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Kurzfassung

Polymerelektrolytmembranbrennstoffzellen  wandeln  die in  Wasserstoff
gespeicherte chemische Energie mit hoher Effizienz in elektrische Energie um.
Um die Brennstoffzelle kommerziell in mobilen, stationaren oder portablen
Anwendungen zu etablieren, ist neben der hohen Effizienz und der
Wasserstoffinfrastruktur auch eine hohe Lebensdauer notwendig.

Degradation von Brennstoffzellen lasst sich in die chemische Zersetzung und die
mechanische Schadigung der Elektrolytmembran, die Oxidation, Agglomeration
oder Vergiftung des Platinkatalysators und die Kohlenstoffkorrosion unterteilen.
Nur auf Basis eines grundlegenden Verstandnisses dieser Effekte kdnnen die
eingesetzten Materialien, die Brennstoffzellenkomponenten und die Betriebsmodi
weiterentwickelt werden.

In der vorliegenden Arbeit wurden die wesentlichen Degradationsmechanismen in
Einzelzellversuchen charakterisiert. Dazu wurden 25 c<cm2 Zellen mit
segmentierten Stromabnehmerplatten verwendet. Durch die ortsaufgeldste
Messung von Strom und Temperatur ist es mdglich, Gradienten und andere
lokale Effekte zu identifizieren und mit den Betriebsparametern in Verbindung zu
setzen. Mit Hilfe beschleunigter Alterungsprotokolle wurden die unterschiedlichen
Degradationsmechanismen hervorgerufen.

Die untersuchten Phanomene sind stark Uberlappend und beeinflussen sich
gegenseitig. Durch Kombination der ortsaufgelésten Messung und der
beschleunigten Degradationstests mit einer sehr holistische Herangehensweise
an das Thema wurden Parameter wie die Wasserstoffpermeation und lokale
Temperatureffekte als wesentliche Einflussfaktoren auf die Degradationsrate
identifiziert und experimentell untersucht.
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Abstract

Polymer electrolyte fuel cells are capable of converting the chemical energy of
hydrogen into electrical energy at high efficiencies. Therefore, there is a growing
interest in their application in automotive powertrains as well as stationary and
mobile applications. In order to establish fuel cells commercially, beside high
efficiency and hydrogen infrastructure, a long lifetime is required.

Degradation is subdivided into chemical decomposition and mechanical damage
of the polymer electrolyte membrane; oxidation, agglomeration and poisoning of
the platinum electrocatalyst and carbon corrosion. Only with a profound
understanding of the respective effects, the materials, fuel cell components and
operation modes can be improved accordingly.

The most severe degradation phenomena were investigated in a single cell setup.
The segmented single cell with an active area of 25 cm?2 was utilised.
Measurement of the spatial distribution of current and temperature enables the
identification of gradients and other local effects in respect to the operation
parameters. With the aid of accelerated stress tests (ASTs), different degradation
phenomena were induced. The different mechanisms have proven to strongly
overlap and influence each other.

By combining segmented cell measurements with accelerated stress tests in a
holistic approach to the subject of degradation, most of the lifetime limiting
effects could be classified and investigated experimentally. Thereby, hydrogen
crossover and local temperature effects were identified as the most severe in
terms of accelerated degradation.
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Euer Geist und eure Tugend dienen dem Sinn der Erde, meine Bruder: und aller
Dinge Wert werde neu von euch gesetzt! Darum sollt ihr Kdmpfende sein! Darum
sollt ihr Schaffende sein!

F. Nietzsche
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1. Introduction

With an increasing global energy demand, the world is struggling to reach the
goal of limiting global warming to 2 °C above the pre-industrial level. Therefore,
it was agreed upon in the Paris Agreement to reduce greenhouse gas (GHG,
Figure 1) emissions significantly. In detail, this would further require a reduction
of the European Union’s emissions by 40% by 2030 [5]. By 2050, this would,
however, require a reduction by 85% globally. These goals are only achievable
with a significant increase of the share of renewable energy. Sunlight, wind, tidal
and waves are, however, time dependent and strongly fluctuating. Energy from
these sources therefore needs to be stored in incomparable quantities [6].
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Figure 1: National GHG emissions with contributions listed according to the
different sectors for the EU28 countries in 2012 [7].

With its high abundancy, bound in water or hydrocarbons, hydrogen is a suitable
energy carrier for a sustainable future energy market. Surplus electrical energy
can be converted into hydrogen by electrolysis at a satisfying efficiency and high
purity [1].




The only reaction product from the combustion of hydrogen is water. Fuel cells
are able to convert the compound 's chemical energy into electrical energy at a
high efficiency of 60% or more. When the thermal energy is used as well, as it is
the case in combined heat and power (CHP) units, the overall efficiency can be
increased to 90%. Stationary and automobile applications are of major interest in
this regard, as energy supply by hydrogen powered fuel cells is a potentially
carbon-free, sustainable approach, leading to no local emissions [6,8-10].

Within the transport sector, passenger vehicles account for up to 70% of the
GHG emissions. Due to that, alternative technologies in road transport are of
special interest. In a well-to-wheel (WTW) study by Yazdanie et al. [11], it was
found that fuel cell electric vehicles (FCEVs) were the only approach to reduce
the WTW energy demand, the GHG emissions and the costs at the same time, if
hydrogen is produced from methane steam reforming. With hydrogen from
renewable production pathways, the GHG emission reduction was the highest for
fuel cell electric vehicles in the respective study.

However, fuel cells face lifetime limitations, as they do not respond well to
changing operation conditions. Sudden load changes, fluctuating humidity,
contamination, fuel and air starvation can all lead to irreversible degradation
[12]. This is especially severe in automotive applications, but can affect
stationary systems as well. Changing load conditions, startup/shutdown (SU-SD)
and freeze/thaw cycles cannot be avoided completely and thus strategies for
degradation mitigation are required [13]. Therefore, it is of utmost importance to
fully understand the underlying mechanisms. Only with an extended lifetime and
reduced costs at a level comparable to conventional systems, the fuel cell can be
established as a truly competitive alternative.

1.1. Cost Reduction and Commercial Competitiveness

Despite recent advances, the costs are high for polymer electrolyte fuel cells
(PEFCs). In 2013, the U.S. Department of Energy (DoE) estimated the system
costs to be $55 kW™, with the aim to reduce the costs to $30 kW™, In order to
meet the requirements for a competitive product, a variety of approaches is
possible. Beside an expected cost reduction by mass manufacturing, the used
components are to be optimised in order to accomplish this task. Possible
approaches to lower fuel cell costs are for example the reduction of the platinum
loading either by enhancing the distribution or by alloying it with cheaper metals,
such as Pd, Ru, Co or Ag [14-16]. The bipolar plates (BP) are another critical
factor, determining not only the costs, but also volume and weight of the stack.
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By introducing coated metal bipolar plates, all three can be significantly reduced
[17].

