investigated
MEA was made of a standard Pt/C electrode (negative and reference electrode) and an electrode only
containing the platinum catalyst (positive electrode). An increase of the upper potential limit to values
exceeding 0.8 V did not cause a further increase of the CO2 evolution rate.

In summary, the measurements carried out with different electrodes yielded the following
results: (i) In case of standard Pt/C electrodes, four different sources of CO2 evolution were
identified in the potential range between 0.15 V and 1.3 V. (ii) For pure carbon electrodes, only
Peak II and Peak IV can be observed. The CO2 evolution rates for both peaks strongly increase in
the presence of platinum. (iii) Peak I does not require the presence of carbon in the catalyst
layer. (iv) Peak III can only be observed in case of electrodes containing both platinum and the
carbon support material. A detailed analysis of the different sources of CO2 evolution is given in
the following sections.

7.1.2 CO2 evolution at potentials below 0.6 V during the anodic sweep (Peak I)
In contrast to Peaks II - IV, the evolution of CO2 at potentials below 0.6 V during the anodic
sweep can also be observed in case of electrodes not containing carbon particles in the catalyst
layer. Corrosion of the catalyst support material as source of CO2 formation can therefore be
excluded. To elucidate the processes leading to the formation of carbon dioxide in the potential
range below 0.6 V, single potential sweeps between 0.15 V and 0.6 V (30 mV/s) were applied to
pure platinum electrodes. Figure 44 shows the resulting CO2 concentration peaks as a function
of the time t for which the potential was held at 0.15 V prior to the applied sweep. The
shortest investigated holding time of 1 minute results in the formation of a peak with a
maximum CO2 concentration of 2.7 ppm. If the time at 0.15 V is increased, the amount of
evolved CO2 becomes significantly larger. After holding the potential at 0.15 V for 64 minutes,
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the maximum CO2 concentration of 48 ppm is even higher than the concentration values
determined in case of potential sweeps between 0.15 V and 1.3 V applied to a standard Pt/C
electrode after a holding time of 2 minutes (cf. Figure 41b). This comparison shows that the
rates of CO2 formation in the potential range below 0.6 V can reach values which potentially
cause severe deterioration of the catalyst layer.

Figure 44 CO2 concentration peaks developing in the exhaust gas of the positive electrode (b) in
response to single potential sweeps between 0.15 V and 0.6 V (30 mV/s) applied to a pure platinum
electrode after holding the potential at 0.15 V for different times t (a). To ensure reproducible
conditions, the potentiostat was always set to 0.6 V prior to holding the potential at 0.15 V.

The strong influence of the time for which the potential is held at 0.15 V prior to the applied
sweep shows that the amount of CO2 generated at potentials exceeding approximately 0.5 V is
determined by processes occurring at significantly lower potentials. As mentioned above,
several groups proposed the electrooxidation of carbon monoxide as origin of CO2 evolution in
this potential range [143, 147, 148]. This mechanism is strongly supported by the current
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densities recorded during the applied potential sweeps (cf. Figure 45). Generally, the measured
current densities show a good overlap. For holding times exceeding 8 minutes, however, an
increasing current peak appears at a potential of about 0.55 V. The exact match of the peak
position with the onset potential of CO electrooxidation (cf. Section 4.1.2) strongly indicates a
reaction similar to that described in Equation 48 as source of CO2 evolution in this potential
range. Assuming this reaction as the dominating mechanism, the strong increase of the CO2
concentration peaks in Figure 43 demonstrates that the amount of oxidised CO-like species is
controlled by the time for which the electrode was held at 0.15 V. Figure 46 shows carbon
release rates calculated by integration of the CO2 concentration peaks as a function of the
holding time. Initially, the carbon release rate increases linearly with increasing t until the
slope slightly decreases for holding times exceeding 16 minutes. This essentially linear
correlation indicates that the formation of carbon monoxide is a continuous process, which
gradually approaches a saturation state in case of long holding times.

Figure 45 Current densities recorded during the application of potential sweeps between 0.15 V and
0.6 V (30 mV/s) to a pure platinum electrode. Prior to the applied sweep, the potential was held at
0.15 V for different times t. The current peak developing at approximately 0.55 V corresponds to the
electrooxidation carbon monoxide.

The mechanisms leading to the formation of carbon monoxide, however, have not been
investigated yet. In their study on corrosion phenomena in different potential ranges, Mass et
al. proposed two different processes [143]: (i) the formation of CO-like species on the carbon
surface in the proximity of the platinum particles via chemical oxidation by hydrogen peroxide
and (ii) the coverage of the platinum surface with gaseous CO generated by a similar
mechanism. Since Peak I is also observed in case of pure platinum electrodes, however, COspecies on the carbon surface can be assumed not to represent the main source of carbon
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monoxide. Although the slightly higher peak concentrations obtained for standard Pt/C
electrodes indicate that these species might additionally contribute to CO2 formation if the
catalyst layer contains both platinum and carbon, the main fraction of CO2 evolved at 0.55 V
must be based on the oxidation of gaseous CO adsorbed on the platinum particles.

Figure 46 Carbon corrosion rates as a function of the holding time at 0.15 V determined by integration
of the CO2 concentration peaks shown in Figure 44.

Generally, gaseous carbon monoxide can stem from two different sources. First, CO might be
generated during the chemical oxidation of carbon by hydrogen peroxide formed at potentials
below EH2O2 = 0.69 V (cf. Equation 27). Yet, since the generation of H2O2 requires the presence of
oxygen, the formation rates during experiments carried out in H2/N2 mode are expected to be
very low. Only traces of O2 entering through the supplied water or leaking sealings might lead to
the formation of small amounts of hydrogen peroxide. Moreover, in case of pure platinum
electrodes, only the microporous and the gas diffusion layer can act as source of carbon
monoxide formation. Due to the high corrosion resistance of the MPL/GDL carbon and the small
amounts of hydrogen peroxide formed in H2/N2 mode, CO generation by chemical carbon
oxidation is therefore unlikely to be solely responsible for the considerable amounts of CO2
evolving at 0.55 V during the anodic potential sweep. As a second source of carbon monoxide,
trace amounts of CO in the reactant gases might adsorb on the platinum particles while holding
the applied voltage below the onset potential of CO oxidation. Recent work by Schwanitz has
shown that CO concentrations significantly lower than 1 ppm can lead to an extensive coverage
of the platinum surface during long-term operation [221]. Although the time for CO adsorption
is substantially lower in the potential sweep measurements, these experiments indicate that
trace amounts of CO in the reactant gases might be sufficient to significantly contribute to the
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evolution of CO2 at 0.55 V. According to suppliers` data, the CO concentration of the nitrogen
gas used in the measurements presented in Figures 44 - 46 lies between 0.2 and 0.4 ppm. In
order to assess the influence of trace amounts of CO in the reactant gas, similar experiments
were carried out using nitrogen with a higher degree of purity (< 0.1 ppm according to
manufacturer’s data). The comparison of both measurements shows that the developing CO2
concentration peaks are considerably lower in case of the gas with the lower impurity level (cf.
Figure 47).

Figure 47 CO2 concentration peaks developing in the exhaust gas of the positive electrode in response
to single potential sweeps between 0.15 V and 0.6 V (30 mV/s) applied to a pure platinum electrode
after holding the potential at 0.15 V for different times t. The measurements were carried out using
nitrogen with a CO concentration between 0.2 and 0.4 ppm (straight lines) and nitrogen with a CO
concentration lower than 0.1 ppm (dashed lines).

The difference in CO2 evolution rates between the measurements carried out using nitrogen
with different CO concentrations demonstrates that Peak I is at least partially based on
impurities in the reactant gas. Yet, also CO originating from chemical carbon oxidation by H2O2
might contribute to the evolution of CO2 at about 0.55 V. For electrodes only containing
platinum particles in the catalyst layer, the rate of CO formation via chemical carbon oxidation is
expected to be negligible. In case of standard Pt/C electrodes, however, catalyst support
oxidation can lead to significant CO evolution rates. Compared to platinum black electrodes, the
amount of CO2 which can be attributed to Peak I is considerably higher for electrodes containing
carbon particles in the catalyst layer (cf. Figures 41 and 43). This indicates that in case of
standard Pt/C electrodes, both CO originating from chemical carbon oxidation and impurities of
the reactant gas contributes to the evolution of CO2 at approximately 0.55 V.
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7.1.3 CO2 evolution at potentials below 0.8 V during the cathodic sweep (Peak III)
The CO2 concentration peak occurring at potentials below approximately 0.8 V during the
cathodic sweep can only be observed in case of electrodes containing both carbon and
platinum. Usually, this CO2 peak is ascribed to the corrosion of carbon via the reaction with OHspecies formed on the platinum surface during the reduction of platinum oxide [143, 148]. To
elucidate the effect of potential limits on the evolution of CO2 in this potential range, potential
sweeps between 1.0 V and different lower limits were applied to cells made of standard Pt/C
electrodes (cf. Figure 48a). To ensure an initially oxidised platinum surface, the potential was
held at 1.0 V for 300 s prior to the applied sweep.

Figure 48 CO2 concentration peaks developing in the exhaust gas of the positive electrode (b) in
response to single potential sweeps between 1.0 V and different lower potential limits (30 mV/s)
applied to a standard Pt/C electrode after holding the potential at 1.0 V for 300 s (a). The increase of
the sweep duration with decreasing potential limit leads to a broadening of the CO2 concentration
peaks. Fitting of the peaks according to the procedure described in Section 5.3 shows that the amount
of CO2 evolved during the positive and the negative sweep is virtually identical for potential limits of
EL = 0.6 V or lower.
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The application of a potential sweep between 1.0 V and 0.8 V results in the formation of a CO2
peak with a maximum concentration of approximately 1 ppm in the exhaust gas of the positive
electrode (cf. Figure 48b). A decrease in the lower potential limit strongly increases the amount
of evolved CO2. The formation of a double peak thereby indicates that carbon dioxide is
generated both during the anodic and the cathodic scan of the applied potential sweep. If the
potential limit is decreased to values of 0.6 V or lower, CO2 evolution behaviour remains largely
constant. The apparent decrease in CO2 formation rate during the cathodic sweep stems from
the increasing duration of the applied potential sweep. The resulting reduction in the overlap of
both peaks leads to a gradual decrease in maximum CO2 concentration. Fitting of the peaks
according to the procedure described in Section 5.3, however, shows that the total amount of
CO2 generated during the cathodic sweep does not markedly change for lower potential limits
between 0.6 V and 0.4 V.
According to the results described in Section 7.1.1, the second CO2 concentration peak, which
occurs in response to the anodic potential sweep, can be ascribed to platinum catalysed carbon
corrosion via Equations 43 and 44. Since this corrosion pathway requires the presence of OH
species on the platinum surface, the CO2 evolution rate increases if the initial PtO/PtO2 layer is
reduced during the previous cathodic sweep. A decrease in the lower potential limit therefore
leads to an increase in the amount of CO2 formed in response to the anodic sweep. After a blank
platinum surface is reached in case of potential limits lower than approximately 0.6 V, the rate
of CO2 formation remains constant (for details on the platinum catalysed corrosion mechanisms,
see Section 7.2). The first CO2 concentration peak, which is related to the corrosion of carbon
during the cathodic sweep, shows a similar dependence on the lower potential limit. As in case
of carbon corrosion during the anodic sweep, the rate of CO2 formation increases with
decreasing potential limit until the amount of evolved CO2 becomes constant at EL ≤ 0.6 V. This
similar behaviour strongly indicates that carbon dioxide evolution during the cathodic sweep is
also based on the reaction of carbon surface oxides with OH species on the platinum particles.
As proposed by Maass et al. [143], the strong increase in CO2 evolution in the potential range
between 0.8 V and 0.6 V suggests that the involved Pt-OH species are formed as reaction
product of platinum oxide reduction (cf. Equations in Figure 21).
The general mechanisms leading to CO2 evolution during the anodic and the cathodic sweep can
therefore assumed to be the same. In both cases, carbon surface oxides react with OH species
on the platinum surface according to Equation 44. The formation of the Pt-OH species, however,
is based on different processes. While the cathodic sweep leads to the formation Pt-OH as
reaction product of platinum oxide reduction at potentials below about 0.8 V, OH species are
formed on the blank platinum surface if the potential is increased above approximately 0.8 V
during the anodic sweep (water activation).
Since the mechanism leading to the evolution of CO2 during the cathodic sweep involves the
reduction of PtO and PtO2, the carbon corrosion rate can be expected to depend on the
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thickness of the previously formed platinum oxide layer. To further elucidate the influence of
platinum oxidation state on the amount of CO2 evolved at potentials below approximately 0.8 V,
potential sweeps between 1.0 V and 0.6 V were applied to Pt/C electrodes which were
previously oxidised at potentials exceeding 1.0 V (cf. Figure 49).

Figure 49 Potential shape applied to a standard Pt/C electrode in order to elucidate the influence of
platinum oxidation state on the amount of CO2 evolved during the cathodic sweep at potentials below
approximately 0.8 V. Oxidation of the platinum surface was performed by exposing the cell to potential
sweeps between 1.0 V and different upper limits EU (30 mV/s). After a subsequent hold of the potential
at 1.0 V for 60 s, the evolution of CO2 was recorded during a negative potential sweep between 1.0 V
and 0.6 V (30 mV/s). Additionally, CO2 formation was determined without prior exposure of the
electrode to potentials exceeding 1 V.

The CO2 concentration peaks determined in the exhaust gas of the positive electrode during the
potential sweep between 1.0 V and 0.6 V are shown in Figure 50a. If the cell is not exposed to
potentials exceeding 1 V prior to the negative potential sweep, the amount of CO2 formed
during the cathodic scan is slightly lower than the CO2 evolution caused by the subsequent
increase of the potential from 0.6 V to 1.0 V. In case of previously oxidised electrodes, however,
the first CO2 concentration peak becomes significantly higher, indicating a strong increase in CO2
evolution during the cathodic sweep. Compared to the cell which was held at a constant
potential of 1.0 V, a previous exposure to 1.3 V leads to a doubling of the maximum CO2
concentration. Simultaneous to this increase in carbon dioxide evolution, the charge generated
by platinum oxide reduction during the cathodic sweep significantly increases (cf. Figure 50b). A
thicker platinum oxide layer obviously promotes the evolution of CO2, further suggesting that
carbon corrosion in this potential range relies on the formation of OH species during the
reduction of platinum oxide. An increase in the number of previously applied potential sweeps
further increases both the amount of evolved CO2 and the current densities determined during
the cathodic sweep. Yet, since platinum oxide formation strongly depends on the potential
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conditions, the effect of the upper potential limit on the evolution of CO2 is even more
pronounced than the number of previously applied sweeps. The maximum CO2 concentration
determined during the cathodic sweep increases from 4 ppm after the application of potential
sweeps with an upper limit of 1.3 V to more than 18 ppm after exposing the electrode to a
potential of 1.5 V.

Figure 50 (a) CO2 concentration peaks developing in the exhaust gas of the positive electrode in
response to single potential sweeps between 1.0 V and 0.6 V (30 mV/s). Prior to the negative potential
sweep, the platinum particles were oxidised by exposing the electrode to potential sweeps between
1.0 V and different upper limits (30 mV/s). Additionally, the evolution of CO2 was measured after
holding the electrode at a constant potential of 1.0 V for 300 s. (b) Corresponding current densities
recorded during the application of potential sweeps between 1.0 V and 0.6 V.

The shoulder emerging at the trailing edge of the CO2 concentration peak is not markedly
influenced by the previously applied potential sweeps. This indicates that changes in the carbon
surface oxide composition, which might be caused by the exposure of the electrode to elevated
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potentials, do not significantly affect the amount of CO2 generated during the anodic sweep.
Consequently, since the general mechanism leading to CO2 formation during the anodic and the
cathodic sweep is expected to be the same, also carbon corrosion occurring in response to the
cathodic potential sweep can assumed to be largely independent of possible modifications of
the carbon surface. The substantially higher CO2 evolution rates observed after the exposure of
the electrode to potentials exceeding 1 V can therefore mainly be attributed to the increased
oxidation of the platinum surface. Platinum oxide layer thickness as decisive parameter for
carbon corrosion is supported by the fact that the amount of evolved CO2 exhibits a good
correlation with the charge generated during the cathodic potential sweep. Integration of the
CO2 concentration peaks and the corresponding cathodic current densities shows that the
carbon corrosion rate depends roughly linearly on the thickness of the previously formed
platinum oxide layer. This correlation suggests that the whole platinum oxide layer equally
contributes to the formation of CO2 via the reaction of Pt-OH species with carbon surface oxides
during the cathodic potential sweep.

7.1.4 CO2 evolution at potentials below 0.5 V during the cathodic sweep (Peak IV)
As shown in Section 7.1.1, the CO2 concentration peak occurring at potentials below 0.5 V during
the cathodic sweep can only be observed if the electrode was previously exposed to potentials
exceeding 1 V. To further investigate the influence of the prior exposure to elevated potentials,
the evolution of CO2 during the cathodic sweep was determined after applying potential sweeps
with different upper limits to cells containing either Pt/C or pure carbon as positive electrode.
Except for the potential values, the applied potential profile is similar to that shown in Figure 49.
After holding the cell at 0.6 V for 120 seconds, potential sweeps with different upper limits were
applied to the cell. Following another potential hold at 0.6 V for 60 seconds, the evolution of CO2
was recorded during a potential sweep between 0.6 V and 0.15 V.
The resulting CO2 concentration peaks determined for the standard Pt/C electrode are shown in
Figure 51a. The first peak, which corresponds to CO2 formation during the cathodic sweep,
begins to appear after the electrode was exposed to a potential sweep with an upper limit of
1 V. A further increase of the upper limit strongly increases the amount of evolved CO2. The
second CO2 concentration peak corresponds to the oxidation of CO during the subsequent
anodic sweep (Peak I). In agreement with the mechanisms discussed in Section 7.1.2, the prior
exposure of the electrode to potentials exceeding 1 V does not significantly influence the CO2
evolution rate. The main contribution to the increase in maximum CO2 concentration of the
second peak stems from the overlap with the first peak occurring in response to the previous
cathodic sweep.
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Figure 51 CO2 concentration peaks in the exhaust gas of the positive electrode determined in response
to single potential sweeps between 0.6 V and 0.15 V (30 mV/s) applied to a standard Pt/C electrode (a)
and an electrode only containing the carbon catalyst support and the ionomer (b). Prior to the negative
potential sweep, the electrode was exposed to positive potential sweeps between 0.6 V and different
upper limits (30 mV/s).

Generally, the corrosion behaviour at potentials below 0.5 V during the cathodic sweep is similar
to that observed for Peak III (cf. Section 7.1.3). In both cases, the amount of evolved CO2
strongly depends on the previous exposure of the electrode to potentials exceeding 1 V. For
carbon corrosion in the potential range between 0.6 V and 1 V (Peak III), this correlation is based
on the catalytic effect of OH species formed during the oxidation/reduction of the platinum
surface. At potentials below 0.6 V, however, the previously formed platinum oxide layer is
completely reduced. An influence of platinum oxide formation on the evolution of CO2 at
potentials below 0.5 V during the cathodic sweep can thus be excluded. Moreover, Peak IV also
appears if the potential sweep is applied to electrodes only containing the carbon support and
the ionomer (cf. Figure 51b). In this case, since the evolution of CO2 formed via CO oxidation
during the anodic sweep requires the presence of platinum, only the first CO2 concentration
peak can be observed in the exhaust gas. Compared to Pt/C electrodes, however, the CO2
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evolution rates determined for pure carbon electrodes are substantially lower. The maximum
carbon dioxide concentration obtained after an exposure of the electrode to nine potential
sweeps with an upper limit of 1.3 V decreases from more than 7 ppm for the Pt/C electrode to
about 1.6 ppm for the pure carbon electrode. Moreover, a previous exposure of the pure carbon
electrode to 1.1 V or 1.2 V is not sufficient to cause CO2 formation during the subsequent
cathodic sweep. A measurable amount of CO2 is only evolved after the application of at least
one potential sweep with an upper limit of 1.3 V.
Although the presence of platinum obviously has a strong catalytic effect, the similar corrosion
behaviour observed for Pt/C and pure carbon electrodes indicates that the mechanism leading
to CO2 evolution at potentials below 0.5 V during the cathodic sweep does not involve reactions
which require the presence of platinum. In this case, the fact that the amount of evolved CO2 for
both electrode materials strongly depends on the previous exposure to elevated potentials
suggests that the oxidation state of the carbon surface plays an important role. Surface oxide
species formed during the application of potentials exceeding 1 V might be released in the form
of CO2 as soon as the potential decreases below 0.5 V.

Figure 52 CO2 concentration peaks in the exhaust gas of the positive Pt/C electrode recorded in
response to potential sweeps between 0.6 V and different lower limits EL (30 mV/s). Prior to the
negative sweep, the cell was exposed to one potential sweep between 0.6 V and 1.3 V (30 mV/s).

