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Abstract
Durability and cost are the two major remaining challenges for the commercializa-
tion of fuel cells in passenger vehicles. The platinum catalyst is one of the most
expensive components in a fuel cell and degrades during normal operation due to
load cycling. While a reduction in platinum loading is beneficial for cost, it affects
catalyst durability negatively. Therefore, an understanding of the catalyst degrada-
tion mechanism is required to increase fuel cell lifetime and lower cost.
In this dissertation, the conditions that promote catalyst degradation in an auto-
motive context and its consequences on catalyst layer microstructure are studied
experimentally.
In order to degrade the platinum catalyst during fuel cell operation square wave
voltage cycling in hydrogen-air atmosphere is carried out as an accelerated stress
test on small scale single cells. For characterization of aged samples and visualiza-
tion of the degradation mechanism electrochemical techniques as well as electron
microscopy are applied. The same state-of-the-art automotive membrane electrode
assembly is used in all experiments in order to obtain consistent results.
Voltage cycling results in the loss of electrochemically active surface area (ECSA)
of the platinum catalyst which is correlated to an increase in activation overpo-
tential. In addition, limiting current density measurements in degraded samples
show that the oxygen transport resistance scales proportionally to the inverse of the
platinum surface area. In the catalyst layer microstructure several changes due to
redistribution of platinum are detected: platinum particle growth, precipitation of
platinum in the membrane as well as the formation of a platinum depleted layer at
the membrane-cathode interface. Quantification of platinum loading in aged samples
reveals that only a small amount of platinum mass is lost from the catalyst layer,
indicating that Ostwald ripening is the main catalyst degradation mechanism.
The application of different potential cycles demonstrates that not only the number
of potential transients but also the dwell time at high potentials determines ECSA
loss, indicating that platinum likely dissolves during the cathodic potential transient.
Analysis of different stressors shows an exponential increase in ECSA loss with up-
per potential limit and temperature as well as a linear increase with humidity and
dwell time at the upper potential limit. ECSA loss is modeled semi-empirically us-
ing a first order kinetic rate model and coupled to an analytical performance model.
The model allows the estimation of voltage losses due to catalyst degradation up to
current densities of 2.0 A/cm2 with good accuracy.
The findings in this work can be applied to derive an operating strategy optimized re-
garding catalyst degradation in order to increase fuel cell lifetime under load cycling.
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1 Introduction

1.1 Background

"There’s one issue that will define the contours of this century more dra-
matically than any other, and that is the urgent and growing threat of a
changing climate" - Barack Obama, New York, 2014 [1]

The consensus among scientists is that the actions of humanity, mostly due to large-
scale industrialization over the last two centuries, have led to an accelerated increase
in the earth’s surface air temperature over the last 50 years [2, 3, 4, 5]. Over the
same period of time the carbon dioxide (CO2) concentration in the earth’s atmo-
sphere has risen to unprecedented levels higher than 400 ppm, implying that there is
indeed a strong correlation between anthropogenic greenhouse gas (GHG) emissions
and global warming [2, 5].
In the Paris Climate Agreement of 2015 the United Nations pledged to limit global
warming to less than 2°C above pre-industrial levels and to expand efforts to reach
an increase of less than 1.5°C in order to mitigate the risks of climate change [6].
This is an ambitious goal that will require drastic measures to achieve. The Inter-
national Energy Agency makes the projection that with existing policies the global
energy demand will increase by 40% between today and 2040 and CO2 emissions
will continue to increase slightly [7]. However, in order to reach the goals of the
Paris Agreement, from 2020 onwards it will be necessary to halve anthropogenic
CO2 emissions every decade and reach net-zero emissions around 2050 [8]. There-
fore, the earth’s nations will either have to shift their policies towards lower energy
needs or supply energy with a lower carbon footprint by replacing fossil fuels with
renewable energy.
Each country contributes to the Paris Agreement individually in the form of national
greenhouse gas emission targets. Germany aims to reduce GHG emissions by 55%
by 2030 and by 80 to 95% by 2050 compared to 1990 levels as stated in the Climate
Action Plan 2050 [9], which is in line with the European Commission’s goal to move
to a low carbon economy by 2050 [10]. In order to reach aggregate GHG emissions
requirements, the overall target is broken down into sub-targets for each sector of
the economy. In Germany, the energy and the transport sector accounted for more
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than half (40% and 18%) of GHG emissions in 2014 [9]. The transport sector is
obligated to reduce GHG emissions by 40% in 2030 compared to 1990 levels [9]. For
the transport sector to reach this target, the European Union has set fleet average
CO2 emissions standards for new passenger vehicles registered in Europe from 2020
of 95 g/km[11]. It will likely not be possible for automobile manufacturers to reach
these emission standards using traditional internal combustion engine (ICE) tech-
nology [12]. Instead, the electrification of powertrains in the form of battery electric
vehicles (BEV), plug-in hybrid electric vehicles (PHEV) or fuel cell electric vehicles
(FCEV) as low CO2 emissions alternatives will be necessary. Similar to Europe,
other markets introduced legislation to promote the adoption of zero emission vehi-
cles. California’s Zero-Emission Vehicle (ZEV) mandate requires manufacturers to
acquire 9.5% ZEV credits for their fleet in 2020 [13]. China - the largest automotive
market in the world - established a New Energy Vehicle (NEV) mandate similar to
California’s ZEV mandate that set a target of 12% NEV credits by 2020 [14].
These measures by lawmakers in the most important automotive markets have cre-
ated pressure for manufacturers to incorporate electric vehicles in their product
portfolio. The market share of electric passenger cars was below 1% worldwide in
2016 [15], which is still significantly lower than the lawmakers’ emission mandates in
2020. However, the growth rate in electric vehicle sales was high (>40%) [15] and is
expected to stay at a high level. Most major manufacturers have announced signifi-
cant numbers of electric vehicles on offer starting in 2020 in order to meet ZEV/NEV
standards and the stock of electric vehicles in 2025 based on these announcements
is expected to be 40 - 70 million vehicles [15]. This growing fleet of electric vehicles
will mainly consist of BEVs and PHEVs, whereas FCEVs will likely remain a niche
product in passenger car applications in the medium-term. While first FCEVs like
the Toyota Mirai are commercially available to end costumers, in California, which
is one of the leading markets in FCEV adoption, only 1609 FCEVs were registered
in early 2017 [16]. The California Air Resources Board (CARB) estimates that in
California this fleet of on-the-road FCEVs will grow to around 40,000 in 2023 [16].
By 2030, the market share of FCEVs is projected to increase to 1 in 12 cars sold in
the major FCEV markets California, Germany, Japan and South Korea [17].
Although BEV adoption is projected to progress at a higher rate than FCEV adop-
tion, FCEVs offer a number of compelling advantages. Similar to BEVs, FCEVs pro-
vide locally emission-free mobility through the electrochemical reaction of hydrogen
and oxygen, with water as the only reaction product. On top of that, FCEVs offer
the additional benefits of a long driving range and fast refueling times, which makes
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fuel cells more suitable for long distance driving applications than batteries [18, 17].
In BEVs, the driving range is limited in practice by high battery weight [19] and
long recharging times make long distance travel difficult. In winter and summer
scenarios, part of the vehicle range in BEVs has to be sacrificed for passenger cabin
climatization [20]. In FCEVs on the other hand, the high gravimetric energy den-
sity of hydrogen makes driving ranges greater than 500 km feasible and with 700 bar
technology FCEVs can be refueled in 3-5 minutes. Fuel cell system waste heat can
be used to heat the passenger cabin reducing the difference between summer and
winter driving range [20]. Based on these advantages a majority of executives from
the automotive industry believe that FCEVs not BEVs will be the breakthrough in
zero-emission mobility [21]. The advantage of the long driving range in FCEVs ob-
viously depends on the availability of fuel, i.e. a comprehensive hydrogen refueling
infrastructure. The development of such a hydrogen refueling network is progressing
in the major FCEV markets. In California 29 hydrogen refueling stations were open
for customers in 2017 [16] and in Germany almost 50 hydrogen refueling stations
were open at the end of 2017 with the network expected to grow to 100 stations by
2020 [22].
While this progress in hydrogen infrastructure development is encouraging, it is still
far from the extensive refueling network necessary for mass adoption of FCEVs.
Moreover, the energy conversion losses associated with the storage of energy in the
form of hydrogen and the reconversion of hydrogen into electric energy in the vehicle
result in a lower efficiency [23] and consequently higher cost per kilometer compared
to BEVs. Both of these issues can be addressed effectively by the transformation
of the current hydrocarbon fuel dominated economy into a hydrogen economy. The
main principle of the hydrogen economy is to replace hydrocarbon fuels with hy-
drogen as the main energy carrier [24, 25]. This hydrogen should be produced from
non-fossil fuel resources, e.g. by storing excess renewable energy from wind or pho-
tovoltaic generation [17, 26], in order to cut CO2 emissions to the environment.
Since the energy sector is responsible for the majority of CO2 emissions [7, 9] and
a shift from fossil fuel based energy generation towards renewable energy sources
is inevitable if the goals of the Paris Agreement are to be reached, the hydrogen
economy is a promising path for solving the issue of intermittency of renewable
energy sources. For FCEVs, the advent of the hydrogen economy could solve the
infrastructure and cost issues of sustainably produced hydrogen giving a long-term
boost to the adoption of FCEVs [17, 27]. Thus, the hydrogen economy could be the
key to the decarbonization of both the energy and the transport sectors.
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1.2 Challenges for the adoption of fuel cells

While FCEVs offer a number of compelling advantages compared to BEVs, there is a
range of limiting factors that continue to inhibit their mass market adoption. These
limiting factors include cost, lifetime and robustness as well as performance and
power density [28], some of which have been addressed in recent years. Improved
robustness to low humidity operation allowed for a humidifier-less system [29, 30]
and for freeze start-ups at temperatures as low as −30 ◦C in the Toyota Mirai [31].
Power density has progressed to the point that the fuel cell system in the Mercedes
GLC F-Cell is compact enough to be housed in the engine compartment of an ICE-
based vehicle and installed on the same mounting points as a conventional engine
[32]. In the Toyota Mirai, power density has increased by a factor of more than
two compared to the previous generation [33]. The two main unresolved technical
challenges are cost and durability [28]. A review on these issues was published by
Gröger et al. in 2015 [19].
On the cost side, the United States Department of Energy (DoE) has a target for fuel
cell system cost of $40/kW at a volume of 500.000 units per year in 2020, down from
an estimated $280/kW at 20.000 units per year in 2015 [28]. Long-term, a system
cost of $30/kW is believed to be required in order for fuel cell powertrains to be
competitive with other future advanced powertrains [28]. Thus, both economies of
scale as well as technological progress are still required to make fuel cell powertrains
economically competitive. The target for membrane electrode assembly (MEA) cost
is $14/kW or 35% of fuel cell system cost in 2020 [28]. MEA cost is dominated by
platinum (Pt) cost: even if the DoE’s target Pt loading of 0.125 g/kW in 2020 [28]
is reached, raw material cost of Pt would account for approximately 30% of MEA
cost and 10% of fuel cell system cost (at a Pt price of $1000/oz). The DoE’s target
loading in 2020 corresponds to 12.5 g of Pt in a 100 kW stack, however Gröger et al.
estimate that for the 114 kW stack of the Toyota Mirai the amount of Pt was in the
range of 38 to 22 g or approximately 0.35 - 0.4 mg/cm2 [19]. Therefore, a reduction in
the amount of Pt in MEAs either through the use of more active catalysts, increased
MEA power density or the replacement of pure Pt catalysts with Pt-alloy or non-
precious metal catalysts is required to make FCEVs commercially successful in the
long run [19].
In addition to cost, durability is the other major challenge for the commercialization
of fuel cells. The DoE has set a 2020 target of 5000 h and long-time target of 8000 h
lifetime in passenger car applications and for bus applications a durability target of
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25 000 h has been specified [28]. The rationale behind these targets is for the fuel
cell stack to last the entire vehicle life. In pursuit of these lifetime targets, cost
and durability are closely related. A reduction in Pt loading for example would not
only enable progress on MEA cost as outlined above, but also negatively impact
performance as well as durability [34, 35, 36]. Using a catalyst with smaller average
particle size can improve MEA performance (and cost as a consequence), however
smaller particles are less stable due to their higher surface energy leading to higher
degradation rates [37, 38, 39, 40, 41, 42, 43, 44]. Thus, there are certain trade-offs
between cost and durability to be made, and therefore, to be more precise, the
challenge lies in achieving fuel cell durability at competitive cost.

1.3 Motivation and scope of the thesis

As outlined in the previous section, fuel cell cost and durability are closely inter-
related. In order to make the optimal trade-off, i.e. required lifetime at minimum
cost, it is necessary to not only understand the underlying degradation mechanisms,
but also the operating conditions that impact degradation in a given application.
The conditions that promote catalyst degradation have been discussed in the litera-
ture. However, this is usually limited to one or few stressors in a given study, since
lifetime and durability measurements are time-consuming and therefore expensive,
even if carried out in the form of accelerated stress tests (AST). Moreover, as fuel
cells have still been in the research stage for the last 20 years, materials have been
changing constantly due to scientific and engineering progress. This has a major
drawback: MEAs, test stations and operating conditions vary from study to study.
The absolute degradation rates are often dependent on the material configuration,
e.g. the rate of Pt dissolution depends on the Pt particle size [39, 41]. While it is
possible to qualitatively compare the effect of stressors from different studies, it is
hard to get a meaningful quantitative comparison.
In this dissertation the goal is to investigate the catalyst degradation mechanism ex-
perimentally in order to identify operating conditions that minimize catalyst degra-
dation. The focus is not on examining or creating new catalyst materials with
increased durability but on comprehensively studying the stressors that govern the
catalyst degradation rate for a state-of-the-art pure Pt catalyst. In addition, aged
samples are analyzed post-mortem in order to understand the changes in catalyst
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layer microstructure due to catalyst degradation. Finally, a semi-empirical analyti-
cal degradation model is derived which allows to estimate the effect of a given set of
operating conditions on ECSA loss and fuel cell performance. Degradation mecha-
nisms beyond catalyst degradation such as carbon corrosion or membrane thinning
are out of the scope of this thesis.
Voltage cycling is applied as an AST on small scale single cells to trigger cata-
lyst degradation [28]. In order to exclude any effect of different materials on the
degradation rate, the same state-of-the-art automotive MEA with Pt nanoparticles
as catalyst is used in all experiments. The experimental conditions during voltage
cycling are designed to resemble automotive operating conditions as closely as possi-
ble. Therefore, voltage cycling was carried out in hydrogen-air atmosphere and the
upper potential limit did not exceed open circuit voltage. The stressors investigated
in ASTs include the upper and lower potential limit, the dwell time at the upper
potential limit, the rate of change between the potential limits, temperature and
humidity. All of these stressors are accessible on the fuel cell system or powertrain
level.
During the ASTs, samples are characterized electrochemically by polarization curves,
cyclic voltammetry, electrochemical impedance spectroscopy as well as limiting cur-
rent density measurements. In addition, fresh and aged samples are analyzed in the
electron microscope in order to visualize changes in catalyst layer microstructure
due to catalyst degradation.

Chapter 2 introduces the basic principles of fuel cells, the voltage loss mechanisms
as well as the most important degradation mechanisms with an emphasis on catalyst
degradation. In Chapter 3 a brief overview of the materials used, ASTs and elec-
trochemical characterization techniques is given. Chapter 4 summarizes the main
results of the three publications on which this dissertation is based. These publica-
tions are reproduced in full in Chapter 6. Chapter 5 ends with a conclusion and an
outlook.



2 Fundamentals

2.1 Thermodynamics of fuel cells

In this section, the basic working principle of a fuel cell is briefly introduced. A
more detailed discussion can be found in various books which form the basis for the
following Sections 2.1 and 2.2 [45, 46, 47, 48].
In fuel cells, electrical energy is released by the electrochemical reaction of hydrogen
and oxygen with water as the only reaction product (Equation 2.1a). For this reac-
tion to proceed, hydrogen is oxidized at the anode releasing electrons and creating
protons (hydrogen oxidation reaction (HOR), Equation 2.1b). Oxygen is reduced at
the cathode by electrons from the electrode and protons from the electrolyte (oxygen
reduction reaction (ORR), Equation 2.1c).

2H2 +O2 → 2H2O (2.1a)

2H2 → 4H+ + 4e− (2.1b)

O2 + 4H+ + 4e− → 2H2O (2.1c)

Protons created at the anode reach the cathode via the electrolyte, which in the case
of fuel cells is a polymer membrane also called proton exchange membrane (PEM).
Electrons pass through an electrical circuit to reach the cathode, thus the fuel cell
reaction provides electricity.
The reversible open circuit voltage of a fuel cell under standard conditions U rev

OC is
given by the change in Gibb’s free energy of formation due to the fuel cell reaction
∆G0

U rev
OC = ∆G0

neF
= 1.229 V (2.2)

where F is Faraday’s constant and ne the number of electrons transferred by the
reaction, which is 2 in the case of PEM fuel cells.
Gibb’s free energy is related to enthalpy by thermodynamics

∆G = ∆H − T∆S (2.3)

where ∆H is the change in enthalpy of formation of the reaction, T is temperature
and ∆S is the change in entropy due to the reaction. While ∆H is released as heat
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by the combustion of materials and can be converted into useful energy using a heat
machine, in the fuel cell reaction ∆G is converted directly into electric energy [46].
This leads to a higher efficiency in fuel cells compared to combustion engines, with
only the difference between ∆H and ∆G being released as waste heat.
As the change in Gibb’s free energy of formation depends on both pressure and tem-
perature, the open circuit voltage changes if the fuel cell is not operated at standard
conditions. From thermodynamics, Gibb’s free energy is related to temperature and
pressure by the total differential

dG = −SdT + V dP (2.4)

where V and P are the reactants’ volume and pressure.
Under isothermal conditions and using the ideal gas law [46], G is given by

G = G0 −RT ∗ ln
(
P

P 0

)m
(2.5)

where P 0 is the pressure at standard conditions, m the number of moles of the
reactants and R the universal gas constant.
For the fuel cell reaction the change in ∆G is given by [46]

∆G = ∆G0 −RT 0 ∗ ln
PH2 ∗ P

1
2
O2

PH2O

 (2.6)

with the temperature at standard conditions T 0.
For ideal gases, P/P 0 can be replaced by the activity a of the reactants, which yields
the so-called Nernst equation for the open circuit voltage of a fuel cell [45]

UOC = U rev
OC + RT 0

2F ∗ ln
aH2 ∗ a

1
2
O2

aH2O

 (2.7)

In the case of liquid water as a reaction product, the approximation aH2O = 1 is
reasonable [45].
In addition, the open circuit voltage depends on temperature. With similar thermo-
dynamic arguments as for isothermal conditions and reasonable assumptions [46],
the open circuit voltage changes under isobaric conditions to

UOC = U rev
OC + ∆S

2F
(
T − T 0

)
(2.8)
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2.2 Voltage losses in fuel cells

In practice, the operating voltage of a fuel cell is lower than the reversible open
circuit voltage. When a current flows in fuel cells, various loss mechanisms lead
to overpotentials that decrease the measurable cell voltage to values smaller than
UOC

U = UOC − ηTotal(i) (2.9)

These overpotentials increase with the current density i and can be separated into
kinetic losses ηORR for the ORR (Equation 2.1c) and ηHOR for the HOR (Equa-
tion 2.1b), ohmic losses ηOhm as well as voltage losses due to mass transport limita-
tions at high current density ηO2−tx

ηTotal = ηORR + ηOhm + ηO2−tx + ηHOR (2.10)

Kinetic losses are associated with the catalyst’s ability to catalyze the fuel cell
reaction. In fuel cells Pt catalyzes both the HOR on the anode as well as the ORR
on the cathode. Since the catalytic activity of Pt for the HOR is several orders of
magnitude higher than for the ORR, even at anode loadings <0.05 mg/cm2 the anode
overpotential ηHOR is negligible [49, 50]. This effect is aggravated by operation of the
fuel cell with air instead of pure oxygen on the cathode, hence fuel cell performance
is mainly dominated by the cathode activation overpotential ηORR.
The activation overpotential of the ORR is related to current density by the Butler-
Vollmer equation

i = i0

[
exp

(
βneF

RT
ηORR

)
− exp

(
−(1− β)neF

RT
ηORR

)]
(2.11)

where β is the symmetry factor and ne is the number of electrons transferred in the
reaction. The two exponentials in the Butler-Vollmer equation take into account
that close to equilibrium the ORR and the reverse reaction of water electrolysis are
taking place at the same time [46]. However, at typical operating regimes in PEM
fuel cells the activation overpotential is high (ηORR >> RT