1.2. Scope of the Thesis

This thesis aims to provide a fundamental understanding of the most detrimental
degradation phenomena affecting polymer electrolyte fuel cells. All aspects were
evaluated and those considered the most severe were selected for further
investigation. With a holistic approach to the subject as a whole a detailed
understanding of each of the important mechanisms was obtained.

Within this thesis, the principles and composition of polymer electrolyte fuel cells
are explained, followed by a detailed description of the different degradation
mechanisms known from literature. In this regard, available accelerated stress
test (AST) protocols are discussed and listed by their respective aim. Some of
these tests were selected for experiment, which are partially featured in the
experimental section. Published data [1-4] are, however, not included, but
added in the appendix, along with a complete list of publications.




2. Fuel Cell Theory

Ever since the initial discovery of their fundamental principles in 1839 by Sir
William Grove and the first development of a fuel cell system by Francis Bacon a
century later, fuel cells have seen fluctuating scientific attention. The initial
systems were based on liquid alkaline electrolytes and were used in pioneering
projects at that time, such as the Apollo programme. Over the time, however,
various other types of fuel cells based on different types of electrolytes emerged.
Amongst those, the phosphoric acid fuel cell (PAFC) was one of the first acidic
fuel cells and was the first one to be considered commercially viable for
mainstream power production [18].

However, with the invention of the solid polymer electrolyte, another acidic fuel
cell, the proton exchange fuel cell or polymer electrolyte fuel cell has been able
to make a leap towards becoming a commercially attractive alternative to
conventional energy converters in the past years. With this development, a
simpler and lighter setup can be achieved, enabling the operation at lower
temperatures and making these systems more attractive for various applications,
such as automotive and stationary [18].

Within a polymer electrolyte fuel cell, hydrogen is converted to protons and
electrons in the hydrogen oxidation reaction (HOR) on the anode. Protons travel
through the polymer electrolyte membrane (PEM) and electrons through an
external circuit towards the cathode. Thus, the electrical energy becomes directly
usable. At the cathode, oxygen is reduced in the presence of protons and
electrons in the oxygen reduction reaction (ORR), forming water (Figure 2),
which exits the fuel cell with the cathode off-gas [19].




% 0,+2H"4+2e > H,0

Anode off-gas Cathode off-gas

Figure 2: Principle of a polymer electrolyte fuel cell.

2.1. Operation Characteristics

The theoretic voltage of a fuel cell is defined by the electrochemical reactions on
anode and cathode, respectively. The equilibrium between hydrogen and protons
is the reference in the galvanic series, i.e. 0.000 V. Therefore, the theoretical
maximum cell voltage (Vo) in a polymer electrolyte fuel cell is defined by the
oxygen reduction reaction and given as 1.229 V. A real fuel cell will, however,
never reach such a high value. Depending on the operation temperature and
whether or not the formed water is condensed, the ideal voltage drops.
Additionally, in real cells, other factors contribute to an even lower value.
Reactant crossover through the membrane leads to mixed potentials on the
respective electrodes and therefore lowers the overall open circuit voltage (OCV)
[18,20].
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Figure 3: Polarisation curve with different losses [19].

Whereas the ideal current-voltage-characteristics show as little decline with
increasing current density (i) as possible, three different areas can be
distinguished in real curves (Figure 3). At low current densities, the voltage (V)
declines, following a logarithmic behaviour according to the Tafel law. This is
partially caused by the irreversibility of the oxygen reduction reaction. With a
further increasing current density, the polarisation curve eventually exhibits a
linear behaviour in the ohmic region (according to Equation 1). This is caused by
the resistance (Rgp), which mainly derives from the membranes resistance
towards proton transport in this region. At high current densities, the voltage
drops sharply in the diffusion limited region of the curve [20].

Equation 1
V =R,

The polarisation curve can be described by Equation 2. R is the ideal gas
constant and F the Faraday constant. The kinetic and mass transport losses are

included, as well as the ohmic losses [20].

Equation 2

This equation is, however, only applicable for a pre-determined position within
the fuel cell. The behaviour of the full cell is better described by Equation 3, as it
reflects local variations. a; (V) and a, (cm? A!) are parameters [20].




Equation 3

RT
V=V,— 71n(i) — Rpi— ayexp(ayi)

The power density (P) of a fuel cell is defined by Equation 4 and of fundamental
importance for system manufacturing [20].

Equation 4

2.2. Fuel Cell Efficiency

The theoretical maximum efficiency (Equation 5) is defined by the reactions”’
thermodynamics. At standard conditions, this equals a maximum efficiency (Nmax)
of 83%. However, this value is impossible to achieve within a real fuel cell
system due to voltage losses (Nvoitage, Equation 6) caused by the kinetics and a
limited fuel efficiency (nrwe;, Equation 7) [18,20].

Equation 5
AG
Nmax = E
Equation 6
_ vV
nVoltage - VNernst

Any stoichiometry higher than 1 results in a fuel efficiency lower than 100%. In
real operation, this is, however, necessary to prevent starvation, ensure proper
mass transport for the removal of water and contaminants as well as a
homogeneous reactant distribution over the surface area of a fuel cell [21,22].

Equation 7

NFuel =

~ |




3. Membrane Electrode Assembly

The very core of a polymer electrolyte fuel cell is the membrane electrode
assembly (MEA, Figure 4), as the electrochemical reactions take place within it.
It consists of a polymer electrolyte membrane, sandwiched between two
electrodes. Each electrode consists of a gas diffusion layer (GDL), a microporous
layer (MPL) and a catalyst layer (CL). The latter is in direct contact with the PEM,
whereas the other two layers are responsible to assure a proper reactant
distribution, water management and enable electric and thermal conductivity.
The right choice of properties is therefore fundamental in order to ascertain
proper fuel cell operation.

CatalystLayer Membrane

/

Microporous Layer  Gas Diffusion Layer

Figure 4: Scheme of a membrane electrode assembly.

3.1. Membrane

Even though electrolytes used to be liquid in initial fuel cell development, the
benefits of solid electrolytes have become apparent and have almost completely
displaced previous materials. By the use of ionomers, which are defined as ion
conductive polymers, a simpler cell setup is possible, outdating the necessity of
pumps and complex sealing [18]. The ideal membrane would possess the
following qualities [23]:




e High proton conductivity

e Insoluble in water under the given conditions

e Impermeable for gases, including hydrogen and oxygen
e Electric isolator

e Mechanical, chemical and electrochemical stability

¢ Adequate water management

e High tolerance towards contamination
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2

Figure 5: Chemical structure of Nafion® according to Chen and Schmidt-Rohr
[24].