To further elucidate the processes leading to carbon corrosion in this potential range, single
potential sweeps (scan rate 30 mV/s) between 0.6 V and different lower limits were applied to a
cell containing standard Pt/C electrodes. Prior to this negative sweep, the electrode was
exposed to one potential sweep with an upper limit of 1.3 V. The resulting CO2 concentration
peaks developing in response to the negative potential sweeps are shown in Figure 52.
In case of the second peak, the continuous increase in CO2 evolution rate can be attributed to
the increasing amount of CO adsorbed on the platinum surface while the electrode is exposed to
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potentials lower than the onset potential of carbon monoxide oxidation. With decreasing lower
limit, the time for CO adsorption increases, consequently leading to a higher amount of CO2
released as soon as the electrode potential exceeds approximately 0.55 V during the anodic
sweep. Also the first CO2 concentration peak shows a continuous increase with decreasing lower
limit, indicating that the onset potential of the decisive reaction lies above 0.5 V. The increasing
amount of evolved CO2 must therefore either be based on an increased overpotential or on the
increased duration of the applied potential sweep.
The fact that Peak IV can only be observed during the cathodic sweep at potentials below 0.6 V
indicates that the mechanism of CO2 formation relies on an electrochemical reduction reaction.
Accordingly, since the direct reductive formation of carbon dioxide is not possible, the evolution
of CO2 must be controlled by secondary processes. In the literature, two possible mechanisms
are discussed. First, Peak IV might originate from previously formed CO2 which is released during
the reduction of the oxidised carbon surface [149, 150]. This mechanism would be in good
agreement with the strong dependence on the previous exposure of the electrode to elevated
potentials. A small fraction of the CO2 molecules formed during the positive potential sweep
might be adsorbed on the oxidised carbon particles and subsequently released during the
negative sweep. Assuming this process as the dominating mechanism, the catalytic effect of
platinum can be ascribed to a strong increase in CO2 evolution during the previous exposure of
the electrode to potentials exceeding 1 V.
As shown in Figure 52, the evolution of CO2 during the cathodic sweep begins at potentials
slightly above 0.5 V. This onset potential suggests that the quinone/hydroquinone redox couple
contributes to the release of adsorbed carbon dioxide. The reduction of quinone to
hydroquinone at approximately 0.55 V [150, 189] can cause significant changes in the complex
system of carbon oxides [192], thus possibly leading to surface modifications which promote the
release of previously adsorbed CO2. This mechanism, however, would be expected to result in a
more abrupt increase in CO2 evolution as soon as the potential drops below the equilibrium
value of around 0.55 V. Yet, although cyclic voltammograms recorded with pure carbon
electrodes demonstrate that quinone is completely reduced at potentials lower than
approximately 0.4 V, the most pronounced increase in CO2 evolution was observed in the
potential range between 0.4 V and 0.15 V (cf. Figure 52).
Besides the direct effect of the potential, the increase in CO2 evolution rate might also be
explained by changes in the duration of the applied sweep. Since the scan rate is kept constant
during the measurement, the duration of the sweeps strongly increase with decreasing lower
potential limit. To assess the influence of sweep duration, measurements were carried out in
which the potential and the holding time between the positive and the negative potential sweep
was varied. Therefore, a cell containing standard Pt/C electrode was initially exposed to one
potential sweep with an upper limit of 1.3 V. Afterwards, the potential was held at 0.4 V or 0.6 V
for different times ∆t. Subsequently, the evolution of CO2 was measured in response to
potential sweeps between the respective holding potential and 0.15 V.
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Figure 53 CO2 concentration peaks recorded in response to negative potential sweeps with a lower
limit of 0.15 V (scan rate 30 mV/s) applied to standard Pt/C electrodes. The sweeps were applied after
holding the potential at the respective upper limit of 0.6 V (a) and 0.4 V (b) for different times ∆t. Prior
to the potential hold, the electrode was exposed to one sweep between the respective holding
potential and 1.3 V. Since the second peak in (a) is based on the oxidation of CO at potentials exceeding
0.5 V, it cannot be observed in case of potential sweeps with an upper limit of 0.4 V (b).

If the potential is held at 0.6 V between the positive and the negative sweep, the influence of
the holding time on the evolution of CO2 is almost negligible (cf. Figure 53a). This indicates that
the carbon surface oxides, which are decisively involved in the formation of CO2 during the
cathodic sweep, do not undergo significant changes at a potential of 0.6 V. A decrease of the
holding potential to 0.4 V, however, results in a considerable time dependence of the amount of
CO2 released during the subsequent negative sweep (cf. Figure 53b). If the potential is held at
0.4 V for of 2 minutes, a CO2 peak with a maximum concentration of about 2 ppm appears in the
exhaust gas of the positive electrode. An increase in the holding time to 64 minutes decreases
the maximum concentration to 0.5 ppm, indicating that a significant fraction of the previously
adsorbed CO2 is continuously released while holding the potential at 0.4 V. Yet, the fact that CO2
is even evolved after a holding time of 64 minutes shows that the rate of CO2 formation is very
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small. This low CO2 evolution rate at 0.4 V strongly suggests that the quinone/hydroquinone
redox couple, which has an equilibrium potential of approximately 0.55 V, does not significantly
contribute to the release of CO2 during the cathodic sweep. Furthermore, the measurement
demonstrates that the CO2 concentration peaks shown in Figure 52 are primarily controlled by
the lower potential limit. The influence of the lower limit on the duration of the applied sweeps,
which is in the order of seconds, can be assumed to be negligible. Accordingly, a possible release
of previously adsorbed CO2 would have to be controlled by surface modifications mainly taking
place at potentials significantly below the equilibrium potential of the quinone/hydroquinone
redox couple. However, since carbon is not expected to undergo significant changes in this
potential range, modifications in the surface oxide composition as source of CO2 evolution
seems to be unlikely.
The second proposed mechanism for CO2 evolution during the cathodic sweep is based on the
chemical oxidation of carbon by hydrogen peroxide which can be formed at potentials below
0.69 V [143, 144, 148, 150]. Yet, as shown in Figure 51, Peak IV can only be observed after the
application of potentials exceeding 1 V. Assuming chemical oxidation as the dominating process,
the release of CO2 must therefore take place via the reaction of hydrogen peroxide with surface
oxides formed on the carbon particles during the previous exposure of the electrode to elevated
potentials (cf. Equation 54).

C-Oad + H2O2 → CO2 + H2O

(54)

As shown in Equation 27, the formation of hydrogen peroxide requires the presence of oxygen.
Yet, since all measurements presented in Figures 51 - 53 were carried out in H2/N2 mode, only
trace amounts of oxygen might be present in the cell. Gallagher et al. showed that oxygen
concentrations in the ppm range, which might enter the cell through the water injected by the
gas humidifiers or via diffusion through imperfect seals, are already sufficient to explain the
evolution of CO2 during the cathodic sweep [150]. Another possible source of oxygen is the
electrolysis of water during the previous exposure of the electrode to potentials exceeding 1 V.
However, since the CO2 evolution rate is independent of the time ∆t for which the potential is
held at 0.6 V between the positive and the negative sweep (cf. Figure 53a), the contribution of
the OER can assumed to be negligible. If significant amounts of oxygen would be generated
during the positive sweep, the gradual removal of O2 during the potential hold would lead to a
pronounced decrease in CO2 evolution with increasing ∆t.
Further information about the chemical oxidation mechanism can be derived from the
difference in corrosion behaviour between Pt/C and pure carbon electrodes. It is generally
believed that the oxygen reduction reaction at platinum mainly takes place via the direct four-
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electron pathway (cf. Equation 21), while the two-electron mechanism (cf. Equations 55 and 56)
is favoured in case of pure carbon electrodes [142]. Accordingly, hydrogen peroxide formation
rates were found to strongly decrease in the presence of platinum [222].

O2 + 2H+ + 2e- → H2O2

(55)

H2O2 + 2H+ + 2e- → 2H2O

(56)

This inhibiting effect of platinum is highly contradictory to the observation that the application
of negative potential sweeps to Pt/C electrodes leads to substantially higher CO2 evolution rates
(cf. Figure 51). In contrast, the potential dependence of hydrogen peroxide formation is in very
good agreement with the observed CO2 evolution behaviour. Paulus et al. have shown that the
rate of H2O2 formation on platinum containing electrodes is very low at potentials exceeding
0.3 V [223]. If the potential is decreased below 0.3 V, however, the amount of generated
hydrogen peroxide strongly increases. As can be seen Figure 52, the correlation between CO2
evolution rate and the lower potential limit shows a similar behaviour. While the amount of
carbon dioxide released during the cathodic sweep is almost negligible in case of a lower limit of
0.4 V, CO2 evolution strongly increases if the potential limit is decreased to 0.3 V or below.
The fact that the applied potential similarly influences the rate of hydrogen peroxide formation
and the release of carbon dioxide suggests that chemical carbon oxidation is the dominating
mechanism leading to CO2 evolution during the cathodic sweep. In case of potential sweeps
between 0.6 V and 0.15 V, however, the strong promotion of CO2 evolution by platinum shows
that the carbon corrosion rate is not primarily controlled by the amount of generated hydrogen
peroxide. Due to the strong increase in the formation rate, H2O2 might be available in excess if
the potential is decreased below approximately 0.3 V. In this case, the amount of evolved CO2
would be limited by the formation of surface oxide species on the carbon particles during the
previous exposure of the electrode to elevated potentials (cf. Equation 54). Since carbon
oxidation is strongly catalysed by platinum, this mechanism would also explain why the CO2
evolution rates are significantly higher in case of Pt/C electrodes.
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7.2 The effect of platinum on start/stop induced carbon
corrosion

To assess the stability of catalyst materials against start-up and shut-down induced degradation,
the detrimental potentials developing at the positive electrode are usually simulated by applying
potential cycles to a cell operated in H2/N2 mode. However, potential ranges employed in the
different studies vary considerably. Lower potential limits range from 0.1 V to 0.87 V, while the
upper potential limit is usually set to a value between 1.2 V and 1.5 V [44, 136, 140, 148].
Depending on the chosen potential limits, both platinum catalyst particles and carbon support
material can undergo surface modifications which are expected to significantly affect carbon
corrosion behaviour. Particularly, the catalytic effect of platinum is not sufficiently understood
yet. As described in Section 3.4.2, several groups found that platinum strongly promotes the
carbon corrosion reaction. Yet, only in the study carried out by Maass et al. the effect of
different potential limits on carbon corrosion has been investigated [143]. Both an increase of
the upper potential limit from 1000 mV to 1200 mV and a decrease of the lower potential limit
from 650 mV to 60 mV was found to intensify corrosion. While the promoting effect of an
increased overpotential is obvious, the influence of the lower potential limit was explained by
the formation of defects resulting from chemical carbon oxidation. All other studies
investigating corrosion of Pt/C and pure carbon electrodes were carried out with constant
potential limits, thus only allowing general conclusions about the catalytic effect of platinum. A
comprehensive understanding of the decisive catalytic processes, however, requires the
determination of corrosion rates under various potential conditions. To further elucidate the
effect of platinum on carbon corrosion behaviour, the influence of upper and lower potential
limit was therefore systematically investigated by monitoring the CO2 evolution at the positive
electrode in response to single triangular potential sweeps applied to cells operated in H2/N2
and air/air mode.
Investigations on the effect of platinum content and measurements in different potential ranges
were carried out using cathodes with platinum loadings of 0.18 mg/cm2 and 0.40 mg/cm2 and an
electrode containing only the carbon support material (cf. Section 5.2). All other experiments,
which did not require variation of platinum loading, were performed with commercially
available electrodes containing the same base materials (Johnson Matthey HiSpec 9100,
60% Pt/C, 0.4 mgPt/cm2). To exclude effects based on potential changes at the negative
electrode, commercially available gas diffusion electrodes from Johnson Matthey were also used
as anodes in all measurements. Corrosion rates were determined according to the procedure
described in Section 4.2. All measurements were performed at a temperature of 80°C using fully
humidified gases at ambient pressure.
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7.2.1 The effect of potential range
To determine the effect of different potential limits on carbon corrosion, single triangular
potential sweeps were applied to cells operated in hydrogen/nitrogen mode. Although
operation with hydrogen at the negative electrode does not represent the conditions during real
fuel cell start-up and shut-down by anode purging, it offers the advantage that the potential at
the positive electrode is primarily determined by the voltage which is externally applied to the
cell. Besides the negligible overpotential of the hydrogen evolution reaction ηHER, only
contributions originating from ionic resistivity might influence the effective potential at the
positive electrode. Since the maximum current density, measured during potential sweeps with
the highest investigated upper potential limit of 1.55 V, was below 90 mA/cm2, the iR-drop in
the electrolyte phase (Rm = 70 mΩcm2) never exceeded 6 mV. The potential at the positive
electrode Φ+ is therefore approximately equal to the applied voltage Ua.

Φ + = U a − η HER − iR ≈ U a

(57)

As described in Section 3.2.2, carbon corrosion is thermodynamically favoured at potentials
exceeding around 0.2 V. Due to kinetic hindrance, however, corrosion of the catalyst support
material is usually assumed to be negligible under ordinary fuel cell operating conditions.
Figure 54 shows CO2 concentration peaks in the exhaust gas of the positive electrode developing
in response to single potential sweeps between 0.6 V and different upper potential limits (scan
rate 30 mV/s). The generation of small amounts of CO2 for a potential sweep from 0.6 V to 1.0 V
demonstrates that even under ordinary operating conditions carbon corrosion cannot be
completely neglected. Recent studies showed that these small corrosion rates can already
significantly affect fuel cell performance in case of long-term operation [205]. Yet, a frequent
exposure of the fuel cell cathode to potentials exceeding 1 V substantially accelerates carbon
corrosion induced catalyst degradation. In case of uncontrolled start-up and shut-down
processes, the highly elevated potentials can cause dramatic performance loss after only a few
hundred start/stop cycles [224]. Accordingly, an increase of the upper potential limit towards
values typically occurring during purging of the anode compartment leads to a substantial
intensification of carbon corrosion. Maximum CO2 concentration in the exhaust gas of the
positive electrode increases from 4 ppm at 1.0 V to more than 130 ppm for an upper potential
limit of 1.4 V. The measured CO2 concentration peaks, however, do not provide an accurate
temporal representation of CO2 formation in the cell. The finite volume of the gas analysis setup
results in a broadening of the peaks and a decrease of maximum CO2 concentration. To allow a
reliable quantification of catalyst support corrosion, CO2 concentration peaks were therefore
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integrated to calculate carbon corrosion rates. A correlation between specific corrosion
phenomena and the shape of the CO2 concentration peaks is not possible, though.

Figure 54 CO2 concentration peaks in the exhaust gas of the positive electrode (40% Pt/C,
0.18 mgPt/cm2) developing in response to single triangular potential sweeps between 0.6 V and
different upper potential limits (scan rate 30 mV/s).

Figure 55 shows corrosion rates plotted against the respective upper limits of the applied
potential sweeps. For all investigated potential conditions, corrosion rates generally follow
Butler-Volmer kinetics. In case of potential sweeps with a lower limit of 0.15 V and 0.6 V,
however, corrosion rates exceed the expected values if the upper potential limit drops below
around 1.2 V. Deviations in this potential range can be ascribed to CO2 originating from
secondary corrosion processes occurring in the potential range below 1 V (cf. Section 7.1). In
case of measurements carried out with a lower limit of 0.6 V, the reduction of platinum oxide
during the cathodic sweep causes additional carbon dioxide evolution via a reaction similar to
that described in Equation 44, thus leading to a shoulder emerging at the trailing edge of the
CO2 concentration peaks (cf. Figure 54). If the lower potential limit is decreased to 0.15 V, the
amount of evolved CO2 is further increased by two additional processes occurring at potentials
below 0.6 V (cf. Sections 7.1.2 and 7.1.4). Compared to the main CO2 concentration peak, the
influence of the upper potential limit on these secondary sources of CO2 is much less
pronounced. Consequently, their contribution to total CO2 evolution decreases with increasing
carbon corrosion rate. The Tafel slope obtained for upper potential limits higher than 1.2 V can
thus be assumed to represent the intrinsic carbon corrosion behaviour. Since the secondary
corrosion processes are based on CO2 evolution in the potential range between 0.15 V and 0.8 V,
they cannot be observed if the lower potential limit is increased to 1.0 V. Hence, carbon
corrosion rates exhibit Tafel behaviour even at potential limits below 1.2 V.
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Figure 55 Carbon corrosion rates as a function of the upper potential limit for measurements carried
out with different lower potential limits EL (scan rate 30 mV/s). Platinum containing electrodes were
2
2
made of 40% Pt/C catalyst with a platinum loading of 0.18 mgPt/cm . Carbon loading was 0.27 mgC/cm
for both Pt/C and pure carbon electrodes.

The Tafel slopes which can be derived from the measurements allow conclusions about the
dominating corrosion processes taking place in the different potential ranges. Corrosion
behaviour of electrodes with catalyst layers only containing the carbon support material and the
ionomer is not significantly affected by the lower potential limit (cf. Figure 58). Yet, a strong
influence of the lower limit was found in case of platinum containing electrodes. For lower
potential limits of 0.15 V and 0.6 V, corrosion rates of Pt/C electrodes are substantially higher
compared to pure carbon electrodes. Under these conditions, platinum obviously has a strong
catalytic effect. The Tafel slope of 204 mV/decade obtained for a lower potential limit of 0.15 V
is in reasonably good agreement with the theoretical value of 230 mV/decade expected for a
one-electron reaction with a transfer coefficient of 0.3 [205]. This furthermore suggests that the
platinum catalysed reaction pathway according to Equation 44, which requires one electron for
the formation of one CO2 molecule, is the dominant corrosion mechanism under these potential
conditions. If the lower potential limit is increased to 0.6 V, corrosion rates become smaller,
leading to a decreased Tafel slope of 176 mV/decade. A further increase of the lower potential
limit to 1.0 V causes the most significant change in corrosion behaviour. The corresponding Tafel
slope of 145 mV/decade is similar to the value of 139 mV/decade obtained for the pure carbon
electrode, indicating a substantial inhibition of the platinum catalyzed reaction pathway. This
considerable change in catalytic activity of platinum in the potential range between 0.6 V and
1.0 V suggests that the oxidation state of the platinum particles strongly influences carbon
corrosion behaviour.
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To elucidate the effect of platinum oxide formation, carbon corrosion at potentials below 1.0 V
was further investigated. In this potential range, platinum catalysed carbon corrosion, which
starts at potentials above approximately 0.7 V, is assumed to be the dominating mechanism
while non-catalysed corrosion, which requires potentials exceeding 1 V, can be largely excluded
[143, 147, 148]. Starting from an upper limit of 1.0 V, single triangular potential sweeps towards
different lower potential limits were applied to a cell operated in H2/N2 mode. The upper limit of
1.0 V ensures that the platinum surface is in an oxidised state before each potential sweep.
Similar initial oxide coverage was obtained by keeping the time for which the potential was held
at 1.0 V prior to the potential sweep constant for all measurements. If a potential sweep from
1.0 V to 0.9 V is applied to the cell, no CO2 evolution can be detected in the exhaust gas.
Decreasing the lower limit results in a strong increase of corrosion rate until a relatively steady
level is reached for potential limits lower than 0.6 V (cf. Figure 56).

Figure 56 Carbon corrosion rates obtained in response to potential sweeps between 1.0 V and
2
different lower limits (scan rate 30 mV/s), 60% Pt/C, 0.4 mgPt/cm ). Dotted lines show the
corresponding current densities. In case of corrosion rates, potential values refer to the lower potential
limit of the applied sweep.

The corresponding current densities, which are additionally shown as dotted lines in Figure 56,
demonstrate that the carbon corrosion rate correlates with the degree to which the platinum
oxide layer was reduced during the cathodic sweep. In case of high potential limits, the
comparatively low anodic currents suggest an incomplete platinum oxide reduction. The
remaining oxide layer can obviously effectively inhibit the platinum catalysed corrosion
pathway. With decreasing lower potential limit, platinum oxide is gradually reduced, leading to a
strong increase of catalytic activity. After a blank platinum surface is exposed at a potential of
0.6 V, a further decrease in lower potential limit does not cause a further increase of the carbon
corrosion rate. Although corrosion below 1 V is not necessarily representative of the processes
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occurring at elevated potentials, the observed behaviour strongly indicates that catalytic activity
is significantly affected by the formation of a passivating oxide layer on the platinum particles.

Figure 57 Cyclic voltammograms (scan rate 30 mV/s) recorded after applying potential sweeps with
lower limits of 0.6 V and 1.0 V.

For all measurements carried out to investigate the catalytic effect of platinum, however,
potential sweeps with upper limits exceeding 1 V were applied to the cells. Independent of the
lower potential limit, platinum should therefore be oxidised during each potential sweep.
Nevertheless, periodic platinum reduction in case of measurements carried out with lower
potential limits of 0.15 V and 0.6 V obviously has a strong effect on carbon corrosion behaviour.
To obtain further information about the platinum oxide layer formed during the measurements
in different potential ranges, cyclic voltammograms were recorded at the end of each
experiment. Starting from the respective lower limit, the potential was first swept in anodic
direction with four subsequent sweeps between 0.15 V and 1.3 V. As a result of extensive oxide
formation during the experiment, the platinum oxide reduction peak in the first voltammogram
recorded after applying potential sweeps with a lower limit of 1.0 V is significantly larger
compared to all subsequent CV sweeps (cf. Figure 57). The difference in platinum reduction
charge of a factor of 3 and the shift of the peak potential towards lower values indicates the
formation of a thick and stable platinum oxide layer which can obviously effectively inhibit
platinum catalyzed carbon corrosion [210, 211]. All voltammograms recorded after the
measurement with a lower potential limit of 0.6 V, however, exhibit identical platinum
reduction peaks, confirming that the platinum oxide layer is completely reduced after each
potential sweep. In contrast to measurements with a lower potential limit of 1.0 V, carbon
corrosion can therefore initially be catalysed by the blank platinum surface. The generally lower
current densities in case of voltammograms recorded after applying potential sweeps with a
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lower limit of 0.6 V can be ascribed to a smaller active platinum surface area. Since
electrochemical platinum dissolution mainly takes place during platinum oxide reduction, ECA
loss is more pronounced in case of measurements involving periodic platinum oxidation and
reduction [130]. Provided that the contribution of catalysed carbon corrosion depends on the
amount of available platinum, the effect of decreasing the lower potential limit from 1.0 V to
0.6 V can thus be assumed to be even more distinct than expected from the measurements.

Figure 58 Carbon corrosion rates as a function of the upper potential limit for electrodes only
containing the carbon support nanoparticles and the ionomer (scan rate 30 mV/s, carbon loading
2
0.27 mgC/cm ).