αneF
), thus the forward

reaction is faster than the reverse reaction and the second exponential term in the
Butler-Vollmer equation can be neglected. In this case the Butler-Vollmer equation
simplifies to the Tafel equation.
Assuming simple Tafel kinetics, ηORR depends on the catalyst’s activity, ECSA, i.e.
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the surface area of the catalyst usable to catalyze the reactions, and loading [51]

ηORR = RT

αCF
∗ ln

(
i+ ix
i0,s ∗ f

)
(2.12)

where i0,s is the specific exchange current density, αC the cathodic charge transfer
coefficient, i.e. the product of the symmetry factor β and the number of electrons
transferred in the reaction ne, and f the electrode roughness factor, which is the
product of ECSA and Pt loading, i.e. the Pt surface area normalized to electrode
area. The prefactor to the logarithm in Equation 2.12 is called Tafel slope and
typically takes a value of approximately 70 mV/decade at 80 ◦C in PEM fuel cells [52].
ix is the current density associated with hydrogen crossover across the membrane
and is added to account for the fact that the measurable open circuit voltage (OCV)
is always smaller than UOC calculated from the Nernst equation due to internal
currents and hydrogen crossover. For a given catalyst (i.e. constant activity) the
activation overpotential increases when the catalyst loading is reduced [49]. This
can be compensated by using smaller catalyst particles which have a larger ECSA
at a given loading.
In addition to kinetic losses, charge transport in fuel cells via electrons and protons
leads to a voltage loss in accordance with Ohm’s law which increases linearly with
current density. Following Neyerlin et al. [53], the total ohmic resistance RΩ,T of a
fuel cell can be expressed as a cell resistance RΩ and an effective resistance to proton
conduction in the catalyst layer Rion. RΩ is the sum of membrane proton resistance,
which depends strongly on relative humidity [54] and membrane thickness, bulk
electronic resistances in the layers of the cell (catalyst layer, gas diffusion layer
(GDL), bipolar plate) as well as contact resistances between the layers.
Rion can be expressed as [53]

Rion = Rsheet

3 + ζ
(2.13)

where Rsheet represents the sheet resistance of the cathode catalyst layer with re-
spect to proton transport that can be measured by electrochemical impedance spec-
troscopy and ζ is a correction factor that accounts for non-uniform current distri-
bution in the catalyst layer (in the absence of oxygen diffusion resistances).
The resulting ohmic cell voltage drop ηOhm is then given by

ηOhm = RΩ,T ∗ i = (RΩ +Rion) ∗ i = (RΩ + Rsheet

3 + ζ
) ∗ i (2.14)
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At high current densities, reactant transport limitations lead to voltage losses. The
reactants need to diffuse from the flowfield channels at the inlet of the cell through
the GDL to the catalyst layer. If the current density is high, more of the reactants is
consumed by the fuel cell reaction than can diffuse from the channel to the electrode.
In addition, the higher the current density the more water is produced in the cathode
catalyst layer and blockages of oxygen pathways due to finite water transport can
aggravate oxygen transport limitations [55, 56].
Following Baker et al. [57], the total oxygen transport resistance RT is defined as
the change in oxygen concentration from the channel to the cathode catalyst layer
∆c divided by the molar flux of oxygen at the electrode NO, which is related to
current density by Faraday’s constant. RT can then be expressed as

RT = ∆c
NO

= 4F ∆c
i

(2.15)

At the limiting current density ilim the oxygen concentration in the catalyst ap-
proaches zero, since all oxygen is consumed by the fuel cell reaction. Thus, the
concentration difference ∆c is equal to the channel oxygen concentration cO2,ch. Us-
ing the ideal gas law, the oxygen transport resistance at limiting current conditions
can be rewritten as

RT = 4F
RT
∗ pO2,ch

ilim
(2.16)

with the partial pressure of oxygen in the channel pO2,ch.
The voltage loss ηO2−tx that arises from oxygen transport limitations can be ex-
pressed as [58]

ηO2−tx = −RT
F
∗
(1

4 + γ

α

)
∗ ln

(
pO2,ch − RT

4F ∗RT ∗ i
pO2,ch

)
(2.17)

where γ is the kinetic reaction order of the ORR.
With the equations introduced in this section the polarization curve of a fuel cell
can be modeled analytically. However, this model does not take into account several
effects that lead to additional voltage losses, in particular at high current density.
Condensation of water in the catalyst layer can significantly change the oxygen
transport resistance [59, 55, 56]. A shift of the reaction zone towards the cathode-
GDL interface due to oxygen transport limitations leads to an increase in protonic
resistance. Degradation effects, e.g. redistribution of Pt within the catalyst layer,
can also shift the reaction zone. To account for such effects more sophisticated
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multi-dimensional models are being developed [60, 61, 62].
In recent years an additional significant performance loss at high current densities
has been observed in MEAs with low Pt loadings <0.1 mg/cm2 [63, 64, 65, 66, 67].
These Pt loading studies revealed that the oxygen transport resistance is inversely
proportional to the electrode roughness factor f . The observed MEA performance
loss at high current density is caused by an additional transport limitation at the Pt
surface, most likely due to oxygen transport limitations at the gas/ionomer interface
[68, 69]. As a consequence, a reduction in Pt loading in order to meet cost targets
necessitates the development of novel electrode designs that mitigate this oxygen
transport limitation [70]. Moreover, this oxygen transport limitation at the Pt
surface could also be relevant if Pt surface area is lost due to catalyst degradation
caused by voltage cycling [64].

2.3 Degradation mechanisms in fuel cells

The two main MEA components susceptible to degradation are the catalyst and the
membrane [36]. The catalyst degrades through a loss of catalytic surface area, the
so-called ECSA, e.g. due to Pt dissolution or agglomeration, mainly under condi-
tions of high potentials or cyclic changes in potential during normal operation of the
fuel cell [71, 38, 37]. A gradual loss of ECSA over time leads to voltage loss of the fuel
cell until it reaches an unacceptable level, which is usually defined as a performance
loss of 10% at the rated power [28]. Corrosion of the catalyst’s carbon support at
high electrode potentials is mainly associated with start-up and shutdown of the
fuel cell [72, 73]. At long shutdown times air will permeate to the anode and upon
restarting a transient hydrogen-air front forms on the anode. This condition with
fuel present at the anode inlet but the anode outlet in fuel starvation creates high
potentials significantly exceeding 1.0 V on the cathode and reverse currents [74],
which lead to cathode thinning through corrosion of the carbon support damaging
the structural integrity of the electrode [75]. High temperatures exacerbate carbon
corrosion [76], while graphitizing the carbon support improves stability [77]. Carbon
corrosion also leads to a loss of ECSA, if Pt particles detach from the carbon support
due to corrosion [42]. A similar corrosion mechanism of the anode carbon support is
related to gross fuel starvation, e.g. due to cell blockages at sub-zero temperatures
[72]. Under this reversal condition, the cell voltage can become negative and carbon
is consumed instead of hydrogen on the anode.
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The membrane is susceptible to mechanical and chemical degradation [78]. Mechan-
ical degradation is caused by relative humidity cycling which leads to mechanical
stress due to swelling and shrinking of the membrane resulting in cracks, tears or
pinholes. The formation of peroxide radicals causes chemical degradation of the
membrane and is enhanced under high potential, low humidity and high tempera-
ture conditions [78, 79, 80]. Chemical degradation leads to membrane thinning or
the formation of pinholes and eventually failure of the cell [81]. The presence of
trace metals, so called Fenton reagents, in the membrane promotes the formation of
radicals and greatly accelerates chemical membrane degradation [82, 83].
Air or fuel impurities can lead to reversible (e.g. carbon monoxide, nitrogen diox-
ide) or irreversible degradation (e.g. sulfur dioxide) due to poisoning of the catalyst
[72]. Other cell components degrade as well, though their degradation is considered
less critical. Gas diffusion layers degrade mechanically (compression, freeze-thaw
cycles) or chemically (carbon corrosion), which can lead to performance losses due
to water management and gas transport limitations [84]. Corrosion of metallic bipo-
lar plates increases contact resistance and can accelerate membrane degradation, if
metal ions precipitate in the membrane [81]. Seals age due to the acidic nature
of the fuel cell environment leading to a loss of compression, external leaks or the
accumulation of seal materials in the MEA [81]. In this dissertation, the focus is
on Pt catalyst degradation during normal operation, thus the other degradation
mechanisms will not be discussed in more detail. An in-depth overview of degrada-
tion mechanisms can be found in the literature in a number of books and reviews
[85, 72, 86, 81, 87, 88, 73, 78, 84, 89].

2.4 Catalyst degradation

There are several mechanisms contributing to cathode catalyst degradation, which
are often summarized under the term Pt dissolution. These mechanisms are dis-
played schematically in Figure 2.1. All of them have in common that they lead to
a loss in ECSA which then leads to an increase in activation overpotential (Equa-
tion 2.12). Platinum dissolution and carbon corrosion are considered primary degra-
dation mechanisms, while Ostwald ripening, Pt agglomeration and Pt particle de-
tachment are considered secondary mechanisms [90]. As Myers et al. note, "there is
experimental evidence for all mechanisms and the predominance and rates of each
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Figure 2.1: Schematic overview of degradation mechanisms for Pt nanoparti-
cles on a carbon support. Reproduced with permission from J. C. Meier, C. Galeano,
I. Katsounaros, J. Witte, H. J. Bongard, A. A. Topalov, C. Baldizzone, S. Mezzavilla, F.
Schüth and K. J. J. Mayrhofer. “Design criteria for stable Pt/C fuel cell catalysts”. Beil-
stein Journal of Nanotechnology, 5, 44–67 (2014). http://dx.doi.org/10.3762/bjnano.
5.5. [42], Copyright (2014) Meier et al., Creative Commons Attribution 2.0 International
License (https://creativecommons.org/licenses/by/2.0/).

mechanism appear to depend on cell conditions, most notably cell voltage, and cat-
alyst and support physicochemical properties" [91].
Platinum dissolution occurs during potential cycling under operation in fuel cells.
Plenty of studies have shown that Pt dissolves at high potentials or during potential
cycling [71, 38, 92, 93, 94, 95, 96, 58, 97, 98]. The Pt dissolution mechanism involves
the processes of electrochemical dissolution as well as oxide formation on the Pt sur-
face which both start to become relevant at a potential of approximately 0.8 V. It
is widely believed that Pt dissolves electrochemically (Equation 2.18) during the
anodic sweep [93, 99, 100, 101], i.e. going from low to high potentials, when bare Pt
is exposed to high potentials until the surface is passivated by an oxide layer and
protects Pt atoms from dissolution (Equation 2.19, 2.20).

Pt↔ Pt2+ + 2e− (2.18)

Pt+H2O ↔ PtO + 2H+ + 2e− (2.19)

PtO +H2O ↔ PtO2 + 2H+ + 2e− (2.20)

http://dx.doi.org/10.3762/bjnano.5.5.
http://dx.doi.org/10.3762/bjnano.5.5.
https://creativecommons.org/licenses/by/2.0/
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Also, the chemical dissolution of Pt oxide (Equation 2.21) is believed to be a path
for Pt dissolution [101, 102].

PtO + 2H+ ↔ Pt2+ +H2O (2.21)

Based on this interpretation of the dissolution mechanism, Pt dissolution is mainly a
function of the number of voltage cycles and almost independent of the time spent at
high potential in each cycle [93, 58]. At cathode potentials >1.1 V another dissolu-
tion mechanism becomes dominant that involves a place-exchange of Pt and oxygen
atoms [92, 103, 104, 105]. Above a critical oxide layer coverage, this place-exchange
mechanism becomes energetically favorable and leads to the formation of subsurface
oxides, the reduction of which leads to high degradation rates.
In recent years, the Mayrhofer group has studied Pt dissolution in electrochemical
flow cells connected to inductively coupled plasma mass spectrometers (IC-PMS)
[96, 106, 107]. In these on-line IC-PMS experiments it is possible to detect dissolved
Pt ions in the electrolyte during operation. Various studies found that the main
contribution to Pt dissolution occurred not during the anodic but during the neg-
ative going (i.e. cathodic) potential sweep [96, 106, 41, 108]. Anodic dissolution
was mainly attributed to low-coordinated sites, e.g. due to crystal defects or edges.
Based on these results, Topalov et al. concluded that Pt dissolution is a transient
process unlikely to be caused by reaction equilibria of (electro-)chemical Pt dissolu-
tion (Equation 2.18, 2.21) and Pt surface passivation (Equation 2.19, 2.20). Instead,
they proposed a Pt dissolution mechanism based on the formation of (sub-)surface
oxides with Pt dissolution predominantly occurring during the cathodic sweep when
these subsurface oxides are reduced. In this case, the degradation rate not only
depends on the number of potential cycles, but also on the time spent at high po-
tentials. It should be emphasized, that a consensus on which dissolution pathway is
the most dominant one has not been fully established [91].
For dissolved Pt ions in the cathode several trajectories are possible (Figure 2.1):
precipitation in the membrane, re-deposition on adjacent Pt particles or leaving
the cell with the exhaust water. The formation of a Pt band in the membrane is
a hallmark of Pt dissolution [71, 109, 110]. In this process, Pt ionic species dis-
solved in the cathode diffuse towards the membrane due to a concentration gradient
and are reduced in the membrane by hydrogen from the anode compartment. The
distance of the Pt band from the membrane-cathode interface is governed by the
relative difference of hydrogen and oxygen partial pressure [111]. Re-deposition of
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Pt ions on larger particles, often referred to as electrochemical Ostwald ripening,
results in a loss of ECSA through Pt particle growth [71, 38]. Dissolved Pt ions from
smaller catalyst nanoparticles migrate through the electrolyte and deposit on larger
nanoparticles [38]. Another degradation pathway leading to Pt particle growth is
agglomeration, often called coalescence or sintering. This mechanism is caused by
particle migration, i.e. Brownian motion of entire catalyst particles, or carbon corro-
sion [38, 42]. Due to this particle movement neighboring Pt particles can collide and
coalesce. It should be noted that Ostwald ripening and agglomeration/coalescence
can occur simultaneously and since both result in Pt particle growth they are hardly
distinguishable in post-mortem analysis [38]. Thus, there is no clear consensus which
of these processes has a more significant contribution to overall catalyst degradation
[112]. Particle detachment from the carbon support is another secondary mecha-
nism for loss of ECSA [113]. Such detached particles are not part of the three-phase
boundary (catalyst, carbon, ionomer) and are consequently not involved in the elec-
trochemical reaction. The main cause for particle detachment is carbon corrosion
[38, 42]. A more detailed discussion of catalyst degradation can be found in the
literature [35, 42, 90, 106, 91].
For the application of fuel cells in FCEVs an understanding of the conditions that ex-
acerbate catalyst degradation is necessary in order to develop an operating strategy
that optimizes fuel cell lifetime. As Pt dissolution is a potential driven process, the
upper potential limit (UPL) is one of the most important stressors for degradation
of the catalyst. It has been well documented that an increase in the UPL leads to
an increase in ECSA loss [95, 106, 58, 114, 101, 115]. For the lower potential limit
(LPL), the situation is less clear. Depending on the UPL, different studies have
found an increase [116] or a decrease [94, 95] in ECSA loss with increasing LPL. An
increase in temperature leads to an Arrhenius type exponential increase in ECSA
loss [117, 118]. Less degradation for a decrease in relative humidity is attributed to a
lower mobility of dissolved Pt ions at low relative humidity [94, 119, 120]. It should
be mentioned, that while the effect of individual stressors on catalyst degradation
has been well documented in the literature, this is usually limited to only one or
few different stressors per study. As discussed in Section 1.3, this has a major draw-
back: materials, test stations and experimental conditions vary from study to study
which can have an effect on the measured degradation rates. Therefore it is often
only possible to qualitatively compare the effect of stressors from different studies
but a quantitative comparison of absolute degradation rates from different studies
is difficult.
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In this dissertation, catalyst degradation induced by voltage cycling was studied ex-
perimentally. Voltage cycling was carried out under different operating conditions
in order to understand the impact of different stressors on degradation rates and
fuel cell performance. In order to exclude any influence of different materials on the
degradation rate, the same state-of-the-art automotive MEAs with Pt nanoparticles
on a high surface area carbon support as catalyst were used in all experiments. The
Pt loading was 0.25 mg/cm2 on the cathode and 0.10 mg/cm2 on the anode with
a beginning of life (BOL) average Pt particle size of 5.3 nm on the cathode. The
cathode thickness at BOL was 9 µm and the membrane with a reinforcement layer
had a thickness of 15 µm. The main characteristics of this MEA are summarized in
Table 3.1. Experiments were carried out in small scale single cells with an active
area of 45 cm2 and a parallel flowfield. The cells were operated under differential
flow conditions, i.e. at constant flow and high stoichiometries to minimize along-
the-channel variations of the reactant concentrations and create as homogeneous
reaction conditions as possible over the entire active area.
In order to degrade the samples, voltage cycling was applied as an AST. In the liter-
ature, many studies on Pt dissolution are carried out in half-cells, e.g. rotating disk
electrodes (RDE) or flow cells, at room temperature [113, 122, 106, 91]. Voltage
windows often range from 0 V to 1.2 V or higher [92, 113, 122, 106, 114]. While
these experiments are helpful to elucidate on the fundamentals of Pt dissolution
mechanism and stability of Pt in acidic environments, they differ from the standard
operation of fuel cells under load in automotive applications where temperature is
higher than 50 ◦C and the upper potential is limited to OCV, which is lower than
1.0 V, during normal operation. In small scale MEAs, many studies are carried out
in H2/N2 atmosphere. Since Pt dissolution is a potential-driven process, voltage cy-
cling in an inert atmosphere is a convenient method to trigger catalyst degradation.
However, these ASTs potentially underestimate degradation rates, as the presence
of oxygen has been found to enhance Pt dissolution [123, 124, 125, 126]. Therefore,
in this work, the ASTs were designed to resemble standard operation in automotive
applications as closely as possible. Voltage cycling was carried out in hydrogen-air
atmosphere as is the case in real applications. The upper potential in all voltage
cycling experiments was limited to OCV. The lower potential limit was reached
by drawing load until the voltage decreased to the desired value. Differential flow
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MEA parameters at BOL
Catalyst type Platinum nanoparticles
Pt loading cathode 0.25 mg/cm2

Pt loading anode 0.1 mg/cm2

Cathode avg. particle size 5.3 nm [121]
Cathode thickness 9.4 µm [121]
Anode thickness 3.3 µm [121]
Carbon support High surface area
Membrane 15 µm, reinforced
GDL SGL 25 BIH
Active area 45 cm2

Table 3.1: Overview of MEA parameters at BOL.

conditions ensured sufficient reactant concentrations after ramps to high current in
order to avoid any degradation due to fuel starvation.
The ASTs were based on the DoE catalyst protocol [28]. The standard voltage cycle
was a square wave cycle between 0.6 V and OCV, which was around 0.95 V, with
a dwell time of 2 s at both the upper and lower potential limit at 90 ◦C and 100%
relative humidity. The experimental conditions of the standard voltage cycle are
summarized in Table 3.2. In contrast to the DoE catalyst protocol which defines
operation in H2/N2 atmosphere, the ASTs were carried out in hydrogen-air atmo-
sphere in order to represent fuel cell operation in real applications. The temperature
of 90 ◦C and dwell time of 2 s were chosen in order to further accelerate the ASTs
compared to the DoE catalyst protocol conditions of 80 ◦C and dwell time of 3 s.
Pressure and flow rate were kept constant in all measurements and will therefore not
be discussed any further. Based on this standard voltage cycle, individual stressors
were varied one at a time in order to measure the sensitivity of the stressors on cat-
alyst degradation. The stressors investigated were lower and upper potential limit,
dwell time at the potential limits, rate of change in potential between lower and up-
per potential limit (for this purpose the voltage cycle was switched to a triangular
wave cycle), temperature and humidity. All of these stressors are accessible on the
fuel cell system or powertrain level in automotive applications. With the knowledge
of their impact on catalyst degradation an operating strategy that minimizes cata-
lyst degradation can be derived.
During the ASTs the samples were characterized electrochemically in regular inter-
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Standard voltage cycle
Voltage cycle shape Square wave
Lower potential limit 0.6 V
Upper potential limit OCV (approx. 0.95 V)
Dwell time 2 s
Temperature 90 ◦C
Relative humidity 100 %
Pressure (H2/air) 2.7 / 2.5 bar
Flow rate (H2/air) 4.5 / 11.3 slpm

Table 3.2: Operating conditions of the standard voltage cycle.

vals of 20 to 40 h, i.e. voltage cycling was stopped every day or every other day for
diagnostic measurements. In order to assess the current-voltage characteristics of the
MEA during aging, polarization curves in hydrogen-air atmosphere were measured
at 68 ◦C, 100% relative humidity, 2.5 bar / 2.7 bar absolute pressure and constant
gas flow of 11.3 slpm air / 4.5 slpm H2 on the cathode/anode.
The ECSA was determined by cyclic voltammetry (CV). The average of the hy-
drogen desorption and adsorption charge and a specific charge of 210 µC/cm2

Pt were
used to calculate the ECSA [127]. The CVs were corrected for double-layer capac-
itance. Electrochemical impedance spectroscopy (EIS) in H2/N2 atmosphere was
applied to measure the impedance of the cell. From EIS spectra the ohmic cell
resistance and the protonic resistance in the cathode catalyst layer were calculated
using an equivalent circuit model and Z-View software [128, 129, 130]. An in-depth
introduction to CV and EIS can be found in the literature [131].
The limiting current density method was applied to measure oxygen transport resis-
tance [57, 132]. As discussed in Section 2.2 at limiting current the oxygen concentra-
tion in the catalyst layer approaches zero and the oxygen transport resistance can be
calculated from the channel inlet oxygen concentration. The limiting current density
was determined at oxygen concentrations of 1%, 1.5%, 2%, 2.5% on the cathode. To
achieve these low oxygen concentrations, air on the cathode was diluted with nitro-
gen. During the limiting current density measurement the cell was operated at 68 ◦C,
75% relative humidity of the feed gases and constant gas flow of 4.5 slpm H2 on the
anode and 9 slpm of diluted air on the cathode. The limiting current density was ob-
tained at a voltage of 0.25 V. The oxygen transport resistance was determined from
the slope obtained by plotting the measured limiting current density against oxygen
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concentration and fitting a straight line through the origin (see Equation 2.16). As
the active area of the cell was rather large and the cathode stoichiometries achiev-
able by diluting air with nitrogen small compared to oxygen transport resistance
measurements in the literature [57, 64, 65], changes in oxygen concentration along
the channel were not negligible (i.e. the assumption of differential flow conditions
did not hold in the context of limiting current density measurements). Therefore,
the average of channel inlet and outlet oxygen concentration was used to calculate
the oxygen transport resistance. At each oxygen concentration the limiting current
density was measured at absolute pressures of 1.2 bar, 1.5 bar, 2.0 bar, 2.5 bar and
3.0 bar in order to extract the pressure dependency of oxygen transport resistance.
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This dissertation is a composition of three publications on catalyst degradation
[121, 133, 134]. Together, these three articles offer a comprehensive experimental
characterization of voltage cycling induced catalyst degradation for the used MEA
configuration as well as a semi-empirical analytical degradation model that allows an
estimation of the ECSA loss and polarization curve after aging. In the following, the
main results of the three publications are summarized. The full length publications
can be found in Chapter 6.