Polymer electrolyte membranes, as used in PEFCs, are usually perfluorinated
ionomers, but other materials are possible as well. The most common PEM in fuel
cells is Nafion®, which is a thin film of a perfluorosulphonic acid (PFSA) polymer.
The polymer consists of a hydrophobic polytetrafluoroethylene (PTFE) backbone,
with functional vinyl ether linked sidechains, terminated by hydrophilic sulphonic
acid groups (Figure 5). The latter form clusters and channels, which enable the
ionic conductivity of the ionomer. Proper humidification is crucial for both the
channel formation and the ion mobility, as the acid groups have to be
dissociated. This also limits the fuel cell operation temperature to below 100°C
[25]. As the network forms in the presence of water, the membrane also swells
[26]. When soaked with water, an unreinforced membrane can swell up to 140%
[23] with typical membrane thicknesses in the range of 25 - 175 ym [25]. In
order to minimise the mechanical stress, most available membranes are
reinforced. This can be accomplished by implementing different materials into the
membrane network. With non-conductive materials, such as zirconium phosphate
or expanded PTFE sheets, the swelling of the ionomer itself is not altered, but the
overall expansion of the membrane is reduced. However, a compromise between
enhanced mechanical properties and the ionic conductivity has to be found
[26,27].




PFSA membranes exhibit a high chemical stability in fuel cell environment, a high
mechanical stability and a high ionic conductivity if humidified properly. With this
type of membrane, stable operation has been reported for over 50,000 h [25].

3.2. Catalyst Layer

The electrochemical reactions take place within the catalyst layer. Therefore, the
properties are of utmost importance. The catalyst layer has to provide the
following properties [23]:

e Electrocatalytic activity towards the respective reaction

e Large electrochemically active surface area (ECSA)

e Excellent ionic and electric conductivity

o Efficient water and reactant gas transport - enabled by a high porosity
with small pore sizes

e High chemical and electrochemical long term stability in the respective
environment

¢ High tolerance towards contamination

Therefore, the CL is required to contain the catalyst, which is usually supported
by an electrically conductive material such as carbon and ionomer to provide the
necessary ionic conductivity and also to function as a binder [25]. Most common
fuel cell catalysts are based on platinum nanoparticles on carbon support, but
also various other types of alloys are possible [23]. For fuel cells with platinum
electrocatalysts, metal loading in the range of 0.2 mg cm™ with 30wt% Nafion®
content have achieved high power densities [28]. When manufactured with pore
formers, a porosity of up to 65% can be achieved with a typical pore size in the
range of 0.01 to 0.5 pm. The total CL thickness is, in dependence on the
preparation method, in the range of 10 to 30 um [23].

3.3. Microporous Layer

The microporous layer is typically applied onto the GDL and has a similar
porosity as the catalyst layer. The MPL has an evening effect on the gas diffusion
layer and thus ensures an improved distribution of the catalyst layer. With its
hydrophobic character, it aids the water transport, provides electrical
conductivity and enhances the reactant gas transport. As is the case for the CL
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composition, the right ratio between the binder (typically PTFE) and carbon is
fundamental for optimised fuel cell operation [25]. A typical thickness is in the
range of 30 to 60 pm [23].

3.4. Gas Diffusion Lavyer

The gas diffusion layer with a thickness in the range of 200 - 400 pm is typically
made of carbon paper or cloth with pore sizes in the range of 10 to 30 um,
treated with 5 - 10wt% PTFE to ensure hydrophobicity for optimised water
management. This is necessary to ensure the following properties [23]:

e Electric and thermal conductivity

¢ Mechanical stability and support for the entire MEA

e Suitable mass transport properties regarding water and reactant gas
transport

The pore size has to be adapted accordingly in order to ensure optimal mass
transport and inhibit the accumulation of condensed water. This is especially
important on the cathode, as it is necessary to remove excessive amounts of
product water in relation to the current density [25].

11



4. Single Cell Design

4.1. In-house Segmented Single Cell

For the experiments conducted during the completion of this thesis, an in-house
built cell with a segmented cathode was used (Figure 6) [3,29]. The current was
detected in 3*10 segments over a rectangular surface area of 25 cm?, using
shunt resistors. However, this layout is unique and thus incomparable with vast
parts of the literature. Thus, for further research, a different design was chosen.

Figure 6: In-house built segmented single cell [29].

4.2. Standardised Layout

Various layouts are available for the PEFC. The flow field pattern strongly
influences mass transport properties, water management and current density
distribution and it is usually necessary to compromise.

12



Figure 7: Commercial segmented single cell (S++ Simulation Services,
Germany).

For the sake of comparability, a new 5*5 cm?’ single cell (S++ Simulation
Services, Germany, Figure 7) was purchased.

A single cell with a segmented cathode current collector with 10*10 segments
and 5*5 segments for temperature measurement was used. Graphite plate and
carbon paper were not segmented.

With a 2.5 mm graphite plate, the error by transverse current was given as
approximately 5% by the manufacturer under normal operation (R. Kraume,
personal communication, 16.4.2014). Two different types of flow fields were
realised.

4.2.1. Single Serpentine Layout
Similar to the JARI - the Japanese standard test cell [30,31], a single serpentine
layout with 1 mm channel width, depth and rib width was chosen (Figure 8). A
single serpentine layout possesses a relatively long channel and a high pressure
drop between inlet and outlet. This can be used for simulating a larger cell or
stack.

13
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Figure 8: Single serpentine layout with segments.

4.2.2. Three Channel Serpentine Layout
The second most common layout is the 3 channel serpentine flow field [31,32].
The channel width was chosen to be 0.8 mm, with a rib width of 0.8 or 1 mm for
every third rib, respectively. The channel depth was chosen to be 1 mm (Figure
9). The pressure drop is smaller in this type of cell and the channel length is
reduced compared to the single serpentine layout. It does, however, provide a
better utilisation of the segments.

Figure 9: Three channel serpentine layout with segments.

4.3. Reference Electrode

During planning of the single cell experiments, the possibility of characterisation
with a reference electrode was included. The ability to determine the respective
anode and cathode potential separately represents an immense gain of
information. Therefore, a platinum wire with a diameter of 0.5 mm was
implemented in the anode flow field as reference electrode. A schematic drawing
is shown in Figure 10.

14
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Figure 10: Scheme of a platinum wire reference electrode.
The detailed set up of the reference electrode is shown in Figure 11. Above the

platinum wire, a carbon paper piece with a diameter of 2 mm was placed to
ensure contact with the membrane.

a)

Figure 11: Reference electrode a) as implemented in the flow field and b) as
implemented in the graphite plate.

Note: The connection was highly instable. Replacing the carbon paper piece with
a piece of membrane in identical dimensions resulted in a slightly more stable
connection. However, measurement was still not reliable and thus the reference

electrode experiments were not extended for the sake of other, more promising
approaches.
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5. Characterisation Methods

Multiple different characterisation methods were applied in order to obtain a
deeper understanding of the fuel cell characteristics, operational parameters as
well as the degradation mechanisms.

5.1. Electrochemical Characterisation

Electrochemical characterisation was conducted in-situ in all cases. The single
cell was operated at the conditions described individually for each experiment.

5.1.1. Polarisation Curves
Steady state polarisation curves are recorded galvanostatically, whilst the cell
voltage is obtained. Each current step is held for two minutes or more, of which
only the last minute is used for calculation (Figure 12).
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Figure 12: Example of the current density characteristics over time for a
polarisation curve.

If not stated otherwise in the experiments, the gas flow is adapted to maintain a
steady stoichiometry until the minimum of the mass flow controllers is reached.