Despite of the evidently complete intermittent platinum oxide reduction during the
measurement with a lower potential limit of 0.6 V, a decrease to 0.15 V leads to a further
increase in carbon corrosion rates (cf. Figure 55). Almost identical currents measured during the
potential sweeps with both lower limits indicate similar platinum oxidation/reduction
behaviour. Effects based on platinum are therefore unlikely to be solely responsible for the
significant increase of corrosion rates. Also the amount of CO2 originating from secondary
sources in the potential range between 0.15 V and 0.6 V is too low to explain the substantial
difference in corrosion rates. Another factor that can influence corrosion behaviour according to
Equation 44 is the oxidation state of the carbon surface. In Figure 58, the effect of the lower
potential limit on carbon corrosion behaviour is shown for electrodes containing only the carbon
support nanoparticles and the ionomer. Due to the missing catalytic effect of platinum, the
influence of the lower potential limit is much less pronounced than in case of measurements
carried out with Pt/C electrodes. Decreasing the lower potential limit from 1.0 V to 0.6 V leads
to a small increase in corrosion rates, indicating that processes occurring in this potential range
do not only affect the platinum catalysed reaction pathway but also slightly influence non-
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catalysed carbon corrosion. Yet, similar Tafel slopes of 146 mV/decade and 139 mV/decade
show that the general corrosion mechanism is not affected. In this potential range, the
substantial difference in corrosion behaviour between Pt/C and pure carbon electrodes can
consequently almost solely be attributed to changes in the catalysed reaction pathway. A
further decrease of the lower potential limit to 0.15 V, however, also affects the corrosion
behaviour of pure carbon electrodes. Compared to measurements with lower potential limits of
0.6 V and 1.0 V, the increase of corrosion rate with upper potential limit is less pronounced,
leading to a higher Tafel slope of 168 mV/decade.
Due to the complex interplay of different surface oxides, it is difficult to ascribe the change in
corrosion behaviour to one particular mechanism. One species that might play a decisive role is
the quinone/hydroquinone redox couple. The redox potential of about 0.55 V [150, 189] lies
slightly below the investigated potential limit of 0.6 V. In their kinetic study, Gallagher and Fuller
proposed that quinone coverage can significantly affect the equilibrium concentration of
catalytic oxide species on the carbon surface [192]. Thus, the periodic reduction of quinone to
hydroquinone in case of measurements carried out with a lower potential limit of 0.15 V might
cause modifications of the surface oxide composition, which lead to the observed change in
corrosion behaviour. Since carbon oxide species are also involved in the platinum catalysed
reaction pathway, a change in surface oxide coverage can also affect corrosion of Pt/C
electrodes. Hence, the significantly higher corrosion rates observed after decreasing the lower
potential limit from 0.6 V to 0.15 V might be explained by a strongly increased amount of
available carbon oxide species. Taking into account the measurements carried out with platinum
containing electrodes, the results suggest that carbon corrosion behaviour for lower potential
limits between 0.6 V and 1.0 V is mainly controlled by platinum oxide formation while
modifications of the carbon surface become dominant if the lower limit is decreased below
0.6 V. This strong influence of potential limits on the dominating processes demonstrates that
experiments in which the potential is held at a constant value are not suitable to assess the
corrosion resistance of catalyst materials. A constant potential exceeding 1 V results in a highly
oxidised platinum surface, thus leading to corrosion mechanisms which substantially differ from
the processes occurring during dynamic fuel cell operation or start/stop events, respectively.
This might also explain why Ball et al. did not observe any promoting effect of platinum on
carbon loss after holding the potential hold at 1.2 V for 12 h [194]. Thus, meaningful information
about the stability of carbon supported platinum catalysts can only be obtained in experiments
involving dynamic potential conditions.

7.2.2 The effect of platinum loading
The strong catalytic effect of platinum is expected to result in a strong dependence of carbon
corrosion on the available amount of platinum per unit area of the electrode. Due to platinum
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surface oxidation and the increasing contribution of non-catalysed carbon corrosion with
increasing potential, however, the influence of platinum is not expected to be constant over the
entire potential range. In order to elucidate the effect of platinum loading, carbon corrosion
behaviour of electrodes made of different carbon/platinum ratios were systematically
investigated. To ensure an initially blank platinum surface and to exclude significant changes in
carbon surface oxide composition, all measurements were carried out with a lower potential
limit of 0.6 V. Corrosion rates obtained for electrodes with different platinum loadings are
shown in Figure 59. For an upper potential limit of 1.55 V, all electrodes having the same carbon
loading of 0.27 mg/cm2 show similar corrosion rates. Carbon corrosion at high potentials can
therefore be assumed to be dominated by the non-catalysed reaction mechanism. The constant
Tafel slopes obtained for measurements carried out with Pt/C electrodes, however, suggest that
platinum can catalyse carbon corrosion over the entire potential range. If the catalysed reaction
pathway would be significantly inhibited by platinum oxide formation in case of high upper
potential limits, the resulting change in the Tafel slope would be expected to cause deviations
from the exponential behaviour. The sustained catalytic activity is supported by the fact that
even for the highest investigated potential limit, corrosion rates of platinum containing
electrodes are about 25% higher compared to the values obtained for pure carbon electrodes.
Despite this small relative difference, the absolute increase in corrosion rate is significantly
higher compared to measurements with upper potential limits lower than 1.55 V. The
promoting effect of platinum can thus not be solely attributed to CO2 evolving via catalysed
carbon corrosion while the electrode is exposed to low potentials during the applied sweep.
Accordingly, the corrosion of carbon can even be catalysed at a potential of 1.55 V. This confirms
that the duration of the applied potential sweeps is obviously not sufficient to form a passivating
oxide layer which can effectively inhibit platinum catalysed corrosion. The convergence of
corrosion rates for Pt/C and pure carbon electrodes in case of high upper potential limits can
consequently primarily be ascribed to a strong increase of non-catalysed CO2 evolution and not
to an inhibition of the platinum catalysed reaction pathway.
With decreasing upper potential limit, the difference in corrosion rate between pure carbon
electrodes and electrodes containing platinum becomes substantially larger, showing the
increasing importance of the catalysed pathway. Compared to the pure carbon electrode,
corrosion rate at 1.3 V is almost a factor of 3 higher for the electrode having a platinum loading
of 0.18 mg/cm2. The reduction charge of about 500 μC/cm2Pt, however, which can be calculated
from the platinum reduction peak in Figure 57, suggests that already more than one monolayer
of platinum oxide is formed during the potential sweep to 1.3 V [208]. This contradiction
between the formation of at least one monolayer of passivating platinum oxide with
simultaneous maintenance of catalytic activity might be explained by the formation
characteristics of the oxide layer. Since platinum oxide formation is a continuous process which
proceeds over several hours [208-210], the short sweep durations in the order of tens of
seconds might not be sufficient to form a stable and homogeneous oxide layer which can
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effectively inhibit platinum catalysed carbon corrosion. A second factor that might mitigate the
passivating effect of oxide formation is the limitation of the catalysed reaction to the contact
area between carbon and platinum. If a corrosion reaction according to Equation 44 is assumed,
platinum oxide species are continuously consumed during the corrosion process. Hence,
simultaneous formation and consumption of oxide species might prevent the formation of a
stable oxide layer at the reaction sites near the platinum/carbon interface. In that case,
platinum could catalyse carbon corrosion even if large portions of the platinum surface are
highly oxidised.

Figure 59 Carbon corrosion rates as a function of the upper potential limit determined for cathodes
having different platinum loadings and an electrode only containing the carbon nanoparticles and the
ionomer. Lower potential limit was 0.6 V in all cases (scan rate 30 mV/s).

Due to the comparatively small contribution of catalyzed corrosion at high potentials, an
increase of platinum loading from 0.18 mg/cm2 to 0.4 mg/cm2 does not significantly enhance
carbon corrosion at 1.55 V. With decreasing upper potential limit, however, the platinum
catalysed reaction pathway becomes more important, leading to an increasing difference in
corrosion rates between electrodes having different Pt/C compositions. An accurate
quantification of the contributions of catalysed and non-catalysed corrosion for each upper
potential limit would require exact knowledge about the corrosion mechanism and the platinum
area which is actually involved in the catalysis of carbon corrosion. The requirement of both OHlike species and carbon oxide species suggests that the catalysed corrosion reaction according to
Equation 44 is strictly limited to the contact area between catalyst support and the platinum
particles. This mechanism would imply that the amount of carbon corroded via the catalysed
reaction pathway is primarily determined by the total length of the platinum/carbon interface.
However, the formation of OH-like species on the platinum particles according to Equation 43
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with subsequent surface migration to the carbon/platinum interface might extend the platinum
area that actually contributes to catalysed carbon corrosion. This process could also explain the
passivating effect of platinum oxide formation. The linear correlation between CO2 evolution
and water vapour partial pressure, which was found in several studies [143, 224], suggests that
the formation rate of OH-like species on the platinum surface has a decisive effect on the
amount of catalytically corroded carbon. Assuming this process as the rate limiting step, the
passivating effect of platinum oxide might be based on an inhibited formation of OH-like species
on the platinum surface as result of extensive oxide coverage. Besides these uncertainties
regarding the involved reaction processes, the influence of platinum content on particle size
makes an accurate determination of the participating platinum surface area difficult. The only
parameter that is available as a measure for the catalytically active reaction sites is the total
platinum surface area determined by CO-stripping voltammetry before the measurements.
However, since platinum particle size distribution can significantly vary for electrodes having
different Pt/C compositions, ECA values do not provide an accurate qualitative representation of
the platinum area which actually contributes to the catalysis of carbon corrosion. Despite these
drawbacks, initially determined platinum surface area values can assist the interpretation of
measurements carried out with electrodes having different platinum loadings.
Both electrodes made of 40% Pt/C only differ in the thickness of the catalyst layer. Hence, an
increase of loading leads to a roughly parallel shift of the corrosion rates towards higher values.
For an upper potential limit of 1.55 V, the difference in corrosion rate exactly corresponds to the
factor of 2.2 in platinum and carbon loading, indicating homogeneous carbon corrosion over the
whole thickness of the catalyst layer. Despite the identical catalyst material, however, the
difference in platinum surface area was measured to be higher than expected from the loading
ratio. This effect might be attributed to a different degradation behaviour during the initial
potential cycling. The increasing importance of the catalysed reaction pathway with decreasing
upper potential limit thus results in a slightly increasing ratio between the corrosion rates.
Measurements carried out with electrodes having identical carbon loadings of 0.27 mg/cm2
ensure a constant contribution of non-catalysed corrosion to total CO2 evolution. All changes in
corrosion behaviour can thus be assumed to originate only from variations in platinum content.
Due to the predominantly non-catalysed carbon corrosion at high potentials, the influence of
platinum loading on CO2 evolution is small. For upper potential limits lower than 1.2 V, however,
corrosion rates of Pt/C electrodes are more than one order of magnitude higher compared to
the values obtained for pure carbon electrodes. The almost negligible contribution of noncatalysed carbon corrosion in this potential range allows a quantitative assessment of the
parameters controlling the amount of catalytically corroded carbon. The comparison of
corrosion rates determined for upper potential limits of 1.1 V shows that CO2 evolution does not
directly correlate with platinum loading. While an increase of loading from 0.18 mg/cm2
(40% Pt/C) to 0.4 mg/cm2 (60% Pt/C) leads to a doubling of platinum surface area, the amount of
CO2 forming via the platinum catalysed reaction pathway only increases by a factor of 1.6. This
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discrepancy between corrosion rates and ECA ratio confirms that only parts of the platinum
surface are involved in the catalysis of carbon corrosion. As a consequence of the resulting
strong dependence of corrosion rate on platinum particle size distribution, electrodes having
identical platinum loadings can exhibit significantly different corrosion rates. Generally, average
particle size increases with increasing platinum content [41, 225, 226], thus leading to a
comparatively lower platinum/carbon interface length. A decrease of the Pt/C ratio for the
electrodes with a loading of 0.4 mg/cm2 consequently leads to a significant increase of both
platinum surface area and carbon corrosion rate. While ECA increases by about 30%, the smaller
platinum particles of the 40% Pt/C catalyst cause an increase of corrosion rate by more than
60%. This substantial difference in corrosion rate demonstrates that catalyst loading and particle
size distribution must be equally considered when assessing the influence of platinum on
catalysed carbon corrosion.

7.2.3 The effect of the scan rate
Since platinum oxide formation strongly depends on the exposure time to high potentials,
catalysed carbon corrosion can be significantly influenced by the scan rate of the applied
potential sweep. Tafel slopes derived from measurements with different scan rates are
summarised in Table 3. Since duration of the detrimental potential conditions in case of real
start/stop process by anode purging is expected to be independent of the magnitude of the
potential, measurements were additionally carried out with constant sweep durations. Sweep
length tsweep was kept constant by changing the scan rate, thereby taking 30 mV/s for a potential
sweep between 0.6 V and 1.0 V as the reference value.

Table 3 Tafel slopes [mV/decade] as a function of lower potential limit and scan rate. For each
condition, the upper potential limit was varied between 1.0 V and 1.55 V. Constant sweep durations
were achieved by changing the scan rate, thereby taking 30 mV/s for a potential sweep between 0.6 V
and 1.3 V as the reference value.

90 mV/s
30 mV/s
const. tsweep

0.15 V

Lower potential limit
0.6 V

1.0 V

214
195
230

193
176
215

130
127
146

An increase of the scan rate from 30 mV/s to 90 mV/s results in shorter total sweep durations
and therefore decreases the time available for platinum oxide formation and carbon corrosion.
Depending on the lower potential limit, two cases can be distinguished. Due to the missing
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platinum oxide reduction between the single potential sweeps in case of lower potential limits
of 1.0 V, the thickness of the oxide layer is determined by the accumulated exposure to high
potentials. The contribution of one single potential sweep to total platinum oxide layer
formation is comparatively low. Therefore, a change of the scan rate does not have a significant
effect on the platinum oxide layer, which results in similar Tafel slopes of 127 mV/decade and
130 mV/decade for the two scan rates. If the lower potential limit is chosen such that platinum
is in the reduced state before the potential sweeps, carbon corrosion behaviour is strongly
influenced by the scan rate. An increase from 30 mV/s to 90 mV/s results in an increase of the
Tafel slopes by about 20 mV/decade. Since this change in Tafel slope is only observed for
potential conditions which suggest catalysed corrosion as the dominating mechanism, the
differing behaviour must to be based on changes in the platinum catalysed corrosion pathway.
The longer exposure to elevated potentials in case of lower scan rates may result in a thicker
platinum oxide layer formed during the applied sweep, thus leading to a slight hindrance of the
platinum catalysed corrosion pathway.
The threefold increase in sweep duration, however, does not lead to a threefold increase in
corrosion rate. Depending on the upper potential limit, a change of the scan rate from 90 mV/s
to 30 mV/s increases corrosion rates only by a factor of 1.1 to 2.1. The smallest difference was
found for low upper potential limits. Carbon corrosion in this potential range is consequently
primarily determined by the magnitude of the applied potential sweep. With increasing upper
potential limit, the effect of scan rate becomes more pronounced. Taking into account the
decreasing relevance of platinum catalysed corrosion at high potentials, the observed behaviour
suggests that scan rate mainly affects the non-catalysed reaction mechanism.
Due to the triangular shape of the applied potential sweep, corrosion rates determined for high
upper potential limits always additionally involve platinum catalysed corrosion. The effect of
scan rate on non-catalysed carbon corrosion might therefore be even larger than indicated by
the maximum factor of 2.1. The small influence of scan rate in case of catalysed carbon
corrosion at low upper potential limits might be attributed to two different processes. First, the
amount of additional CO2 developing at potentials below 1 V is expected to be independent of
the scan rate. Since the contribution of these secondary sources of CO2 becomes more
important at low corrosion rates, the effect of scan rate decreases with decreasing upper
potential limit. Second, a lower scan rate does not only increase the time available for carbon
corrosion, but also affects the simultaneous formation of platinum oxide. The resulting decrease
of catalytic activity might partially compensate the threefold increased duration of the carbon
corrosion process. Due to the comparatively large contribution of platinum catalysed corrosion,
this effect is more pronounced at low upper potential limits, leading to a decreased influence of
scan rate in this potential range.
In contrast to measurements carried out with lower potential limits of 0.15 V and 0.6 V, the ratio
between corrosion rates determined at different scan rates is almost constant over the entire
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potential range if the lower potential limit is increased to 1.0 V. A decrease of the scan rate from
90 mV/s to 30 mV/s leads to an increase of corrosion rate by a factor of 1.9 to 2.1. These ratios
are similar to the values obtained for the non-catalysed corrosion reaction in case of lower
potential limits of 0.15 V and 0.6 V, further indicating that the catalysed corrosion pathway is
largely inhibited even at low upper potential limits. Since the time for which the positive
electrode is exposed to elevated potentials does not increase with upper potential limit,
measurements carried out with constant sweep durations results in generally higher Tafel
slopes. In case of real start-up and shut-down processes by purging of the anode compartment,
an increase of potential as a result of changed operating parameters can therefore assumed to
be less severe than expected from measurements carried out with constant scan rates.

7.2.4 Air/air mode
During real fuel cell start-up and shut-down by purging of the anode compartment, the voltage
generated by the normal operation section of the fuel cell polarises the section in which both
electrodes are filled with air. In order to assess the relevance of measurements carried out in
H2/N2 mode for real start/stop processes, potential sweeps were additionally applied to cells
operated with air at both electrodes. This step towards more realistic conditions, however,
involves a higher complexity of the potential distribution across the MEA. In contrast to
measurements carried out in H2/N2 mode, where the hydrogen electrode is used as counter as
well as reference electrode, the potential at the positive electrode is not directly experimentally
accessible in an air/air configuration. Since polarisation losses at the negative electrode cannot
be neglected anymore, the effective potential sweep causing carbon corrosion at the positive
electrode differs from the voltage Ua which is externally applied to the cell. Starting from the
effective oxygen equilibrium potential EO2 under the given conditions, the applied voltage
simultaneously polarises both electrodes in opposite directions (cf. Figure 15). Polarisation of
the negative electrode is thereby primarily determined by the overpotential of the oxygen
reduction reaction ηORR. In case of high applied voltages, however, electrode polarisation can
additionally be influenced by simultaneous reduction of platinum oxide at the negative
electrode. Due to the high equilibrium potential of the oxygen reaction of approximately 1 V,
the platinum surface is expected to be oxide-covered if no external voltage is applied to the cell.
A shift of the potential towards lower values as a result of electrode polarisation can lead to an
additional consumption of protons through the reduction of the oxide layer on the platinum
particles. Since current at the negative electrode is thus not only provided by oxygen reduction,
electrode polarisation can be lower than expected from ORR kinetics. An accurate quantification
of both contributions is difficult, though. The strong interaction of both processes only allows a
rough estimation of the total polarization ηORR/Pt-red at the negative electrode. The potential
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values leading to carbon corrosion at the positive electrode + were obtained via the following
correction.

Φ + = U a + EO2 − η ORR / Pt − red − iR ≈ U a + EO2 − η ORR

(58)

During all measurements, current density never exceeded 50 mA/cm2. As in the case of potential
sweeps applied in H2/N2 mode, the iR-drop in the electrolyte phase was therefore neglected.
The overpotential of the ORR at the negative electrode was estimated from iR-corrected
polarisation curves measured in hydrogen/air mode. Since the negative electrode is not
expected to undergo noticeable degradation upon potential cycling, polarisation behaviour was
assumed to be constant throughout the measurement. A rough estimate of the simultaneously
occurring effect of platinum oxide reduction was made by applying potential sweeps from 1.0 V
to 0.8 V to a cell operated in H2/N2 mode. The current obtained after subtraction of double layer
contributions is expected to originate mainly from platinum reduction. Although reduction
currents strongly depend on the thickness of the oxide layer, which is not exactly known at all
states of the experiment, the applied potential sweeps can provide quantitative estimations
regarding the influence of platinum oxide reduction on electrode polarisation. For
measurements carried out with a scan rate of 30 mV/s, currents originating from platinum oxide
reduction never exceeded 10% of the oxygen reduction current. Polarisation of the negative
electrode can therefore be assumed to be mainly determined by the ORR overpotential. In
contrast, the approximately threefold increased platinum reduction current densities at a scan
rate of 90 mV/s might affect polarisation behaviour. Due to the complex interaction of currents
associated with ORR and platinum oxide reduction, however, only oxygen reduction
overpotential was considered for potential correction at both scan rates (cf. Equation 58).
Particularly in case of measurements carried out with a scan rate of 90 mV/s, this simplification
might lead to slightly underestimated Tafel slopes. Another effect that has to be considered is
the substantial variation of ORR overpotential during the potential sweep. Due to the non-linear
polarisation behaviour and the strong increase of current density at high potentials, the
potential developing at the positive electrode differs from the triangular shape of the applied
voltage. Especially in case of high voltages, the resulting effective potential sweep is assumed to
be slightly flattened. However, since measurements in H2/N2 mode showed that the upper limit
has a stronger impact on corrosion behaviour than the scan rate, changes in the shape of the
potential sweep are not expected to significantly influence carbon corrosion rate. Thus,
correction of only the upper limits according to Equation 58 can be assumed to provide reliable
results.
In Figure 60, carbon corrosion rates determined in measurements with different scan rates are
plotted against the respective maximum polarisation of the positive electrode, which was
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estimated by subtracting the ORR overpotential occurring at the negative electrode from the
upper limit of the applied voltage sweep. In all cases, corrosion rates follow the expected
exponential behaviour, indicating that the correction by only the ORR overpotential yields
reasonable potential values. The calculation of the effective potential + at the positive
electrode according to Equation 58, however, is difficult, since the oxygen equilibrium potential
EO2 under the given conditions cannot be directly determined. Due to the missing permeation of
hydrogen through the membrane in case of air/air operation, the equilibrium potential at the
electrodes cannot be simply approximated by the open circuit voltage of a cell operated in
H2/air mode. To eliminate the effect of the mixed potential, the OCV was therefore measured
using different hydrogen concentrations at the negative electrode. Correction of the reference
potential at the negative electrode, which is necessary because of the change in hydrogen
partial pressure, and extrapolation to zero hydrogen concentration, yielded an equilibrium
potential of about 995 mV. Carbon corrosion in air/air mode was therefore expected to
principally follow the behaviour of measurements carried out with a lower potential limit of
1.0 V in H2/N2 mode. The measured Tafel slopes of 155 mV/decade and 157 mV/decade,
however, are significantly higher than the values of approximately 130 mV/decade obtained in
H2/N2 mode, indicating that the inhibition of the catalyzed corrosion pathway by the formation
of platinum oxide is less pronounced if both electrodes are filled with air.

Figure 60 Carbon corrosion rates determined in air/air mode as a function of the maximum
polarisation of the positive electrode, which was estimated by subtracting the ORR overpotential
occurring at the negative electrode from the upper limit of the applied potential sweep (60% Pt/C,
2
0.4 mgPt/cm , scan rate 30 mV/s).

Another approach to estimate the oxygen equilibrium potential is to shift the curves in Figure 60
towards higher potentials until corrosion rates are similar to the values obtained in H2/N2
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measurements. For both scan rates, the best match was found for an equilibrium potential of
930 mV. This value, which would imply a lower inhibition of the platinum catalysed corrosion
pathway, is in much better agreement with the measured Tafel slopes. According to
experiments in H2/N2 mode, however, an equilibrium potential significantly lower than 1 V is
expected to result in a more pronounced effect of scan rate on the Tafel slopes. The almost
identical values obtained for scan rates of 30 mV/s and 90 mV/s might be ascribed to the neglect
of platinum oxide reduction currents, which is assumed to reduce Tafel slopes in case of high
scan rates. Yet, the estimated equilibrium potential of 930 mV substantially differs from the
value of 995 mV derived from OCV measurements. This discrepancy might be explained by the
presence of platinum oxides at the positive electrode, which can strongly influence electrode
potential by the formation of a mixed potential [111-113].

Figure 61 Influence of platinum oxidation state on the open circuit voltage of a cell operated in H2/air
mode (ambient pressure, temperature 80°C, fully humidified gases). All OCV values were corrected to
account for the influence of hydrogen partial pressure on the reference potential at the negative
electrode. To eliminate the effect of H2 permeation from the anode, cell voltages were extrapolated to
zero hydrogen concentration. Different platinum oxidation states were established by exposing the cell
to four consecutive potential sweeps between 1.0 V and different upper potential limits prior to OCV
determination.