4.1 Changes in electrochemical and structural parameters

In the first publication "Correlation of Changes in Electrochemical and Structural
Parameters due to Voltage Cycling Induced Degradation in PEM Fuel Cells" [121],
MEAs were characterized using advanced electrochemical and electron microscopy
techniques at BOL and after various stages of degradation in order to correlate the
effects of voltage cycling on fuel cell performance and electrode microstructure. For
this purpose, two MEAs were aged by applying the standard voltage cycle (Ta-
ble 3.2) at 90 ◦C and 70 ◦C for more than 400 h, which led to an ECSA loss of 77%
and 48%, respectively. The intention of the study was to trigger catalyst degrada-
tion only, however operation at high temperatures and OCV could in principle also
lead to membrane thinning [78] and carbon corrosion [76]. Analysis of layer thick-
nesses obtained from scanning electron microscopy (SEM) revealed no significant
thinning of MEA layers, thus confirming the structural integrity of the membrane
and the electrode after the voltage cycling AST. Moreover, SEM demonstrated the
formation of a Pt band in the membrane, which is a typical characteristic of Pt
dissolution [71, 109, 110]. Pt particle size analysis from transmission electron mi-
croscopy (TEM) images displayed strong Pt particle growth during voltage cycling.
Pt particles grew from an average particle size of 5.3 nm at BOL to 15.1 nm after
77% ECSA loss with a significant broadening in the particle size distribution. This
correlated well with theoretical particle sizes calculated from the ECSA under the
assumption of perfectly spherical particles.
While these two characterization techniques offered valuable insight into the catalyst
degradation mechanism, they can be considered "state of the art" characterization
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techniques. To build on these insights, two advanced characterization techniques
were applied. Focused ion beam scanning electron microscopy (FIB-SEM) analy-
sis allows for three-dimensional reconstruction of the electrode and was performed
in order to obtain the catalyst layer porosity and 3D pore size distribution of the
fresh and aged MEAs. The analysis showed that the pore size distribution of the
aged samples shifted slightly towards larger pores, while the overall porosity was
unchanged after degradation. This could be interpreted as a slight onset of carbon
corrosion, with the smallest pores collapsing and a higher share of large pores as a
result, although there was no difference between the two samples aged at different
temperatures. Overall, the change in pore size distribution was minor which con-
firmed the structural integrity of the catalyst layer after the AST.
The second advanced technique was scanning transmission electron microscopy with
energy dispersive X-ray spectroscopy (STEM-EDX). This technique permits the
imaging of different chemical elements on the nanoscale with a high resolution al-
lowing in the fuel cell context the possibility to differentiate between Pt particles,
carbon support and ionomer. Moreover, a novel analysis method was applied which
allowed the quantification of changes in Pt loading of degraded samples. The method
is based on the fact that the X-ray net count signal from the measured catalyst layer
region is proportional to the Pt amount (grams, concentration or thickness) in the
measured volume. The calculation of Pt loading profiles with this method showed
uniform distribution of Pt in the fresh sample but a strong gradient of Pt loading
in the electrode in the degraded samples. At the membrane-cathode interface a Pt
depleted layer formed which had a thickness of more than 1 µm in the most degraded
sample. The catalyst layer morphology was still intact in this region, as the ionomer
and carbon structure could still be clearly distinguished. Thus, not a process of car-
bon corrosion or electrode collapse but the redistribution of Pt due to dissolution
and redeposition was responsible for the formation of the depleted layer. Indeed,
increased Pt loading from Pt particle growth was visible in the non-depleted part of
the electrode. Similar to SEM analysis the precipitation of Pt in the membrane was
detected. However, the quantification of Pt loadings revealed that only 4 wt% and
8 wt% of Pt was lost from the catalyst layer due to precipitation in the membrane.
This is an important result which demonstrates that the loss in ECSA due to voltage
cycling is mainly caused by particle growth not loss of Pt mass.
In addition to the visualization of changes in the catalyst layer microstructure due to
the catalyst degradation mechanisms, various electrochemical techniques including
polarization curves, cyclic voltammetry and electrochemical impedance spectroscopy
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were applied to study the effects of voltage cycling on fuel cell performance. In par-
ticular, the limiting current density method [57, 132] was applied in order to measure
the effect of catalyst degradation on oxygen transport resistance. At limiting cur-
rent density the oxygen concentration in the catalyst layer is zero which allows the
calculation of the oxygen transport resistance of the MEA from the channel oxy-
gen concentration (Equation 2.16). If the limiting current density measurement is
carried out at different pressures, it is possible to separate the total oxygen trans-
port resistance into a pressure dependent part associated with molecular diffusion
through the gas diffusion layer and a pressure independent part associated with
Knudsen diffusion through small pores in the catalyst layer. Moreover, in recent
years it was observed in low loaded electrodes that the oxygen transport resistance
increases with the inverse of the electrode roughness factor [63, 64, 65, 66]. In these
studies, the electrode roughness factor was changed while the electrode thickness
was maintained constant (so-called "diluted electrodes"). However, the same can
also be achieved by degrading the Pt catalyst through voltage cycling, which leads
to Pt particle growth and consequently a change in the roughness factor while the
electrode thickness stays constant. As Greszler et al. note, comparing polariza-
tion curves of electrodes with reduced Pt loading and reduced Pt surface area by
voltage cycling, "it is possible that these performance losses are both caused by the
local platinum surface resistance which becomes more significant as the local flux
increases due to reduced available platinum surface area" [64]. The limiting current
density measurements on the degraded samples in this dissertation proved that the
oxygen transport resistance indeed scales linearly with the inverse of normalized Pt
surface area, thus confirming the observation by Greszler et al. As the electrode
thickness needs to be maintained at a constant level for this type of measurement,
the observed relation is valid only as long as the MEA does not suffer from elec-
trode thinning due to carbon corrosion. This was verified by the SEM measurements
which allowed ruling out catalyst layer thinning. Control measurements on an MEA
that was exposed to simulated start-stop operation in addition to voltage cycling
in order to trigger carbon corrosion affirmed that the oxygen transport resistance
increased exponentially when the catalyst layer collapsed. With these electrochem-
ical measurements, it was possible to predict the cell voltage of degraded samples
up to 2.0 A/cm2 using an analytical polarization curve model from the literature
[51, 53, 58] as described in Section 2.2.



24 4 Summary

4.2 Effect of dwell time and scan rate

In the second publication "Effect of Dwell Time and Scan Rate during Voltage
Cycling on Catalyst Degradation in PEM Fuel Cells" [133], the Pt dissolution mech-
anism was studied in more detail with the help of different potential cycles. The
effect of dwell time at high potentials as well as the scan rate between the lower and
upper potential limits on ECSA loss was investigated. In order to get a broad data
base, some of the experiments were repeated with a comparable MEA but different
operating temperatures and pressures at the Fraunhofer Institute for Solar Energy
Systems (ISE). All experiments repeated at Fraunhofer ISE agreed with the mea-
surements at Daimler, emphasizing the robustness of the measurements.
As an initial control measurement two MEAs were operated under steady state con-
ditions at OCV and under load in order to measure ECSA loss in the absence of
voltage cycles. In these steady state experiments ECSA loss was approximately 10%
after 300 h of OCV and after 600 h of operation under load in a separate test. While
there was a dependence of degradation rate on potential, the overall ECSA loss was
small compared to voltage cycling experiments. In the absence of potential cycles,
extended operation at elevated potentials leads to the formation of a Pt oxide layer
protecting the Pt nanoparticles from dissolution according to Equations 2.19 and
2.20 [37, 96]. Thus, it can be concluded that ECSA loss through Pt agglomeration
or coalescence, e.g. due to Brownian motion or migration of Pt nanoparticles is
small compared to the effects of Pt dissolution and redeposition. The Pt particle
growth observed in the aforementioned TEMmeasurements (Section 4.1) is therefore
mainly caused by Ostwald ripening. This emphasizes that Pt catalyst degradation
in MEAs is mainly a transient process and that the change in electrode potential is
crucial in the dissolution mechanism of Pt.
In order to study the effect of cycle duration on degradation rate the standard volt-
age cycle (Table 3.2) with different cycle durations was applied as an AST. In this
case, the aggregate time spent at upper and lower potential limit in a given time
interval was equal for all tested potential profiles, but the number of transients be-
tween potentials differed. The ECSA loss per time interval was nearly the same for
a wide range of cycle durations, while the ECSA loss per cycle increased at longer
cycles times. Fitting the ECSA data to a first order kinetic rate model proved
that the ECSA loss was a function of cycle duration. Similarly to ECSA loss, the
mass activity decrease rate was almost constant when plotted against time while
the mass activity decrease rate per cycle was a linear function of cycle duration.
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The measured change in kinetic voltage loss at 0.1 A/cm2 was in good agreement
with an increase in activation overpotential calculated from measured ECSA data
confirming that catalyst degradation was the main aging mechanism triggered by
voltage cycling.
In order to further investigate the influence of exposure time to high potentials on
degradation rate, asymmetric square wave cycles, i.e. square wave cycles with a
different dwell time at upper and lower potential limit, were applied. In contrast to
the symmetric square wave cycles, now the number of cycles was equal in all ASTs,
so the effect of dwell time at upper and lower potential limit could be separated
from the number of voltage cycles. The results showed clearly that the dwell time
at the upper potential limit had a significant effect on ECSA loss. Thus, not the
overall cycle duration, but the exposure time to high potentials was the stressor for
catalyst degradation. For triangular wave voltage cycles, ECSA loss rates increased
at lower scan rates, i.e. longer cycle duration similar to the symmetric square wave
cycles. However, triangular wave voltage cycling was less damaging than square
wave cycling. This was attributed to less exposure to high potentials compared to
a square wave cycle of equal cycle duration. Therefore, the exposure time to high
potentials per cycle, not the rate of the potential transient, is the main contributor
to catalyst degradation [97].
The results of these ASTs made it possible to make inferences about the catalyst
degradation mechanism. In contrast to findings in previous studies [93, 58] the dwell
time at high potentials had a significant effect on the degradation rate per cycle.
As outlined above, it has been reported [101, 93] that Pt dissolves electrochemically
(Equation 2.18) during the anodic sweep when bare Pt is exposed to high potentials
until the surface is passivated by an oxide layer (Equations 2.19 and 2.20). In this
case, catalyst degradation should be mainly a function of the number of voltage cy-
cles, i.e. the number of anodic sweeps. However, the findings in this study showed
that ECSA loss during voltage cycling was not only governed by the number of volt-
age cycles, but also by the exposure time at high potential per cycle, indicating that
a different mechanism other than anodic dissolution was responsible for the ECSA
loss observed. Topalov et al. [106] proposed a degradation mechanism in which
subsurface oxides form at high potentials by a place-exchange of Pt atoms and ad-
sorbed oxygen atoms and Pt dissolves mainly during the cathodic sweep when these
subsurface oxides are reduced. This cathodic dissolution mechanism fits well to the
measured data. The formation of subsurface oxides, though, is usually associated
with potentials >1.1 V [92, 103, 104, 105], which is significantly higher than OCV
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for the used MEAs. These studies were carried out in half-cells in acidic environ-
ments or, in the case of MEAs, in H2/N2 atmosphere. However, various studies
reported that under the presence of oxygen the place-exchange mechanism initiates
at potentials as low as 0.75 V [123, 124, 125]. Moreover, Matsumoto et al. observed
by means of electrochemical scanning tunneling microscopy that significant surface
roughening of Pt occurred in oxygen atmosphere at potentials as low as 0.6 V, which
was not observable in nitrogen atmosphere [124]. They concluded that these surface
oxides most likely dissolve cathodically. The results in this study also indicate that
a cathodic dissolution mechanism is likely, thus the presence of oxygen can enhance
degradation and be relevant for the correct description of the Pt dissolution pathway.

4.3 Semi-empirical degradation model

In the third publication "A Semi-Empirical Catalyst Degradation Model Based on
Voltage Cycling under Automotive Operating Conditions in PEM Fuel Cells" [134]
the different stressors from the standard voltage cycle (Table 3.2) were varied in
a range relevant for automotive applications and their impact on ECSA loss was
measured. All stressors investigated are accessible on the fuel cell system or pow-
ertrain level. The resulting ECSA loss was fitted to a first order kinetic rate model
and for each stressor a rate constant was extracted from the experimental data. To
improve the model fit a minimum stable Pt surface area was introduced as proposed
by Debe et al. [117]. This approach is supported by experimental data in this work
and in the literature [58] and is based on the notion that Pt particle growth due to
Ostwald ripening stabilizes at some point. As suggested in the literature [135] these
rate constants for different operating conditions can be combined in order to get an
overall degradation rate constant.
The ECSA loss rate increased exponentially with upper potential limit. Also for the
temperature the ECSA loss rate showed an Arrhenius type exponential increase.
An increase in relative humidity of the reactant gases led to a linear increase in
ECSA loss rate. The lower potential limit had no significant effect on ECSA loss in
the range relevant for automotive applications. ECSA loss rate per cycle increased
linearly for longer cycle durations suggesting that the number of potential cycles
and the exposure time to high potentials in each cycle are of equal importance. The
analysis of the sensitivity of different stressors to ECSA loss rate suggests that the
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upper potential limit and humidity had the largest impact on ECSA loss.
Based on these data and the extracted rate constants, a semi-empirical ECSA loss
model was derived and validated. Using this model it was possible to estimate
the ECSA loss for a range of different voltage cycles with a deviation of less than
6 percentage points. Based on the estimated ECSA, the polarization curve after
degradation was modeled analytically as described in Section 2.2 and compared to
measurement data. With this approach it was possible to predict the performance
of degraded MEAs with good accuracy up to a current density of approximately
2.0 A/cm2 simply by electrochemically characterizing the MEA at BOL. This ap-
proach is valid as long as Pt dissolution and Pt particle growth are the main degra-
dation mechanisms.





5 Conclusions and Outlook

In this dissertation, catalyst degradation induced by voltage cycling in hydrogen-
air atmosphere was investigated in a state-of-the-art automotive MEA. Analysis
of the microstructure of fresh and aged MEAs revealed details about the degrada-
tion mechanism. The main catalyst degradation mechanism was Pt particle growth
through Ostwald ripening. On the other hand, the loss of Pt mass through precipi-
tation in the membrane was less than 8 wt%. The calculation of Pt loading profiles
of aged cathode catalyst layers showed the formation of a Pt depleted region at
the membrane-cathode interface and significant redistribution of Pt in the catalyst
layer. Loss of ECSA led to an increase in oxygen transport resistance. The oxygen
transport resistance scaled linearly with the inverse of the remaining Pt surface area,
similar to observations in low loaded catalyst layers in the literature.
The effect of various potential cycles on ECSA loss was investigated in ASTs. During
steady state operation at OCV and under load the ECSA loss was small compared
to degradation during voltage cycling, illustrating that Pt agglomeration due to par-
ticle migration was not the dominant mechanism behind ECSA loss during voltage
cycling. Analysis of square wave voltage cycles revealed that not only the number of
potential transients but also the dwell time at the upper potential limit is a relevant
stressor. Comparison to triangular wave potentials showed that the time spent at
high potential determines the degradation rate, while the rate of potential change is
less significant. Based on these findings, it is likely that Pt dissolution occurs mainly
during the cathodic transient when (sub-)surface oxides are reduced. In addition to
different cycles, the impact of operating conditions relevant for automotive opera-
tion was studied. ECSA loss increased exponentially with upper potential limit and
temperature and linearly with humidity and dwell time at upper potential limit.
Based on these ASTs a semi-empirical analytical degradation model was derived
that allowed the estimation of ECSA loss and cell performance after voltage cycling
with good accuracy.
In order to achieve the cost targets for fuel cell stacks a further reduction in Pt
loading is required. Based on this requirement, two issues are relevant going for-
ward: a deeper understanding of voltage losses associated with oxygen transport
resistance in the catalyst layer and the development of operating strategies that
maximize catalyst lifetime. The basis for an optimization of the operation strategy
with respect to catalyst degradation was laid in this dissertation with the derivation
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of a semi-empirical ECSA loss model that can be incorporated into a larger fuel cell
system model. In order to convert this model, which was based on ASTs, into a
lifetime prediction for FCEVs a correlation between ASTs and real driving cycles is
necessary. This correlation is challenging since in vehicle operation potential cycles
depend on the driver’s behavior and are not as well defined as the square and trian-
gular wave voltage cycles in lab-scale ASTs. Moreover, when choosing an operating
strategy, there are trade-offs to be made regarding other MEA components, in par-
ticular the membrane. Catalyst and membrane have some common stressors, e.g.
high potentials and temperature. On the other hand, while lowering the relative
humidity at which the fuel cell operates would benefit the catalyst, low humidifica-
tion accelerates membrane degradation and increases ohmic voltage losses. Thus,
a degradation model that includes more MEA components will be instrumental in
order to make the right trade-offs between fuel cell performance and lifetime of both
catalyst and membrane.
In addition, since a decrease in Pt loading leads to an increase in voltage losses
at high current density, which will be exacerbated by changes in catalyst layer
microstructure due to degradation, the voltage losses associated with oxygen trans-
port resistance will become even more relevant. Thus, a deeper understanding of
these performance losses at high current density and in particular how they change
over lifetime will be necessary for adequate MEA design. The measurements in
this dissertation showed that with an analytical performance model the polarization
curve could only be adequately described up to 2.0 A/cm2 even when accounting
for increased oxygen transport resistance due to ECSA loss. Due to simplifying
assumptions, at higher current densities the analytical model did not capture ef-
fects of two-phase flow in the electrode or a shift in the reaction zone towards the
cathode-GDL interface caused by oxygen transport limitations. Moreover, the volt-
age losses at high current density increased overproportionally after degradation,
with degradation effects beyond increased oxygen transport resistance due to ECSA
loss. This is likely a result of changes in the microstructure of the catalyst layer,
e.g. due to Pt redistribution in the catalyst layer or a change in wettability due to
ionomer aging or carbon corrosion. While advanced performance models exist that
account for physical effects such as two-phase flow at BOL [60, 61], these models
do not yet have the capability to predict changes in catalyst layer microstructure
or physical properties due to degradation. A more detailed understanding of these
issues is needed in order to design durable MEAs with reduced Pt loading.
Finally, catalyst degradation in vehicles should be considered holistically on the
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powertrain level. In particular, the interaction of fuel cell and battery can be opti-
mized in order to avoid high potentials. Since the upper potential limit is the main
stressor for the catalyst, a well designed hybrid strategy could increase catalyst life-
time. However, this puts additional constraints on the battery, since lowering the
fuel cell voltage requires a current. The battery needs to be designed to be capable
of storing additional energy generated by the fuel cell and withstanding increased
current throughput. Thus, optimizing the hybridization with respect to degradation
is a complex systems engineering problem that requires in depth knowledge of all
components involved.
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On the way to commercialization of low temperature proton ex-
change membrane (PEM) fuel cells in automotive applications, fuel
cell durability and cost are two major challenges.1 While a reduction of
the precious metal content in membrane electrode assemblies (MEA)
has a direct cost benefit, it also affects the performance and long-term
stability of the electrode. During operation, the platinum (Pt) catalyst
suffers from loss of electrochemically active surface area (ECSA) due
to load cycling, which lowers the fuel cell performance.2 Changes
in the electrode potential due to load cycling lead to dissolution of
Pt and particle growth due to subsequent redeposition of mobile Pt
species on larger particles, often referred to as Ostwald ripening.3–5