5.1.2. Electrochemical Impedance Spectroscopy
Impedance is defined as the resistance towards alternating current. Figure 13
shows the equivalent circuit of a half-cell with the double layer capacity Cq, the
charge transfer resistance Ry and the electrolyte resistance R, [33].
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Figure 13: Electrical circuit of the impedance of a single electrochemical reaction
[33].

For fuel cell characterisation, the electrochemical impedance spectroscopy (EIS)
is recorded by forcing a sinusoidal current or voltage signal on the cell at a
steady operation point. The respective response is recorded for a frequency
spectrum and depicted in a Nyquist plot (Figure 14) [34].

Electrochemical Impedance Spectroscopy ——BolL
- : : oL |
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Figure 14: Nyquist plot of an MEA before and after AST testing in [2] at a
current density of 0.2 A cm™.

The real part (depicted as R) can be described by Equation 8 with w being the
frequency. If the frequency w -> oo, the real part equals the high frequency or
electrolyte resistance and can be read from the Nyquist plot, as indicated in
Figure 14 [33,34].

Equation 8
Rim
R=Ret T erz,ca,

5.1.3. Hydrogen Diffusion Measurements / Linear Sweep Voltammetry
Ahead of every hydrogen diffusion measurement, the cathode is purged with
nitrogen until the voltage drops to below 90 mV. The anode gas flow is pure
hydrogen with a flow rate of 87 ml min™? and 413 ml min™* of nitrogen on the
cathode side during experiment, if not stated otherwise. Temperature and
humidification are not altered.

A voltage of 430 mV is held for one hour and the responding current is recorded.
Thereby, all hydrogen, crossing through the membrane is oxidised at the
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cathode. The given protons travel back to the anode side, where they are
reduced.

Reaction at the cathode:
H, - 2H* + 2e~

Reaction at the anode:
2H* + 2¢” - H,

During linear sweep voltammetry (LSV), identical reactions take place as during
hydrogen diffusion measurements. However, in this experimental mode, instead
of keeping the voltage constant, it is changed over time, as the name indicates.
The upper voltage limit was set to be 450 mV with a sweep rate of 1 mV s™.

High current values are an indicator for increased hydrogen crossover due to
membrane thinning or even pinhole formation.

In this regard, anode and cathode refers to the respective electrodes during
normal fuel cell operation.

5.1.4. Cyclic Voltammetry

Cyclic voltammetry (CV) measurements are conducted straight after the
hydrogen diffusion measurement and the same settings are used. Therefore, the
cathode is already sufficiently purged with nitrogen. The order is reversed for
some of the test series.

The voltage is cycled between a higher and a lower voltage (Figure 15). Typical
values would be e.g. a sweep rate of 50 mV s with 600 mV as the upper and 90
mV for the lower voltage limit.
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Figure 15: Voltage profile of cyclic voltammetry cycles.
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From the hydrogen desorption peak (Qges, Figure 16) the cathode catalyst surface
area (Ap, m? g') can be calculated according to Equation 9 after subtraction of
the double layer (dashed line, Figure 16) and with knowledge of the electrode
loading (Lca, Mg cm™) and the geometric area of the electrode (A,, cm?) [35].

Equation 9

Q
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Figure 16: Example of a CV-curve including the hydrogen desorption peak (Qges)
and the double layer (dashed line).

5.2. Additional Characterisation

In addition to the electrochemical characterisation, various methods of non-
electrochemical characterisation were applied in order to fully understand
degradation. Whilst off-gas and waste water analysis are non-destructive and, at
least the first, in-situ; further analysis of the MEA is inevitably ex-situ and often
destructive.

5.2.1. Off-Gas Analysis
Simultaneously with the electrochemical characterisation, the off-gas on either
the anode or the cathode side is analysed with an online gas analyser (ABB). The
concentrations of CO and CO, are analysed with two units set for different
concentration ranges (Uras 14) by infrared spectroscopy. Hydrogen is quantified
with a Caldos 17 unit by conductometry and oxygen with a Magnos 106 unit by
using the paramagnetic properties of oxygen in a magnetic field.
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5.2.2. Fluoride Selective Electrode

The off-gases of anode and cathode pass through two separate condensation
traps. The condensed water is quantified and samples are mixed with total ionic
strength adjustment buffer II (TISAB II), as received from Thermo Scientific, at a
ratio of 50:50. Thereby, all free metal ion contaminants are bound as metal
complexes, thus do not reduce the fluoride activity. In order to determine the
fluoride emission rate (FER) the solution is analysed in regards of fluoride ion
content with a 9609BNWP fluoride ion selective electrode (F-ISE) from Thermo
Scientific.

5.2.3. °F-NMR
Nuclear magnetic resonance (NMR) is based on the relaxation of a nucleus with a
certain spin in a magnetic field. °F is the only naturally abundant fluorine isotope
and has, as well as 'H, a nuclear spin of 2 and is thus NMR active [36].
Therefore, °F-NMR provides an excellent possibility to investigate the structure
of Nafion® [24,37]. The results from NMR measurements were, however, not
included in this thesis, but can be found in the master thesis of Mija Rami [38].

5.2.4. Computed Tomography
Low energy X-ray imaging (E < 25 keV) can be used to identify inhomogeneity in
fuel cell electrodes, visualise spray pattern and millimetre-scale features on the
surface of 5*5 cm? electrodes [39].
X-ray beams with intensity in the range of 7 - 16 keV have a high sensitivity
towards liquid water. Below 7 keV, almost all of the X-ray beam is absorbed by
thicker water or electrolyte clusters and above 16 keV, the sensitivity towards
smaller water agglomerations is lost [40].
With soft X-ray computed tomography (CT) with energy below 10 keV,
morphological changes can be detected in the MEA without the destruction of it.
This method allows a 3 dimensional visualisation of the MEA structure [41].
Various investigations were performed, utilising synchrotron radiation and X-ray
diffraction to visualise water distribution [42].

Fuel Cell Degradation due to X-ray Exposure
Degradation effects in fuel cells during in-situ characterisation by X-ray CT went
unnoticed for a long time, since only a small part of the active fuel cell area was

exposed. Yet, when exposing a major part of the membrane electrode assembly
to X-rays, a noticeable damage occurs [43]. Performance loss due to radiation
used for X-ray tomography (XTM) depends on the duration of exposure. The
effects observed are known from common accelerated durability tests, yet failure
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occurs faster. Degradation of the binding ionomer in the catalyst layer leads to
delamination and thus decreased catalyst utilisation. Therefore, synchrotron
radiation, as used for XTM imaging, interferes with fuel cell operation and causes
irreversible degradation. With a beam energy of 13.5 keV, exposure time has to
be limited to 100 s in order to avoid the measurement of artefacts [44].