To assess the effect of platinum oxide formation on equilibrium potential, the open circuit
voltage of a cell in hydrogen/air mode was additionally determined after previous exposure of
the positive electrode to four consecutive potential sweeps between 1.0 V and different upper
potential limits. Depending on the thickness of the resulting platinum oxide layer, extrapolation
to zero hydrogen concentration yielded a decrease in equilibrium potential by up to 80 mV (cf.
Figure 61). Although the degree of platinum oxidation during potential sweep measurements is
not known, this substantial reduction of equilibrium potential demonstrates that the potential
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conditions can be significantly affected by the presence of platinum oxide. A second effect that
might influence corrosion behaviour in air/air mode is the dissimilar oxidation state of the
electrodes. While the platinum particles at the positive electrode are strongly oxidised during
the applied potential sweep, the corresponding current at the negative electrode is partially
provided by a reduction of the oxide layer. Due to the strong influence of platinum oxide
coverage on the equilibrium potential, the potential at the negative electrode will therefore
exceed the potential at the positive electrode. This discrepancy might lead to a re-oxidation of
the platinum particles at the negative electrode while the highly oxidised platinum surface at
the positive electrode is partially reduced. As a consequence, the inhibition of the catalysed
corrosion pathway by platinum oxide formation might be less pronounced than expected from
the equilibrium potential.
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7.3 The effect of gas front propagation on the carbon corrosion
behaviour
Since the duration of the detrimental potential conditions occurring during fuel cell start-up and
shut-down is controlled by the coexistence of hydrogen and oxygen at the negative electrode,
the exchange of the anode gas is a crucial process influencing start/stop induced fuel cell
degradation. In several studies, the propagation of the hydrogen/air front through the anode
compartment was investigated by measuring local current densities both along the direction of
the flow field and on the channel and land scale [116, 119, 125-127, 201, 227]. Furthermore,
oxygen-sensitive dyes have been employed to visualise the gas exchange process [200]. Both
approaches offer the advantage of monitoring the front propagation with a good spatial and
temporal resolution. Yet, a direct correlation between current density and carbon corrosion rate
is not possible. Besides the contribution originating from carbon corrosion, total current density
comprises charging of the electrochemical double layer, oxidation of the platinum catalyst
particles and the OER current. Since the discrimination between the different sources is not
possible, the determination of local current densities can therefore only provide a rough
estimation about the influence of different parameters on the carbon corrosion rate.
To obtain a direct correlation between parameters controlling the gas exchange process and the
carbon corrosion behaviour, CO2 evolution rates for single start-up and shut-down transients
were determined as a function of the anode gas flow rate. Thereby, the concentration of the
anode gases, the applied load and the channel and land dimensions at the negative electrode
were systematically varied. To avoid additional effects originating from processes occurring at
the fuel cell cathode, the operating conditions at the positive electrode were kept constant in all
experiments.

7.3.1 The effect of reactant gas composition
The amount of CO2 evolved during start-up and shut-down of the fuel cell strongly depends on
the duration of the purging process and the concentration of the reactant gases. In Figure 62a,
carbon corrosion rates are shown as a function of the anode gas flow rate for measurements
carried out with hydrogen concentrations of 5%, 21% and 100%. Due to the increasing duration
of the gas exchange process, corrosion rates generally become higher if the gas flow rate at the
negative electrode is decreased. Thereby, both the absolute amount of evolved CO2 as well as
the ratio between corrosion rates obtained in response to start-up and shut-down processes
strongly depends on the hydrogen concentration.

- 125 -

7 - Investigations on fundamental start/stop induced carbon corrosion processes

The most pronounced effect of hydrogen content on the carbon corrosion rate was found for
shut-down processes. Depending on the gas flow rate, an increase in hydrogen concentration
from 5% to 100% increases the carbon corrosion rates by more than a factor of 20. In case of
fuel cell start-up, however, CO2 evolution shows a completely different behaviour. While a
change in hydrogen concentration from 5% to 21% does not significantly influence the carbon
corrosion rates, a further increase to 100% results in a considerable decrease in CO2 evolution.
At low gas flow rates, however, the corrosion rates approach the values obtained in
measurements carried out with diluted hydrogen.

Figure 62 (a) Carbon corrosion rates determined for start-up (SU) and shut-down (SD) processes as a
function of the anode gas flow rate for measurements carried out with different hydrogen
concentrations. The oxygen concentration was 21% in all cases. (b) Influence of hydrogen
concentration and anode gas flow rate on the ratio between carbon corrosion rates determined in
response to single shut-down and start-up processes.

As a consequence of these strong differences in carbon corrosion behaviour, the hydrogen
concentration also influences the ratio between corrosion rates determined for start-up and
shut-down processes. For hydrogen contents of 5% and 21%, this ratio was found to be largely

- 126 -

7 - Investigations on fundamental start/stop induced carbon corrosion processes

independent of the gas flow rate (cf. Figure 62b). In both cases, fuel cell start-up leads to higher
carbon corrosion rates. In contrast, the ratio between shut-down and start-up significantly
increases with increasing gas flow rate if the cell is operated with pure hydrogen. In this case,
CO2 evolution rates determined in response to shut-down processes are a factor of two to six
higher.
This strong influence of hydrogen concentration on the carbon corrosion behaviour can be
explained by the processes occurring during the exchange of the anode gas. In case of fuel cell
shut-down, the hydrogen-filled anode compartment is purged with air. During the resulting gas
replacement process, the potential at the negative electrode is dominated by the presence of
hydrogen. The duration of the detrimental potential conditions leading to carbon corrosion at
the positive electrode is therefore determined by the time necessary to completely remove the
hydrogen from the anode. Since this process significantly depends on the initial amount of
hydrogen, carbon corrosion rates strongly decrease in case of measurements carried out with
low hydrogen concentrations. During start-up of the fuel cell, the air in the anode compartment
is replaced by hydrogen. Thereby, catalyst support corrosion is limited to areas with oxygen
present at the negative electrode. Thus, since the removal of oxygen does not significantly
depend on the hydrogen concentration of the purging gas, the differences between carbon
corrosion rates are substantially lower than in case of shut-down processes. Moreover, the
effect of remaining gas in the catalyst layer significantly differs for start-up and shut down
processes. While small amounts of remaining hydrogen during fuel cell shut-down lead to
carbon corrosion in large areas of the positive electrode, the effect of remaining air during startup is much less severe.
Besides this direct effect on the replacement of the anode gas, hydrogen concentration might
influence carbon corrosion behaviour via two other processes. First, the correlation between
hydrogen partial pressure and electrode potential affects the voltage generated by the normal
operation sections of the fuel cell. A decrease in hydrogen concentration can therefore be
assumed to generally increase the driving force for carbon corrosion. Second, the replacement
of the anode gas might be influenced by the direct recombination of hydrogen and oxygen at
the platinum catalyst particles. Since this effect is expected to be more pronounced in case of
high reactant gas concentrations, operation of the fuel cell with pure hydrogen might accelerate
the exchange of the anode gas. This process could also explain the comparatively strong
decrease in start-up induced CO2 evolution with increasing gas flow rate observed for cells
operated with a hydrogen concentration of 100%. While the propagation of the hydrogen/air
front might dominate the duration of the complete gas exchange in case of low gas flow rates,
the fast consumption of small remaining amounts of oxygen might become more important if
the flow rate is increased.
Besides the identification of processes influencing the amount of CO2 generated during start-up
and shut-down of the fuel cell, the obtained results allow conclusions about the propagation of
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the hydrogen/air front through the anode compartment. Figure 63 shows the carbon corrosion
rates determined in measurements with different hydrogen concentrations as a function of the
theoretical residence time of the gas front, assuming plug flow, which was calculated by dividing
the total volume of the channels in the anode flow field by the respective flow rates. Under all
investigated conditions, corrosion rates for both start-up and shut-down processes show a linear
increase with increasing residence time, indicating that the hydrogen/air front propagates
almost ideally through the anode compartment. Only in case of the lowest investigated gas flow
rate of 200 mln/min, the corrosion rates slightly deviate from the linear correlation. This
behaviour is highly contradictory to studies which reported that the duration of the gas
exchange process is mainly controlled by electrochemical reactions and diffusion processes both
along the direction of the flow field [200] and on the channel and land scale [125]. Since both
mechanisms are largely independent of the gas flow rate, a significant contribution of these
processes would be expected to result in strong deviations from the linear correlation. Due to
the same reason, pseudo-capacitive effects, which were suggested to significantly influence
corrosion behaviour in case of short gas front residence times [206], can be assumed to be
negligible under the investigated conditions.
Yet, a detailed analysis of the involved processes requires further investigations including local
analysis of current density and CO2 evolution as well as the measurement of the potential
developing at the positive electrode during the propagation of the hydrogen/air front.

Figure 63 Carbon corrosion rates determined for start-up (SU) and shut-down (SD) processes as a
function of the theoretical residence time of the gas front for measurements carried out with different
hydrogen concentrations. Gas front residence time was calculated by dividing the total volume of the
channels in the anode flow field by the respective gas flow rates.

To obtain a comprehensive overview about the influence of reactant gas composition, similar
experiments were carried out with varied oxygen concentrations. As shown in Figure 64a, an
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increase in oxygen content strongly increases CO2 evolution both during start-up and shut-down
of the fuel cell. Compared to the influence of hydrogen concentration, oxygen content has a
significantly more pronounced effect on start-up induced carbon corrosion. In contrast, the
differences in CO2 evolution during fuel cell shut-down are considerably smaller. The ratio
between corrosion rates determined for fuel cell shut-down and start-up was found to be
independent of both gas flow rate and reactant gas composition (cf. Figure 64b). Both processes
can thus be assumed to be equally influenced by the oxygen concentration. Moreover, the
constant ratios show that the mechanisms determining the gas exchange process do not change
in the investigated gas flow range. As in case of measurements carried out with varied hydrogen
concentrations, corrosion rates were found to depend linearly on the calculated residence time
of the gas front.

Figure 64 (a) Carbon corrosion rates determined for start-up (SU) and shut-down (SD) processes as a
function of the anode gas flow rate for measurements carried out with different oxygen
concentrations. The hydrogen concentration was 21% in all cases. During all experiments, the positive
electrode was continuously purged with air. (b) Influence of oxygen concentration and anode gas flow
rate on the ratio between carbon corrosion rates determined in response to single shut-down and
start-up processes.
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Generally, the observed correlation between oxygen concentration and carbon corrosion
behaviour confirms the processes discussed above. Since the duration of the detrimental
potential conditions during fuel cell shut-down is mainly controlled by the time which is
necessary to completely remove the hydrogen from the anode compartment, the influence of
reactant gas composition is less pronounced than in case of measurements carried out with
varied hydrogen concentrations. However, although the constant start-up/shut-down ratios
indicate that the removal of hydrogen is not significantly influenced by the direct recombination
with oxygen, an increase in oxygen content form 5% to 100% increases the carbon corrosion
rates by a factor of up to three. This comparatively strong increase in CO2 evolution might be
explained by the influence of oxygen concentration on the polarisation of the negative electrode
in the air/air sections of the fuel cell. Due to the strong effect on the kinetics of the oxygen
reduction reaction, an increase in oxygen concentration significantly decreases the potential
drop at the fuel cell anode. As a consequence, the potential developing at the positive electrode
increases, thus leading to an increase in CO2 evolution rates. Since this process equally
influences fuel cell start-up and shut-down, the ratio between the respective corrosion rates is
not affected.
In case of fuel cell start-up, carbon corrosion behaviour is assumed to be primarily controlled by
the remaining amount of oxygen at the negative electrode. As a consequence, an increase in
oxygen concentration significantly increases the CO2 evolution rate.
The results obtained in measurements with different reactant concentrations show that CO2
evolution during fuel cell start-up is mainly controlled by the oxygen concentration while the
effect of hydrogen concentration is more pronounced in case of fuel cell shut-down. The ratio
between the corrosion rates obtained in response to fuel cell start-up and shut-down was found
to be solely determined by the hydrogen concentration. In case of measurements carried out
under the most application relevant conditions (operation with pure hydrogen and air), fuel cell
shut-down leads to significantly higher carbon corrosion rates.

7.3.2 The effect of channel and land dimensions
Besides the propagation of the hydrogen/air front along the direction of the flow field, start-up
and shut-down behaviour might be additionally influenced by processes occurring on the
channel and land scale. With the help of local current density measurements, Schneider and von
Dahlen found that the gas exchange in the anode compartment is significantly influenced by
diffusion of the purging gas under the lands of the flow field [125, 201]. They reported that an
increase in the channel and land dimensions from 1.2 mm to 2 mm leads to higher peak currents
and an increase in the duration of the local current transients during start-up and shut-down of
the fuel cell. Although a direct correlation between current densities and CO2 evolution rates is
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not possible, these results strongly suggest a substantial influence of the flow field design on the
carbon corrosion behaviour. In contrast, the linear correlation between carbon corrosion rates
and the theoretical residence time of the gas front, which was obtained in measurements with
different flow rates (cf. Figure 63), indicates that the replacement of the anode gas is primarily
controlled by the propagation of the hydrogen/air front along the direction of the flow field.

Figure 65 Carbon corrosion rates determined in response to single start-up (SU) and shut-down (SD)
transients as a function of the anode gas flow rate for measurements carried out with parallel anode
flow fields having different channel and land dimensions. In all cases, a standard 1 mm flow field was
used at the positive electrode. All measurements were carried out with a hydrogen and oxygen
concentration of 21%.

To be able to directly determine the influence of flow field design on the carbon corrosion
behaviour, measurements with different parallel anode flow fields having channel and land
dimensions of 1 mm, 2 mm and 4 mm were carried out. As in case of investigations on the
influence of reactant gas composition, carbon corrosion rates for single start-up and shut-down
transients were determined as a function of the gas flow rate at the anode. To ensure a reliable
determination of the CO2 concentration in the exhaust gas of the positive electrode, a standard
1 mm flow field was used at the cathode in all cases. All measurements were carried out with a
hydrogen and oxygen concentration of 21%.
The obtained results demonstrate that the channel and land dimensions of the flow field do not
significantly affect carbon corrosion behaviour under the investigated conditions (cf. Figure 65).
For both start-up and shut-down processes, all CO2 evolution rates are within the expected
range of uncertainty. Only fuel cell shut-down with the 4 mm flow field was found to cause
slightly lower carbon corrosion rates. Yet, since this deviation correlates with a decrease in open
circuit voltage of approximately 25 mV, the decrease in CO2 evolution can be assumed to be
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based on a change in operating conditions, which might lead to a decrease in the potential
developing at the positive electrode.
These negligible differences in carbon corrosion behaviour suggest that the exchange of the
anode gas is not markedly affected by processes occurring on the channel and land scale. If gas
diffusion under the lands of the flow field would significantly influence the potential conditions
during start-up and shut-down of the fuel cell, a four-fold increase in channel and land
dimensions would be expected to result in a substantial increase in the amount of evolved CO2.
The strong discrepancy between these results and the local current density measurements
carried out by Schneider and von Dahlen might be explained by several reasons.
First, current densities do not necessarily correlate with the amount of evolved CO2. Since the
total current is dominated by charging/discharging of the electrochemical double layer and the
oxidation/reduction of the platinum particles, local current densities may increase while the
carbon corrosion rate remains largely unchanged. Second, carbon corrosion behaviour might be
primarily controlled by the potential conditions during the propagation of the hydrogen/air front
along the direction of the flow field. Due to the exponential correlation between potential and
carbon corrosion rate, the amount of evolved CO2 is mainly determined by the maximum
potential developing at the positive electrode (cf. Section 7.2). During start-up and shut-down of
the fuel cell, the elevated potentials developing on the channel and land scale might be
significantly influenced by inhomogenities in the gas distribution, which may arise from the
previous gas exchange in the flow field channels. Assuming that these potentials are lower than
the maximum potentials occurring during the propagation of the hydrogen/air front along the
direction of the flow field, the additional formation of CO2 occurring during gas diffusion under
the flow field lands might be negligible. Third, gas diffusion strongly depends on the thickness
and the structure of the GDL/MPL and the catalyst layer [228-231]. The significance of diffusion
processes on the channel and land scale might therefore considerably differ for different
materials. Moreover, the cell used for the determination of local current densities was operated
without a gas diffusion layer at the positive electrode [86, 125]. Although the gas replacement
process takes place at the negative electrode, possible changes in the polarisation behaviour at
the positive electrode might affect the corrosion behaviour on the channel and land scale.

7.3.3 The effect of an applied external load
To keep the processes occurring during the exchange of the anode gas as simple as possible, all
measurements described in Sections 7.3.1 and 7.3.2 were carried out under OCV conditions. Yet,
owing to the decrease in the detrimental potentials developing at the positive electrode, fuel
cell start-up and shut-down is usually performed with an applied external load. In order to
investigate the effect of an external load on the CO2 evolution behaviour, the correlation
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between carbon corrosion rates and the residence time of the gas front was therefore
additionally determined while a resistance of 3 Ωcm2 was applied to the cell.
Since the applied load strongly decreases the driving force for carbon corrosion at the positive
electrode, start-up and shut-down of the fuel cell generally leads to substantially lower CO2
evolution rates. To obtain CO2 concentration peaks which allow a reliable quantification of
carbon corrosion, the temperature was therefore increased from 50°C to 80°C. The
measurement was carried out using pure hydrogen and air as reactant gases.

Figure 66 Carbon corrosion rates determined in response to single start-up and shut-down transients
2
as a function of the anode gas flow rate. During the measurement, an external load of 3 Ωcm was
applied to the cell. The fuel cell was operated at 80°C using air and pure hydrogen as reactant gases.

Figure 66 shows that CO2 evolution during fuel cell start-up does not significantly differ from the
behaviour observed under OCV conditions. This suggests that the applied load primarily
influences the potential developing at the positive electrode. The gas exchange process at the
negative electrode does not seem to be affected. In case of fuel cell shut-down, however, CO2
evolution behaviour is strongly influenced by the applied load. In contrast to measurements
under OCV conditions, carbon corrosion rates become slightly lower if the gas flow rate is
decreased below 400 mln/min. At higher flow rates, the corrosion behaviour is similar to that
observed under OCV conditions. As in case of fuel cell start-up, the linear correlation between
gas front residence time and carbon corrosion rate indicates that the gas replacement process in
this flow range is not affected by the external load (cf. Figure 67).
The strong decrease in shut-down induced CO2 evolution at low gas flow rates might be
explained by the electrochemical consumption of remaining hydrogen. In case of high gas flow
rates, the duration of the gas replacement process is assumed to be dominated by the
propagation of the hydrogen/air front trough the anode compartment. Accordingly, the
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corrosion rates increase linearly with increasing gas front residence time. If the gas flow rate is
decreased below the critical value of 400 mln/min, however, remaining hydrogen might be
consumed before the propagation of the hydrogen/air front through the anode compartment is
completed. As a consequence, a further decrease in the gas flow rate does not further increase
the duration of the coexistence of hydrogen and oxygen at the negative electrode. The time for
which the positive electrode is exposed to detrimental potentials thus becomes independent of
the gas flow rate. Although this mechanism would be expected to result in constant carbon
corrosion rates, CO2 evolution slightly decreases with increasing duration of the gas front
residence time. This behaviour might be explained by the gradual degradation of the catalyst
layer during the measurement and the resulting decrease of the voltage generated by the
normal operation section of the fuel cell.

Figure 67 Carbon corrosion rates determined for start-up and shut-down processes as a function of the
theoretical residence time of the hydrogen/air front. During the measurement, an external load of
2
3 Ωcm was applied to the cell. The fuel cell was operated at 80°C using air and pure hydrogen as
reactant gases. The residence time of the gas front was calculated by dividing the total volume of the
channels in the anode flow field by the respective gas flow rates.
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8 The effect of operating conditions on
start/stop induced fuel cell degradation
To obtain a comprehensive understanding on the influence of the decisive operating
parameters, start/stop induced fuel cell degradation behaviour was investigated using different
experimental approaches. Owing to the good control of the operating conditions, the
determination of CO2 evolution rates in response to single potential sweeps applied to cells
operated in H2/N2 mode yields a direct correlation between the varied parameter and the
carbon corrosion rate. Potential cycling experiments allow the analysis of carbon corrosion and
platinum loss behaviour over the course of several hundred transients under controlled
potential conditions. However, due to the high complexity of the processes occurring during fuel
cell start-up and shut-down, measurements under controlled potential conditions do not
necessarily represent the degradation behaviour caused by real start/stop events. Therefore,
the effect of operating parameters was additionally investigated by quantifying the CO2
evolution during the propagation of a hydrogen/air front through the anode compartment.
Moreover, long-term degradation behaviour was assessed in start/stop cycling experiments
carried out by alternated purging of the anode compartment with hydrogen and air.

8.1 Degradation under controlled potential conditions
8.1.1 The effect of potential conditions
The fundamental driving force for carbon corrosion is the potential developing at the positive
electrode during fuel cell start-up and shut-down. In order to assess the effect of the magnitude
of the electrode potential on the carbon corrosion rate, cells operated in H2/N2 mode were
exposed to single triangular potential sweeps with different upper limits (lower limit 0.6 V, scan
rate 30 mV/s). Since the carbon corrosion behaviour can also be affected by the potential prior
to the applied sweep (cf. Section 7.1), similar measurements were carried out with different
lower potential limits. In this case, the upper limit was kept constant at 1.3 V.
As already described in Section 7.2, an increase of the upper potential limit results in an
exponential increase in carbon corrosion rate (cf. Figure 68). In order to mitigate start/stop
induced fuel cell degradation, it is therefore essential to keep the potential developing at the
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positive electrode during purging of the anode compartment as low as possible. Since the
magnitude of the developing potential is mainly controlled by the voltage generated in the
normal operation areas of the fuel cell, all measures decreasing the cell voltage have a beneficial
effect on fuel cell durability. The application of an external load during fuel cell start-up and
shut-down processes, which is the most widely used approach to limit the detrimental potential
at the positive electrode, is described in Section 8.2.

Figure 68 Carbon corrosion rate as a function of the upper potential limit (scan rate 30 mV/s). The
lower potential limit was 0.6 V in all cases. The cell was operated with fully humidified gases at a
pressure of 1 bara and a temperature of 80°C.