The conditions that favor Pt dissolution have been extensively studied
in recent years.6–13

The impact of loss of normalized Pt surface area, i.e. the prod-
uct of ECSA and Pt loading which is also called roughness factor (in
cm2

Pt/cm2
geo), on the activation overpotential either due to a reduction

in Pt loading or ECSA loss is well understood.14 The consequences of
a reduction in Pt surface area on voltage loss at high current density due
to an increase in oxygen transport resistance have been subject to re-
search in recent years.15–19 Greszler et al.16 investigated oxygen trans-
port resistance in electrodes with different Pt loadings. They found
a linear relation between total oxygen transport and the inverse of
the electrode roughness factor and hypothesized that the cause of this
relation could be interfacial transport of oxygen through the ionomer
film covering Pt particles, as discussed in the literature.20,21 Similar
measurements in low loaded electrodes confirmed this finding.17 The
proposed inverse relation between roughness factor and the interfacial
oxygen transport resistance only holds in the limit of small resistance
to through-plane oxygen diffusion, which is usually not the case for
representative electrodes. This limit can be circumvented by inves-
tigating electrodes with a constant thickness and varying roughness
factor, as is the case in diluted electrodes. However, the same can
also be achieved by degrading the Pt catalyst through voltage cycling,
which leads to Pt particle growth and consequently a change in rough-
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ness factor while the electrode thickness stays constant. As Greszler
et al. note, comparing polarization curves of electrodes with reduced
Pt loading and reduced Pt surface area by voltage cycling, “it is possi-
ble that these performance losses are both caused by the local platinum
surface resistance which becomes more significant as the local flux
increases due to reduced available platinum surface area”.16 This ef-
fect was indeed observed by Jomori et al.18 in MEAs aged by voltage
cycling between 0.7 and 0.9 V.

The aim of this study is to visualize the changes in the electrode
due to catalyst degradation and correlate them to the electrochemi-
cally measured parameters and fuel cell performance. In the context
of measuring the oxygen transport resistance at changing roughness
factor it is important to avoid carbon corrosion when aging the MEA
by voltage cycling, as this would lead to cathode thinning and a
change in the pore structure of the electrode.22,23 Therefore aged
MEAs were subjected to a detailed microscopic post mortem anal-
ysis in order to confirm which failure mechanisms were dominant
in the MEA. Information about the layer thickness was extracted
from scanning electron microscopy (SEM), while Pt particle growth
was verified by transmission electron microscopy (TEM). Electrode
porosity was monitored by 3D reconstruction of images from fo-
cused ion beam scanning electron microscopy (FIB-SEM) and Pt
distribution in the cathode was measured using scanning transmis-
sion electrode microscopy with energy dispersive X-ray spectroscopy
(STEM-EDX).

Experimental

Electrochemical.—Commercial membrane electrode assemblies
(MEA) with an active area of 45 cm2 and a Pt catalyst on a high
surface area support were used. The Pt loading was 0.25 mg/cm2

on the cathode and 0.10 mg/cm2 on the anode. The membrane had
a thickness of 15 μm with a reinforcement layer. Sigracet SGL
25BIH gas diffusion layers (GDL) were used on both anode and
cathode.

The cell was operated at differential flow conditions, i.e. at con-
stant flow and high stoichiometries to minimize along-the-channel
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Table I. Overview of tested samples, applied AST and ECSA loss.
The numbers in brackets refer to dwell time at upper and lower
potential for square wave cycling or scan rate for triangular wave
cycling.

Sample Ageing cycle ECSA loss

A Square wave (2s), 0.4–0.95 V, 100% RH,
70◦C, 460 h

48%

B Square wave (2s), 0.6–0.95 V, 100% RH,
90◦C, 400 h

77%

C Triangular wave (0.088 V/s), 0.6 – 0.95 V,
100% RH, 90◦C, 400 h

52%

D Square wave (2s), 0.6–0.95 V, 100% RH,
90◦C, 80 h

45%

E Square wave (2s), 0.6–0.95 V, 100% RH,
90◦C, 300 h, different MEA

62%

F Square wave (2s), 0.6–0.95 V, 100% RH,
90◦C + sim. start up/ shut down, 240 h

57%

variations of the reactant concentrations and create as homogeneous
reaction conditions as possible over the entire active area. A parallel
channel flow field was used in all tests.

In order to degrade the samples, voltage cycling in hydrogen-air
atmosphere was applied as an accelerated stress test (AST). As a
baseline, a square wave cycle between 0.6 V and open circuit voltage,
which was around 0.95 V, with a dwell time of 2 seconds at each
potential was used. During voltage cycling the cell was operated at
100% relative humidity (RH), 2.5 bar/2.7 bar absolute pressure on
cathode/anode with constant gas flow of 11.3 slpm air/4.5 slpm H2 on
the cathode/anode. As the tested samples were part of a larger study
on Pt dissolution, a variation of the baseline square wave potential
cycle was applied to some samples; an overview is given in Table I.
Samples A and B were used for post mortem analysis after the AST.
Samples C-F were used for analysis of changes in oxygen transport
resistance. Sample E had a different MEA configuration than the rest
of the samples, but with the same Pt loading on the cathode. Sample
F was, in addition to voltage cycling, exposed to regular simulated
start-up and shut-down cycles at 68◦C, i.e. pressurizing the cathode
and letting air cross over to the anode24 in order to trigger carbon
corrosion.

Polarization curves in hydrogen-air atmosphere were measured at
68◦C, 100% relative humidity, 2.5 bar/2.7 bar absolute pressure on
cathode/anode and constant gas flow of 11.3 slpm air/4.5 slpm H2 on
the cathode/anode.

Electrochemically active surface area (ECSA) was determined
by cyclic voltammetry using the hydrogen adsorption/desorption
method. The impedance of the cell was measured by electrochemical
impedance spectroscopy (EIS) in H2/N2 atmosphere. An equivalent
circuit model22,25 was used to calculate the ohmic resistance and the
protonic resistance in the cathode layer using Z-View software.

Oxygen transport resistance was measured with the limiting cur-
rent density method.26 The limiting current density was measured at
oxygen concentrations of 1%, 1.5%, 2%, 2.5% and at each oxygen
concentration at pressures of 1.2 bar, 1.5 bar, 2.0 bar, 2.5 bar and
3.0 bar. During the limiting current density measurement the cell was
operated at 68◦C, 75% relative humidity and constant gas flow of 4.5
slpm H2 on the anode and 9 slpm of diluted air on the cathode.

Microscopy.—MEA samples for SEM imaging were cut as rect-
angular (25 mm × 10 mm) sections from the middle of the cell and
embedded in EpoThin epoxy resin, polished with the Struers Tegra
polishing system and carbon coated using Leica EM ACE600 high
vacuum coater. The Hitachi SU8030 FESEM was used to acquire SEM
images of the cross-sections at 200x, 500x, 1000x and 5000x magni-
fication, using the accelerating voltage of 15 kV, beam current 15 μA,
working distance 8 mm, and low-angle backscattered election mode.
Catalyst layer thickness was measured using SEM images and an
in-house developed macro for Image Pro image processing software.

To obtain the porosity and pore size distribution of the samples,
FIB-SEM sectioning and imaging was performed using FEI Helios
NanoLab 650 dual beam system. The MEA rectangular cross-sectional
samples were sandwiched between graphite plates in a special sample
holder for cross-sectional analysis and FIB-SEM was performed on
the cathode side of the cross-section. Automatic slicing of the catalyst
layer was performed using a 30 keV accelerating voltage Ga+ ion
beam gun, with the layer cross-section tilted 52◦ from the vertical
electron beam direction, to be perpendicular to the milling ion beam.
24 pA ion beam current was used to slice about 400 slices with 10 nm
slice thickness. High resolution secondary electron (HRSEM) images
were recorded after each slice using 2 keV electron beam energy and
50 pA electron beam current, and through-the-lens detector (TLD).
Images were processed, reconstructed and pore size distribution was
determined using internally developed algorithms similar to those
discussed in Reference 27 for registration, tilt correction, segmentation
and pore size distribution using sphere fitting approach.

MEA samples for TEM imaging and EDX mapping were prepared
by cutting small, triangular pieces of MEAs (GDL was removed)
and embedding in TTE resin (trimethylolpropane triglycidyl ether
and 4 4’-methylenebis (2-methylcyclohexylamine)). Samples were
microtomed to ∼100 nm thin sections using a Leica Ultracut UCT
ultramicrotome (Leica Mikrosystem, Wien, Austria). The sections
were deposited on 100-mesh Cu TEM grids for TEM analysis.

Ultramicrotomed MEA cross-sections were analyzed using FEI
TEM Osiris microscope with an accelerating beam voltage of 200 kV.
To obtain Pt particle size distribution, high resolution TEM images
were collected at a magnification of 180 kx. 200 particles were imaged
and measured for each sample, and particle size distribution obtained
using Image J image processing software.

Elemental analysis and distribution of each sample was exam-
ined by collecting EDX elemental maps (768 × 768 pixels) at 7000x
magnification in STEM mode, using the ChemiSTEM EDX detector
system. Screen current was ∼ 2 nA, camera length 220 mm, beam
dwell time 1000 μs, and the EDX signal was collected for 1 cycle,
resulting in total electron dose of 6 · 104 e−/nm2. This dose was se-
lected as sufficient to collect a statistically relevant EDX signal, but
cause minimal damage to the samples. For qualitative and quantitative
elemental analysis, EDX maps were processed using Esprit (Bruker)
software. Background subtraction and de-convolution of all detected
elements was performed. Elements such as Cu, Fe, Ni and Zr present
in the EDX spectra were de-convoluted but not accounted for in the
elemental analysis since they originate from scattered signals pro-
duced inside of the TEM column. Processed maps (Qmaps) resulted
in quantified EDX spectra and text files containing X-ray net counts,
mass % and atomic % for every element and in every pixel in the
map. The obtained maps and net count data sets were used for further
quantification of Pt loading and distribution.

Results and Discussion

Electrochemical characterization.—In Figure 1a, polarization
curves at beginning of life (BOL) and during the accelerated stress
test are shown. The polarization curves were corrected for ohmic re-
sistance and cathode catalyst layer proton resistance using EIS data.28

The ohmic cell resistance was assumed to be constant across the en-
tire polarization curve, while the voltage loss associated with catalyst
layer protonic resistance was corrected for non-uniform current dis-
tributions using the model in Ref. 28. The model assumes negligible
oxygen transport limitation and therefore, will lead to an underpredic-
tion of proton transport losses when, due to oxygen transport losses,
the reaction shifts toward the GDL-catalyst layer interface. During
the AST ohmic resistance was nearly constant, decreasing by 5% in
sample A and 10% in sample B at the end of the test, while protonic
resistance decreased by 15% for both samples. Both aged MEAs show
performance losses in the kinetic region as well as at high current den-
sity. These losses are higher in sample B, which was aged at 90◦C.
The voltage losses at small current densities are dominated by the ac-
tivation overpotential ηO R R for the oxygen reduction reaction (ORR),
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Figure 1. a) Polarization curves at BOL and after voltage cycling corrected
for ohmic resistance. b) Polarization curves from a) additionally corrected for
ECSA loss. The black dashed line corresponds to a theoretical polarization
curve with only kinetic losses with a Tafel slope of 69 mV/dec. The BOL po-
larization curve is the average of measurements on 10 different fresh samples.
Error bars correspond to 95% confidence intervals.

approximated by the simple, rearranged Tafel equation for a first
order reaction14

ηO R R = RT

αF
ln

[
i + ix

i0,s ∗ f

]
[1]

where i is the current density, R the universal gas constant, T the
temperature, α the cathodic charge transfer coefficient, F Faraday’s
constant, ix the current density associated with hydrogen crossover
across the membrane, f the roughness factor and i0,s the specific ex-
change current density for the ORR depending on temperature and
oxygen partial pressure in units of AcmPt

−2. ηO R R depends logarith-
mically on the inverse of the ECSA, therefore ECSA losses due to
voltage cycling will lead to a higher activation overpotential. Cyclic
voltammetry measurements confirm that sample B has higher ECSA
losses than sample A (Figure 2), which is expected due to the higher
temperature during voltage cycling,29,30 and matches well with the
polarization curves in Fig. 1a. In order to calculate the increased ac-
tivation overpotential ηO R R due to ECSA loss, the specific exchange
current density i0,s was measured in H2/O2 atmosphere. For the ad-
justment of i0,s for temperature and oxygen partial pressure, literature
values for the kinetic reaction order19 and the activation energy of the
ORR were used.14 Correcting the polarization curves for increased ac-

Figure 2. Normalized ECSA during voltage cycling.

tivation overpotential (Equation 1) due to lower ECSA in addition to
ohmic losses (Figure 1b) reduces the differences to the BOL polariza-
tion curve at current densities smaller than 0.5 A/cm2. The additional
voltage loss at high current density after voltage cycling is associated
with oxygen transport limitations13 and cannot be explained by an
increase in activation overpotential only.

Microscopy.—In order to visualize the failure mechanism caused
by the accelerated stress test, various advanced characterization tech-
niques were applied post mortem. Exemplary SEM images for fresh
and aged samples are shown in Figure 3a–3c. In both aged samples
a Pt band in the membrane is clearly visible. This is a hallmark of
Pt dissolution that has been reported before in aged samples.5,31 The
location of the Pt band depends on the relative difference of hydrogen
and oxygen partial pressure.32 As these parameters were held constant
at the same values for both samples, the location of the Pt band in the
membrane is identical. While the intention of the accelerated stress
testing was to trigger only catalyst degradation, operation at high tem-
peratures and OCV could also lead to membrane thinning3 and carbon
corrosion.33 Thickness measurements (Figure 3j) show no significant
thinning of layers for sample A. The more strongly degraded sample
B exhibits a slight trend toward lower thickness of cathode and mem-
brane, though error bars of the thickness measurements overlap with
BOL values. While the overall catalyst layer structure of sample B
seems to be intact, the onset of carbon corrosion cannot be ruled out.
It should be noted that a thinning of layers could also originate from
MEA compression.34 Even in a fresh sample that was only subject to
conditioning and performance measurements, i.e. where carbon corro-
sion could be ruled out, variations in thickness that correlated with the
channel-landing pattern of the flow field were observed in this study.

Exemplary images of FIB-SEM microscopy are shown in Figure
3d–3f. Results of 3D reconstruction are summarized in Table II and
Figure 3k. The tortuosity of the samples in x and y direction decreased
by 10% after the AST and stayed constant in z direction, which is the
direction of the FIB cuts. The aged samples exhibit a shift in pore
size distribution to larger pores, however the overall porosity of the
cathode remains unchanged. This could be interpreted as an onset of
carbon corrosion, with the smallest pores collapsing and a higher share
of large pores as a result. While the AST at the higher temperature in
sample B compared to sample A results in a thinner cathode, there are
no obvious differences in pore structure due to the higher temperature.

TEM analysis (Figures 3g–3i) confirms that Pt particle growth
from Ostwald Ripening is the main mechanism for ECSA loss during
voltage cycling. Pt particles grow from 5.3 nm to 15.1 nm in average
particle size at 77% ECSA loss (Figure 3l). This correlates well with
theoretical particle sizes under the assumption of perfectly spherical
Pt particles. At BOL, the average measured value deviates less than
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Figure 3. SEM (a-c), FIB-SEM (d-f) and TEM (g-i) images of BOL, sample A and sample B from left to right. a-c) In each image the orientation of the sample
is the same as indicated in a): anode catalyst layer (ACL), membrane (M) and cathode catalyst layer (CCL) from top to bottom. d-f) Each image has the same
orientation; the through-plane direction of the cathode catalyst layer is from left (MPL side) to right (membrane side). g-i) The imaged samples were cut from the
cathode catalyst layer. j) Thickness measurements extracted from SEM images. k) Pore size distribution extracted from 3D reconstruction of FIB-SEM images. l)
Pt particle size distributions extracted from TEM images.

1 nm from the theoretical value. In the degraded samples, the deviation
is less than 2 nm for sample A and less than 4 nm for sample B; the
higher deviation is expected as the agglomerated particles are not
perfect spheres in the degraded samples.

Table II. Porosity and tortuosity results from 3D reconstruction
of FIB-SEM images. x refers to the through plane direction from
MPL to membrane, y and z are in plane directions, with z being
the cutting direction of the FIB.

Sample Porosity Tortuosity X Tortuosity Y Tortuosity Z

BOL 0.399 1.84 1.93 1.25
A 0.404 1.66 1.79 1.24
B 0.405 1.77 1.75 1.23

The formation of a Pt band in the membrane is also confirmed by
STEM-EDX analysis (Figure 4c). Furthermore, the analysis revealed
that a Pt depleted layer is developing at the cathode-membrane in-
terface during degradation. This can be seen clearly in STEM-EDX
maps (Figures 4b, 4c). The Pt depleted layer is most pronounced in
the most degraded sample B, i.e. the sample with most loss of Pt
surface area. In this sample the Pt depleted layer has a thickness of
more than 1 μm at the cathode-membrane interface. The catalyst layer
morphology is still intact in this region, as the ionomer structure can
be distinguished clearly. In the remaining non-depleted part of the
cathode the agglomeration of Pt particles is visible.

Pt loading and loss from the cathode was quantified using STEM-
EDX net count data sets. The method is based on the fact that X-ray net
count signal from the measured catalyst layer region is proportional
to the Pt amount (grams, concentration or thickness) in the measured
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Figure 4. STEM-EDX maps of the cathode catalyst layer of a fresh sample, sample A and sample B from left to right. The EDX signal is color coded with green
representing the fluorine signal and red representing the Pt signal. The gray line traces the cathode-membrane interface.

volume35 (represented as measured map area AEDX_map defined
by the selected map size, multiplied by the microtomed slice thick-
ness τslice, which is set by the microtome settings or can be measured).
This approach is based on the ζ-factor method developed by Watanabe
et al.,36 applied to the specific case of Pt. The ζ-factor approach states
that the measured element characteristic X-ray intensity IA is propor-
tional to the mass-thickness ρt and the element concentration CA in a
thin-film specimen. For a specific case of thin Pt the standard ζ-factor
approach would be described by

ρPt tPt = ζPt
IPt

CPt De
[2]

where ζPt is a proportionality factor, IPt is the characteristic X-ray
intensity of Pt, ρPt is the Pt density, tPt is the sample thickness, CPt

is the Pt concentration in the sample (one n case of pure Pt), and De

is the electron dose. After rearranging we obtain:

IPt = CPtρPt

ζPt
DetPt [3]

In our method, we define a proportionality parameter aPt between
Pt X-ray intensity and Pt thickness, as follows (taking into account
the effect of variation of the electron dose on IPt ):

IPt = aPt DetPt [4]

making aPt equivalent to:

aPt = CPtρPt

ζPt
[5]

Therefore our approach is equivalent to the ζ-factor approach. The
method is applicable if negligible X-ray absorption and fluorescence
are assumed for the high atomic number Pt.