Up to a beam intensity value of 1.0 J cm™, the performance degradation was
found to be a function of the X-ray dose and independent of the intensity. The
fuel cell is more prone to performance degradation when exposed to X-rays at a
higher temperature and high relative humidity. The altered performance of the
fuel cell causes additional heat load and affects the liquid water distribution.
Impedance data show a higher membrane humidification with increasing X-ray
dose and even catalyst layer flooding was indicated, caused by a reduced water
contact angle [45]. The decrease of water surface tension and the decomposition
of PTFE cause increased wetting and potential flooding, affecting the cathode
more than the anode. It has been shown that the open circuit voltage can be
restored after the irradiation beam is switched off. Though during consecutive
operation, a serious performance decrease was noted, indicating severe and
irreversible degradation of the fuel cell materials [42].

Also, the loss of sulphuric acid groups reduces the membrane conductivity [42].
Increased levels of sulphate that were identified in the product water might lead
to reversible poisoning of the catalyst [45]. Additionally to the poisoning of the
catalyst by sulphur compounds, the decomposition of the polymer electrolyte
also leads to the release of CO, as well as CO, with the latter being a strong
catalyst poison as well [42].

The exact dose limit, however, highly depends on the cell design, orientation,
operating conditions and the entire setup in general [46].
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6. Fuel Cell Degradation

The individual fuel cell components are all exposed to different, but harsh
conditions, often strongly changing with fluctuating and dynamic load
requirements in a fuel cell system. These conditions induce mechanical and
chemical failure. Thus, degradation of the individual components is a limiting
factor for the system’s overall lifetime. The most critical parameters for
degradation are:

e Reactant crossover

e Low pH value

e High or fluctuating temperatures
e High, low or fluctuating humidity
e High cell voltage or cell reversal

Anode off-gas

Membrane degradation
Platinum ion reduction: B2 0 LR R
PE* +H, > Pt +2 H* Ql\?,/ \?,/C\‘F,/c’ b \?,’}?

Platinum in

|| Cathode off-gas

Figure 17: Overview of the different dominant degradation mechanisms in
polymer electrolyte fuel cells

The affected components are mainly the gas diffusion layer, the catalyst layer
and the membrane (Figure 17). Within the GDL, carbon corrosion is a major
issue as carbon support material is lost due to oxidation, negatively affecting the
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porous, electronic and hydrophobic properties of the electrodes. In the CL, the
carbon catalyst support can also undergo oxidation. However, platinum
electrocatalyst oxidation on the cathode is more fundamental. Platinum ions are
either washed out or reduced, leading to platinum agglomeration or the
formation of a platinum band within the membrane. Membrane degradation is
either accelerated by mechanical stress, leading to creep and pinhole formation
or by chemical degradation. The latter is caused by attack of the centres
indicated in Figure 18 by radicals, which are formed from hydrogen peroxide.
The different degradation mechanisms have been discussed extensively in
multiple own publications [2-4,19,47]. Therefore, they will only be briefly listed,
yet with an emphasis on the characteristic phenomena in different operation
modes.

6.1. Membrane Degradation

For the polymer electrolyte membrane degradation, three different mechanisms
can be distinguished.

The harsh environment of a fuel cell can lead to chemical decomposition of the
ionomer. This is mainly triggered by the formation of radicals due to elevated gas
crossover rates - especially at a high cell voltage - and in the presence of metal
ion contamination. Radicals can then attack the polymer backbone as well as
other weak bonds within the polymer structure, such as the ether bonds in the
side chains (Figure 18). The chemical decomposition of the ionomer leads to the
release of backbone and side chain fragments (proposed for the scission at
positions indicated in blue and green) as well as hydrofluoric acid (proposed for
the scission at positions indicated in red) in case of an unzipping mechanism. The
detailed mechanism is well-described elsewhere [2,47-49].

Whereas the fuel cell FER can easily be determined using a fluoride ion selective
electrode for effluent water analysis, fluorine bound in fragments is inaccessible
for this method. Thus, the decomposition of the oligomeric fragments is
necessary in order to fully quantify polymer electrolyte membrane degradation
[38,50]. By treating the fuel cell effluent water with alkali at elevated
temperatures, the remaining fluorine bonds are broken and all fluorine becomes
accessible for analysis. Untreated samples give the fluoride emission rate and
the treated samples the total fluorine emission rate (tFER), the difference of
these two values gives the fluorine emission rate (FnER). Thus, FnER represents
selectively the emission of oligomeric ionomer fragments, which allows
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elucidating the respective underlying degradation mechanism. This is discussed
in chapter 8.1 of the present thesis.
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Figure 18: Centres prone to radical attack in the Nafion® ionomer according to
Coms [49] (red and blue) and Ghassemzadeh and Holdcroft [51] (green).

PFSA membranes can also undergo thermal degradation. Up to 275 °C, the
membrane has been reported to only lose water. At temperatures in the range of
275 to 450 °C, the sulphonic acid groups and side chains are decomposed,
releasing SO, and HF, respectively. Eventually, at 550 °C the complete polymer
decomposition was reported [52]. However, such temperatures are highly
unlikely to be seen in normal fuel cell operation and would indicate much worse
effects regarding fuel cell degradation. The glass transition temperature of
Nafion® is, however, in the range of 120 - 130 °C. This is utilised for the MEA
manufacturing process [23,27], but obviously has to be avoided during normal
operation to mitigate harmful deformation of the membrane.

The membrane swells during water uptake, as has been discussed previously,
and shrinks if dried. Within the membrane electrode assembly this causes strain
and can result in the formation of cracks and pinholes. Since this is neither
caused by chemical nor thermal effects, this degradation mechanism is referred
to as mechanical degradation [2,47,53].

Although these different mechanisms can be well distinguished in theory, they
strongly overlap in reality [53].

6.2. Carbon Corrosion

As carbon based support is used as GDL, within the MPL and as catalyst support,
carbon degradation has a significant impact on the stability and duration of fuel
cell operation. Amongst different effects contributing to it, one of the most
obvious factors is fuel starvation on the anode. If the anode is depleted from
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hydrogen and the cell voltage left uncontrolled, the voltage drops and carbon is
oxidised instead of the intended fuel. This results - in dependence on the
potential — in the emission of CO and CO,, respectively [54]. As carbon is lost
irreversibly, the structure of the electrodes is altered. This affects the water
management, the gas distribution properties, heat management and even the
electric conductivity. If the carbon support of the catalyst is degraded, platinum
nanoparticles are isolated and can no longer contribute to the catalytic reaction.
Thus, carbon support corrosion has a significant impact on fuel cell operation.
Hydrogen starvation is one of the most obvious causes, but can be avoided fairly
easy. Other failure modes, such as radical formation, however, are more
complex to mitigate [3,47].

6.3. Catalyst Degradation

Most polymer electrolyte fuel cell catalysts are based on platinum nanoparticles
on carbon support, as discussed above. However, the large surface area equals
also an extensive surface energy and thus agglomeration is one of the
fundamental issues as all systems thrive towards an energetic minimum. This is
partially, but not solely, driven by oxidation and dissolution of platinum metal
and appears more detrimental on the cathode. Metal ions can be washed out of
the fuel cell and reduced by crossover hydrogen, forming a platinum band within
the membrane or redeposit within the electrode. The first two modes result in an
irreversible loss of platinum, but all mechanisms result in a reduction of the
catalytically active surface area [3,47].