The respective current densities measured during the applied potential sweeps are displayed in
Figure 69. In case of potential sweeps with upper limits of 1.3 V or lower, the current density
does not significantly increase with increasing potential. If the potential limit exceeds 1.3 V,
however, a pronounced current peak can be observed in the high potential region. Besides
charging and discharging of the electrochemical double layer, the measured current can
originate from carbon corrosion, oxygen evolution and oxidation/reduction of the platinum
catalyst particles. By assuming a four electron reaction according to Equations 41 and 42, the
contribution of the carbon oxidation reaction can thereby be estimated by converting the
simultaneously measured CO2 concentration into the corresponding corrosion current density
(cf. Figure 70). Although the finite volume of the gas analysis setup is expected to result in a
slight underestimation of the calculated maximum current densities (cf. Section 4.2), the
comparison of Figures 69 and 70 shows that the contribution originating from carbon corrosion
is substantially lower than the total current density. Except for potential sweeps with an upper
limit of 1.5 V, the carbon oxidation reaction only accounts for less than 10% of the overall
current density. Thus, since the contribution of the oxygen evolution reaction is expected to be
in the same order of magnitude than the current generated by carbon corrosion [124], the

- 136 -

8 - The effect of operating conditions on start/stop induced fuel cell degradation

majority of the current density measured during the anodic potential sweep must originate from
the oxidation of the platinum particles. This is supported by the fact that an increase of the
upper potential limit leads to a strong increase of the platinum oxide reduction peak at around
750 mV in the cathodic sweep. Hence, since the contribution of the carbon oxidation current is
comparatively small, the overall current density can not be used as a measure for carbon
corrosion.

Figure 69 Current densities measured during
potential sweeps with different upper limits
(scan rate 30 mV/s, fully humidified gases,
temperature 80°C, pressure 1 bara).

Figure 70 Influence of the upper potential limit on
the carbon corrosion current density. All current
densities were calculated based on the CO2
concentration in the exhaust gas of the positive
electrode.

Besides the strong dependence on the upper potential limit, CO2 evolution behaviour is also
influenced by the lower limit of the applied sweep. To quantify the effect of the lower potential
limit on the carbon corrosion rate, cells operated in H2/N2 mode were exposed to single
potential sweeps between different lower limits and 1.3 V (scan rate 30 mV/s). As shown in
Figure 73, a decrease in the lower limit from 1.0 V to 0.6 V leads to a strong increase in the
amount of evolved CO2. This behaviour, which is in good agreement with the correlation
obtained in case of negative potential sweeps between 1.0 V and different lower limits (cf.
Figure 56), can be explained the gradual reduction of the passivation platinum oxide layer (cf.
Section 7.2). If a potential sweep with a lower limit of 1.0 V is applied to the cell, the highly
oxidised platinum surface effectively inhibits the catalysed corrosion pathway, leading to a
comparatively low carbon corrosion rate of approximately 0.85 gC/sweep. The current
densities recorded during the applied sweeps show that a decrease of the lower potential limit
to 0.9 V does not substantially affect the platinum oxidation state (cf. Figure 72). Accordingly,
the corrosion rate only slightly increases to 0.96 gC/sweep. A further reduction of the lower
potential limit, however, significantly decreases the thickness of the passivating platinum oxide
layer, thus leading to a strong increase in the amount of evolved CO2. After a blank platinum
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surface is established at a potential of 0.6 V, the corrosion rate initially remains constant at
about 3.1 gC/sweep. Yet, due to the additional formation of CO2 at approximately 0.55 V
during the anodic sweep and below 0.5 V during the cathodic sweep (cf. Sections 7.1.2 and
7.1.4), the carbon corrosion rate increases again if the lower limit drops below 0.5 V. Since both
processes depend on the holding time at low potentials, this increase in CO2 evolution is much
more pronounced than in case of the exposure of the electrode to negative potential sweeps (cf.
Figure 56).
The results show that the lower potential limit, which is usually not considered when assessing
the stability of electrode materials against carbon corrosion, has a substantial effect on the
amount of evolved CO2. Although the driving force for carbon corrosion remains constant at
1.3 V, a decrease in the lower potential limit from 1.0 V to 0.2 V increases the corrosion rate by
more than a factor of five.

Figure 71 Carbon corrosion rates determined in
response to single potential sweeps between
different lower limits and 1.3 V (30 mV/s). The cell
was operated with fully humidified gases at a
pressure of 1 bara and a temperature of 80°C.

Figure 72 Current densities measured during
potential sweeps between different lower limits
and 1.3 V (scan rate 30 mV/s, fully humidified
gases, temperature 80°C, pressure 1 bara).

The influence of the lower potential limit on the degradation behaviour of the fuel cell was
investigated by applying 300 potential cycles with an upper limit of 1.3 V (scan rate 30 mV/s).
During the cycling experiment, the electrochemically active platinum surface area was
determined in regular intervals by CO stripping voltammetry.
As described in Section 3.2.1, platinum dissolution mainly takes place during the reduction of
platinum oxide which was previously formed at potentials exceeding around 0.8 V. This
dissolution mechanism implicates a strong influence of the lower potential limit on the loss of
active catalyst area. Due to the missing platinum oxide reduction, dissolution is effectively
hindered if potential cycling is performed with a lower limit of 1.0 V. A decrease of the potential
limit below the reduction potential of platinum oxide substantially increases catalyst surface
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area loss rates (cf. Figure 73). Since platinum is completely reduced at potentials below around
0.6 V, measurements carried out with lower potential limits of 0.15 V and 0.6 V exhibit similar
platinum loss rates.

Figure 73 Effect of the lower potential limit on
active platinum surface area loss. The upper
potential limit was 1.3 V in all cases (scan rate
30 mV/s, temperature 80°C, fully humidified
gases, ambient pressure).

Figure 74 Effect of the lower potential limit on the
carbon corrosion rate. The upper potential limit was
1.3 V in all cases. Irregularities at cycles 100 and 200
originate from cell characterisation (scan rate
30 mV/s, temperature 80°C, fully humidified gases,
ambient pressure).

The effect of the lower potential limit on the carbon corrosion rates is presented in Figure 74.
Due to the proceeding catalyst layer degradation, corrosion rates generally decrease with the
number of applied potential cycles. The abrupt increase at cycle no. 100 and 200 stems from the
characterisation of the cell. As a consequence of the strong influence of the conditions prior to
the exposure of the cell to elevated potentials, the CO2 evolution rates are substantially higher
after holding the cell voltage at 0.15 V during CO stripping voltammetry.

Table 4 Accumulated carbon loss after 300 potential cycles between different lower limits and 1.3 V
(scan rate 30 mV/s, temperature 80°C, fully humidified gases, ambient pressure).
Lower potential limit

Accumulated carbon loss

1.0 V
0.6 V
0.15 V

188 g
557 g
843 g

As in case of platinum loss, the lowest corrosion rates were obtained for a potential limit of
1.0 V. If the lower limit is decreased to 0.6 V and 0.15 V, total carbon loss increases by a factor of
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3 and 4.5, respectively (cf. Table 4). The ratios between the obtained carbon loss rates are in
good agreement with the corrosion rates determined in response to single potential sweeps (cf.
Figure 71). Besides the elucidation of carbon oxidation processes, the corrosion behaviour
allows conclusions on the platinum loss mechanism. Taking into account the almost identical
ECA loss rates, the pronounced difference in carbon corrosion rates obtained for lower potential
limits of 0.6 V and 0.15 V indicates that platinum loss mainly takes place via platinum
dissolution/redeposition. A significant contribution of corrosion induced detachment or
agglomeration of whole platinum particles would be expected to result in a higher platinum loss
rate during potential cycling with a lower limit of 0.15 V.
The strong effect of the lower potential limit on the carbon loss rate can be attributed to
changes in the corrosion behaviour at potential exceeding 1 V as well as on secondary sources of
CO2 evolving in the potential range below 1 V (cf. Section 7.1). If the lower limit is decreased
from 0.6 V to 0.15 V, the appearance of two additional carbon dioxide peaks and the increase of
the maximum CO2 concentration by about 25 % indicate that both processes contribute to the
increase in carbon loss rate. The separation of the carbon dioxide concentration peaks by fitting
of the measured CO2 Signal (cf. Section 5.3) allows a rough quantitative estimation about the
contribution of the individual mechanisms. The calculation shows that about one third of the
additional carbon loss originates from CO2 evolution at potentials below 0.6 V. Two thirds are
based on an increased carbon corrosion rate at elevated potentials (cf. Section 7.1 for discussion
of possible mechanisms). The substantial difference between carbon loss rates determined in
measurements with lower potential limits of 0.6 V and 1.0 V, however, cannot be ascribed to
additional CO2 formation at potentials below 1 V. The contribution of carbon dioxide formed
during the reduction of platinum oxide at approximately 0.8 V is much too small to explain the
threefold difference in carbon loss. Thus, since corrosion rates determined for pure carbon
electrodes do not markedly depend on the lower potential limit (cf. Figure 58), the strong
decrease in CO2 evolution rate must primarily be based on an inhibition of the catalysed
corrosion pathway by extensive platinum oxide formation (cf. Section 7.2).

8.1.2 The effect of reactant gas humidity
The effect of humidity on the carbon corrosion behaviour was determined by applying single
potential sweeps between 0.6 V and 1.3 V (30 mV/s). In the range between 40% R.H. and
100% R.H., the carbon corrosion rate shows a linear increase with increasing humidification of
the reactant gases (cf. Figure 75). This direct effect of water vapour partial pressure, which is
proportional to relative humidity in case of a constant temperature, originates from the
requirement of one water molecule for the corrosion of one carbon atom in the rate
determining reaction step (cf. Equation 42). The roughly parallel shift towards higher corrosion
rates with increasing temperature shows that temperature does not significantly affected the
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fundamental corrosion behaviour. The slightly increasing slopes might arise from a change in
water transport properties of the ionomer in the catalyst layer.
Since all humidity variation experiments were carried out with a lower potential limit of 0.6 V,
platinum oxide is completely reduced after each potential sweep. According to the findings
discussed in Section 7.2, carbon corrosion should therefore be dominated by the platinum
catalysed reaction pathway. Owing to the linear correlation between water vapour partial
pressure and corrosion rate, however, water must be directly involved in the rate determining
reaction step. This would imply that the formation of OH-species on platinum limits carbon
corrosion. The substantially decreased corrosion rates observed in case of a lower potential limit
of 1.0 V (cf. Section 7.2.1) would therefore be based on a partially suppressed formation of OHspecies by the stable platinum oxide layer.

Figure 75 Effect of relative reactant gas humidity
on the carbon corrosion rate. Corrosion rates were
determined in response to potential sweeps
between 0.6 V and 1.3 V (30 mV/s).

Figure 76 Effect of relative reactant gas humidity
on the carbon corrosion rate at a temperature of
80°C. At relative humidities below 40% R.H., the
corrosion behaviour significantly deviates from
the expected linear correlation.

Yet, the linear correlation between carbon corrosion rate and water vapour partial pressure was
not observed over the entire humidity range. If the relative humidity drops below around 40%,
corrosion rates considerably deviate from the theoretically expected behaviour (cf. Figure 76).
To be able to distinguish between the effect of relative and absolute water content,
measurements with varying relative humidities were carried out at different constant water
vapour partial pressures. Thereby, relative humidity was changed by increasing the temperature
while keeping the absolute rate of water addition to the gas flow constant. As expected from
the participation of water in the carbon oxidation reaction, corrosion rates increase with
increasing water vapour partial pressure (cf. Figure 77). Despite the increase in temperature,
however, which strongly promotes carbon oxidation (cf. Section 8.1.3), corrosion rates decrease
if relative humidity drops below around 35%. Since this value is independent of water vapour
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partial pressure, the deviation from the linear behaviour at low reactant gas humidities must be
an effect of relative water content.

Figure 77 Effect of relative humidity on the carbon corrosion rate at constant water vapour partial
pressures of 124 hPa, 200 hPa and 313 hPa. Relative humidity was varied by increasing the
temperature while keeping the rate of water injection to the gas flow constant.

The results show that both absolute and relative humidity strongly influence carbon corrosion
behaviour. While the effect of water vapour partial pressure can be explained by the reaction
mechanism, influence of relative humidity must be based on other processes. One parameter
that is strongly affected by relative humidity is the resistance of the proton conducting phase. In
order to estimate the effect of humidity on the ionomer resistance, electrochemical impedance
spectroscopy in H2/N2 mode was performed (holding potential 450 mV, temperature 80°C,
perturbation amplitude 10 mV, frequency range 100 mHz - 100 kHz). The analysis of the
obtained spectra according to the method described in [232, 233] allows the separate
determination of the membrane resistance and the ionomer resistance in the catalyst layer. As
can be seen in Figure 78, a decrease in relative humidity causes an exponential increase in both
resistance values. Thereby, the ionomer resistance of the catalyst layer is about one order of
magnitude higher compared to the membrane resistance. The resulting potential drop in the
ionomer phase of the catalyst layer in case of low relative humidities can lead to a significant
discrepancy between the voltage externally applied to the cell and the effective potential
leading to carbon corrosion. Figure 80 shows the potential distribution in the membrane and the
catalyst layers if a voltage Ua is applied to a cell operated in H2/N2 mode at different relative
humidities. Due to the high exchange current density of the hydrogen evolution reaction and the
resulting limitation of the reaction to a small region near the membrane/electrode interface, the
potential drop in the catalyst layer of the negative electrode can be neglected. The interfacial
potential difference at the positive electrode, however, strongly depends on the relative
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humidity of the reactant gas. In case of fully humidified gases, the maximum current densities of
about 15 mA/cm2 occurring during a potential sweep between 0.6 V and 1.3 V result in a
potential drop lower than 2 mV. The potential difference between ionomer phase and positive
electrode ΔФ+, which acts as driving force for carbon corrosion, can therefore be assumed to be
equal to the applied potential Ua. Yet, if the relative humidity is decreased, the exponential
increase of the resistance results in a considerable potential drop in the ionomer. Since the
catalyst layer resistance is approximately one order of magnitude higher compared to
membrane resistance, the reduction of the interfacial potential difference at the positive
electrode is thereby mainly controlled by the potential drop in the catalyst layer.

Figure 78 Effect of relative humidity on the ionomer
resistance in the membrane and the catalyst layer
determined by electrochemical impedance spectroscopy in H2/N2 mode at a temperature of 80°C.

Figure 79 Effective
maximum
interfacial
potential difference developing at the positive
electrode during potential sweeps with an
upper limit of 1.3 V. The potential values were
calculated based on a maximum current
2
density of 15 mA/cm .

The effect of relative humidity on the effective maximum interfacial potential difference ΔФ+
developing at the positive electrode during potential sweeps with an upper limit of 1.3 V is
displayed in Figure 79. All potentials were calculated based on the resistance values from Figure
78 and a current density of 15 mA/cm2. For relative humidities of 50% or higher, the potential
drop in the catalyst layer is comparatively small. In case of lower reactant gas humiditifications,
however, the strongly reduced ionomer conductivity leads to a significant reduction of the
effective potential. At a relative humidity of 30%, for instance, the catalyst layer resistance of
more than 5 Ωcm2 leads to a theoretical potential drop of more than 80 mV. Due to the
triangular shape of the applied potential sweep and the inhomogeneous current density
distribution within the catalyst layer, the effective potential reduction is expected to be slightly
lower. However, taking into account the exponential increase in corrosion rate with increasing
potential (cf. Section 8.1.1), the potential drop in the catalyst layer is assumed to be high
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enough to cause the observed strong decrease in carbon corrosion rate at low relative humidity
conditions.

Figure 80 Potential distribution in the membrane and the catalyst layers for a potential Ua applied to a
cell operated in H2/N2 mode. In case of high relative humidity (left), the potential drop in the ionomer
phase is small. Under low relative humidity conditions (right), the substantially increased ionomer
resistance leads to a strong decrease in the potential difference + between electrode and ionomer
phase.

The effect of the reduced interfacial potential difference in case of low humidity operation can
also be observed in potential cycling experiments. Analogous to the measurements carried out
with single potential sweeps, the influence of water content on the carbon corrosion rate is
comparatively small in the humidity range between 40% R.H. and 100% R.H (cf. Figure 82). The
ratios between the corrosion rates, however, are not constant over the course of the
experiment. During the first 100 cycles, the carbon corrosion rates show a strong dependence
on the humidification of the reactant gases. Yet, with increasing number of applied potential
cycles, the differences between the measurements carried out at 100% R.H., 70% R.H. and
40% R.H. become less pronounced until the corrosion rates are almost equal after 300 cycles.
One effect that might explain this corrosion behaviour is the gradual degradation of the catalyst
layer. High reactant gas humidities accelerate both the decrease in ECA as well as the loss of
available carbon surface area. Since both parameters influence the amount of evolved CO2, the
decrease in carbon corrosion rate is more pronounced under high humidity conditions. Another
effect that might lead to the observed corrosion behaviour is the differing coverage of the
carbon surface with oxide species. According to Equation 41, an increase in water vapour partial
pressure is expected to have a promoting effect on the formation of carbon oxide species. In
case of fully humidified gases, saturation oxide coverage might thus be obtained after a
comparatively low number of potential cycles while the oxidation of the carbon surface
continues over the whole course of the experiment if the humidity is reduced. As a
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consequence, the contribution of non-catalysed carbon corrosion, which depends on the carbon
oxide coverage [149], might gradually increase with the number of potential cycles in case of
low reactant gas humidities. This effect would result in a less pronounced decrease in corrosion
intensity during the cycling experiment, thus leading to the observed convergence of the carbon
corrosion rates.

Figure 81 The effect of reactant gas humidity on
the loss of active platinum surface area during
potential cycling between 0.6 V and 1.3 V (scan
rate 30 mV/s, temperature 80°C, ambient
pressure).

Figure 82 Effect of reactant gas humidity on the
carbon corrosion rate during potential cycling
between 0.6 V and 1.3 V (scan rate 30 mV/s,
temperature 80°C, ambient pressure). Irregularities
at cycles 100 and 200 originate from fuel cell
characterisation.

In contrast to the comparatively small influence of water content in case of humidity values
between 40% R.H. and 100% R.H., the corrosion rates substantially decrease if the
humidification is reduced from 40% R.H. to 20% R.H. This effect, which is in good agreement
with the corrosion rates determined in response to single potential sweeps (cf. Figure 76), can
be ascribed to the dramatic potential drop in the ionomer phase of the catalyst layer. According
to the estimates presented in Figure 79, a reduction of relative humidity from 100% to 40%
increases the potential drop in the ionomer phase by about 50 mV. Due to the exponential
increase of ionomer resistivity, however, a further decrease from 40% R.H. to 20% R.H. leads to
an additional potential drop of more than 100 mV. The resulting reduction of the interfacial
potential difference at the positive electrode has a substantial effect on the carbon loss rate. As
can be seen in Table 5, the difference in accumulated carbon loss between measurements
carried out at 20% R.H. and 40% R.H is significantly higher than between 40% R.H. and
100% R.H.
In contrast to the behaviour observed in case of carbon corrosion rates, the loss of active
platinum surface area is not dramatically increased if the reactant gas humidity is decreased

- 145 -

8 - The effect of operating conditions on start/stop induced fuel cell degradation

from 40% R.H. to 20% R.H. (cf. Figure 81). As in case of measurements carried out with different
lower potential limits (cf. Section 8.1.1), the discrepancy between carbon corrosion behaviour
and platinum loss behaviour indicates that the contribution of corrosion induced platinum
particle agglomeration is largely negligible. Under the given operating conditions, platinum loss
is therefore mainly controlled by platinum dissolution and corrosion-independent agglomeration
effects. As described in Section 3.2.1, the dissolution of platinum mainly takes place during the
reduction of platinum oxide which was previously formed at potentials exceeding approximately
0.8 V. The rate of platinum loss thereby strongly depends on the thickness of the oxide layer and
the equilibrium concentration of dissolved platinum ions. Since both oxide thickness and
equilibrium concentration are influenced by the potential [128, 234], the decreased interfacial
potential difference at 20% R.H. results in a platinum loss rate which is slightly lower than
expected from the behaviour observed in the humidity range above 40% R.H. This comparatively
small influence of the potential drop and the fact that the humidification of the reactant gases
strongly affects ECA loss also under humidity conditions which do not result in a significant
decrease of the interfacial potential difference indicates that the observed platinum loss
behaviour must be based on a direct effect of relative humidity.

Table 5 Accumulated carbon loss after 300 potential cycles between 0.6 V and 1.3 V under different
humidity conditions (scan rate 30 mV/s, temperature 80°C, ambient pressure).
Relative reactant gas humidity

Accumulated carbon loss

100% R.H.
70% R.H.
40% R.H.
20% R.H.

568 g
499 g
407 g
155 g

In general, the influence of reactant gas humidity on the loss of electrochemically active
platinum surface area can be based on several processes. First, the thickness of the platinum
oxide layer formed during the anodic potential sweep strongly depends on the relative humidity
[235]. Due to the small influence of the potential, however, which is known to also significantly
affect platinum oxide formation, the variations in oxide layer thickness are assumed not to be
the dominating process. Second, increasing humidity enhances the transport of platinum ions
[140, 236] and the mobility of weakly bound platinum particles [136, 157], thus promoting
Ostwald ripening and particle agglomeration. Third, the increasing presence of liquid water
facilitates the removal of dissolved platinum ions from the catalyst layer. The resulting decrease
in platinum equilibrium concentration might additionally accelerate platinum dissolution.
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8.1.3 The effect of temperature
The combined influence of absolute and relative humidity makes the quantification of
temperature effects difficult. Since a change in temperature is always accompanied by a change
in either relative humidity or water vapour partial pressure, an accurate determination of the
temperature dependence would require a correction of the measured carbon corrosion rates.
As shown in Section 8.1.2, the potential drop in the catalyst layer can be neglected if the
reactant gases are fully humidified. An increase in water vapour partial pressure as consequence
of an increasing temperature can thus assumed to result in a linear increase of the carbon
corrosion rate. The determination of the corresponding slope would, in principle, allow the
correction of the carbon corrosion rates obtained for different temperatures. Since the
correlation between water vapour partial pressure and corrosion rate is not independent of the
temperature (cf. Figure 75), however, a precise correction is not possible. Therefore, all figures
presented in this section show the uncorrected values.
As can be seen in Figure 83, carbon corrosion rates generally show a strong increase with
increasing temperature. A variation of the temperature in the typical fuel cell operating range
between 60°C and 90°C causes a change in corrosion rate by more than a factor of five. Thus,
compared to reactant gas humidity, which leads to a change in carbon corrosion rate by a factor
of less than two in the range between 40% R.H. and 100% R.H., the effect of temperature is
much more pronounced.

Figure 83 Carbon corrosion rates as a function of
the temperature. Corrosion rates were determined
in response to single potential sweeps between
0.6 V and 1.3 V (30 mV/s) applied to a cell operated
with fully humidified gases at ambient pressure.

Figure 84 Arrhenius plot showing carbon
corrosion rates determined in response to single
potential sweeps with upper limits of 1.2 V and
1.3 V (30 mV/s). The lower potential limit was
0.6 V in all cases.