The proportionality factor aPt between the averaged Pt X-ray net
counts per pixel, NPt , and Pt thickness, τPt , was obtained by measuring
a standard sample, with the known Pt amount or loading. The pro-
portionality factor was determined for the same mapping conditions
(dose) used in the experiment and using a comparable sample (e.g.,
layers with relatively comparable density and composition). Once the
proportionality factor is determined, Pt X-ray net counts can be used
to calculate the Pt loading in each measured area, using Figure 5 and
Equation 6

L Pt

[
mg/cmgeo2

] = m Pt

Ageo
= VPt · ρPt

τslice · xmap
= τPt · τC L · xmap · ρPt

τslice · xmap

= aPt · NPt · τC L · ρPt

τslice
[6]

with the above definitions as well as the Pt mass in the measured
area m Pt , the geometrical area Ageo, the Pt volume in the measured
area VPt , the length of the measured area xmap and the catalyst layer
thickness τC L .

The thickness of the microtomed slice, or more precisely of the
measured area of interest, was determined by application of the ζ-
factor method to the carbon signal measured in epoxy-only area which
was in a close proximity to the catalyst area of interest

IC = CCρ

ζC
Det = CCρ

ζC
Ne IPτt = aet IP [7]

where IC is the characteristic X-ray intensity of carbon, CC is the
carbon concentration in epoxy (considered constant), ρ is density of
the epoxy area (constant), ζC is a proportionality factor (constant), De

is the electron dose, t is the sample (slice) thickness, Ne is the electron
counts in a unit electric charge (constant), IP is the beam current and τ
is acquisition time (kept constant in our experiments). By combining
all constants in a proportionality factor ae , we obtain the final equation
which can be used to determine the area (slice) thickness t. Plotting
the carbon X-ray intensity change IC with the beam current IP results
in a linear relationship, where sample thickness can be determined
from the slope ae × t , if ae is known. ae was determined by applying
the same method to a sample of a known thickness (measured by
electron tomography), details of which are explained in a manuscript
in preparation. Therefore, for each area of interest, thickness was
measured “in-situ” and applied to Equation 6.

Pt loading profiles (Figure 6) reveal a uniform distribution of Pt
in the electrode at BOL. The average loading of 0.24 mg/cm2 is close
to the specified loading and there is no gradient in Pt loading. On
the other hand, both aged samples exhibit a gradient in Pt loading
toward the membrane. The Pt distribution is less uniform with peaks
in local Pt loading 50% higher than the average BOL Pt loading,
which signals significant Pt agglomeration and redistribution in the
electrode. The analysis revealed that Pt loss from the catalyst layer is
only 4 wt% for sample A, and 8 wt% for the more strongly degraded
sample B. The loss mainly occurs at the interface between catalyst
layer and membrane, thereby reducing the local Pt loading close to
zero in this region. The loss of Pt is possibly having an effect on local

Figure 5. Schematic representation of microtomed MEA cross sections.
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Figure 6. STEM-EDX maps of a fresh sample, sample A and sample B from
top to bottom. Pt intensity is color coded from blue (low) to red (high). Pt
loading calculated from Pt intensity line scans using Equation 6 is plotted on
the left of the STEM-EDX maps. The gray line traces the cathode-membrane
interface.

performance, but overall ECSA loss is caused by Pt agglomeration
and particle growth.

Determination of oxygen transport resistance.—To further in-
vestigate the voltage losses at high current density in Figure 1, the
oxygen transport resistance of fresh and degraded samples was de-
termined experimentally. Following Baker et al.,26 this can be done
at limiting current density when the local oxygen concentration at

the surface of Pt atoms approaches zero; the total oxygen transport
resistance RT under these conditions can be approximated as

RT = 4F ∗ cO2,channel

ilim
[8]

where ilim is the limiting current density and cO2,channel the oxygen
concentration in the channel.

The total oxygen transport resistance RT can be assumed to sep-
arate into a pressure dependent part RP that is the sum of the con-
tributions to oxygen transport resistance from multi-component gas
diffusion in the channel, the diffusion medium (DM) and the microp-
orous layer (MPL), and a pressure independent part RN P that can be
associated with transport resistances in the electrode26

RT = RP + RN P . [9]

RN P can be further separated into two parts16,17

RN P = RK nudsen + RPt

f
[10]

where RK nudsen corresponds to local oxygen transport resistance due to
Knudsen diffusion in the electrode pores, f is the electrode roughness
factor and RPt is a local transport resistance near the Pt surface. This
local transport resistance could originate from ionomer interfacial
transport as discussed in the literature.20,21

It should be noted that under limiting current density conditions
the assumption of differential conditions does not hold in the config-
uration used in this study. The low oxygen concentrations needed for
the measurement are achieved by diluting air with nitrogen at a con-
stant overall gas flow. Given the rather large active area in this study
compared to previous studies in the literature,16,17,26 these low oxygen
concentrations correspond to stoichiometries of λ < 3, thus the change
in oxygen concentration along the channel by reactant consumption
is not negligible. Therefore, the average of cell inlet and outlet oxy-
gen concentrations is used in the following. Despite disadvantages
in terms of accuracy of the numerical value of RT, this approach is
valid as the focus in this study was on the relative difference in oxygen
transport resistance of a given sample after degradation. The measure-
ment of the limiting current and determination of RT was carried out
on different samples than the ones examined in post-mortem analysis
(see Table I) with a degradation state comparable to sample A.

Figure 7a shows the measured oxygen transport resistance of a
BOL sample and after degradation. The overall oxygen mass transport
resistance at different pressures fits well to a linear trend. The y-axis
intercept is a proxy for the non-pressure dependent oxygen transport
resistance RNP.26 From this diagram RNP can be calculated according
to26

RN P = intercept − slope ∗ pw

(
DO N

DOW
− 1

)

+ Bch
2N Ld

Qdr y

pW

pa

DO N

DOW
[11]

with the intercept and slope from the plot of RT against pressure,
the partial pressure of water pW , the atmospheric pressure pa , the
binary diffusion coefficients of oxygen relative to nitrogen and water
DO N and DOW , a dimensionless constant representing the flow-rate
dependent part of the channel transport resistance Bch , the number
of channels in the flow field N, the length of the flow channel L, the
channel depth d and the inlet flow rate of dry gases Qdr y . In absence
of further knowledge about the constant Bch , Bch is set to 1 as in
Ref. 26, noting that a change to Bch = 2 changes the values of RNP

by 8% at BOL. Also, the constant is identical for all measurements
as the cell hardware and operating conditions are not changed, so
while an uncertainty in Bch will have an effect on the absolute value
of RNP, it will not affect the relative differences between different
measurements.

The slope of the linear fit does not change in the degraded samples
in Figure 7a, which indicates that the oxygen transport characteristics
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Figure 7. a) Oxygen transport resistance plotted against pressure during the
AST after various hours of voltage cycling. Each data point represents the
average of RT at 4 different oxygen concentrations. b) Oxygen transport resis-
tance during voltage cycling plotted against the inverse roughness factor. The
y-axis corresponds to RT for the data collected at the five different pressures,
for the data labelled RN P just RN P is shown. Hollow circles and filled squares
represent data for two different samples C and D. Each data point represents the
average of RT at 4 different oxygen concentrations. The dotted lines are linear
fits at each given pressure. The results of the linear fit are given in Table III.

of the DM and MPL do not change. This is in line with the expecta-
tion that the voltage cycling does not induce significant degradation
in these layers. However the y-axis intercept, and consequently RNP

increases, so the main change in the oxygen transport characteristics
due to voltage cycling is taking place in the electrode.

Figure 7b shows the relation of oxygen transport resistance against
the inverse of roughness factor following a linear trend. The linear
trend is observable at all pressures; also, RNP follows this linear trend.
This finding supports the hypothesis that in MEAs aged by voltage
cycling, there is a similar increase in oxygen transport resistance
as observed in low Pt-loading electrodes.16,17,19 The SEM images
(Figure 3b) confirm that the thickness of the samples is maintained,
but the roughness factor is changing due to Ostwald ripening. This
corresponds to the same conditions as in diluted electrodes. The linear
trend is similar for both samples in Figure 7b, even though the duration
of voltage cycling differed by a factor of 5. This corroborates that
ECSA loss and not time in operation is the main driver for the increase
in RT. The offset in RT between the two samples is most likely due
to sample-to-sample variation. Statistics of RT measurements for 12
different fresh samples yield a standard deviation of 5% of the value
of RT at a given pressure.

According to Equation 10, the y-axis intercept of RNP can be as-
sociated with the Knudsen diffusion resistance, while the slope of RT

against 1/f can be considered the local transport resistance near the Pt
surface RPt. While the slopes at different pressures deviate up to 18%
from the average slope (Table III), the average values of both samples
C and D are in good agreement. The measured values of RPt of 19 s/cm
are in the range of values reported in the literature, that range from
4.8 s/cm,17 to 10–17 s/cm16 to 3–5 s/cm37 to 17 – 100 s/cm.20 At BOL
the local transport resistance accounts for around one third of RNP and
Knudsen diffusion resistance for the other two thirds of RNP. After
voltage cycling the contributions of both resistances are roughly the
same size.

In order to confirm the above result, the measurement was repeated
on sample E with the same Pt loading, but a different MEA configura-
tion. While the absolute values of RT and RPt differ from measurements
on samples C and D because of the different MEA configuration, the
linear trend of RT against 1/f is also present in sample E. This proves
that the measurement is robust and valid for different materials.

Effect of carbon corrosion on oxygen transport resistance.—The
linear relationship between 1/f and RT is only valid if the catalyst layer
structure does not change. Triggering carbon corrosion in addition to
Pt dissolution will lead to a disproportionally large increase in RT

(Figure 8). Sample F was exposed to regular simulated start-up and
shut-down cycles, i.e. pressurizing the cathode and letting air cross
over to the anode.24 This will lead to a hydrogen/air boundary when
hydrogen is reapplied on the anode, which causes high potentials and
carbon corrosion on the cathode.38 From the SEM image in Figure
8c, the thinning of the cathode compared to a fresh sample (Figure
3a) is obvious. At the beginning of the accelerated stress test the in-
crease in RT follows the same linear trend as for samples C and D

Table III. Results of linear fit of RT against 1/f at different pressures in Figure 7b for three different samples C, D, E. The numbers highlighted
in bold correspond to the average slope with 95% confidence intervals.

Regression slope (103 s/m) RPt Regression intercept (s/m) R2

Pressure (kPa) C D E C D E C D E

RNP 1.75 2.17 2.70 22.3 20.2 26.6 0.97 0.99 0.97
120 1.87 1.96 2.78 60.8 63.1 48.7 0.96 0.99 0.98
150 1.98 1.85 2.72 70.8 75.9 57.0 0.96 0.98 0.97
200 1.93 1.76 2.85 91.4 96.3 68.3 0.91 0.99 0.98
250 2.06 1.77 2.90 108.7 115.9 80.9 0.93 0.99 0.98
300 2.13 1.56 2.81 127.2 137.4 94.2 0.92 0.97 0.99

1.96 ± 0.15 1.84 ± 0.24 2.79 ± 0.09
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Figure 8. Oxygen transport resistance during a combined Pt dissolution and
carbon corrosion accelerated stress test. a) RT plotted against pressure during
the AST after various hours of voltage cycling. Each data point represents
the average of RT at 4 different oxygen concentrations. b) Oxygen transport
resistance plotted against the inverse roughness factor. The y-axis corresponds
to RT for the data collected at the five different pressures, for the data labelled
RN P just RN P is shown. Each data point represents the average of RT at 4
different oxygen concentrations. The black dotted lines are quadratic fits to the
data and serve as a guide to the eye. The black dashed line is a linear fit to the
data using the average value of RPt = 19 s/cm from Table III as the slope. c)
SEM image of the sample.

Figure 9. Polarization curves at BOL and after voltage cycling corrected for
ohmic resistance, ECSA loss and oxygen transport resistance.

(Figure 8b), indicating a limited tolerance of the MEA to the applied
air soaks. With increasing number of simulated start-up and shut-down
cycles, RT deviates from the linear trend and starts to increase rapidly,
which indicates a drastic change in the catalyst layer structure as ex-
pected from carbon corrosion and confirmed by the SEM analysis.
The pressure dependent oxygen transport resistance is not increasing
as strongly as RT due to the simulated start-up and shut-down cycles.
RP increased by 14% at the end of the test compared to RNP increas-
ing more than threefold, which supports the assertion that the main
degradation is taking place in the electrode not the diffusion medium.

Effect of oxygen transport resistance on voltage loss.—With the
knowledge of the linear relation in Equations 9 and 10 and the pa-
rameters in Table III, the additional oxygen transport resistance due
to ECSA loss can be calculated. This allows the calculation of voltage
losses due to limited oxygen transport in the electrode and the reduc-
tion in the voltage gap between BOL and aged polarization curves in
Figure 1. The voltage loss associated with reduced oxygen concentra-
tion in the electrode is given by13

�UO2−t x = RT

F
∗

(
1

4
+ γ

α

)
∗ ln

(
pO2,ch − RT

4F ∗ RT ∗ i

pO2,ch

)
[12]

with the kinetic reaction order of the ORR γ19 and the oxygen partial
pressure in the channel pO2,ch . The resulting polarization curves of
fresh and aged samples corrected for ECSA loss, ohmic losses and
oxygen transport resistance are shown in Figure 9 along with a theo-
retical polarization curve that is limited only by kinetic losses. For the
fresh sample, the correction yields good results up to roughly 2 A/cm2.
The same goes for sample A, which was only aged by voltage cycling.
In sample B, the correction only yields satisfying results in the kinetic
region, with losses not captured by the model starting to increase from
0.5 A/cm2. As sample B exhibits slight cathode thinning, the onset of
carbon corrosion with the associated larger increase in oxygen trans-
port resistance could be an explanation for this behavior. While the
overall porosity of the catalyst layer does not change in sample B, a
collapse of small pores with diameters below the resolution limit of
the microscope could lead to an increase in oxygen transport losses.
Carbon corrosion is also known to increase the hydrophilicity of the
carbon in the catalyst layer,39 resulting in an increase in water accu-
mulation and, thereby mass transport losses at lower current densities.
Oxygen transport resistances in the electrode, and oxygen transport
resistances due to flooding in the diffusion medium are not included in
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the one-dimensional model in Equation 12 and a more sophisticated,
multi-phase model is necessary to capture the losses in cell voltage.40

At high current density, further voltage losses lead to deviations
from the theoretical performance curve even for the fresh sample.
These deviations can be attributed to the simplifying assumptions
made to derive the analytical model used to fit the data, which does
not account for changes in ionomer hydration state at varying current
density and changes in the ORR distribution due to mass transport.
The latter changes are particularly important at high current density
due to the presence of liquid water in the MEA, which is not accounted
for by the analytical model. Limiting current density measurements
were carried out at 75% RH in order to avoid flooding in the electrode
while the polarization curves were measured at 100% RH. At fully
humidified conditions and especially at current densities larger than
1.5 A/cm2 it is reasonable to assume that liquid water is present in the
electrode and diffusion medium. Pores in the electrode or DM blocked
by liquid water will further increase the oxygen transport resistance,41

which is not captured by the oxygen transport resistance measurement
in this study. As water in the cell is produced proportionally to current
density, this could lead to the observed increasing voltage losses at
higher current density. Simulations at similar operating conditions40

show that at high current density a model accounting for two-phase
flow yields better agreement to experimental data than a single phase
model, which supports the hypothesis that increased oxygen transport
losses in the electrode and diffusion medium due to liquid water in the
electrode are a likely cause for the remaining deviations in Fig. 9. The
model in this study does not account for a non-uniform reaction dis-
tribution, e.g. due to Pt redistribution in the cathode. The formation of
a Pt depleted region at the membrane-cathode interface could lead to
an increase in ohmic cell resistance as part of the electrode would now
effectively be inactive and act as an additional part of the membrane.
This expected increase in cell resistance however was not observed
in the measurement, indicating that the effect might be small under
normal operating conditions. At high current density, oxygen limita-
tions due to transport resistances can lead to a shift of the reaction
zone toward the cathode-GDL interface causing an additional protonic
voltage loss. Assuming that close to the limiting current density the
reaction zone moves to within 1 μm of the cathode-GDL interface due
to the Pt redistribution and oxygen limitations the additional protonic
voltage loss can be estimated. For values of Nafion conductivity of
0.15 S/cm,42 ionomer volume fraction in the catalyst layer of 0.3543

and a Bruggemann correction factor of 1.643 the resulting increased
resistive voltage loss at 3 A/cm2 is about 86 mV, which would not be
accounted for in the presented model. This additional voltage loss is
on the order of the discrepancy between the BOL polarization curve
and the theoretical curve in Figure 9.

Conclusions

In this study the effect of voltage cycling on the performance
of state-of-the-art automotive MEAs as well as their electrode mi-
crostructure was investigated.

It was shown that the oxygen transport resistance increases after
voltage cycling due to ECSA loss and scales proportionally to the
inverse of the electrode roughness factor in a similar way as reported
for low Pt loading MEAs. This effect can be associated with ionomer
interfacial transport on the surface of the Pt particles and has to be
taken into consideration when designing low Pt loading electrodes
that meet the lifetime criteria for automotive applications. The ob-
served relation only holds if other degradation mechanisms are not
triggered; carbon corrosion in particular will lead to a significantly
larger increase in oxygen transport resistance.

Post mortem electron microscopy supported the electrochemical
analysis. SEM verified that layer thickness and pore size distribution
were not strongly affected by voltage cycling. TEM on the other
hand revealed significant redistribution of Pt in the MEA due to Pt
particle growth, Pt band in the membrane and a Pt depleted layer at
the membrane-cathode interface. Quantification of the Pt mass in the
electrode verified that more than 92% of Pt mass is still present in the

electrode after voltage cycling, confirming that Pt particle growth is
the main source of ECSA loss.

With this approach it is possible to predict the performance of a
degraded sample simply by measuring or modeling the ECSA over the
lifetime of the MEA. This approach is valid as long as Pt dissolution
and Pt particle growth are the main degradation mechanisms occurring
in the MEA and carbon corrosion is avoided.
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Catalyst degradation in membrane electrode assemblies was studied by voltage cycling in hydrogen/air atmosphere. The loss of
electrochemically active surface area (ECSA) was quantified by cyclic voltammetry. The influence of cycle duration and dwell time
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The trade-off between durability and cost is one of the challenges
for the use of proton exchange membrane (PEM) fuel cells in auto-
motive applications. While reducing the loading of the platinum (Pt)
catalyst would improve cost, performance degradation through loss
of electrochemically active surface area (ECSA) induced by voltage
cycling is one of the limiting factors for fuel cell lifetime. Therefore,
an understanding of the conditions that influence catalyst degrada-
tion is necessary to improve cost and reach target fuel cell lifetimes
greater than 5000 hours.1 The loss of active surface area is caused
by an increase in the size of catalyst nanoparticles due to Pt dissolu-
tion/redeposition, often referred to as Ostwald ripening,2,3 coalescence
due to particle migration2 and/or sintering,4 as well as the migration
and precipitation of Pt2+ ions in the membrane.3,5 Besides other fac-
tors, the degradation rate depends on temperature,6,7 humidity8,9 and
potential.3,10–12

The influence of different voltage cycle profiles on the degradation
rate has been studied both in half-cell experiments and in membrane
electrode assemblies (MEA). In several studies, the impact of the scan
rate between upper and lower potential limit on dissolution of Pt in
acidic media was investigated.13–15 It was reported that the amount of
dissolved Pt increased with decreasing scan rates. For a wide range
of scan rates, the ECSA loss per hour was constant.14 Young et al.16

varied dwell times at high potentials during square wave voltage cy-
cling between 0.6 – 1.4 V in MEAs. They measured an increasing
degradation per cycle with increasing dwell time at high potential.
However, at this upper potential limit (UPL), ECSA loss is not only
caused by Pt dissolution but also by carbon corrosion.17

In automotive applications, the upper potential is limited to open
circuit voltage (OCV), which is lower than 1.0 V, during normal op-
eration. In this potential range, various studies were carried out using
MEAs. Uchimura et al.18 investigated the impact of cycle profiles by
voltage cycling in H2/N2 atmosphere. They found that the cycle du-
ration had a negligible impact on the decrease rate of mass activity
both for square and triangle wave voltage profiles, i.e. degradation
was a function of the number of voltage cycles but independent of the
duration of each voltage cycle. Zihrul et al.11 studied the effect of the
dwell time at the UPL of 0.9 V in H2/N2 atmosphere. While ECSA
loss increased with longer dwell time at high potential, the effect was
considered small compared to other stressors like the absolute value
of the UPL. The influence of oxygen partial pressure on ECSA loss
during voltage cycling in MEAs was found to be small compared to

zE-mail: alexander_paul.kneer@daimler.com

stress tests in H2/N2 atmosphere.9,18 However, Takei et al.19 carried
out similar measurements as Zihrul et al.11 in H2/air atmosphere and
found contradictory results regarding oxygen presence. They cycled
MEAs between 0.63 V and OCV and observed that the ECSA loss rate
more than doubled when increasing the dwell time at OCV from 3 s to
60 s. In acidic media, various studies reported enhanced Pt dissolution
in the presence of oxygen.20–23 Whether this enhanced dissolution is
also present in MEAs can be investigated by measuring the impact of
different cycle profiles in the presence of oxygen in MEAs.