6.4. Degradation in Real Systems

Degradation is strongly influenced by the respective operation conditions and
thus, beside material properties, the operation mode determines the type of
failure, eventually causing the end of life (EoL). Fuel cells for automotive
applications have become of ever-growing interest, as they are a suitable
substitute for internal combustions engines (ICE), operating at a high efficiency
and without the loss of costumer convenience. In battery electric vehicles (BEV)
for example, long charging times are an obstacle for commercialisation.
However, fuel cells suffer from degradation in the case of strongly changing
power demand and the corresponding instable operation point. This can be
mitigated to a certain degree by the implementation of back-up batteries or
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capacitors to cover load peaks. However, undesirable effects cannot be
completely avoided. Also, fuel cells for automotive applications undergo various
SU-SD cycles and strongly varying temperatures over their lifetime. All this
contributes to a shortening of their durability and only the avoidance of
degradation enables a broad commercialisation of fuel cells [12,55].

Stationary systems, on the other hand, benefit from very stable operation
conditions with only few SU-SD cycles over their lifetime. A change of energy
demand is limited to different residential requirements and depending on the
respective season and time of the day; both being more predictable than any
automotive condition. A very high efficiency is possible, as the thermal energy
can be utilised as well [10,55].

6.4.1. Automotive

Dynamically changing load conditions affect fuel cell materials in various ways,
as multiple harmful conditions overlap. The two dominant issues due to the
changing load conditions in automotive applications are water management and
the dynamic response of the control system. At peak current density values,
extensive amounts of product water can condense and accumulate within the
electrode porous structure, leading to flooding. The pores are blocked and the
concentration overpotential increases. On the other hand, in case of a sudden
load increase, the system will respond by adapting the flow rate, resulting in
water drag out and thus dehydration of the membrane. The membrane
resistance and thus the ohmic drop increases and membrane degradation is
accelerated. Additionally, late response to increased load conditions results in
reactant starvation and thus carbon corrosion and the corresponding loss of
electrochemically active surface area [55].

6.4.2. Stationary
In order to assess degradation in stationary systems, two stacks with a power
range of 1.5 - 2 kW with 55 cells each were operated for 12,860 h at a current
density of 0.26 A cm™ and at 60 - 65 °C by De Moor et al. [56]. During
operation, the system underwent approximately 250 SU-SD cycles and had to be
shut down due to low cell voltage in some cells. The respective cells displayed
higher gas leakage, detected at random locations in the cell, but preferentially
cells near the stack anode inlet were affected. This is due to the strong gradient
in humidification, as hydrogen is fed dry, whereas air is humidified and the cell
operated in counter flow. Examination of the membrane shows that the polymer
electrolyte degrades at a higher rate on the anode than on the cathode.
Degradation is for both electrodes more extensive near the anode inlet than
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further down the channel. Extensive anode polymer electrolyte degradation
accelerates the degradation of the cathode polymer electrolyte by enabling gas
crossover and thus radical formation. Membrane reinforcement, however,
guaranties electric isolation and prevents short circuit.

6.4.3. Beneficial Effects from Ageing
For normally operated fuel cell stacks held at a steady state current, an
improvement of the mechanical adhesion between electrodes and membrane
over the time in service was documented. The adhesion is stronger on the anode
than on the cathode, probably due to the presence of native defects or the
difference in thicknesses. During ageing, the binding agent, i.e. Nafion®,
undergoes chemical degradation and a more organised phase is formed within
the catalyst layer, with a higher probability of crystallisation. The binding agent is
redistributed and thereby may cause the improvement of the mechanical
properties [57].
A positive effect on fuel cell durability due to the formation of a platinum band
within the membrane was documented in aged MEAs. This has been speculated
to inhibit membrane degradation by catalysing the decomposition of hydrogen
peroxide into non-harmful species [2,58].
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7. Accelerated Stress Tests

With duration targets of 5,000 and 40,000 hours in operation for transportation
and stationary applications [59], respectively, full lifetime testing is barely
feasible for real systems. Therefore, accelerated stress tests need to be
developed in order to identify potentially critical degradation modes, compare
different systems and, ultimately, predict the durability.

Even though various attempts have been made in the past, a reliable lifetime
prediction based on AST data is still difficult, as the failure modes vary and follow
complex and non-linear pattern [60].

7.1. ASTs for Specific Component Testing

Both the U.S. American Department of Energy (Table 1) and the European
Commission “s Joint Research Centre (JRC) recommend specific test protocols for

harmonised material durability validation [61,62].

Table 1: Operation parameters suggested by the DoE [61].

Electrocatalyst Catalyst Chemical
cycle support cycle membrane
degradation
Operation parameters
Cell Cell 80 80 90
temperature
/°C
Pressure /bara atm. atm. 1.5
Relative 100% / 100% 100% / 100% 30% / 30%
humidity
Anode Gas type H, H, H,
Stoichiometry - n.d. 10**
Gas flow rate 200%* n.d. -
/ml min?
Cathode Gas type N> N> Air
Stoichiometry - n.d. 10**
Gas flow rate 75%* n.d. -

/ml min’!

AST parameters
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Type

Triangle sweep

Triangle sweep

Steady state

Voltage /V 0.6-1.0 1.0-1.5 ocv
Sweep rate 50 500 -
/mV st
Cycle duration 16 2 -
/s
Number of 30,000 5,000 -
cycles
Total duration 133.33 400.00 500.00
/h
* for a 50 cm? ** at a reference
cell current of 0.2 A

cm™

7.1.1. OCV Hold Tests

As maintaining the fuel cell under OCV conditions provokes hydrogen peroxide
formation, this is utilised as accelerated stress test specifically for membrane
degradation. Experiments have shown that the performance as well as the
voltage decay rate and the ohmic resistance are depending on the gas flow rates
under OCV conditions. The trend of the fluoride emission rate is, however, more
complex, as the initial FER reflects the proportionality of the flow rates well, but
declines in the investigated cases at different speeds. This is opposed to what
would be expected [63].

The DoE proposed an OCV hold protocol for selective membrane degradation in
which a single cell is held at open circuit conditions for a total of 500 h at a
temperature of 90 °C, relative humidity of 30% and gas flow rates according to a
stoichiometry of 10 at a current density of 0.2 A cm™ on both anode and cathode
(Table 1). Fluoride release rate, hydrogen diffusion current and high frequency
resistance are recorded every 24 h [61].

7.1.2. Voltage Cycling
Since the oxidation state of Pt is depending on the potential, voltage cycling can
be utilised to selectively enforce catalyst degradation. Therefore, the potential
ranges are set to be 0.6 and 1.0 V for the dissolution of platinum, avoiding
contributions from other degradation modes. Below 0.6 V, platinum may
redeposit and beyond 1.0 V, the platinum catalyst degradation overlaps with
carbon corrosion. The latter effect is targeted by another AST for selective
carbon support degradation through cycling the potential above 1.0 V [64]. The
Pt dissolution rate increases with increasing potential in the range between 0.65

to 1.1 V. Above 1.1 V, however, a decreasing Pt ion concentration was found due
.