Despite the combined influence of temperature and reactant gas humidity, several groups found
an Arrhenius dependence between temperature and carbon corrosion rate [143, 147, 193, 194,
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205]. The corresponding plot for measurements carried out with upper potential limits of 1.2 V
and 1.3 V is shown in Figure 84. In both cases, an Arrhenius dependence can only be observed
for temperatures exceeding 70°C. At lower temperatures, carbon corrosion rates are
considerably higher than the theoretically expected values. This deviation from the Arrhenius
behaviour might be attributed to the additional contribution of secondary sources of CO2.
Similar to the deviations discussed in Section 7.2.1, the contribution of CO2 evolving in the
potential range below 1 V becomes more important if the carbon corrosion rates are
comparatively low. The influence of secondary CO2 as reason for the observed deviations is
supported by the fact that the deviations are much more pronounced for the measurement
carried out with an upper potential limit of 1.2 V. In this case, the main CO2 concentration peak
is considerably smaller compared to the secondary peaks which were found to be less
influenced by the upper potential limit.

Figure 85 The effect of temperature on the loss
of active platinum surface area during potential
cycling between 0.6 V and 1.3 V (scan rate
30 mV/s, 70% R.H., ambient pressure).

Figure 86 Effect of temperature on the carbon
corrosion rate during potential cycling between
0.6 V and 1.3 V (scan rate 30 mV/s, 70% R.H.,
ambient pressure). Irregularities at cycles 100 and
200 originate from fuel cell characterisation.

The activation energies of 61.8 kJ/mol and 56.5 kJ/mol derived from the Arrhenius plots are in
good agreement with the values reported in literature [143, 205]. If the carbon corrosion rates
are corrected by the effect of water vapour partial pressure, however, the activation energy for
the measurement carried out with an upper potential limit of 1.3 V increases to 88.7 kJ/mol. The
correction was performed by subtracting the slope obtained in the experiment with different
humidities at 80°C from the measured corrosion rates, assuming no additional effect of water
vapour partial pressure at pH2O = 0 bar. Although the influence of temperature on the correlation
between water vapour partial pressure and carbon corrosion rate prevents a precise correction
of the measurement, the calculation indicates that the intrinsic activation energy is significantly
higher than the values determined based on the uncorrected Arrhenius plots. Taking into
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account that the slopes of the curves determined in measurements with varied humidities
decrease with decreasing temperature, the activation energy of 88.7 kJ/mol, which was
calculated after correcting the corrosion rates by the slope obtained for a temperature of 80°C,
might be slightly too high. Over the entire temperature range, the intrinsic activation energy can
thus be expected to lie between approximately 60 and 90 kJ/mol.
The loss of electrochemically active platinum surface area and the corrosion rates determined
during potential cycling experiments at different temperatures are shown in Figures 85 and 86.
As in case of humidity and potential limit variation (cf. Sections 8.1.1 and 8.1.2), platinum loss
behaviour does not correlate with the rate of CO2 evolution. This further indicates that corrosion
induced processes do not significantly contribute to the decrease of electrochemically active
catalyst surface area. Under all investigated conditions, platinum loss is obviously dominated by
the dissolution mechanism.

Table 6 Accumulated carbon loss after 300 potential cycles between 0.6 V and 1.3 V at different
temperatures (scan rate 30 mV/s, 70% R.H., ambient pressure).
Temperature

Accumulated carbon loss

40°C
60°C
80°C

94 g
353 g
499 g

Generally, the effect of temperature on ECA loss is less pronounced than in case of humidity
variation. For measurements carried out at 40°C and 80°C, the electrochemically active platinum
surface area decreases to 72% and 55% of the initial value after 300 potential cycles. An increase
in reactant gas humidity from 20% R.H. to 100% R.H., however, results in a decrease in
remaining platinum surface area from 85% to 40%. Since the corresponding relative difference
in water vapour partial pressure is larger in case of the temperature variation experiment, it can
be concluded that platinum dissolution behaviour is not markedly influenced by the absolute
water content of the reactant gas. The strong influence of relative water content even in the low
humidity range furthermore indicates that the presence of liquid water does not play a decisive
role with respect to platinum loss. Hence, platinum dissolution behaviour is strongly influenced
by the relative humidity of the reactant gases while the effect of water vapour partial pressure is
largely negligible. Since also the water content in the ionomer phase is dominated by relative
humidity, the observed behaviour suggests that the effect of humidity on the loss of
electrochemically active platinum surface area can be mainly ascribed to an improved platinum
ion transport in the membrane and the catalyst layer.
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The accumulated carbon loss after 300 potential cycles at different temperatures is summarised
in Table 6. According to the strong effect of temperature on the carbon corrosion rate, an
increase from 40°C to 80°C results in an increase in total carbon loss by more than a factor of
five. The difference between measurements carried out at 60°C and 80°C, however, is less
pronounced than expected from the correlation obtained in single sweep measurements (cf.
Figure 83). This behaviour might be attributed to the strong increase in catalyst degradation rate
with increasing temperature. At 40°C, the carbon corrosion rate only slightly changes during the
300 potential cycles. At higher temperatures, however, the strong degradation of the catalyst
layer leads to a significant decrease in CO2 evolution over the course of the cycling experiment
(cf. Figure 86). Due to the resulting gradual convergence of the carbon corrosion rates, the
difference in accumulated carbon loss between measurements carried out at different
temperatures decreases with increasing number of potential cycles.
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8.2 Degradation under start/stop conditions
Owing to the good control of the operating conditions, the application of potential sweeps to
cells operated in H2/N2 mode enables the selective investigation of the effect of different
parameters on degradation processes occurring at elevated potentials. Catalyst layer
degradation caused by real start/stop processes, however, can significantly differ from the
behaviour observed in potential sweep experiments. In contrast to measurements under
controlled potential conditions, fuel cell start-up and shut-down by purging of the anode
compartment leads to a complex interaction of different processes. On the one hand, the
potential developing at the positive electrode strongly depends on both the operating
conditions and the degradation state of the fuel cell. A change in one specific parameter thus
always additionally influences the driving force for carbon corrosion. On the other hand,
additional phenomena related to the propagation of the hydrogen/air front through the anode
compartment can affect start/stop induced fuel cell degradation behaviour.
To assess the influence of operating parameters on start/stop induced degradation under real
fuel cell conditions, CO2 evolution induced by single start-up and shut-down transients as well as
the degradation behaviour during start/stop cycling was investigated by purging the anode
compartment with hydrogen and air, respectively. Based on the results obtained in
measurements carried out under controlled potential conditions, these experiments allow the
analysis of the complex processes taking place during real fuel cell start-up and shut-down.

8.2.1 Investigations on single start-up and shut-down transients
Effect of reactant gas humidity
The effect of relative reactant gas humidity on the carbon corrosion rates determined for single
start-up and shut-down processes is shown in Figure 87b. Due to the operation with pure
hydrogen and air, fuel cell shut-down generally leads to significantly higher CO2 evolution rates
(cf. Section 7.3). As in case of measurements carried out under controlled potential conditions,
the corrosion rates increase linearly with increasing relative humidity. If fuel cell start-up and
shut-down in performed by purging of the anode compartment, however, the amount of
evolved CO2 is not only determined by the direct influence of water vapour partial pressure on
the carbon corrosion reaction. Besides this intrinsic effect of humidity, the water content of the
reactant gases can also significantly affect the potential developing at the positive electrode.
Since the magnitude of the detrimental potential is determined by the voltage generated in the
normal operation section of the fuel cell, the average cell voltage during on state can be used as
a relative measure for the driving force leading to carbon corrosion. As a consequence of the
strong influence of relative humidity on the ionomer resistance, the cell voltage decreases with
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decreasing humidification of the reactant gases (cf. Figure 87a). In case of high water contents,
this effect is relatively small. A reduction of relative humidity from 100% to 60% results in a
decrease in cell voltage of only about 15 mV. Yet, analogous to the behaviour observed under
controlled potential conditions (cf. Figure 79), the exponential correlation between relative
humidity and ionomer resistance causes a substantial increase of the voltage drop at low
humidities.

Figure 87 (a) Influence of relative humidity on the average cell voltage during on state (H2/air mode,
2
Rext = 3 Ωcm , Temperature 80°C). (b) Corrosion rates determined in response to single start-up and
shut-down transients as a function of the relative reactant gas humidity.

In principle, due to the higher current densities compared to experiments in H2/N2 mode, this
effect is even more pronounced if fuel cell start-up and shut-down is performed by anode
purging with an applied external load. The electrochemical generation of water, however, leads
to an additional humidification of the membrane and the ionomer in the catalyst layer during on
state. Especially at low relative humidities, the voltage drop can therefore assumed to be less
severe than in case of measurements carried out in H2/N2 mode. As can be seen in Figure 87, the
decrease in cell voltage between 60% R.H. and 40% R.H. does not markedly affect the linear
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correlation between carbon corrosion rate and reactant gas humidity. The voltage drop of about
30 mV in the H2/air section is obviously not high enough to sufficiently reduce the potential
acting as driving force for carbon corrosion at the positive electrode of the air/air section. This
shows that the voltage drop at low reactant gas humidities is only of relevance for experiments
carried out in H2/N2 mode. In case of real start-up and shut-down processes, the carbon
corrosion rate can not be significantly decreased by operating the cell under low relative
humidity conditions.
The linear correlation between reactant gas humidity and carbon corrosion rate can only be
observed for relative humidities up to 90%. If the gases are fully humidified, the carbon
corrosion behaviour substantially changes. Corrosion rates determined for start-up processes
strongly increase while fuel cell shut-down becomes less detrimental. Simultaneously, the
amount of CO2 evolving during consecutive start/stop transients becomes highly irregular,
indicating an inhomogeneous propagation of the hydrogen/air front as result of local electrode
flooding. During fuel cell start-up, liquid water might block certain areas of the negative
electrode, thus temporarily leading to a process similar to local fuel starvation [151, 206, 237,
238]. The mechanisms leading to the decrease in carbon corrosion rates during fuel cell shutdown, however, are largely unclear. In case of severe electrode flooding, the lower CO2
evolution rates might possibly be attributed to a smaller area of the air/air regions during the
purging process. Moreover, a change in carbon surface oxide composition caused by the
increased corrosion rate during start-up might contribute to the decrease in CO2 evolution.
Despite the strong deviations from the linear behaviour, the overall amount of evolved CO2 does
not significantly change in case of fully humidified gases. The total carbon corrosion rate
calculated by addition of the values determined for start-up and shut-down processes shows a
linear correlation over the entire humidity range.

Effect of temperature
As in case of measurements carried out at different reactant gas humidities, the average cell
voltage during on state is significantly influenced by the temperature (cf. Figure 88a). The
voltage increase in the temperature range between 40°C and 70°C might originate from an
increase in membrane conductivity and improved kinetics. The contribution of thermodynamic
effects, which can be estimated via the Nernst Equation (cf. Equation 6), is negligible. If the
temperature is further increased, the average cell voltage slightly decreases from approximately
722 mV at 70°C to 714 mV at 90°C. This decrease might stem from the more effective removal of
product water from the cell. Since the gases are humidified at 70% R.H., the tendency for the
uptake of an absolute amount of water increases with increasing temperature. As a
consequence, the effective hydration of the ionomer in the membrane and the catalyst layer
might decrease, thus leading to an increase in the ohmic potential drop.
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The effect of temperature on the carbon corrosion rates determined in response to single startup and shut-down transients is shown in Figure 88b. For temperatures up to 70°C, the corrosion
behaviour roughly follows the exponential-like correlation obtained in potential sweep
experiments (cf. Figure 83). Yet, despite the increase in average cell voltage, the effect of
temperature is less pronounced than in case of measurements carried out under controlled
potential conditions. Consequently, the apparent activation energies of 31.1 kJ/mol (shut-down)
and 33.5 kJ/mol (start-up) are considerably lower compared to the value of about 60 kJ/mol
determined in H2/N2 mode. If the temperature is increased above 70°C, the corrosion behaviour
substantially differs from the expected Arrhenius correlation. For both start-up and shut-down
processes, the influence of temperature on the CO2 evolution rate becomes much less
pronounced. In case of fuel cell shut-down, the corrosion rate even decreases upon an increase
in temperature from 80°C to 90°C.

Figure 88 (a) Influence of temperature on the average cell voltage during on state (H2/air mode,
2
Rext = 3 Ωcm , 70% R.H.). (b) Corrosion rates determined in response to single start-up and shut-down
transients as a function of temperature.
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Due to the high complexity of the processes occurring during the propagation of the
hydrogen/air front, the identification of specific processes leading to the strong difference in
corrosion behaviour between real start/stop transients and measurements carried out under
controlled potential conditions is difficult. Since potential sweep measurements indicate that
the general corrosion mechanism does not change in the investigated temperature range, the
decrease in CO2 evolution rate is likely to be based on processes affecting the potential
conditions at the positive electrode during fuel cell start-up and shut-down. As shown in
Figure 88a, the average driving voltage generated by the normal operation section of the fuel
cell becomes slightly lower if the temperature exceeds 70°C. The decrease by only 8 mV,
however, is too low to explain the strong decrease in carbon corrosion rates. Also processes
related to water management are unlikely to be responsible for the substantial change in
corrosion behaviour. As discussed above, the water content in the cell is expected to be not
significantly affected by the temperature. Thus, changes in ionomer conductivity, which lead to
the strong decrease in CO2 evolution under low relative humidity conditions (cf. Section 8.1.2)
can be excluded as reason for the observed deviations. This is additionally confirmed by the
difference in corrosion behaviour between fuel cell start-up and shut-down. Although the
ionomer phase is hydrated by product water during on state, the deviations from the Arrhenius
behaviour are more pronounced in case of shut-down processes.
Besides the possible dehydration of the ionomer, also flooding effects are unlikely to influence
corrosion behaviour at high temperatures. Measurements carried out with different relative
reactant gas humidities show that carbon corrosion is not affected by excess water in case of
humidity values up to 90% R.H. (cf. Figure 87). Since temperature variation experiments were
performed at a relative humidity of 70%, the amount of liquid water can therefore assumed to
be sufficiently low to avoid flooding of the electrode. As another effect, the influence of
temperature on the kinetics of the electrochemical reactions occurring in the different sections
of the fuel cell during start-up and shut-down might affect the potential leading to carbon
corrosion at the positive electrode. Assuming that the ionomer resistance is not significantly
affected by the temperature, the increase in cell voltage suggests slightly improved oxygen
reduction kinetics at higher temperatures. The resulting decrease in ORR overpotential at the
negative electrode in the air/air section, however, would increase the potential causing
corrosion at the positive electrode. In contrast, improved oxygen evolution kinetics or a change
in platinum oxidation behaviour could explain the observed decrease in CO2 evolution rates. Due
to the relatively small effect of temperature on the oxygen reduction reaction, however,
possible changes in oxygen evolution kinetics can assumed not to be the main reason for the
strong deviations observed at temperatures exceeding 70°C.
Besides these parameters determining the magnitude of the elevated potential developing
during start-up and shut-down, the duration of the gas exchange at the anode is strongly
influenced by two temperature-dependent processes. First, the flow rate of the reactant gases is
regulated based on a temperature of 273 K. The subsequent heating of the gases to the
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respective cell temperature leads to a volume expansion which increases the effective gas flow
rate. As a consequence, the duration of the gas replacement process decreases with increasing
temperature. Second, the effective gas flow rate is further influenced by the addition of water
vapour to the gas stream. Due to the exponential correlation between temperature and water
vapour partial pressure, the increase in overall volume flow rate is thereby most pronounced at
high temperatures. In total, volume expansion and the addition of water vapour leads to an
approximate doubling of the effective gas flow rate in the investigated temperature range
between 40°C and 90°C. Considering the findings discussed in Section 7.3, the resulting strong
decrease in the duration of the gas replacement process can explain the substantial change in
carbon corrosion behaviour at temperatures exceeding 70°C.

Effect of the external load
The application of an external load during start-up and shut-down processes decreases the
voltage generated by the normal operation section of the fuel cell. Since this voltage determines
the potential developing at the positive electrode in the air/air section, the driving force for
carbon corrosion can thus be significantly reduced.
As shown in Figure 89a, the cell voltage measured during ordinary fuel cell operation strongly
increases with increasing external resistance. The effect of the applied load is thereby most
pronounced in case of low resistance values. An increase of the resistance from 0.5 Ωcm2 to
9 Ωcm2 causes a change in cell voltage from 480 mV to 750 mV. A further increase of the applied
resistance to 10,000 mΩcm2 leads to further increase of the voltage by only about 150 mV. The
corresponding carbon corrosion rates are shown in Figure 89b. For both start-up and shut-down
processes, three distinct regions can be distinguished. For resistance values smaller than about
6 mΩcm2, the carbon corrosion rates are largely independent of the applied load. In the
following range between approximately 6 Ωcm2 and 100 Ωcm2, an increase of the applied
resistance leads to a strong increase in carbon corrosion rates. For values exceeding 100 Ωcm2,
the influence of the applied resistance decreases again.
Especially in case of low resistance values, the observed corrosion behaviour is contrary to the
correlation expected from measurements carried out in H2/N2 mode with different upper
potential limits. Despite the substantial change in cell voltage for resistance values smaller than
approximately 6 Ωcm2, the applied load does not significantly affect the amount of released
carbon dioxide. Since the corresponding corrosion rates of less than 0.5 gC/transient are
similar to values determined under potential conditions occurring during ordinary fuel cell
operation (cf. Figure 56), this discrepancy might be attributed to a strong contribution of CO2
evolving in the potential range below 1 V. As a consequence of the comparatively low voltage
generated in the normal operation section of the fuel cell, the potential developing at the
positive electrode during start-up and shut-down processes might only slightly increase above
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the oxygen equilibrium potential. In this potential range, the corrosion of carbon primarily takes
place via the reaction of carbon surface oxides with OH-like species formed on the platinum
surface while increasing the potential above approximately 800 mV or decreasing the potential
below about 1 V (cf. Section 7.2). Consequently, the corresponding carbon corrosion rates
strongly depend on the amount of available Pt-OH surface groups. The mechanisms leading to
the formation of OH species, however, are different for start-up and shut-down processes. In
case of fuel cell shut-down, the potential at the positive electrode increases from the value
determined by the cell voltage in H2/air mode to a value slightly exceeding the oxygen
equilibrium potential, thus leading to the formation of OH-species according to Equation 47.

Figure 89 (a) Influence of the external resistance on the average cell voltage during on state (H2/air
mode, Temperature 80°C, 70% R.H.). (b) Corrosion rates determined for single start-up and shut-down
transients as a function of the external resistance.

During the subsequent off state, the potential equals the oxygen equilibrium potential under the
given conditions. Analogous to the shut-down process, a restart of the fuel cell initially causes a
slight increase of the potential at the positive electrode. After the complete exchange of the
anode gas, the potential again drops to the value determined by the H2/air cell voltage. During
this potential drop, OH species are formed as reaction product of the reduction of the previously
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formed platinum oxide layer (cf. Figure 21). The majority of carbon dioxide formation during
both start-up and shut-down processes can thus be assumed to take place via the reaction of
carbon surface oxides with Pt-OH species formed by different mechanisms in the potential range
between 0.6 V and 1.0 V. Consequently, as long as corrosion at elevated potentials does not
significantly contribute to total CO2 evolution, the carbon corrosion rate is largely independent
of the applied load. With increasing resistance, however, the potential developing at the
positive electrode strongly increases. Accordingly, carbon oxidation at potentials exceeding 1 V
becomes the dominating mechanism for CO2 evolution during both start-up and shut-down
processes. Hence, as a result of the exponential correlation between electrode potential and
CO2 evolution rate (cf. Figure 68), the carbon corrosion rates strongly increase with increasing
resistance. Moreover, the change in carbon oxidation behaviour leads to an increase of the ratio
between corrosion rates determined for shut-down and start-up transients from approximately
two to more than four. In case of carbon corrosion in the potential range below 1 V, the rate of
CO2 evolution is strongly influenced by the formation of OH species on the platinum surface.
Thus, since the total amount of OH groups is mainly controlled by the available platinum surface
area, the carbon corrosion behaviour is not significantly influenced by the gas exchange process
taking place in the anode compartment. As a consequence, the ratio between carbon corrosion
rates obtained for start-up and shut-down processes is primarily determined by the change in
potential at the positive electrode and the resulting platinum oxidation/reduction behaviour. If
carbon oxidation at potentials exceeding 1 V becomes dominant, however, the replacement of
the anode gas strongly affects the amount of CO2 evolved during start-up and shut-down
transients (cf. Section 7.3). The maximum ratio of approximately four, which is obtained for
resistance values exceeding 100 Ωcm2, is in good agreement with the ratios determined in
experiments with varied gas flow rates and reactant gas compositions under similar conditions
(cf. Figure 62).
In the resistance range above approximately 100 Ωcm2, the effect of the applied load on the
carbon corrosion rate becomes less pronounced. This considerable change in corrosion
behaviour might be based on two phenomena. First, a change in resistance by almost two
orders of magnitude increases the cell voltage by only about 65 mV. Hence, the influence of the
applied load on the detrimental potential developing at the positive electrode is comparatively
small. Second, the cell voltage of more than 800 mV indicates that the fuel cell operates in the
kinetically controlled regime (cf. Figure 13). A small increase in current caused by the reactions
taking place in the air/air section during the propagation of the hydrogen/air front thus leads to
a comparatively substantial decrease in the driving voltage generated by the H2/air section of
the fuel cell. The influence of the applied resistance on the effective potential developing at the
positive electrode can therefore be assumed to be even smaller than expected from the change
in cell voltage determined during ordinary fuel cell operation.
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8.2.2 Start/stop cycling
To investigate the influence of temperature, reactant gas humidity and the application of an
external load on start/stop induced fuel cell degradation behaviour under application relevant
conditions, 1,800 start-up and shut-down cycles performed by alternating purging of the anode
compartment with hydrogen and air were accumulated. During the cycling experiment, the cell
was characterised in regular intervals. All measurements were carried out with commercially
available MEAs supplied by Johnson Matthey Fuel Cells.
Since the general degradation behaviour is similar under all investigated operating conditions,
the following subsection exemplarily describes the effect of start/stop cycling on the
degradation of a fuel cell operated at 80°C with fully humidified gases and an external load of
3 Ωcm2. Subsequently, the effect of temperature, reactant gas humidity and external resistance
is described quantitatively.
Start/stop induced degradation behaviour
Polarisation curves recorded at different stages during start/stop cycling are shown in Figure 90.
To assess the performance loss caused by degradation of the electrode, all cell voltages were
corrected by the potential drop in the membrane. The respective membrane resistance values
were derived from impedance spectra measured under similar operating conditions at a current
density of 0.5 A/cm2 (cf. Section 4.1.5).