The aim of this study is to investigate the impact of potential tran-
sients and exposure time to high potentials on catalyst degradation by
applying square and triangular wave voltage cycles with different cy-
cle lengths, scan rates and dwell time at the UPL. Voltage cycling was
carried out in hydrogen/air atmosphere using state-of-the-art automo-
tive materials. The UPL did not exceed OCV in order to represent
automotive operating conditions and minimize degradation arising
from carbon corrosion. The experiments were carried out in different
labs and at different operating temperatures and pressures, but with
comparable MEA designs in order to gain a broad overview of the
occurring degradation effects.

Experimental

Two different sets of commercial membrane electrode assemblies
(MEA) were used: One with an active area of 45 cm2 and one with an
active area of 20.25 cm2. Both MEA variants had a comparable design
which is summarized in Table I. In particular, Pt nanoparticles on a
high surface area carbon support with a Pt loading of 0.25 mg/cm2

on the cathode were used as catalyst in both MEAs. The two main
differences between the MEAs were the size of the active area and
that they were operated in two different labs. A microstructural char-
acterization of fresh and degraded samples of MEA 1 using scanning
and transmission electron microscopy techniques was published in a
previous study.24 The beginning of life cathode average particle size
was 5.3 nm and the cathode thickness of 9.4 μm for MEA 1.24

The MEAs were aged by voltage cycling in hydrogen/air atmo-
sphere in order to trigger catalyst degradation. An accelerated stress
test (AST) based on the Department of Energy (DoE) electrocatalyst
protocol1 was used: a square wave cycle between 0.6 V and either 0.9 V
or open circuit voltage, which was approximately 0.95 V, at 100% rel-
ative humidity. The operating conditions during the AST are displayed
in Table II. The temperature of 90◦C for MEA 1 was chosen in order
to accelerate the stress tests compared to lower temperatures.6,7 In
order to study the effect of cycle length on degradation rate, the cycle
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Table I. Overview of MEA parameters.

MEA 1 MEA 2

Active area 45 cm2 20.25 cm2

Pt loading cathode 0.25 mg/cm2 0.25 mg/cm2

Pt loading anode 0.1 mg/cm2 0.1 mg/cm2

Carbon support High surface area High surface area
Membrane 15 μm, reinforced 10 μm

Table II. Operating conditions for the voltage cycling accelerated
stress tests.

Lab 1 Lab 2

Lower voltage limit 0.6 V 0.6 V
Upper voltage limit OCV (∼0.95 V) 0.9 V
Temperature 90◦C 80◦C
Relative humidity 100% 100%
Pressure (H2/air) 2.7 / 2.5 bar 1 / 1 atm
Flow rate (H2/air) 4.5 / 11.3 slpm 2 / 5 slpm

length was varied between 4 s and 600 s. The effect of scan rate on
catalyst degradation was studied by applying a symmetric triangular
wave, i.e. the same scan rate on both anodic and cathodic transient,
with scan rates ranging from 1 mV/s to 350 mV/s. As the imple-
mentation of triangular wave cycles was limited by the test bench
signal processing capability, the triangular wave shaped potential cy-
cles were implemented by coupling an arbitrary waveform generator
to the power supply unit. A schematic overview of the applied voltage
cycles is given in Figure 1. The cells were operated at differential flow

Figure 1. Schematic overview of applied voltage cycles: a) symmetric square
wave, b) asymmetric square wave, c) symmetric triangular wave, d) asymmetric
triangular wave.

conditions, i.e. at constant flow and high stoichiometries to minimize
along-the-channel variations of the reactant concentrations and a par-
allel channel flow field was used in all tests. The AST duration varied
between 200 – 500 h.

During each AST, the MEAs were electrochemically characterized
by measurements of polarization curves, cyclic voltammetry and elec-
trochemical impedance spectroscopy (EIS) in regular intervals. ECSA
was determined from cyclic voltammetry by averaging the hydrogen
desorption and adsorption charge while correcting for double layer
capacitance and using a specific charge of 210 μC/cm2

Pt. Neither
the high frequency resistance determined from EIS nor the current
associated with hydrogen crossover determined by cyclic voltamme-
try changed significantly during the AST, thus severe damage to the
membrane or an influence of membrane degradation on the results is
unlikely. The mass activity im was not measured directly, but was de-
termined from polarization curve measurements at a voltage of 0.85 V.
The reason for using 0.85 V instead of the usual 0.9 V was that it was
difficult to reliably determine the current at 0.9 V in the degraded sam-
ples. For the calculation of mass activity in the degraded samples, the
Pt loading in the electrode was assumed to be constant. In principle,
Pt loading decreases due to Pt dissolution and subsequent precipita-
tion in the membrane, however, in this study, this occurred only to a
minor extent. Scanning transmission electron microscopy with energy
dispersive X-ray spectroscopy (STEM-EDX) of degraded samples of
MEA 1 revealed that the Pt loss from the electrode due to voltage
cycling was only 4 wt% at 48% ECSA loss and 8 wt% at 77% ECSA
loss.24 The ECSA loss was mainly caused by growth in average Pt
particle size. Further covered in that study as well as in the literature,25

distortion of the data due to carbon corrosion can be considered un-
likely at cycling potentials below 1.0 V.

Results and Discussion

ECSA loss under steady state operation.—In order to obtain a
baseline for the degradation rate in the absence of voltage cycles,
MEAs were operated at steady state conditions (Figure 2) in H2/air
atmosphere. Both at OCV steady state operation and at 0.7 A/cm2

steady state operation the ECSA loss was approximately 10% after
300 h and 600 h, respectively. At OCV the degradation rate per hour
was higher than under load, with the same ECSA loss occurring in
half the time. In the MEA under load the operation was changed
from 0.7 A/cm2 to 0.1 A/cm2 after 400 hours. This change led to
a higher ECSA loss rate, which implies that the degradation rate
under steady state operation increases slightly at higher potentials.

Figure 2. Normalized ECSA during steady state durability test. The cell was
operated at 90◦C and 100% RH in the OCV test, and 68◦C and 70% RH in the
steady state test under load.
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Figure 3. Normalized ECSA during symmetric square wave voltage cycling for MEA 1 (a and b) and MEA 2 (c and d). The symbols represent measurement data
at different cycle durations and the solid curve is a power function fit to the data serving as a guide to the eye. The three different symbols at a cycle duration of 4
s in a and b represent individual measurements. MEA 1 was cycled between 0.6 V and OCV at 90◦C and 100% RH, MEA 2 was cycled between 0.6 V and 0.9 V
at 80◦C and 100% RH.

Overall, the loss of ECSA at steady state operation was small, as during
constant operation at elevated potentials a Pt oxide layer will form
that protects the Pt particles from dissolving.26,27 Thus, the ECSA loss
through Pt agglomeration or coalescence, e.g. due to Brownian motion
or migration of Pt nanoparticles,2,4 is small compared to the effects
of Pt dissolution and redeposition, which dominate in the following
experiments. This emphasizes that Pt catalyst degradation in MEAs is
mainly a transient process and that the change in electrode potential
is crucial in the dissolution mechanism of Pt.

Effect of cycle duration on ECSA loss.—To study the effect of
the cycle duration on ECSA loss, symmetric square wave cycling,
i.e. a square wave potential with equal dwell time at both lower and
upper potential limit, was applied as an AST (Figure 1a). Cycles with
durations of 4 s, 8 s, 16 s, 60 s and 600 s were tested. In this case, the
overall time spent at upper and lower potential in a given time interval
was equal for all tested potential profiles, but the number of cycles
between potentials differed. In Figures 3a, 3c, the resulting ECSA
loss is plotted against total cycling time. For a wide range of cycle
lengths the difference in ECSA loss is small. Only for the longest cycle
duration of 600 s a smaller loss of ECSA can be observed. Plotting
the data against the number of voltage cycles instead of operating

time (Figures 3b, 3d) demonstrates clear differences in the ECSA
loss per cycle, which is more severe for longer cycles. Thus, not
only the number of voltage cycles, but also the dwell time at different
potentials in between the potential transients determine the ECSA loss
mechanism. The overall degradation was higher in Figures 3a, 3b than
in Figures 3c, 3d as the temperature and UPL were higher (90◦C vs.
80◦C, OCV vs. 900 mV), but the same trend of increasing ECSA loss
per cycle with increasing cycle duration was observed independently
in both labs. The initial slight increase in ECSA in Figures 3c, 3d can
be attributed to a conditioning effect.4

The ECSA loss rate per cycle was quantified by fitting a first order
kinetic rate loss model to the ECSA data6

d S

d N
= −kS (N ) [1]

where S is the normalized surface area, N the number of voltage cy-
cles and k a proportionality constant which we define as degradation
rate per cycle. Debe et al.6 introduced a minimum surface area Smin

at which the normalized surface area stabilizes or is less susceptible
to further losses from voltage cycling based on their observations in
nanostructured thin film (NSTF) Pt catalysts as well as Pt/C nanoparti-
cle catalysts (this assumption is supported here by the data in Figures
3a, 3b with a cycle length of 4 s). Integrating Equation 1 between
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Figure 4. Degradation rates of the symmetric square wave (SW) and sym-
metric triangular wave (TW) ASTs according to Equation 2. The dashed lines
represent linear fits to the data through the origin.

1 − Smin and S(N ) − Smin yields

ln

(
S − Smin

1 − Smin

)
= −k N [2]

The fitted degradation rate per cycle (k in Equation 2) agrees
well with a function through the origin increasing linearly with cycle
length (Figure 4). The mass activity decrease rate per cycle in Figure
5b exhibited the same behavior, increasing linearly with longer cycle
length. The mass activity decrease rate per hour (Figure 5a), on the
other hand, was almost constant, independent of cycle length.

Catalyst degradation can lead to voltage losses due to an increase
in activation overpotential. Assuming simple Tafel kinetics, the over-
potential of the oxygen reduction reaction (ORR) ηO R R is related to
the current density i by28

ηO R R = RT

αc F
ln

(
i + ix

i0,s L Pt ECSA ∗ 10

)
[3]

where T is the temperature, αc the cathodic charge transfer coefficient,
ix the current density associated with hydrogen crossover, io,s the
specific exchange current density, L Pt the Pt loading (in mgPt/cm2), R
the universial gas constant and F Faraday’s constant. The change in
activation overpotential due to potential cycling induced degradation
at a given current density can be calculated as11

�ηO R R = RT

αc F
ln

[(
io,s ∗ ECSA

)
t=0(

io,s ∗ ECSA
)

t

]
[4]

where the subscript t indicates the total cycling time, assuming that
the hydrogen crossover current density ix and the Pt loading do not
change drastically. These two assumptions are valid in this study as
discussed in the Experimental section. If it is further assumed that
the exchange current density does not change with degradation,11 the
change in ηO R R is only related to the Tafel slope and the ECSA. In
Figure 6, the change in activation overpotential due to the decreasing
measured ECSA is compared to the change in measured voltage at
0.1 A/cm2. The change in voltage follows a linear trend with a slope
of 1, i.e. �ηO R R and the measured voltage change at 0.1 A/cm2 are
identical, confirming that the observed voltage losses at 0.1 A/cm2 are
purely kinetic due to ECSA loss. The impact of catalyst degradation on
oxygen transport resistance and voltage losses at high current density
was not the subject of this study. However, an investigation of the
effect of ECSA loss on oxygen transport resistance was published for
MEA 1 using similar AST protocols and conditions as in this study,
demonstrating that oxygen transport resistance increased linearly with

Figure 5. Mass activity decrease rate a) per hour and b) per cycle. The decrease
rates were normalized to the values at a cycle length of 4 s.

decreasing electrode roughness factor,24 similar to the effect observed
in electrodes with low Pt loading.29,30

Effect of dwell time at high potential on ECSA loss.—To fur-
ther investigate the effect of exposure time to high potentials on
degradation rate, asymmetric square wave cycles, i.e. square wave
cycles with a different dwell time at upper and lower voltage limit,
were applied (Figure 1b). MEAs in these experiments were cycled
between 0.6 V and 0.9 V at 90◦C and 100% RH. The length of one
voltage cycle was 60 s, and two different asymmetric cycles were
applied: 2 s/58 s dwell time at lower/upper voltage limit as well as
58 s/2 s dwell time at lower/upper voltage limit. Also, the data were
compared to the symmetric square wave cycle of 30 s/30 s dwell time
at lower/upper voltage limit. The number of cycles in a given time
interval is equal in all three cases, therefore the effect of dwell time
at upper and lower potential on degradation can be separated from
the effect of the number of voltage cycles. The results in Figure 7
demonstrate that the dwell time at the UPL had a significant effect on
the ECSA loss rate. A dwell time of 58 s at the UPL lead to almost
twice the ECSA loss at the end of the test compared to a dwell time of
2 s at the UPL. At a dwell time of 30 s, the ECSA loss was between
the two asymmetric cycles, yielding a consistent trend. Comparing
these results to the symmetric square wave voltage cycles in Figure 3,
the main stressor for catalyst degradation is not the duration of the
voltage cycle, but the dwell time at the UPL. Studies at similar voltage
windows and dwell times reported a smaller difference between the
two asymmetric cycles in H2/N2 atmosphere11 and a larger difference
in H2/air atmosphere.19 This finding suggests that the presence of
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Figure 6. Change in activation overpotential �ηO R R due to ECSA loss (Equa-
tion 4) compared to the change in measured voltage at 0.1 A/cm2. The black
line with a linear slope of 1 is a guide to the eye.

oxygen could have an effect on the degradation rate and Pt dissolution
mechanism.

Effect of scan rate on ECSA loss.—The effect of scan rate on
degradation rate was studied by symmetric triangular wave voltage
cycling (Figure 1c). MEAs were cycled between 0.6 V and OCV at
90◦C, 100% RH for MEA 1 and 0.6 V– 0.9 V at 80◦C, 100% RH
for MEA 2, with varying scan rates between the potential limits. The
scan rates were varied from 1 mV/s, i.e. a cycle length of 600 s, to
350 mV/s, i.e. a cycle length of 2 s. Similar to the results from square
wave cycling in Figure 3, the cycle length did not have a pronounced
effect on ECSA loss as a function of total cycling time (Figures 8a,
8c). Again, only the AST with the longest cycle duration of 600 s
exhibited a smaller ECSA loss. However, the ECSA loss per cycle was
increasing with decreasing scan rate, i.e. increasing cycle duration, in
a similar manner as for the symmetric square wave cycles. As for the
square waves, this trend was consistently observed in both labs. At
the same cycle duration the ECSA loss for triangular wave cycling
was lower than for square wave cycling, consistent with findings in

Figure 7. Normalized ECSA during asymmetric square wave cycling. The
symbols represent measurement data with different dwell times at lower and
upper potential. The solid curve is a power function fit to the data serving as
a guide to the eye. Different symbols represent individual measurements. The
MEAs were cycled between 0.6 V and 0.9 V at 90◦C and 100% RH.

the literature.18,25 This is most likely caused by a shorter time at
high potential during triangular wave cycling. While the UPL was the
same in the square wave and triangular wave ASTs, the triangular
wave cycle spends roughly half of the cycle duration above a potential
of 800 mV, which is usually considered to be the threshold at which
oxides start to form on the Pt surface.26 However, the average voltage
during that time is 875 mV in the triangular wave cycle, compared
to OCV (approx. 950 mV) in the square wave cycle, hence a lower
degradation is expected.10,11 The ECSA loss rate was a linear function
of cycle duration as in the case of the symmetric square wave cycle
(Figure 4). This dependence of ECSA loss on scan rate is a result that
was observed before in various RDE studies.13–15 It should be noted,
that for the linear fit in Figure 4 only the data for cycle durations up to
60 s were used. For the longest cycles of 600 s, the ECSA loss rate was
35% – 40% lower than the extrapolation of the linear fit, suggesting
that for cycle durations of this order of magnitude or longer a transition
from the voltage cycling regime toward the steady-state behavior as
shown in Fig. 2 starts to take place. Similar to square wave voltage
cycling, the mass activity decrease rate per cycle showed a trend of
increasing degradation with lower scan rate (Figure 5b), whereas the
decrease rate per hour showed no such trend (Figure 5a).

In order to measure whether the anodic or cathodic transient had
a larger effect on the degradation rate per cycle, asymmetric voltage
cycles with a scan rate of 3500 mV/s, i.e. 100 ms per transient, on one
transient and 175 mV/s, i.e. 2 s per transient, on the other transient
were applied (Figure 1d). The 100 ms transient was roughly 2 – 3 times
slower than the square wave transients in the previous experiments and
was used as an approximation to the square wave cycle transients. The
results in Figure 9 show that the fast anodic/slow cathodic transients
lead to more ECSA loss, as reported in previous studies,31 though the
difference was not pronounced. Considering this result, it is possible
that for the symmetric triangular wave cycles the degradation is not
governed by the scan rate itself, i.e. the rate of change between upper
and lower potential limit, but by the time the catalyst is exposed
to high potentials similar to square wave cycling. The increase in
degradation rate per cycle for lower scan rates could be a consequence
of a longer exposure to high potentials per cycle compared to faster
scan rates. This hypothesis is supported by data from Harzer et al.25

who compared degradation for symmetric square wave and triangular
wave potential cycles, as well as a combination of both, i.e. a triangular
wave with an additional dwell time at the upper and lower potential
limit. The ECSA loss rates per cycle of the hybrid cycle and the
square wave cycle were identical, suggesting that the dwell time at
UPL and not the rate of potential change is the controlling factor
for degradation. On the other hand, various half-cell studies reported
a dependence of Pt dissolution on cathodic scan rate,15,32,33 arguing
that higher cathodic scan rates favor Pt redeposition. To clarify this
effect in MEAs, more research is needed with a broader range of scan
rates than investigated in this study. The sample-to-sample variation
was high in this test. This might have been caused by difficulties
of the test bench following the asymmetric cycle, in particular the
transition from anodic to cathodic sweep at high potentials. A longer
duration of the slow transient could have potentially avoided this and
led to a more distinct difference between the two cycles.31 It shall
be mentioned that in H2/air atmosphere, fast ramps to high currents
can potentially lead to additional degradation due to undersupply of
reactant gases, e.g. fuel starvation can lead to carbon corrosion.17,34

Such effects could be excluded in this study by using differential
flow conditions, which ensure stable and sufficient supply of reactant
gases.

Discussion of the catalyst degradation mechanism.—The results
of the ASTs in this study offer insight into the underlying catalyst
degradation mechanism. In contrast to findings in previous studies11,18

the dwell time at high potentials had a significant effect on degrada-
tion rate per cycle. It has been widely reported18,26 that Pt dissolves
electrochemically (Equations 5) during the anodic sweep when bare
Pt is exposed to high potentials until the surface is passivated by an
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Figure 8. Normalized ECSA during symmetric triangular wave voltage cycling for MEA 1 (a and b) and MEA 2 (c and d). The symbols represent measurement
data at different cycle durations and the solid curve is a power function fit to the data serving as a guide to the eye. Different symbols represent individual
measurements. MEA 1 was cycled between 0.6 V and OCV at 90◦C and 100% RH, MEA 2 was cycled between 0.6 V and 0.9 V at 80◦C and 100% RH.

oxide layer (Equations 6,7).

Pt ↔ Pt2+ + 2e− [5]

Pt + H2O ↔ PtO + 2H+ + 2e− [6]

PtO + H2O ↔ PtO2 + 2H+ + 2e− [7]

In this case, catalyst degradation should be mainly a function
of the number of voltage cycles, i.e. the number of anodic sweeps.
Figures 3,4,7 however exhibit that the dwell time at high potentials
also has an effect on the ECSA loss when data are normalized to the
number of cycles. Therefore, a different dissolution mechanism than
mere anodic dissolution might be necessary to explain the results in
this study.