29




to the formation of a protective Pt-O layer, inhibiting dissolution [65]. Beside the
voltage range, the wave form, gas flow rates on anode and cathode as well as
the temperature also have a strong impact on Pt-loss and have been studied
previously [64].

At a potential of 0.207 V vs. the reversible hydrogen electrode (RHE), carbon
corrosion can theoretically set in. Carbon surface oxides have, however been
found to form at electrode potentials above 0.8 V and an acceleration of carbon
oxidation was found to occur at potentials exceeding 1.2 V. Thus, potential
cycling in the range of 1.2 V is best suited to induce carbon support corrosion, as
is already mentioned above. The choice of the upper potential limit might also
affect the fuel cell degradation. 1.4 V is close to the potential the cathode
reaches during reversed current and local fuel starvation. It is also the potential
above which the oxygen evolution reaction starts, which would also affect the
degradation mode due to mechanical effects [65].

Dhanushkodi et al. [65] applied five different ASTs in a single cell experiment
with three MEA types with different cathode catalyst loadings. In all cases, an
empirical exponent expression correlation between the performance loss and
carbon emission was found. This is, however, restricted to each type of MEA, but
can be utilised as a helpful tool to predict performance loss in drive cycle tests
using the carbon emission data.

In a study by Bi and Fuller [66], the potential was cycled between 0.87 and 1.2 V
in @ square wave pattern with dwell times of 30 s at each potential. The AST was
performed at 40, 60 and 80 °C in order to determine the effect of the
temperature on the fuel cell behaviour. It was noted that a higher temperature
resulted in an increased fluoride emission rate, yet the FER was still low in
comparison to ASTs designhed for membrane degradation testing. The dissolution
rate of platinum and thus the loss of ECSA also increased with the temperature
and a Pt band was formed in the membrane with its size depending on the
operation temperature. Higher temperatures led to more platinum, deposited in
the membrane and the remaining cathode catalyst particles exhibited an
increased average particle size. At a temperature of 80 °C, significant carbon
corrosion occurred on the cathode due to the high potentials.

Catalyst Ageing Protocols

In the Fuel Cell Technical Team (FCTT) Roadmap, a triangle sweep test with
30,000 cycles and a ramp of 50 mV s in the range of 0.6 and 1.0 V (Table 1)
for single cells with 25 - 50 cm? was proposed in 2013 with conditions last
revised 2010 [61]. In these protocols, a single cell is fed with hydrogen on the
anode and nitrogen on the cathode with a relative humidity of 100% on both, at
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atmospheric pressure and a cell temperature of 80 °C. For a 50 cm? fuel cell, the
hydrogen feed rate is 200 ml min™! and 75 ml min™ of nitrogen, respectively.
Dhanushkodi et al. [64] proposed an accelerated stress test under similar
conditions, but with air on the cathode and a square-wave voltage signal with
dwell times of 3 s for each voltage step instead, as a higher rate of performance
losses had been reported under these conditions. Three different temperature set
points were chosen at 40, 60 and 80 °C. At a higher temperature, higher rates of
open circuit voltage drop were recorded and also higher voltage decay rates at
low and high current densities were noted. The temperature also affected the
formation of a platinum band within the membrane. At higher cell temperatures,
the band was more intense and at a larger distance to the cathode, from where it
originated. Performance loss and loss of electrochemically active catalyst surface
area increase with temperature and correlate, yet not linearly at 80 °C. This
could be due to a change of more fundamental properties, since also the speed,
at which the characteristics change, changes as more cycles are conducted. In
general, at 40 and 60 °C, Pt loss was the predominant factor in MEA degradation.
At 80 °C, however, changes in both catalyst and membrane were noted.

Carbon Support Ageing Protocols

Similar to the catalyst ageing protocol, the Fuel Cell Technical Team Roadmap
also proposed a voltage cycling test for carbon corrosion [61]. With a sweep rate
of 500 mV s, the voltage is cycled between 1.0 and 1.5 V for a total of 5,000
cycles (Table 1). The conditions are chosen as for the catalyst ageing protocol.

Thereby, the carbon support is expected to be oxidised selectively, limiting the
effect on other degradation modes.

7.2. Multi-component Testing

Whereas the above-mentioned testing protocols are aimed to provoke
degradation of selected components, real system failure induces multiple
degradation modes at once. As they often correlate and interact, multi-
component testing is a necessary addition in order to fully understand real life
fuel cell failure.

7.2.1. Reactant Starvation
Reactant starvation, especially on the anode, is one of the obvious and most
detrimental issues in fuel cell operation. Dynamic load changes require a fast
adaption of the respective gas flow rates. This is a major issue in system design
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and manufacturing, as sudden increases in energy demand are barely predictable
[67-69].

In the case of hydrogen undersupply, the cell voltage drops and carbon is
oxidised instead of the fuel, as has been discussed above and in the
corresponding literature [3,47].

Other than fuel starvation, an undersupply of oxygen merely leads to a voltage
drop slightly below zero. The critical reversal air stoichiometry depends on the
load. With a higher load, the voltage drops at a higher stoichiometry value. Tests
have shown an increased temperature near the cathode inlet and a reduced
temperature near the outlet. Thus, degradation is most likely caused by the
temperature gradient [4,21].

7.2.2. Startup-shutdown Cycles

Startup-shutdown cycling affects both mobile and stationary applications, but
due to the operational mode, mobile or automotive applications face these
conditions at a much higher frequency [70].

Prior to the fuel cell startup, the anode and cathode compartment are both filled
with air and as hydrogen is fed to the anode side, the potential drops from that
of oxygen and water on Pt (~1 V) to that of the reversible hydrogen electrode
(0 V). However, near the anode outlet the potential is still high, as air is still
present until purged out completely. This leads to a mixed overall potential on
the anode with a strong gradient between inlet and outlet. With the high electric
conductivity, given by the gas diffusion layer and the catalyst layer, the
polarisation is strongly depending on the ionic conductivity. As the lateral ohmic
drop of the ionomer is high, only a slight polarisation occurs amongst the anode
inlet and anode outlet regions. However, protons can be transported towards the
cathode, but without an external circuit, no reaction is possible. This leads to the
oxidation of water, carbon support and platinum on the cathode in the area near
the anode outlet. The potential rises in order to provide electrons for the oxygen
reduction reaction on the cathode near the anode inlet and protons for the ORR
on the anode side near its outlet, respectively (Figure 19). During shutdown, the
reverse process occurs. Thereby, the fuel cell faces transient potentials on the
electrodes due to the hydrogen/air front on the anode, resulting in corrosion of
the cathode carbon catalyst support during SU-SD cycling. This can lead to a
significant loss of performance due to a reduction of the active catalyst surface
area. The topography and duration of these phenomena strongly depend on the
gas flow rates, the load, the humidification and the flow field layout [70].
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Figure 19: Fuel cell operation under normal conditions (right) and during SU-SD
conditions (whole).