Figure 90 Polarisation curves as a function of the number of start/stop cycles. The iE-curves were
recorded while operating the cell with fully humidified hydrogen and oxygen at a pressure of 3 bara and
a temperature of 80°C. All voltage values are corrected by the iR-drop in the membrane. The
corresponding resistance values were derived from impedance spectra determined under similar
2
conditions at a current density of 0.5 A/cm .
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Except for the kinetically controlled regime at low current densities, the voltage of the pristine
cell does not markedly decrease with increasing current density, thus indicating that fuel cell
performance is not significantly affected by mass transport limitations over the entire current
range up to 3.75 A/cm2. With increasing number of start/stop cycles, however, the performance
of the cell substantially decreases. Although the voltage loss is most pronounced at high current
densities, the simultaneous cell voltage decrease in all current regimes shows that start/stop
induced catalyst layer degradation is not limited to a decline in mass transport properties.

Figure 91 Cyclic voltammograms recorded at different stages during start/stop cycling (scan rate
100 mV/s).

The decrease in cell voltage at low current densities might partially be ascribed to a loss of
electrochemically active platinum surface area. The cyclic voltammograms recorded during the
experiment show that the area of the HUPD peak substantially decreases with increasing number
of start/stop cycles (cf. Figure 91). The loss in ECA is thereby most pronounced at the beginning
of the cycling experiment. With proceeding electrode degradation, the platinum loss rate
becomes significantly lower until the characteristic current peaks almost disappear after 1,800
start/stop cycles. This strong decrease in platinum loss rate can be attributed to several effects.
First, the small average platinum particle size of the pristine catalyst layer leads to a strong
tendency for Ostwald ripening and particle agglomeration. Consequently, the highest platinum
loss rates can be observed during the first 300 start/stop cycles. Second, as a consequence of
gradual electrode degradation, the voltage generated by the H2/air section of the cell decreases
over the course of the experiment. The resulting reduction of the potential developing at the
positive electrode during start-up and shut-down processes can lead to a considerable decrease
of the platinum dissolution rate. Analogous, the decrease in cell voltage also reduces the driving
force for carbon corrosion, thus lowering the tendency for corrosion induced platinum particle
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detachment. Third, the collapse of the catalyst support structure might lead to a deterioration of
platinum ion transport in the catalyst layer. Since measurements under controlled potential
conditions suggest that ion transport plays an important role with respect to ECA loss behaviour
(cf. Section 8.1), longer migration pathways and locally insufficient humidification of the
ionomer might result in a decreased platinum dissolution rate.
Although the electrochemically active platinum surface area strongly decreases with increasing
number of start/stop cycles, the voltage loss at low current densities can not be solely ascribed
to decreased kinetics. The high slopes of the iE-curves in Figure 90 indicate that the cell voltage
is additionally influenced by other processes even in the current regime below 0.5 A/cm2. Based
on 3-dimensional microscopic investigations on structural changes in the catalyst layer, possible
mechanisms leading to the observed performance loss behaviour are discussed in Section 9.

Figure 92 Typical CO2 concentration peaks in the exhaust gas of the positive electrode at different
stages during start/stop cycling. The development of a double peak results from the evolution of CO2
during fuel cell start-up (first peak) and shut-down (second peak), respectively. The inset shows the
2
voltage loss at a current density of 1 A/cm as a function of the number of start/stop cycles. All voltage
values were derived from polarisation curves measured using fully humidified hydrogen and oxygen at
a temperature of 80°C and a pressure of 3 bara.

To obtain quantitative information about the corrosion of the catalyst support, the CO2
concentration in the exhaust gas of the positive electrode was continuously monitored during
start/stop cycling. Typical CO2 concentration peaks recorded at different degradation states are
shown in Figure 92. Generally, the carbon corrosion rates strongly decrease with increasing
number of start/stop cycles. Similar to the platinum loss rate, the decrease in CO2 evolution is
thereby most pronounced in case of non-degraded cells. The maximum CO2 concentration
measured during fuel cell shut-down decreases from 26 ppm for the pristine fuel cell to
approximately 5 ppm after 300 start/stop cycles. During the following 1,500 cycles, the
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maximum concentration further decreases to 1.2 ppm. Besides this substantial decrease in CO2
concentration, the difference between start-up and shut-down processes becomes significantly
smaller as the number of start/stop cycles increases. At the end of the cycling experiment, the
CO2 concentration peaks developing in response to fuel cell start-up and shut-down can no
longer be separated.
The strong decrease in carbon corrosion rate might originate from different processes. First, the
corrosion induced changes in the porous network of carbon nanoparticles lead to a strong
decrease in available carbon surface area. Therefore, even if the oxidation rate per unit area of
carbon surface remains constant, the absolute amount of evolved CO2 per cycle decreases.
Second, the carbon corrosion rate is strongly affected by the loss of electrochemically active
platinum surface area. Since the fraction of carbon corroded via the catalysed reaction pathway
strongly depends on the amount of available platinum (cf. Section 7.2), the observed decrease in
ECA is expected to result in a considerable reduction of the CO2 evolution rate. Third,
modifications of the carbon surface might contribute to the decrease in corrosion rates.
Gallagher et al. showed that the exposure of carbon to elevated potentials influences the
surface oxide composition over tens of hours [192]. The gradual formation of passivating oxides
or the decomposition of catalytically active C-OH species might decrease the amount of CO2
evolved both via the catalysed and the non-catalysed corrosion pathway.
Although start/stop induced fuel cell performance loss is assumed to mainly originate from
carbon corrosion, the substantial decrease in CO2 evolution does not significantly affect the
voltage loss rate. As a measure of fuel cell performance, the inset of Figure 92 shows the cell
voltage at a current density of 1 A/cm2 as a function of the number of start/stop cycles.
Analogous to the CO2 evolution rate, the decrease in performance is most pronounced during
the first 300 cycles. Afterwards, the voltage loss rate remains virtually constant while the carbon
corrosion rate further decreases. The loss in cell voltage in the interval between cycles 300 and
800 is equivalent to the voltage loss determined between cycles 1,300 and 1,800. The average
carbon corrosion rate in the same intervals, however, decreases by a factor of about two.
Accordingly, in case of highly degraded cells, a low corrosion rate causes a comparatively large
decrease in fuel cell performance. This behaviour might be explained by the strong decrease in
catalyst layer porosity during start/stop cycling. With increasing degradation of the electrode,
the structural changes in the carbon nanoparticle network lead to a significant decrease in
average pore size. As a consequence, comparatively low carbon corrosion rates might be
sufficient to close the remaining pathways for the reactant gases, thus leading to a significant
decline in fuel cell performance (for details, see Section 9).
Impedance spectra recorded at different stages of the start/stop cycling experiment are shown
in Figure 93. The almost constant value of the real impedance in the high frequency region at
Im = 0 mΩcm2 shows that the resistance of the membrane does not significantly change over the
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course of the experiment. The contribution of membrane degradation to total start/stop
induced fuel cell performance loss can therefore assumed to be negligible. The chemical and
mechanical integrity of the membrane is also confirmed by permeability measurements, which
only show an insignificant increase in hydrogen permeation after 1800 start/stop cycles (data
not shown).

Figure 93 Impedance spectra (frequency range: 100 mHz - 25 KHz) measured at different stages of the
2
start/stop cycling experiment. All spectra were recorded at a current density of 0.5 A/cm while
operating the cell with fully humidified oxygen and hydrogen at a temperature of 80°C and a pressure
of 2.5 bara.

Contrary to the high frequency resistance, the charge transfer resistance Rct strongly increases
during the cycling experiment. Qualitatively, the change in Rct corresponds to the performance
loss behaviour shown in the inset of Figure 92. After a comparatively strong increase from
92 mΩcm2 to 173 mΩcm2 during the first 300 cycles, the charge transfer resistance increases
linearly with increasing number of start-up and shut-down processes. Over the whole course of
the cycling experiment, the charge transfer resistance changes by almost a factor of five,
indicating a substantial degradation of the fuel cell cathode.

Effect of operating conditions
The influence of temperature, relative reactant gas humidity and external resistance on
start/stop induced ECA and fuel cell performance loss is shown in Figures 94 - 96. Besides the
voltage values derived from iR-corrected polarisation curves, the figures additionally show the
performance loss which can be attributed to the decrease in electrochemically active platinum

- 163 -

8 - The effect of operating conditions on start/stop induced fuel cell degradation

surface are. These theoretical voltage loss values UECA were calculated according to
Equation 59, assuming a Tafel slope of 70 mV/decade [218].

 ECAinitial 
∆U ECA = b ⋅ log

 ECA 

(59)

The comparison of calculated and measured voltage loss rates shows that the decrease in ECA
only plays a minor role for overall fuel cell performance loss under most investigated operating
conditions (cf. Table 7). The main contribution to start/stop induced voltage loss can therefore
assumed to originate from processes related to structural changes in the catalyst layer.
Furthermore, except for the measurement with varied resistance values, platinum loss
behaviour is largely independent of the operating conditions, consequently leading to a constant
contribution of ECA loss to the decrease in cell voltage. The effect of temperature and reactant
gas humidity on overall fuel cell performance loss must therefore primarily be based on
corrosion induced degradation processes.

2

Table 7 Measured and calculated voltage loss rates determined for a current density of 1 A/cm under
different fuel cell operating conditions. Calculated values are based on the decrease in
electrochemically active platinum surface area.
External
resistance

Relative
Humidity

Temperature

Measured voltage loss
rate [V/cycle]

Calculated voltage loss
rate [V/cycle]

1 Ωcm
2
3 Ωcm

2

70% R.H.
70% R.H.

80°C
80°C

34
128

17
30

9 Ωcm

2

70% R.H.

80°C

207

38

3 Ωcm

2

20% R.H.

80°C

52

21

3 Ωcm

2

40% R.H.

80°C

76

27

3 Ωcm

2

100% R.H.

80°C

164

32

2

100% R.H.
100% R.H.

60°C
40°C

89
61

30
27

3 Ωcm
2
3 Ωcm

The most pronounced effect on both platinum and performance loss behaviour was found in
experiments carried out with varied external loads (cf. Figure 94). Generally, fuel cell
degradation strongly increases with increasing resistance, showing that the potential developing
at the positive electrode has a substantial effect on start/stop induced degradation processes. If
an external resistance of 1 Ωcm2 is applied during the cycling experiment, the electrochemically
active platinum surface area decreases to approximately 35% of the initial value after 1,800
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start-up and shut-down processes. The corresponding voltage loss of 31 mV accounts for about
50% of the total decrease in cell voltage. If the applied resistance is increased to 3 Ωcm2 the
contribution of ECA to total fuel cell performance loss becomes significantly smaller. The
remaining platinum surface area of about 17% corresponds to a calculated voltage loss of 54 mV
while the measured cell voltage decreases by more than 230 mV. A further increase of the
external resistance to 9 Ωcm2 does not cause a substantial further increase in ECA loss rate. This
decreased influence of the applied load might be ascribed to the strong increase in average
platinum particle size. With increasing particle diameter, the effect of Ostwald ripening on the
platinum surface area strongly decreases. Moreover, the tendency for particle agglomeration is
assumed to be substantially lower in case of degraded electrodes. Thus, even if the platinum
dissolution rate strongly increases with increasing resistance, the remaining electrochemically
active surface area is not significantly affected. In contrast to platinum loss behaviour, however,
the resistance substantially influences the decrease in fuel cell performance. Compared to the
measurement carried out with an external load of 1 Ωcm2, the voltage loss rate increases by
more than a factor of six.
The influence of temperature on start/stop induced fuel cell degradation behaviour is shown in
Figure 95. Compared to measurements under controlled potential conditions (cf. Section 8.1.3),
the effect of temperature on the decrease in electrochemically active platinum surface area is
much less pronounced if the fuel cell is exposed to real start/stop transients performed by
alternating purging of the anode compartment with hydrogen and air. This difference in
platinum loss behaviour between measurements performed in H2/N2 mode and real start/stop
cycling experiments carried can be explained by the strong influence of the degradation state on
the potential developing at the positive electrode during real start-up and shut-down processes.
Generally, start/stop induced catalyst layer degradation causes a gradual decrease of the driving
voltage generated by the normal operation section of the fuel cell. Thereby, as a consequence of
the strong correlation between temperature and performance loss rate (cf. Figure 95b), the
decrease in cell voltage is much more pronounced in case of high temperatures. Accordingly, the
average potential promoting platinum dissolution at the fuel cell cathode decreases with
increasing temperature, thus leading to comparatively small differences between the
measurements carried out at 40°C, 60°C and 80°C.
Besides the effect on platinum loss behaviour, the correlation between temperature-dependent
fuel cell degradation and the potential developing at the positive electrode also influences the
carbon oxidation reaction. Despite this additional effect, however, the performance loss rates
shown in Figure 95b are in good qualitative agreement with the Arrhenius-dependence between
temperature and carbon corrosion rates obtained in measurements under controlled potential
conditions (cf. Figures 83 and 84). This further suggests carbon corrosion induced structural
changes in the catalyst layer as main origin of start/stop induced fuel cell performance loss.
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Figure 94 Effect of the external resistance on the loss of active platinum surface area (a) and the cell
2
voltage at a current density of 1 A/cm (b) as a function of the number of applied start/stop cycles (80°C,
70% R.H.). Dotted lines represent voltage loss values calculated based on the decrease in ECA.

Figure 95 Effect of the temperature on the loss of active platinum surface area (a) and the cell voltage at
2
a current density of 1 A/cm (b) as a function of the number of applied start/stop cycles (100% R.H.,
2
3 Ωcm ). Dotted lines represent voltage loss values calculated based on the decrease in ECA.

Figure 96 Effect of relative reactant gas humidity on the loss of active platinum surface area (a) and the
2
cell voltage at a current density of 1 A/cm (b) as a function of the number of applied start/stop cycles
2
(80°C, 3 Ωcm ). Dotted lines represent voltage loss values calculated based on the decrease in ECA.
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The influence of relative reactant gas humidity on the decrease in electrochemically active
platinum surface area is shown in Figure 96a. Similar to the behaviour observed in temperature
variation experiments, the effect of relative humidity is much less pronounced than in case of
measurements carried out under controlled potential conditions. The remaining platinum
surface area after 1,800 start/stop cycles is almost identical for measurements carried out at
40% R.H, 70% R.H. and 100% R.H. Only in case of start/stop cycling at 20% R.H., the platinum
loss rate is slightly lower. This strong discrepancy between platinum loss behaviour caused by
potential cycling in H2/N2 mode and the exposure of the cell to real start/stop transients might
originate from several processes. As in case of temperature variation, the gradual degradation of
the fuel cell influences the maximum potential developing at the positive electrode during startup and shut-down processes. Since the performance loss rate increases with increasing humidity
(cf. Figure 96b), the decrease in potential is more pronounced in case of high reactant gas
humidifications. Moreover, independent of the degradation effect, the strong influence of
relative water content on the ionomer resistance results in a humidity-dependence of the
voltage generated by the normal operation section of the fuel cell. However, due to the increase
in cell voltage with increasing humidification of the reactant gases, this effect would lead to a
more pronounced difference in platinum loss rates compared to measurements carried out
under controlled potential conditions. This contradictory behaviour suggests that the maximum
potential developing at the positive electrode during fuel cell start-up and shut-down is not the
dominating parameter determining platinum loss behaviour in case of start/stop cycling under
different humidity conditions.
As a third process, the effective relative humidity in the cathode compartment strongly depends
on the water generated by the oxygen reduction reaction during operation of the fuel cell in
H2/air mode. A current density of 0.25 A/cm2, which is a typical value occurring during on state
under the chosen operating conditions, results in a water formation rate of approximately
1.35 g/h. The comparison with the water contents of the reactant gases shows that this
additional contribution can have a substantial influence on the effective relative humidity.
Already in case of a reactant gas humidification of 70% R.H., the water generated by the fuel cell
reactions accounts for more than 25% of the total water content in the cathode compartment.
With decreasing relative humidity, the ratio further increases until the contribution of product
water at 20% R.H. is even higher than the amount of water supplied by the humidification of the
reactant gases (cf. Table 8). Due to this strong influence of product water, the effective relative
humidity can assumed to be substantially higher than expected from the humidification of the
reactant gases. Since this effect is most pronounced at low relative humidities, the differences in
water content between the measurements are significantly lower than in case of experiments
carried out under controlled potential conditions, thus leading to comparatively small variations
in platinum loss behaviour. Moreover, the effect of product water might additionally be
intensified by the fact that the oxygen reduction reaction takes place at the platinum catalyst.
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The water content near the catalyst particles, which is crucial for platinum dissolution, might
therefore be even higher than the average humidity of the reactant gases.

Table 8 Rate of water addition to the gas stream as a function of relative reactant gas humidity. The
values are calculated based on a temperature of 80°C, a gas flow rate of 600 mln/min and a pressure of
3 bara.
Reactant gas humidity

Water addition to the gas stream

20% R.H.
40% R.H.

0.93 g/h
2.06 g/h

70% R.H.
100% R.H.

3.64 g/h
5.50 g/h

In contrast to the decrease in active platinum surface area, fuel cell performance loss behaviour
is in good agreement with the linear correlation between reactant gas humidity and carbon
corrosion rate obtained in measurements under controlled potential conditions (cf.
Section 8.1.2). Despite the strong contribution of water generated via the fuel cell reactions, the
differences in water vapour partial pressure and the potential developing at the positive
electrode during fuel cell start-up and shut-down are obviously sufficient to significantly
influence carbon corrosion behaviour. The strong deviations from the linear correlation,
however, which were observed in potential sweep experiments at relative humidities below
about 40%, do not influence performance loss behaviour in case of real start/stop cycling.
Apparently, the severe dehydration of the ionomer phase is effectively prevented by the
additional generation of product water.
In summary, experiments carried out under controlled potential conditions do not necessarily
represent the degradation behaviour caused by real start-up and shut-down processes
performed by purging of the anode compartment with hydrogen and air. Compared to potential
sweep experiments in H2/N2 mode, the effect of temperature and relative reactant gas humidity
on the loss of electrochemically active platinum surface area was found to be substantially lower
in case of start/stop cycling. The voltage loss at 1 A/cm2, however, which was used as a measure
for the decrease in fuel cell performance, is in good qualitative agreement with the carbon
corrosion rates determined under controlled potential conditions. This correlation suggests that
start/stop induced fuel cell performance loss primarily originates from corrosion induced
changes in the structure of the catalyst support. Due to the additional generation of product
water during operation of the fuel cell in H2/air mode, the strong decrease in degradation rates
at relative humidities below 40% can only be observed in case of experiments carried out under
controlled potential conditions. This effect demonstrates that potential cycling experiments are
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not sufficient to assess the influence of operating parameters on the stability of electrode
materials against start/stop induced degradation processes. An application relevant evaluation
of start/stop induced fuel cell performance deterioration thus always requires the additional
investigation of real start-up and shut-down processes.
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9 Visualisation of start/stop induced
structural changes
Although start/stop induced fuel cell degradation has been widely investigated, the mechanisms
leading to the substantial decrease in performance are not clear yet. To further elucidate the
decisive processes, fuel cells containing MEAs supplied by W.L. Gore & Associates were
subjected to two different degradation protocols. One cell was exposed to 1,000 start-up and
shut-down processes performed by alternated purging of the anode compartment with
hydrogen and air for 60 seconds each. During start/stop cycling, an external load of 3 Ωcm2 was
applied to the cell. To be able to distinguish between processes caused by elevated potentials
and processes already occurring under ordinary fuel cell operating conditions, a second cell was
exposed to 24,000 square wave potential cycles between 0.6 V and OCV (time interval 10 s).
During the degradation experiments, both cells were characterised in regular intervals.
Moreover, the CO2 concentration in the cathode exhaust gas was continuously monitored.
Polarisation curves of the pristine and the degraded fuel cells are shown in Figure 97. While the
polarisation behaviour after 24,000 potential cycles is almost unchanged, a repeated exposure
of the cell to start-up and shut-down processes leads to a significant decrease in fuel cell
performance. Analogous to start/stop cycling experiments carried with Johnson Matthey MEAs
(cf. Section 8), the loss in performance is most pronounced in the high current density regime.
Despite this strong difference in performance loss behaviour, both degradation protocols lead to
a comparable decrease in electrochemically active platinum surface area. HUPD measurements
show that the specific platinum surface decreases from 57 m2/g for the pristine electrode to
14 m2/g after potential cycling and 9 m2/g after start/stop cycling. Correspondingly, also the
increase in average particle size does not significantly differ for both degradation protocols (cf.
Table 9).
Although the available platinum surface area strongly decreases, the performance loss after
24,000 potential cycles is almost negligible. The remaining platinum surface area of
approximately 25% is obviously sufficient to maintain an effective oxygen reduction at the fuel
cell cathode. Since the exposure of the cell to 1,000 start-up and shut-down processes leads to a
similar decrease in ECA, the observed performance loss can thus assumed to be mainly based on
carbon corrosion induced degradation processes. Hydrogen permeability measurements
indicate that membrane degradation can be neglected in both cases.
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Figure 97 Polarisation curves determined for pristine and degraded fuel cells. Degradation was
performed by start/stop cycling and cycling of the potential between 0.6 V and OCV. All polarisation
curves were recorded at 80°C using fully humidified hydrogen and oxygen at a pressure of 2.5 bara.

The average carbon corrosion rates, which were determined by monitoring the CO2
concentration in the cathode exhaust gas during the exposure of the cells to both degradation
protocols, are listed in Table 9. In case of cycling between 0.6 V and OCV, the potential at the
positive electrode never exceeds the open circuit voltage of about 960 mV. Therefore, CO2
evolution rates are low. The small amounts of carbon dioxide determined in the exhaust gas
originate from corrosion processes taking place during the oxidation and reduction of platinum
at approximately 0.8 V (cf. Section 7.1).

Table 9 Characteristic parameters determined for the pristine fuel cell and after exposing the cell to
1,000 start/stop cycles and 24,000 potential cycles between 0.6 V and OCV.
Pristine
fuel cell

Potential
cycling

Start/stop
cycling

57
2.3

14
4.8

9
5.3

40 ± 3

0.04
36 ± 3

1.85
5±3

Platinum surface area [m2/g]
Average platinum particle size [nm]
Average carbon corrosion rate [gC/cycle]
Catalyst layer porosity [%]

The elevated potentials developing at the positive electrode during fuel cell start-up and shut
down lead to substantially higher CO2 evolution rates. Compared to potential cycling
experiments, the average carbon corrosion rate is almost a factor of 50 higher. The accumulated
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carbon dioxide evolution shows that approximately 8% of the carbon material in the catalyst
layer is lost via CO2 formation during start/stop cycling.
This severe corrosion of the catalyst support particles causes significant changes in the porous
structure of the catalyst layer. Three-dimensional images of the catalyst material and the pore
structure of a pristine catalyst layer are shown in Figure 99. Since different materials cannot be
distinguished in the SEM images, the catalyst material includes the catalyst support, the
platinum particles and the ionomer. The analysis of the images shows that the pores of the
pristine catalyst layer form a completely interconnected network. Isolated pores can not be
detected. The overall porosity of the investigated volume was found to be approximately 40%.
Thereby, about two thirds of the pores are smaller than 100 nm (cf. Figure 98). The remaining
pores have diameters of up to 220 nm.