Topalov et al.15 studied the dissolution of polycrystalline Pt in an
electrochemical flow cell connected to an inductively coupled plasma
mass spectrometer (ICP-MS) at UPLs above 1.1 VRHE. They found
that the amount of anodically dissolved Pt was almost constant for a
variety of different potential cycles. In particular, the anodic dissolu-
tion was independent of scan rate and UPL. The main contribution
to Pt dissolution occurred during the cathodic sweep of the potential
cycle and changed with scan rate and UPL. Based on these results,
Topalov et al. concluded that Pt dissolution is a transient process un-
likely to be caused by reaction equilibria of Pt dissolution (Eq. 5), Pt
surface passivation (Eqs. 6,7) or chemical dissolution of the surface
oxide,

PtO + 2H+ ↔ Pt2+ + H2O [8]

Instead, they proposed a Pt dissolution mechanism based on the
formation of (sub-)surface oxides:15 During the anodic scan to high
potentials the Pt surface is passivated by an oxide layer and the Pt
atoms are stabilized.27 Only a small amount of low-coordinated Pt
atoms, e.g. due to edges or defects in the crystal structure, dissolves.
Therefore, the amount of anodically dissolved Pt is almost indepen-
dent of scan rate and potential limits and the Pt is stable under steady
state conditions at high potentials. Above a critical oxide layer cov-
erage, the formation of a sub-surface oxide, which forms by a place-
exchange of Pt and oxygen atoms on the Pt surface, is energetically
favorable. Subsequently, during the cathodic scan, the oxide layer on
the Pt surface is reduced. The place-exchanged Pt atoms do not return
to their initial position in the crystal lattice, but either dissolve or form
low-coordinated sites that are susceptible to dissolution during subse-
quent cycles. At higher potentials more subsurface oxides will form,
thus the cathodic dissolution depends on the UPL. During the cathodic
sweep the dissolved Pt ions can redeposit onto the reduced Pt surface.
At higher scan rates the oxide is reduced faster and more dissolved
Pt can (re-)deposit.33 The scan rate controls the competing processes
of dissolution and (re-)deposition and therefore the degradation rate
as well. Similar results from ICP-MS experiments that support a ca-
thodic dissolution mechanism were reported by Lopes et al.32 and
Pavlisic et al.33 Surface X-ray scattering of Pt(111) showed that the
place-exchange mechanism initiates at 1.025 V35 to 1.05 V36. Myers
et al.37 investigated Pt dissolution during potentiostatic and transient
operation for both polycrystalline Pt as well as carbon-supported Pt
nanoparticles in acidic environment using in-situ X-ray absorption
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Figure 9. Normalized ECSA during asymmetric triangular wave voltage cy-
cling. The symbols represent measurement data and the solid curve is a power
function fit to the data serving as a guide to the eye. Different symbols represent
individual measurements. The MEAs were cycled between 0.6 V and OCV at
90◦C and 100% RH.

spectroscopy. They found that a place-exchange process is likely to
take place at potentials above 1.1 V in polycrystalline Pt. On Pt/C
nanoparticles the potential at which place-exchange started to occur
was 100 mV lower (∼1.0 V), which can be attributed to a higher
oxophilicity of nanoparticles38 and a higher effective potential as-
sociated with the higher surface energy of nanoparticles due to the
Gibbs-Thomson effect.2,26,39

Based on these results, Cherevko et al.40 investigated Pt dissolution
at potential limits below 1.0 VRHE, which is more representative for
automotive operation, in an ICP-MS flow cell for both polycrystalline
Pt and Pt/C nanoparticles. They found that in 30 min of constant polar-
ization at high potentials with a subsequent reductive ramp, the anodic
dissolution process dominated the cathodic dissolution up to poten-
tials of 1.0 VRHE. At higher potentials cathodic dissolution continued
to increase while anodic dissolution plateaued, which is consistent
with the findings of Topalov et al.15 They concluded that the forma-
tion and reduction of oxide, leading to perpetual changes in the Pt
surface state and metastable surface oxides, is a likely dissolution
mechanism.

The formation of subsurface oxides is usually associated with
potentials above 1.05–1.1 VRHE.35–37,41,42 However, in an oxygen at-
mosphere Pt surface changes could occur at lower potentials than in
an inert atmosphere. Kongkanand and Ziegelbauer22 investigated the
ORR on Pt in the presence of oxygen in situ by steady state X-ray
absorption spectroscopy among other techniques. While the presence
of oxygen did not increase the measured oxide coverage, they hy-
pothesized that place exchange between adsorbed oxides and the Pt
surface layers initiated at potentials as low as 0.75 VRHE under oxygen
sparging. Matsumoto et al.21 found that the dissolution of Pt is en-
hanced in an oxygen atmosphere, even at lower potentials below 0.8
VRHE. Using electrochemical scanning tunneling microscopy mea-
surements, they observed significant surface roughening in oxygen
atmosphere at potentials as low as 0.6 VRHE, which was not observ-
able in nitrogen atmosphere. Moreover, the surface oxidation level in
oxygen atmosphere was almost identical at 0.6 VRHE and 1.5 VRHE.
They concluded that the formation of (possibly higher-order) surface
oxides and a cathodic dissolution mechanism caused the dissolution
of Pt. Tahmasebi et al.23 reported that corrosion of Pt nanoparticles
in potentiodynamic polarization experiments was enhanced when the
electrolyte was saturated with gaseous oxygen compared to saturation
with gaseous hydrogen or nitrogen. Topalov et al.43 on the other hand,
found that for polycrystalline Pt saturation of the electrolyte with hy-
drogen, oxygen or argon had no pronounced effect on Pt dissolution

rates, while saturation with carbon monoxide increased Pt dissolution
due to blockage of re-deposition sites.

Considering these results from the literature, taking into account
the shift in local potential due to the Gibbs-Thomson effect for Pt/C
nanoparticles and assuming that the Pt surface changes below 1.0 V in
oxygen atmosphere observed in half-cell experiments are effective in
MEAs as well, the place-exchange and transient dissolution mecha-
nism proposed by Topalov et al.15 is in good agreement with the results
in this study. Longer dwell times at high potentials and slower scan
rates lead to more growth of surface oxides,42 which could eventually
lead to the formation of subsurface oxides due to place exchange and
therefore higher degradation rates.

It should be noted that the mere observation of higher degrada-
tion rates at long dwell times at high potential could, in principle, be
explained with an anodic dissolution mechanism as well. Literature
offers a broad range of values both for the onset potential of sur-
face oxidation, as well as for the speed of oxide formation.21,26,37,44–47

Under the assumption of sluggish oxide formation and high onset
potential, such that, even during long dwell times at UPL, only
an incomplete oxide layer is developed, non-deactivated Pt sites
would still be subject to electrochemical dissolution in the sense of
Equation 5, i.e. the longer the dwell time at UPL, the more Pt can dis-
solve electrochemically, yielding the observed relationship. However,
we did not observe such a behavior in the steady state experiments.
Further, combining the aforementioned literature findings that an oxy-
gen atmosphere could be associated with enhanced place-exchange
and a higher degradation rate, but no change in protective oxide cov-
erage, makes surface roughening with subsequent cathodic dissolution
a sensible explanation for the observed trends. Thus, we have found
evidence that the presence of oxygen could have an effect on the
catalyst degradation mechanism in MEAs.

Conclusions

In this study, a large data set of voltage cycling ASTs in hydro-
gen/air atmosphere using automotive MEAs was presented in order
to investigate the effect of cycle duration and scan rate on catalyst
degradation. The ASTs were carried out independently in two dif-
ferent labs and the experimental results were consistent. ECSA loss
during steady state operation at OCV and under load was small com-
pared to the degradation caused by transient operation, illustrating
that Pt agglomeration/coalescence due to particle migration is not the
dominating mechanism behind ECSA loss during voltage cycling. In
voltage cycling ASTs, it was demonstrated that both cycle duration as
well as scan rate have a significant effect on the catalyst degradation
rate, with increasing degradation rates per cycle for longer cycle du-
rations and lower scan rates. Normalizing the data to operation time,
the difference in degradation rate was small for a wide range of cycle
durations. Asymmetric square wave cycling revealed that longer dwell
times at high potentials lead to a higher degradation rate per cycle,
thus the dwell time at the upper potential limit, not the cycle duration,
is the main stressor for catalyst degradation. Triangular wave voltage
cycling was less damaging than square wave voltage cycling. This can
be attributed to less exposure time to high potentials in the triangular
wave cycle compared to a square wave cycle of equivalent cycle du-
ration. Therefore, the ECSA loss during voltage cycling is not only
governed by the number of voltage cycles, but also by the exposure
time to high potentials per cycle. Based on these results, the main part
of Pt dissolution is likely to occur during the cathodic sweep due to
(sub-)surface oxide layer formation at high potentials and reduction
of these sites during the subsequent cathodic sweep.
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Catalyst degradation in membrane electrode assemblies was studied by voltage cycling in hydrogen/air atmosphere. The sensitivity of
loss of electrochemically active surface area (ECSA) of the platinum catalyst during voltage cycling to various operating parameters
relevant for automotive applications was measured. The investigated stressors were humidity, temperature, upper and lower potential
limit and cycle duration. ECSA loss increased at high humidity, temperature and upper potential limit. The impact of the lower
potential limit was less pronounced. ECSA loss per cycle increased for longer cycle durations suggesting that the number of cycles
and the time spent at high potential in each cycle are of equal importance. A semi-empirical ECSA loss model based on the
accelerated stress tests was derived and validated in order to predict platinum surface area loss after voltage cycling and the resulting
current-voltage characteristics after degradation.
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Fuel cell cost and durability are the two main challenges for the
adoption of fuel cells in automotive applications. Since the cost of the
platinum (Pt) catalyst is one of the main cost levers1 an understand-
ing of catalyst degradation is necessary in order to maximize catalyst
lifetime and reduce fuel cell cost. During fuel cell operation high po-
tentials and potential cycling lead to degradation of the Pt catalyst. Pt
dissolution and subsequent precipitation of Pt ions in the membrane2,3

or Ostwald ripening,4 i.e. Pt particle growth due to re-deposition of
dissolved ions on larger particles, lead to a loss of electrochemically
active surface area (ECSA) and consequently an increase in activation
overpotential.

The conditions that promote catalyst degradation have been studied
in accelerated stress tests (AST) using small scale single cells in
recent years. One of the most important parameters was found to be
the upper potential limit (UPL) of the voltage cycle with an increase
in the UPL leading to higher ECSA loss rates.5–7 Concerning the
impact of the lower potential limit (LPL) conflicting results have been
reported. During voltage cycling with an UPL of 0.95 V a decrease
in degradation rate when increasing the LPL from 0.6 V to 0.8 V was
reported.5,8 For voltage cycling up to an UPL of 1.35 V degradation
was higher when the LPL was increased up to 0.8 V.9 An increase
in temperature leads to an Arrhenius type exponential increase in
ECSA loss.10,11 Less degradation for a decrease in relative humidity
is attributed to a lower mobility of dissolved Pt ions at low relative
humidity.8,12,13

Over the last years, different approaches to model catalyst degra-
dation and estimate voltage losses due to catalyst degradation have
been reported. On the fuel cell system level one approach to predict
fuel cell degradation was to divide operation into different operation
modes: start-stop, load cycling and high potential (idling).14,15 Em-
pirically determining a voltage degradation rate for each operation
mode and weighting the degradation rate of each operation mode with
the expected frequency in a driving cycle allowed to estimate the ex-
pected voltage loss after operation. However, this approach does not
take into account catalyst specific parameters such as ECSA. Also,
changes in the load cycling degradation rate due to a change in oper-
ating conditions are not captured by this approach. In physics-based
catalyst degradation models, on the other hand, different Pt dissolu-
tion pathways on the microscale are considered in order to model the

∗Electrochemical Society Member.
zE-mail: alexander_paul.kneer@daimler.com

catalyst degradation mechanism. Darling and Meyers16 included elec-
trochemical Pt dissolution, Pt surface oxidation and chemical dissolu-
tion of Pt oxide in their kinetic Pt dissolution model. Following studies
expanded this model to account for different particle size distribu-
tions of Pt nanoparticles,17,18 Ostwald ripening and Pt dissolution-re-
precipitation19–21 as well as Pt particle agglomeration.22 While these
models allow for a physical description and fundamental understand-
ing of the degradation processes, they rely on the knowledge of rate
constants of the involved electrochemical or chemical reactions, which
are not directly measurable and have to be extracted by fitting exper-
imental data. However, a consensus on which processes and disso-
lution pathways are involved in the catalyst degradation mechanism
and what their relative magnitude is, is not yet fully established.22–25

Moein-Jahromi et al.26 derived a semi-empirical model to forecast the
ECSA loss due to voltage cycling under varying operating conditions.
This approach is based on the knowledge of the degradation rate of
a standard voltage cycle which is adjusted for a change in operating
conditions by introducing correction terms. This allows to calculate
the degradation rate of an arbitrary voltage cycle. While no dissolu-
tion pathways were modeled in this approach, Ostwald ripening was
taken into account in order to calculate the size of agglomerates and
the degradation model was coupled to a performance model.

As outlined above, the effect of individual stressors on catalyst
degradation has been reported in the literature, however this is usually
limited to only one or few different stressors per study. This has a major
drawback: materials, test stations and operating conditions vary from
study to study. The absolute degradation rates are often dependent on
the material configuration, e.g. the rate of Pt dissolution depends on
Pt particle size.27,28 While it is possible to qualitatively compare the
effect of stressors from different studies, it is hard to get a meaningful
quantitative comparison.

In this study, voltage cycling in hydrogen/air atmosphere is applied
in order to give a comprehensive overview of a multitude of stressors
related to catalyst degradation using the same state-of-the-art auto-
motive membrane electrode assembly (MEA). The chosen values of
the stressors are representative for operating conditions in automotive
applications and are accessible on the fuel cell system or powertrain
level. The applied stressors were temperature, humidity, upper and
lower potential limit. Further, the effect of dwell time at UPL on
degradation, which was discussed in a previous study using the same
MEAs as in the present study,29 is discussed in this context. Based
on these AST data a semi-empirical ECSA loss model is derived
and coupled to an analytical polarization curve model that allows to
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estimate the MEA performance after voltage cycling. The present
article builds on two previous studies in which voltage cycling experi-
ments using the same MEA as in this study were reported. In these two
previous studies the catalyst layer microstructure of fresh and aged
MEAs was characterized using advanced scanning and transmission
electron microscopy.30 Moreover, the effect of voltage cycling induced
ECSA loss on oxygen transport resistance30 as well as the impact of
different square and triangular wave voltage cycles on degradation
rates were discussed.29

Experimental

Commercial MEAs with an active area of 45 cm2 were used. The
MEA was composed of catalyst layers with Pt nanoparticles on high
surface area carbon support as catalyst, with a loading of 0.25 mg/cm2

on the cathode and 0.10 mg/cm2 on the anode. A membrane of 15 μm
thickness with a reinforcement layer and Sigracet SGL 25BIH gas
diffusion layers (GDL) on both anode and cathode were used. The
average cathode Pt particle size in fresh samples was 5.3 nm and
the cathode thickness 9.4 μm.30 The cell was operated at differential
flow conditions, i.e. at constant flow and high stoichiometries to min-
imize along-the-channel variations of the reactant concentrations and
a parallel channel flow field was used in all tests.

Voltage cycling in hydrogen/air atmosphere was applied to
the MEAs in order to induce catalyst degradation. An AST based
on the Department of Energy (DoE) electrocatalyst protocol1 was
used: the standard voltage cycle applied in this study was a square
wave (SW) cycle between 0.6 V and open circuit voltage, which was
around 0.95 V, with a 2 s dwell time at both upper and lower potential
limit at 90◦C and 100% relative humidity (RH) (Table I). If not stated
otherwise in the following, this was the chosen voltage cycle. Based
on this standard voltage cycle, individual operating conditions were
varied in order to measure the sensitivity of different stressors on cat-
alyst degradation. The cell was operated at 2.5 bar/2.7 bar absolute
pressure on cathode/anode with constant gas flows of 11.3 slpm air/4.5
slpm H2 on the cathode/anode. The pressures and flow rates were kept
constant in all measurements, therefore they will not be discussed any
further. The accelerated stress tests lasted between 200–500 h which
corresponds to 180,000 to 450,000 cycles in the standard cycle.

During the ASTs the MEAs were electrochemically characterized
by measurements of polarization curves, cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) in regular inter-
vals. Polarization curves in hydrogen/air atmosphere were measured
at 68◦C, 100% relative humidity, 2.5 bar/2.7 bar absolute pressure
on cathode/anode and constant gas flow of 11.3 slpm air/4.5 slpm
H2 on the cathode/anode. The ECSA was determined by CV using
the average of the hydrogen desorption and adsorption charge and
a specific charge of 210 μC/cm2

Pt while correcting for double layer
capacitance. The impedance of the cell was measured by EIS in H2/N2

atmosphere. An equivalent circuit model31,32 was used to calculate the
ohmic resistance and the protonic resistance in the cathode layer using
Z-View software.

Results and Discussion

Derivation of degradation model.—The loss of ECSA can be
described as a first order kinetic rate model,10,11 i.e. the normalized
platinum surface area is a function of the number of voltage cycles N.
The rate of Pt surface area loss d S/d N is proportional to the remaining
surface area S

d S

d N
= −kS (N ) [1]

with a proportionality constant k. Based on the observation that the
ECSA stabilizes at non-zero values, i.e. Pt particles tend to stabilize
at a certain size, Debe et al.10 introduced a minimum Pt surface area,
Smin , at which the surface area stabilizes or is less prone to further
losses. This is supported by the data in the following Figures, where
the ECSA stabilizes at around 0.2, i.e. 20% remaining ECSA, for the

most damaging cycles, thus a value of Smin = 0.2 was used for all fits.
For further reference, post-mortem transmission electron microscopy
analysis as well as the corresponding particle size distribution of
a sample with 23% remaining ECSA was published in a previous
study.30

Integrating between 1 − Smin and S(N ) − Smin yields

ln

(
S − Smin

1 − Smin

)
= −k N [2]

which can be rearranged to express the Pt surface area as an exponen-
tial decay

S (N ) = Smin + (1 − Smin) exp (−k N ) [3]

The introduction of Smin yielded improved results when fitting the
experimental data, though the fit underestimated ECSA loss at low
numbers of cycles (see the following Figures 3–8), i.e. the model fit
did not always capture the initially steep decline in ECSA. One reason
for this underestimation is the choice of a constant Smin for all data.
Debe et al.10 chose a different Smin for different catalyst types. Zihrul
et al.6 suggested that Pt particles reach a “quasi” stable particle size
that depends on the experimental conditions. Following this hypoth-
esis, Smin should be a function of the operating conditions and not
a constant. A more complex fitting function with more independent
variables would improve the model fit, in particular increasing Smin

for less damaging voltage cycles would improve the model fit at low
numbers of cycles. However it would also add more assumptions and
complexity, therefore Smin was chosen as a constant for all operating
conditions in this study, while keeping in mind the consequences this
has on the model fit. Equation 2 has the advantage that every parame-
ter has a well-defined physical interpretation. In particular, the rate of
ECSA loss is solely governed by the rate constant k.

Based on this approach the rate constants for different operat-
ing conditions can be extracted from the experimental data. Moein-
Jahromi et al.26 suggested to combine the rate constants for different
operating conditions to obtain the overall degradation rate ktotal

ktotal = kSC × kT × kR H × kV [4]

where kSC is the degradation rate of a standard voltage cycle and kT ,
kR H and kV are scaling factors associated with changes in temperature,
relative humidity and voltage profile. The scaling factor for the voltage
profile kV can be further separated into rates for the potential limits
and cycle duration. Moein-Jahromi et al.26 suggested a linear contri-
bution of the potential difference between upper and lower potential
limit, an exponential term for the average potential of the potential
cycle and a linear term for the cycle duration. In this study, the cor-
rection factors for different operating conditions will be derived from
experimental data in the following paragraphs. Based on these results,
an exponential term kU P L for the UPL and a linear term kdwell for the
dwell time at UPL will be assumed

kV = kU P L × kdwell [5]

The degradation rate of the standard voltage cycle kSC was deter-
mined from a fit of the experimental data to the model in Equation 2.
With the knowledge of kSC and the correction factors, predictions of
the ECSA loss at different operating conditions are possible.

Current and voltage during the AST.—In the standard AST
(Table I) the voltage was cycled between 0.6 V and OCV (∼0.95V).
The AST was voltage controlled, i.e. load was drawn until the de-
sired voltage was reached. Thus, the load was cycled between 0
(corresponding to the UPL of OCV) and the current IL P L neces-
sary to obtain the LPL of 0.6 V. This operation principle can have
consequences for the operating conditions and the degradation rate.
The current and voltage during the standard AST are shown in
Figure 1a. The data logging rate was 1 min and each data point in
Figure 1a represents a snapshot of current and voltage at that time.
Due to uncertainty in the data logging rate and the short cycle duration
of 4 s, data points were logged at the UPL, LPL or in between, result-
ing in the displayed diagram where the voltage varies between OCV
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Table I. Operating conditions of the standard voltage cycle.