Figure 98 Size distributions of the pores in a pristine catalyst layer and catalyst layers which were
exposed to 24,000 potential cycles between 0.6 V and OCV and 1,000 start/stop cycles, respectively. All
values were calculated based on 3-dimensional pore structures obtained by FIB/SEM serial sectioning.
Due to the limited SEM resolution, pores with a diameter smaller than 20 nm can not be detected.

An exposure of the fuel cell to 24,000 cycles between 0.6 V and OCV does not lead to significant
changes the structure of the catalyst layer. As can be seen in Figure 98, the pore size distribution
remains almost identical after potential cycling. If the cell is exposed to start/stop cycling,
however, the catalyst layer morphology changes dramatically (cf. Figure 100). After 1,000 startup and shut-down processes, the porosity drops to approximately 5%. Moreover, the average
diameter of the pores strongly decreases. In case of the degraded catalyst layer, more than 70%
of the pores were found to be smaller than 60 nm (cf. Figure 98). Besides the strong decrease in
porosity, the fraction of isolated pores becomes significantly higher. In contrast to the
completely interconnected pore network of the pristine catalyst layer, about 60% of the pores
are isolated after start/stop cycling. The contradiction between the loss of material via CO2
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evolution with simultaneous decrease in porosity can be explained by the substantial thinning of
the catalyst layer [43, 118, 151-153]. Severe carbon corrosion obviously causes a weakening of
the connections between the carbon particles, thus leading to a collapse of the whole structure.

Figure 99 Three-dimensional structure of the catalyst material (a) and the pores (b) of a pristine
catalyst layer. The catalyst material includes the carbon support, the platinum particles and the
ionomer. The structures were calculated based on several hundred single SEM images obtained by
FIB/SEM serial sectioning.

Figure 100 3-dimensional structure of the catalyst material (a) and the pores (b) of a catalyst layer
which was exposed to 1,000 start/stop cycles. The catalyst material includes the carbon support, the
platinum particles and the ionomer. The structures were calculated based on several hundred single
SEM images obtained by FIB/SEM serial sectioning.
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The three-dimensional images of the degraded catalyst layer provide information which can
help to understand the processes leading to the strong decline in fuel cell performance during
start/stop cycling. Usually, start/stop induced performance loss is attributed to a deterioration
of mass transport in the cathode catalyst layer [43, 152]. As shown in Figure 97, however, the
main fraction of voltage loss can be observed in the linear regime of the polarisation curve. The
additional voltage decrease at current densities exceeding 2.5 A/cm2 is comparatively small.
Since all polarisation curves in Figure 97 were recoded using pure oxygen at a pressure of
2.5 bara, the reactant gases can be assumed to be available in excess in all areas of the
electrode. Limitations caused by insufficient gas transport in the cathode catalyst layer can thus
be widely excluded. Although processes limiting the reactant gas supply become more
important if the oxygen concentration is decreased, polarisation curves measured in
hydrogen/air mode confirm that mass transport limitations only partially contribute to
start/stop induced fuel cell performance loss. A significant fraction of voltage loss must
consequently be based on other processes.
Further information about the dominating mechanisms can be obtained from the relationship
between carbon corrosion rate and fuel cell performance loss during start/stop cycling. As
shown in Figure 92, the evolution of CO2 strongly decreases with increasing number of cycles
while the cell voltage at 1 A/cm2 shows an almost linear decrease. At high cycle numbers, the
significantly decreased corrosion rates consequently lead to a comparatively high loss of fuel cell
performance. This behaviour might be explained by the substantial decrease in average pore
size with increasing number of start/stop cycles (cf. Figure 98). In case of highly degraded
electrodes, comparatively low carbon corrosion rates might thus be sufficient to close the
remaining small pores. As a consequence, the number of isolated pores in the catalyst layer
might increase, possibly leading to the formation of large areas which are completely cut off
from the reactant gas supply. In contrast to limitations based on the deterioration of mass
transport properties, this mechanism would also explain the significant voltage loss in the low
current density regime. Moreover, fuel cell performance might be additionally affected by
changes in the ionomer distribution. An inhomogeneous or interrupted ionomer film can
partially inhibit proton transport within the catalyst layer. Besides the possible formation of
inactive areas, the resulting increase in ionomer resistance can lead to a significant loss in fuel
cell performance over the entire current density range.
As another effect, start/stop induced structural changes in the catalyst layer might lead to a
discrepancy between the measured platinum surface area and the platinum area which actually
contributes to the catalysis of the fuel cell reactions. During ECA determination by CO stripping
voltammetry, the positive electrode is purged with carbon monoxide for 15 minutes. Although
some platinum particles might only be accessible via diffusion of CO through the ionomer phase,
the purging time might be sufficient to cover a large fraction of the platinum surface with
carbon monoxide. During ordinary fuel cell operation, however, the platinum particles not
directly connected to the gas phase can be expected to be not available for the catalysis of the
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fuel cell reactions. Therefore, the effective remaining platinum surface area might be
significantly smaller than the value of 9 m2/g determined via CO stripping voltammetry.
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10 Conclusions and Outlook
10.1 Conclusions
Start/stop induced corrosion of the carbon catalyst support material is a highly complex process
which strongly depends on the conditions prior to the exposure of the electrode to elevated
potentials. To enable an adequate investigation of the involved mechanisms and influential
parameters, a measurement procedure was developed which allows a reliable quantification of
carbon corrosion both under controlled potential conditions and during real start-up and shutdown transients. Based on this method, fundamental corrosion processes occurring in different
potential ranges were systematically investigated. Subsequently, the influence of operating
parameters on start/stop induced fuel cell degradation behaviour was analysed on different
levels of complexity. The obtained results represent a significant contribution to the
understanding of start/stop induced degradation phenomena. Based on this knowledge,
operation strategies can be developed which improve fuel cell durability in many fields of
application.

Investigations on fundamental corrosion processes
Since the analysis of carbon corrosion processes is based on monitoring the CO2 concentration in
the exhaust gas of the positive electrode, the identification and understanding of mechanisms
leading to carbon dioxide formation is a prerequisite for all further investigations.
Measurements under various potential conditions revealed that CO2 is generated in four distinct
potential ranges. Besides the corrosion of carbon at potentials exceeding 1 V, considerable
amounts of CO2 were found to evolve in response to potential transients typically occurring
during ordinary fuel cell operation. At approximately 0.8 V, the evolution of CO2 is based on the
reaction of carbon surface oxides with catalytically active Pt-OH species formed during the
oxidation and reduction of the platinum catalyst particles. As a second source of carbon dioxide
evolution, previously adsorbed CO is oxidised if the potential is increased to values exceeding
about 0.55 V. Thereby, carbon monoxide at least partially originates from impurities in the
reactant gases. Finally, CO2 evolution was detected after decreasing the electrode potential
from values exceeding 1 V to values below approximately 0.6 V. It is suggested that CO2
formation in this potential range is based on the chemical oxidation of carbon surface oxide
species by hydrogen peroxide. Depending on the potential conditions, these additional sources

- 177 -

10 - Conclusions and Outlook

of carbon corrosion can significantly contribute to total CO2 evolution. A precise understanding
of the involved processes is therefore indispensable for an accurate investigation of start/stop
induced corrosion mechanisms. Yet, the influence of catalyst support corrosion at potentials
below 1 V on fuel cell performance loss during long-term operation has still to be assessed.
Based on the knowledge about corrosion processes in different potential ranges, the influence
of platinum on carbon corrosion behaviour was investigated by a systematic quantification of
CO2 evolution in response to single triangular potential sweeps applied to fuel cells having
electrodes with different Pt/C compositions. Although the catalytic effect of platinum is known
for more than 20 years, this study represents the first comprehensive investigation under PEFC
conditions. Measurements in various potential ranges showed that the contribution of platinum
catalysed carbon corrosion strongly depends on both the upper and lower limit of the applied
potential sweeps. While a decrease of the upper potential limit generally increases the fraction
of CO2 evolved via the catalysed corrosion pathway, two distinct effects of the lower potential
limit were identified. First, in case of lower limits significantly exceeding 0.6 V, the incomplete
reduction of platinum oxide leads to the gradual formation of a passivating oxide layer on the
catalyst particles. As a consequence, the catalysis of the carbon corrosion reaction can be
effectively inhibited. Second, changes in carbon surface oxide composition caused by the
intermittent reduction of quinone to hydroquinone are suggested to additionally promote the
platinum catalysed corrosion pathway if the lower potential limit is decreased below 0.6 V.
Depending on the potential conditions and the electrode composition, the presence of platinum
was found to increase carbon corrosion rates by more than one order on magnitude. This
substantial effect of platinum indicates that corrosion induced performance loss occurring as
result of frequent start-up and shut-down processes can be significantly affected by the
simultaneous decrease in platinum surface area. Furthermore, the results demonstrate that
carbon corrosion is a highly dynamic process, which is strongly influenced by the conditions
prior to the exposure of the electrode to elevated potentials. Potential hold experiments, which
are frequently employed to investigate start/stop induced degradation processes, are therefore
not suitable to assess the stability of electrode materials against carbon corrosion.

The effect of operating parameters on start/stop induced fuel cell degradation
A profound knowledge about the parameters influencing electrode degradation at elevated
potentials is a prerequisite for the development of operating strategies which can mitigate
start/stop induced fuel cell performance loss. To obtain a comprehensive understanding about
the effect of different operating parameters, the decisive processes were investigated on
different levels of complexity, ranging from the examination of single transients under
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controlled potential conditions to the analysis of degradation behaviour during the
accumulation of 1,800 start/stop cycles.
If the elevated potentials during fuel cell start-up and shut-down are simulated by applying
potential sweeps to cells operated in H2/N2 mode, carbon corrosion basically follows the
theoretically expected behaviour. While CO2 evolution rates increase exponentially with
increasing potential, variation of reactant gas humidity and temperature yielded a linear and
Arrhenius-like correlation, respectively. In case of real start-up and shut-down processes by
purging of the anode compartment with hydrogen and air, however, the complex interaction of
different processes results in significant deviations from the degradation behaviour obtained
under controlled potential conditions. As a consequence of the additional generation of water
during the ‘on’ state and the influence of operating conditions on the potential acting as driving
force for carbon corrosion, the effect of temperature and reactant gas humidity was found to be
less pronounced than expected from measurements carried out in H2/N2 mode. If the cell is
exposed to start/stop cycling, both carbon corrosion and platinum loss rates are additionally
influenced by the degradation state of the cathode catalyst layer. Thereby, the decrease in
electrochemically active platinum surface area was found to play only a minor role with respect
to fuel cell performance loss. Under most operating conditions, start/stop induced performance
decrease is primarily controlled by corrosion induced processes.
The systematic investigation of different operating parameters by several experimental
approaches demonstrates that potential cycling, which is the standard method to assess the
stability of electrode materials against elevated potentials, only provides limited information
about fuel cell durability under application relevant conditions. The development of operating
strategies which can mitigate start/stop induced degradation therefore always requires the
analysis of real start-up and shut-down transients.

The origin of start/stop induced performance loss
To obtain information about the origin of start/stop induced fuel cell performance loss, pristine
and degraded electrodes were investigated by FIB/SEM serial sectioning. With this 3dimensional microscopy technique, corrosion induced changes in the porous structure of the
catalyst layer could be quantitatively determined for the first time. Together with additional
electrochemical measurements, the images confirm that the decrease in electrochemically
active platinum surface area only slightly contributes to the decline in fuel cell performance. The
main fraction of voltage loss appears to be based on dramatic changes in the catalyst layer
morphology. Both the overall porosity and the average pore size show a substantial decrease
after start/stop cycling. Yet, the combined electrochemical and microscopic analysis of degraded
electrodes indicates that start/stop induced voltage loss cannot be ascribed to one specific
mechanism. Besides the deterioration of mass transport in the catalyst layer, which is usually
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assumed to be mainly responsible for start/stop induced performance loss, an increased
ionomer resistance and the formation of isolated electrode areas are suggested to significantly
contribute to the strong decline in fuel cell performance.

10.2 Outlook
A major problem regarding the investigation of start/stop induced fuel cell degradation
processes is the fact that the potential developing at the positive electrode during purging of the
anode compartment with hydrogen or air cannot be directly determined. Investigations which
require an exact knowledge of the potential at the positive electrode are therefore usually
carried out under controlled potential conditions in H2/N2 mode. Owing to the steady operating
conditions and the possibility to control the potential acting as driving force for carbon
corrosion, measurements carried out under these simplified conditions can yield important
insights into fundamental corrosion mechanisms. However, investigations in H2/N2 mode
systematically neglect effects originating from the propagation of the hydrogen/air front and the
presence of oxygen at the electrodes. A comprehensive understanding of the mechanisms
controlling start/stop induced fuel cell degradation behaviour therefore requires additional
measurements involving a precise determination of the potentials developing both at the
positive and the negative electrode during the exchange of the anode gas.
To monitor the interfacial potential differences during start-up and shut-down of the fuel cell,
several approaches have been developed [119-122]. In most cases, the measurements are based
on the incorporation of platinum reference electrodes in the ionomer phase. However, since a
stable reference potential requires the presence of hydrogen in the vicinity of the electrode, the
investigation of processes occurring during purging of the air-filled anode compartment (fuel cell
start-up) and measurements under semi-controlled potential conditions in air/air mode can be
highly problematic. To ensure a sufficient supply of hydrogen under these operating conditions,
a small cathodic current can be applied which leads to a continuous formation of hydrogen at
the platinum reference electrode (dynamic hydrogen electrode, DHE). In this operating mode,
however, the accuracy of the measurement can be affected by the resulting polarisation of the
reference electrode. Moreover, diffusion of excess hydrogen to the electrodes might influence
the investigated degradation processes. One approach to overcome these drawbacks is the
pulsed operation of platinum reference electrodes which additionally contain palladium as
hydrogen storage [239-242]. In this setup, the application of short current pulses leads to the
formation of small amounts of hydrogen, which are subsequently stored in the palladium phase.
During the following consumption of the stored hydrogen, the reference electrode can be
operated under currentless conditions. Moreover, the formation of excess hydrogen can be
avoided.

- 180 -

10 - Conclusions and Outlook

The implementation of such a reference electrode setup would allow measurements that
significantly improve the understanding of several processes investigated within this study. First,
the catalytic effect of platinum, which was found to substantially influence carbon corrosion
rates in H2/N2 mode, could be assessed under application relevant conditions. First
measurements under semi-controlled potential conditions showed that the processes
influencing platinum catalysed carbon corrosion are of high complexity if both electrodes are
filled with air (cf. Section 7.2.4). Since a detailed analysis of these processes requires
quantitative information about the polarisation of both electrodes, the implementation of a
reference electrode in the membrane is a prerequisite for further investigations on the catalytic
effect of platinum in air/air mode. Furthermore, measurement with a reference electrode setup
would allow conclusions about the contribution of catalysed carbon corrosion during real fuel
cell start-up and shut-down.
Second, investigations on the propagation of the hydrogen/air front through the anode
compartment would highly benefit from the determination of the potentials developing at the
positive and the negative electrode. To be able to monitor the processes occurring in different
sections of the fuel cell, these measurements would require the implementation of several
reference electrodes along the direction of the flow field. Together with the local determination
of other characteristic parameters, this setup would allow a detailed analysis of effects related
to the replacement of the anode gas (cf. Section 7.3).
Third, the determination of the potentials developing at the positive electrode during start-up
and shut-down would help to further elucidate the influence of operating parameters on
start/stop induced degradation processes. Besides the intrinsic effect on the carbon oxidation
reaction, temperature and humidity simultaneously influence the potential acting as driving
force for carbon corrosion. An exact knowledge of the potential conditions during fuel cell startup and shut-down would enable a distinction between the two effects. Moreover, the
correlation between the reduction of the cell voltage by an external load and the potential
leading to carbon corrosion at the positive electrode could be determined.
A second approach to improve the understanding about start/stop induced degradation
phenomena is the local analysis of carbon corrosion and fuel cell degradation behaviour. In case
of real start-up and shut-down processes, the complex processes occurring during the
propagation of the hydrogen/air front are expected to result in significant inhomogenities along
the direction of the flow field [119, 126, 206]. Based on the knowledge obtained in integral
measurements (cf. Section 7), a systematic investigation of factors influencing these
inhomogenities can help to elucidate the mechanisms controlling electrode degradation during
the gas exchange process.
To enable the analysis of inhomogenities, the parameters characterising start/stop induced fuel
cell degradation have to be determined on a local scale. As the most important parameter, the
local measurement of CO2 evolution rates would enable a direct quantification of carbon
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corrosion at different positions along the direction of the flow field. Ideally, CO2 measurements
would be complemented by the implementation of reference electrodes in the ionomer phase,
which allow the space-resolved determination of the potentials developing at the positive and
the negative electrode. Together with a simultaneous measurement of local current densities,
the obtained data allows conclusions about the influence of diffusion processes in the GDL and
the catalyst layer, the contribution of pseudo-capacitive effects and other processes related to
the propagation of the hydrogen/air front.
Besides the elucidation of fundamental corrosion processes, the results obtained in this thesis
can serve as a basis for further investigations on fuel cell degradation behaviour under
application relevant conditions.
One phenomenon that needs to be examined in more detail is the corrosion of carbon in the
potential range below 1 V. As shown in Section 7.1, potential transients typically occurring under
ordinary fuel cell operating conditions can cause several processes which promote the corrosion
of the catalyst support. Although CO2 evolution at potentials below 1 V is substantially lower
compared to the amount of carbon dioxide generated during start-up and shut-down processes,
fuel cell performance might be significantly affected in case of long term operation. Moreover,
assessing the influence of these corrosion processes would simultaneously address the question
whether the decline in fuel cell performance is dominated by the accumulated carbon loss or
the intensity of carbon corrosion.
Another application relevant issue is the development and evaluation of start/stop protocols or
electrode materials which can mitigate fuel cell degradation. Measurements with different
reactant gas compositions have shown that a decrease in oxygen concentration can significantly
decrease the amount of evolved CO2 (cf. Section 7.3). Moreover, different operating parameters
were found to significantly influence fuel cell degradation (cf. Section 8). Thus, system based
mitigation strategies may involve a decrease in oxygen concentration via gas recycling,
additional purging with nitrogen or strategies utilising the effect of different operating
parameters. On the materials side, alternative carbon and non-carbon catalyst supports,
additional catalysts promoting oxygen evolution at the cathode or a decrease in platinum
loading at the anode might improve start/stop durability. Moreover, based on the analysis of
local CO2 evolution, the development of electrodes with an inhomogeneous distribution of
platinum and/or additional catalysts might contribute to the mitigation of carbon corrosion
induced fuel cell degradation.
A comprehensive investigation of start/stop induced degradation under application relevant
conditions furthermore requires the analysis of phenomena occurring during fuel cell operation
on the stack level. Since the propagation of the hydrogen/air front is additionally influenced by
the gas distribution in the manifolds, start-up and shut-down behaviour of single cells might
strongly depend on the position in the fuel cell stack. Moreover, temperature and humidity
gradients might lead to local differences in the degradation behaviour. Meaningful conclusions
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about start/stop induced fuel cell degradation under application relevant conditions and the
effectiveness of possible mitigation strategies thus additionally require the investigation of
single start-up and shut-down transients as well as the analysis of long-term degradation
behaviour on the stack level.
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List of Symbols

Symbols

a

Activity

[-]

am

Mass specific catalyst activity

b

Tafel slope

c

Concentration

[mol/l]

D

Diffusion coefficient

[m2/s]

E

Electrode potential

[V]

E

Standard electrode potential

[V]

G

Gibb’s free energy

[kJ/mol]

G*

Activation Gibb’s energy

[kJ/mol]

H

Enthalpy of reaction

[kJ/mol]

h

Enthalpy of formation

[kJ/mol]

I

Current

j

Current density

[A/cm2]

j0

Exchange current density

[A/cm2]

jlim

Limiting current density

[A/cm2]

jperm

Hydrogen permeation current density

[A/cm2]

k

Rate constant

L

Catalyst loading

n

Amount of a species

[mol]

p

Pressure

[bar]

R

Resistance

R.H.

Relative humidity

S

Entropy

[A/mgPt]
[mV/decade]

[A]

[cm/s]
[mg/cm2]

[Ω] or [Ωcm2]
[%]
[kJ/mol·K]
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s

Entropy of formation

[kJ/mol·K]

T

Temperature

[°C] or [K]

U

Voltage

z

Number of electrons

Z

Impedance

α

Transfer coefficient

η

Electrode polarization or efficiency

[V] or [-]

μ

Chemical potential

[kJ/mol]

μ*

Electrochemical potential



Absolute potential

[V]



Galvani potential difference

[V]

0

Standard Galvani potential difference

[V]

[V]
[mol]
[Ω] or [Ωcm2]

[-]

Indices

a

anodic

ad

adsorbed

c

cathodic

corr

corrected

ct

Charge transfer

ext

external

kin

kinetic

mem

Membrane

mt

Mass transport

net

net

ohm

ohmic

ox

oxidized species
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perm

Permeation

red

reduced species

th

theoretical

volt

Voltage

Abbreviations

CCM

Catalyst coated membrane

COR

Carbon oxidation reaction

CV

Cyclic voltammetry or cyclic voltammogram

DHE

Dynamic hydrogen electrode

ECA

Electrochemically active platinum surface area

EIS

Electrochemical impedance spectroscopy

FEP

Fluorinated Ethylene Propylene

FIB

Focused ion beam

GDE

Gas diffusion electrode

GDL

Gas diffusion layer

HOR

Hydrogen oxidation reaction

HUPD

Hydrogen underpotential deposition

MEA

Membrane electrode assembly

MPL

Micro porous layer

OCV

Open circuit voltage

OER

Oxygen evolution reaction

ORR

Oxygen reduction reaction

PEFC

Polymer electrolyte fuel cell

PFSA

Perfluorinated sulfonic acid

PTFE

Polytetrafluoroethylene

RHE

Reversible hydrogen electrode

SEM

Scanning electron microscopy

SHE

Standard hydrogen electrode
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TEM

Transmission electron microscopy

XPS

X-ray photoelectron spectroscopy

Constants

F

Faraday Constant

R

Gas constant

96485 C/mol
8.3144 J/mol·K
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