Standard voltage cycle

Potential shape Square wave
Lower potential limit 0.6 V
Upper potential limit OCV (∼0.95 V)
Dwell time 2 s
Temperature 90◦C
Relative humidity 100%

and 0.6 V and the current between 0 and IL P L . It is noticeable that
IL P L exhibited a saw-tooth pattern of a sharp initial decline followed
by a more steady decrease in current with periodic step changes to a
higher current. This saw-tooth pattern coincided with the diagnostics
intervals and is caused by a gradual MEA performance loss that is
recoverable. While the MEA performance decreased, less current was
needed to reach the LPL. This reversible degradation has been de-
scribed in the literature33–37 and is attributed to water management as
well as the formation of Pt oxides or adsorption of contaminants that
passivate part of the catalyst surface. Performance can be recovered
by removing the oxide on the cathode catalyst surface in a hydrogen

Figure 1. a) Current and voltage during the standard cycle AST. The data
logging rate was 1 min and each data point represents a snapshot of the current
and voltage at that time. Due to uncertainty in the data logging rate and the short
cycle duration of 4 s, data points at UPL, LPL and in between were logged.
The black solid line indicates a value of 0.95 V for the UPL. b) Comparison
of current and voltage for two ASTs at different RH, left of the vertical black
dashed line at 100% RH (i.e. the standard cycle) and right of the vertical
black dashed line at 40%. For both ASTs, the first two 20 h cycle intervals are
displayed. The current is normalized to the data at 100% RH. The black solid
line indicates a value of 0.95 V for the UPL.

Figure 2. Ohmic resistance measured during ASTs with different UPLs.

atmosphere by hydrogen purging or hydrogen pumping.36 In this
study, for recovery the air flow on the cathode was stopped and the
anode pressurized, letting hydrogen permeate across the membrane
to the cathode. Also, the potential sweeps during cyclic voltammetry
cleaned the Pt surface in regular intervals.

In addition to this reversible degradation, the MEA also was af-
fected by permanent degradation. This is visible in two features: OCV
was decreasing to values lower than 0.95 V after 150 h of operation,
thus the UPL was not fully constant. While the decrease in OCV was
only around 10 mV, a lower UPL could lead to an underestimation of
the degradation rate toward the end of the AST compared to a fully
constant UPL. Second, due to irreversible performance loss of the
MEA less current was needed to reach the LPL. This effect is similar
to the aforementioned reversible degradation mechanism, though the
degradation was permanent and resulted in a lower average current
in addition to the saw-tooth pattern. A change in average current has
an effect on the hydration state of the catalyst layer since less water
is produced in the cell. As degradation decreases at lower humidity
(this will be discussed in more detail in the following paragraphs),
this could also result in an underestimation of the degradation rate
toward the end of the AST. Similar effects occurred not only within a
given AST, but also when comparing ASTs with different operating
conditions that lead to a different average current, e.g. the ASTs at
100% RH and 40% RH in Figure 1b. These effects should be kept in
mind when interpreting the data and could be the reason that the fits
to the data according to Equation 2 underestimated the initial ECSA
loss in the following Figures.

Ohmic resistance during the AST.—The ohmic resistance de-
creased slightly during the ASTs, as shown exemplary in Figure 2 for
a variation of UPL. Most of the decrease occurred during the first 40–
80 h of the AST and the decrease was independent of the UPL. After
300 h of voltage cycling the decline in ohmic resistance was 11%.
A similar decline in ohmic resistance of roughly 10% after 300 h
was present in most of the ASTs and for all stressors in this study.

Effect of humidity on ECSA loss.—In Figure 3a, the effect of
relative humidity of the feed gases on ECSA loss is shown. The
standard AST (Table I) was carried out at 100% RH, 70% RH and
40% RH. Lowering the relative humidity from 100% to 40% the ECSA
loss after 240 h of voltage cycling decreased by more than 60%. The
resulting degradation scaling factor kR H (normalized to the value at
100% RH of the standard AST) according to Equation 2 is linear in
relative humidity (Figure 3b)

kR H = −0.37 + 1.37 ∗ RH [6]

This result is consistent with previous studies and can be explained
by a higher mobility of dissolved Pt ions in the ionomer phase at higher
water content.8,12,38 The linear relation in Equation 6 yields negative
values of kR H at relative humidities below 30%, which is not physical,
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Figure 3. a) Normalized ECSA plotted against the number of voltage cycles
for different relative humidities of the feed gases. Different symbols of the
same color represent individual measurements at a given condition. Constant
voltage cycling conditions: square wave, 600 mV – OCV, 2 s dwell time at
both LPL and UPL, 90◦C. b) ECSA loss rates for different relative humidities.
The symbols represent the ECSA loss rates calculated using Equation 2 and
normalized to the rate at 100% RH. The black solid line is a linear fit to the
data.

thus the relation is only valid at relative humidities larger than 30%.
One possible explanation is that two mechanisms contributed to the
change in water content in the catalyst layer. First, changing the rel-
ative humidity in the gas feed changed the humidity in the cata-
lyst layer. Second, a change in the relative humidity also affected
the membrane and ionomer conductivity. This lead to a change in
MEA performance and therefore a change in current density at the
LPL (Figure 1b), which changed the amount of water produced by
the electrochemical reaction and consequently the wetting state of
the catalyst layer. These two mechanisms and their relative magni-
tude could not be separated in the present study. In previous stud-
ies no effect of oxygen partial pressure on degradation rates was
found.12,39 Moreover, the UPL is slightly higher at 40% than at 100%
(Figure 1b). This most likely originates from lower H2 permeability
at lower RH,40,41 resulting in an approximately 15 mV higher OCV.34

Effect of temperature on ECSA loss.—The ECSA loss increased
with temperature as shown in Figure 4a. This is usually associated
with an Arrhenius type dependence on temperature.10,11 In this case
the degradation rate k can be expressed as

k = G ∗ exp

(−E A

RT

)
[7]

with the temperature T , activation energy E A, universal gas constant
R and a constant G. Fitting the logarithm of k to the inverse of

Figure 4. a) Normalized ECSA plotted against the number of voltage cycles
for different temperatures. Different symbols of the same color represent indi-
vidual measurements at a given condition. Constant voltage cycling conditions:
square wave, 400 mV – OCV, 2 s dwell time at both LPL and UPL, 100% RH.
b) ECSA loss rates for different temperatures. The symbols represent the loga-
rithm of the ECSA loss rates calculated using Equation 2. The black solid line
is a fit to the data according to Equation 7.

temperature yields a linear trend from which the activation energy E A

can be extracted (Fig. 4b). The resulting activation energy E A= 28.6
kJ/mol is on the same order of magnitude as values reported in the
literature of 22.6 kJ/mol10 in a temperature range of 65–90◦C and 25.4
kJ/mol11 in a temperature range of 40–80◦C. The correction factor for
temperature can be calculated as

kT = k

kSC
= exp

(
E A

R
∗

(
1

T
− 1

TSC

))
[8]

where TSC is the temperature of the standard voltage cycle.
Similar to the discussion for changes in humidity in the previous

section, a change in temperature can also have an effect on the wetting
state of the catalyst layer. While the feed gases were fully humidified,
the relative humidity in the catalyst layer can be lower than 100% due
to local heat production when current is generated,42 thus a part of
the product water can leave the catalyst layer in vapor form. At lower
temperatures less water will evaporate and leave the catalyst layer than
at high temperature as the vapor saturation pressure and water molar
fraction gradient in the electrode are lower. Hence, the same amount
of water produced from the reaction can result in a more hydrated
catalyst layer at low temperatures than at high temperatures,43 which
would lead to an increase in degradation rate according to Equation 6.
This could explain the slight deviation of the degradation rate at 60◦C
from the linear trend, however this correlation between humidity and
temperature on ECSA loss rate could not be further resolved in the
present study.
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Figure 5. a) Normalized ECSA plotted against the number of voltage cycles
for different UPLs. Different symbols of the same color represent individual
measurements at a given condition. Constant voltage cycling conditions: square
wave, LPL 600 mV, 2 s dwell time at both LPL and UPL, 90◦C, 100% RH.
b) ECSA loss rates for different UPLs. The symbols represent the logarithm
of the ECSA loss rates calculated using Equation 2. The black solid line is an
exponential fit to the data.

Effect of upper potential limit on ECSA loss.—Figure 5a shows
the ECSA loss at UPLs of 0.8 V, 0.85 V, 0.9 V and 0.95 V. At
each UPL the AST was repeated at least once and the data exhibited
good reproducibility. As Pt dissolution and oxidation are potential
driven processes,16,25 the resulting ECSA loss increased at higher UPL,
consistent with literature.5,6 At an UPL of 0.95 V the ECSA loss after
300 h increased more than three-fold compared to an UPL of 0.8 V.
It should be noted, that the absolute degradation rates reported in the
literature5,6 differ from the degradation rates in this study. This is most
likely caused by different MEA configurations, e.g. the average size
of the Pt nanoparticles has an effect on Pt dissolution rates due to
changes in Gibbs-Thomson energy.27,28 However, the relative change
in degradation rate due to a change in UPL in this study is similar to the
literature. In Figure 5b, the logarithm of the ECSA loss rate exhibits
a linear trend with respect to UPL. Similar to temperature, the change
in ECSA loss rate with UPL follows an exponential Arrhenius type
trend. The correction factor for UPL can be expressed as

kU P L = k

kSC
= exp (C ∗ (UPL − UPLSC)) [9]

where UPLSC is the UPL of the standard voltage cycle. For the data
displayed in Fig. 5b, the fitting constant of the exponential had a value
of C = 0.0152 mV −1.

Effect of lower potential limit on ECSA loss.—Compared
to the UPL, the sensitivity of ECSA loss to changes in LPL

Figure 6. a) Normalized ECSA plotted against the number of voltage cycles
for different LPLs. Different symbols of the same color represent individual
measurements at a given condition. Constant voltage cycling conditions: square
wave, UPL OCV, 2 s dwell time at both LPL and UPL, 90◦C, 100% RH.

was less pronounced (Figure 6). While an increase in degrada-
tion rate by increasing the LPL from 0.4 V to 0.6 V was ob-
served, changes of the LPL from 0.6 V to 0.7 V only lead
to small changes in ECSA loss. This result differs from previ-
ous studies5,8 in H2/N2 atmosphere, in which the ECSA loss de-
creased more significantly with increasing LPL in the range of
0.6–0.8 V. However, in other studies a similar behavior as in this
study has been reported.9 As the LPL did not have a strong influence
in the typical range of automotive operating conditions (0.6 V – OCV),
it was not included as a stressor (kL P L = 1) in the determination of
the overall ECSA loss rate ktotal (Equation 4).

Effect of dwell time at upper potential limit on ECSA loss.—The
effect of different cycle durations on catalyst degradation is shown in
Figure 7a. These results were discussed in more detail in a previous
study,29 which also covered that the dwell time at the UPL and not
the cycle duration is the main stressor for ECSA loss. The resulting
ECSA loss rate increased linearly with increasing dwell time at the
UPL tdwell,U P L (Figure 7b) and can be expressed as (normalized to the
value at a dwell time of 2 s of the standard AST)

kdwell = 0.38 + 0.29 ∗ tdwell,U P L [10]

This relation emphasizes that not only the number of voltage
cycles, but also the dwell time at the UPL determines catalyst
degradation.

Prediction of ECSA and validation with measurement.—The
ECSA loss model derived in the previous sections was validated
against several ASTs using mixed conditions, i.e. at least two stres-
sors were changed from the standard cycle. An overview of these
validation ASTs as well as the measured and modeled ECSA loss
at the end of each test is given in Table II. In Figure 8 the mea-
sured ECSA is compared to the output of the model according to
Equation 3. The model and the data are in good agreement, at the end
of the AST the deviation between model and measurement is less than
6 percentage points in all tests. As discussed above, the model tends
to underestimate losses in the beginning of each AST.

It should be noted that the model was not validated against more
realistic voltage cycles, i.e. experiments in which the cycling condi-
tions change over the course of the experiment. While the model takes
into account the effect of different stressors, i.e. a variation of cycling
conditions between different ASTs, the cycling conditions over the
course of each individual AST were kept constant. The application of
the model to a simulated drive cycle would be a useful step to evaluate
the efficacy of the model in more realistic scenarios, however this was
not covered in the present study.
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Figure 7. a) Normalized ECSA plotted against the number of voltage cycles
for different dwell times at UPL. Different symbols of the same color repre-
sent individual measurements at a given condition. Constant voltage cycling
conditions: square wave, 600 mV–OCV, 90◦C, 100% RH. b) ECSA loss rates
for different dwell times at UPL. The symbols represent the ECSA loss rates
calculated using Equation 2 and normalized to the rate at a dwell time of
2 s. The black solid line is a linear fit to the data. These data were originally
reported in a previous study.29

Estimated cell performance.—The loss of ECSA leads to voltage
losses during aging due to an increase in activation overpotential.6,44

Also, the oxygen transport resistance increases with decreasing Pt
surface area.30,45 Thus, with knowledge of the ECSA loss rate the cell
performance can be estimated as well. The activation overpotential
of the oxygen reduction reaction (ORR) ηORR assuming simple Tafel
kinetics is given by46

ηO R R = RT

αc F
ln

(
i + ix

i0,s L Pt ECSA ∗ 10

)
[11]

where αc is the cathodic charge transfer coefficient, i the current
density, ix the current density associated with hydrogen crossover, io,s

Table II. Validation measurements: applied voltage cycle,
measured ECSA loss at the end of the AST and ECSA loss predicted
by the model derived in the text according to Equation 3.

ECSA loss

Voltage cycle Measured Predicted

A SW, 2 s, 0.6 – 0.95 V, 80◦C, 100% RH 61% 67%
B SW, 2 s, 0.6 – 0.9 V, 80◦C, 70% RH 33% 30%
C SW, 4 s, 0.6 – 0.95 V, 80◦C, 70% RH 43% 40%
D SW, 8 s, 0.6 – 0.95 V, 70◦C, 100% RH 57% 63%
E SW, 8 s, 0.6 – 0.85 V, 80◦C, 70% RH 10% 8%

Figure 8. ECSA plotted against the number of cycles for five validation ASTs
summarized in Table II. The open circles represent measurement data, the solid
lines the output of the model according to Equation 3.

the specific exchange current density, L Pt the Pt loading (in mgPt/cm2)
and F Faraday’s constant.

The voltage loss associated with reduced oxygen concentration at
the catalyst surface �UO2−t x can be expressed as6

�UO2−t x = RT

F
∗
(

1

4
+ γ

αc

)
∗ ln

(
pO2,ch − RT

4F ∗ RT ∗ i

pO2,ch

)
[12]

with the oxygen transport resistance RT , the kinetic reaction order of
the ORR γ47 and the oxygen partial pressure in the channel pO2,ch .

The oxygen transport resistance can be separated into a pressure-
dependent part RP and pressure-independent part RN P .48 The
pressure-independent part consists of resistance associated with Knud-
sen diffusion RK nudsen and an interfacial resistance at the Pt surface
RPt that scales with the inverse of the electrode roughness factor f 49

RT = RP + RN P = RP + RK nudsen + RPt

f
[13]

The roughness factor f is defined as the product of ECSA and
Pt loading (in units of cm2

Pt/cm2
electrode), thus the oxygen transport

resistance increases with a reduction in Pt loading or with ECSA loss,
e.g. due to catalyst degradation. This linear increase in RT with the
inverse of the roughness factor due to ECSA loss has been reported
previously using the same MEAs and ASTs as in the present study.30

Based on these Equations, the change in MEA performance due
to ECSA loss can be estimated. Calculating the ECSA after voltage
cycling with the ECSA loss model according to Equations 3 and as-
suming that the ECSA is the only parameter in Equations 11–13 that
changed due to voltage cycling induced degradation, the change in
cell voltage due to ECSA loss can be calculated with the above equa-
tions and subtracted from the beginning of life (BOL) polarization
curve. This assumption is reasonable since Pt dissolution and Pt par-
ticle growth are the main degradation mechanisms in voltage cycling
experiments.6,30 Thus, the MEA performance after degradation can
be quantified simply by characterizing the MEA electrochemically
at BOL and calculating the estimated ECSA loss using the presented
model. For ohmic correction of the cell voltage it was assumed that the
ohmic resistance decreased by 10% compared to the BOL value after
degradation (Figure 2). To calculate the change in oxygen transport
resistance due to ECSA loss according to Equation 13, parameters
reported previously for the same MEA were used (RPt= 19 s/cm,
(RP + RK nudsen) = 112 s/m at 2.5 bar).30

In Figure 9 the measured and modeled polarization curves af-
ter 80 h and 300 h of degradation are compared. The model and
data are in good agreement for current densities up to approximately
1.5 A/cm2 with deviations of less than 5 mV between model and
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Figure 9. Polarization curves at BOL and after voltage cycling corrected for
ohmic voltage losses. The open circles represent measurement data. At BOL
the solid line represents the measurement data as well, the other solid lines
represent the BOL polarization curve corrected for ECSA loss due to voltage
cycling estimated by the model according to Equation 3 as described in the
text.

data. The main contribution to the observed change in MEA perfor-
mance were kinetic voltage losses. On the other hand, �UO2−t x only
increased by 2 mV at 2 A/cm2 due to ECSA loss after 300 h. Due
to the logarithmic dependence of oxygen transport resistance on volt-
age, the contribution to voltage losses is only significant close to the
limiting current density. However, it should be noted that the pres-
ence of liquid water (the polarization curve was measured at 100%
RH, while the oxygen transport resistance was measured at 75% RH)
could have led to an underestimation of oxygen transport losses by
the model.50 Considering that performance losses due to voltage cy-
cling are mainly governed by a change in activation overpotential, the
initial underestimation of ECSA loss by the model can be assessed. If
the remaining ECSA were 80% and the model predicted 90%, i.e. the
model predicted only half of the initial decline in ECSA, the resulting
difference in activation overpotential according to Equation 11 would
be only 3.5 mV at a Tafel slope of 68 mV/dec, so the consequences in
terms of voltage are small.

At high current density (>2.0 A/cm2) the data after 300 h of volt-
age cycling exhibit a lower voltage than predicted by the model. This
observation is similar to results by Li and Wang,51 who reported a
larger voltage loss at 2.0 A/cm2 after current cycling than predicted
by ORR kinetics and attributed this to a change in micro-scale trans-
port resistance. Harzer et al.44 found that voltage losses unaccounted
for by corrections for ECSA loss, high frequency resistance, effective
cathode proton conduction resistance and oxygen transport resistance
increased to >250 mV at 2.0 A/cm2 after square wave voltage cy-
cling between 0.6 – 1.0 V, which they attributed to morphological
changes with regards to Pt particle size and location in the electrode
that cannot be captured by currently available in-situ electrochemical
diagnostics. Similarly, the deviation between model and data reported
here is caused by limitations of the analytical model that were dis-
cussed in detail in a previous study.30 It most likely originated from the
presence of liquid water or a change in wettability of the catalyst layer
due to ionomer aging. Moreover, voltage cycling induced degradation
can lead to significant redistribution of Pt in the catalyst layer, e.g. the
formation of a Pt depleted layer at the membrane-cathode interface.30

This can lead to a shift in the reaction zone at high current density
and consequently additional protonic losses not captured by the an-
alytical model. To account for these possible voltage loss sources a
more sophisticated two-phase flow model as well as a more detailed
understanding of the consequences of changes in catalyst layer mi-
crostructure due to degradation on cell voltage would be necessary.

Conclusions

In this study the impact of automotive operating conditions on cat-
alyst degradation was investigated by voltage cycling in hydrogen/air
atmosphere. The investigated stressors included lower and upper po-
tential limit, relative humidity of the feed gases, temperature and dwell
time at the UPL. The decreasing ECSA during the ASTs was fitted to
a first order kinetic rate model and a degradation rate for each stressor
was determined. The degradation rate changed linearly with humid-
ity and dwell time at the UPL. For temperature und upper potential
limit an Arrhenius type exponential change in degradation rate was
observed. The effect of the lower potential limit on degradation was
small compared to the other stressors. Based on these measurement
data, a semi-empirical model for ECSA loss was derived and vali-
dated. Using this model it was possible to estimate the ECSA loss
for a range of different voltage cycles with a deviation of less than
6 percentage points. Based on the estimated ECSA, the polarization
curve after degradation was modeled and compared to measurement
data. With this approach it was possible to predict the performance
of degraded MEAs with good accuracy up to a current density of
2 A/cm2 simply by electrochemically characterizing the MEA at BOL.
This approach is valid as long as Pt dissolution and Pt particle growth
are the main degradation mechanisms.
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