In experiments using a national physical laboratory (NPL) reference electrode
[70], it has been shown that the fuel cell behaves differently during startup and
shutdown. The latter decreases the driving force of the carbon oxidation reaction,
as platinum is oxidised and more electrons and protons are generated for the
oxygen reduction reaction in the anode compartment. On the other hand, during
startup, platinum is reduced on the anode side at potential around 0.7 V,
increasing the trend towards carbon oxidation. This results in a higher CO,
content during startup than during shutdown, also correlating with a lower
maximum potential on the cathode during shutdown. The CO, content also
decreases with increasing humidity, as the total volume of the gas is higher due
to the additional mass of water. This increases the total flow and consequently
reduces the dwell time and minimises the area of exchange due to flooding [70].
Mitigation strategies may involve engineering solutions, such as inert gas
purging, use of high flow rates to minimise the dwell time or applying an external
load to avoid cathode polarisation. In experiments, it was shown that the
external circuit has a stronger mitigating effect during shutdown than during
startup due to hydrogen being consumed on the anode during purging,
accelerating the purging of the anode. Alternatively, material based solutions are
possible, such as reducing the anode platinum loading to avoid the ORR taking
place on the anode, changing the cathode carbon support material or voluntarily
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promoting the oxygen evolution reaction by adding catalyst to the cathode CL,
catalysing the water oxidation over carbon oxidation [70].

7.2.3. Specific Tests for Mobile Applications
Fuel cells in automotive applications are required to withstand various
dynamically changing load cycles. Therefore, a standardised test protocol is
required as is available for internal combustion engines. The European
commission therefore issued a protocol, which features a fuel cell dynamic load
cycle (FC-DLC, Figure 20) in accordance to the load conditions, portrayed by the
New European Driving Cycle (NEDC).
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Figure 20: Fuel cell dynamic load cycle according to Tsotridis et al. [62].

Enz et al. [12] used an adapted AST to investigate the effect of the NEDC on a
fuel cell for automotive applications. They conducted the tests with various
forerun times to induce either cathode or anode starvation or both at the same
time. The chemical oxidation of carbon is favoured at electrode potentials close
to 0 V on the cathode. Therefore, a higher carbon dioxide emission was noted in
the case of critical operation with no forerun time prior to the load change, as
this leads to oxygen starvation and thus a cathode potential drop. On the anode,
the carbon corrosion is clearly related to fuel starvation, as carbon support is
oxidised instead. Thus, the anode carbon emission rate is in general higher than
on the cathode.

In a joined study by Argonne National Laboratory (Argonne) and the European
Commission’s Joint Research Centre by Bloom et al. [71], different testing
protocols, all optimised in regards to transportation, were conducted on two
different stacks and compared. The tests were performed according to the
protocol by the DoE and the US Fuel Cell Council for a dynamic stress test (DST).
The one used in the International Electro-technical Commission and the
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FCTestNet (IEC), one for the New European Driving Cycle (European Commission
for Europe (ECE)), as well as the wet protocol from the US Driving Research and
Innovation for Vehicle Efficiency and Energy Sustainability Fuel Cell Technical
Team were conducted. The trend in the performance decay rates correlated with
the duration time at full power, thus indicating a connection between degradation
and water produced during testing, as the same trend was documented in two
different stacks.

Diloyan et al. [72] studied the effect of vibrations, as they might occur during
normal driving cycles, on the Pt agglomeration and particle growth in polymer
electrolyte fuel cells by combining an accelerated stress test designed for catalyst
degradation with a mechanical vibration protocol. The average particle size was
reported to be 10% smaller for the samples that had been exposed to vibration
than those that were operated without vibration. However, the most dominant
factor for catalyst agglomeration was time in this particular study.

7.2.4. Specific Tests for Stationary Applications
Stationary operation is defined by a constant load point in which the fuel cell or
fuel cell stack is operated. Thus, since the MEA does not undergo such rapidly
changing operation conditions as in a mobile application, many degradation
modes do not occur and fuel cell lifetime is extended. However, the DoE goal of
50,000 h of stationary operation is still an obstacle. Therefore, Dubau et al. [73]
applied a broad spectrum of analytical methods on selected MEAs withdrawn
from a real life stationary fuel cell stack, which had been operated for 12,860 h
in counter-flow at a current density of 0.26 A cm™, and compared their
properties with those of a pristine MEA. They chose one MEA from the centre of
the stack, which had shown only minor performance loss and one which
exhibited a vast decay. Infrared thermography was used to detect pinholes in all
membrane electrode assemblies. It was shown that the air outlet region of the
cells was the most prone to the formation of holes in the polymer electrolyte
membrane. Small holes were however found to not affect the fuel cell stack
behaviour significantly and were even found in the pristine MEA. Those MEAs
with larger defective areas caused a significant reduction of the global cell
voltage. The selected MEAs were characterised using a segmented single cell as
well as scattered electron microscopy (SEM) and transmitted electron microscopy
(TEM). Thereby, it was shown that the less performing segments correlated with
the areas of extensive cathode catalyst layer and GDL thinning. However, in
these areas a substantial amount of platinum was still detected. The performance
decay can thus be assigned to a loss of porosity and Pt agglomeration and
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detachment, but not a loss of the platinum catalyst itself. Cathode thinning was
more extensive for areas close to pinholes.
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8. Experimental

Major parts of this thesis are available in peer-reviewed journals and can be
found in the Appendix along with a complete list of my publications [1-4]. In this
chapter, results, which are to a larger part unpublished, will be discussed in
detail.

In addition to my previously published results, experiments have been performed
with the aim to obtain a deeper understanding regarding Nafion® decomposition
by determining the total fluorine emission rate. Experiments were also conducted
according to the DoE protocol for chemical membrane degradation and according
to the DoE protocol for electrocatalyst agglomeration [61]. The latter was
adapted in order to understand the effect of water within the fuel cell on the
degradation rate.

8.1. Determining the Total Fluorine Emission Rate

The practical work on fluorine analysis was performed by Mija Rami during
completion of her Master thesis [38]. Therefore, the chapter dedicated to these
results will be kept short, as the details can be found in her work. However, this
is partially considered relevant in regard to the present thesis and thus is
discussed as well.

8.1.1. Theory

As has been discussed above and in the literature [47,48], the decomposition of
the polymer electrolyte results in the release of HF, which can be quantified by
the use of a F-ISE. However, polymer fragments can be released in significant
quantities as well and thus the fluoride emission rate is an insufficient parameter
to quantify electrolyte degradation. Therefore, a method to determine the total
fluorine emission rate is developed. The thermal decomposition of the ionomer is
made use of and by adding different alkalis, released fluoride is captured.

8.1.2. Experimental Setup
A procedure that had been developed for Nafion® decomposition was adjusted to
suit the requirements of effluent water samples in order to evaluate the tFER
[38].
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The accelerated stress tests were conducted in a 25 cm? single cell. The
segmented cell was equipped with a membrane electrode assembly for stationary
applications (IRD A/S, Odense, Denmark) and operated at 65 °C with a relative
humidity of 80% at a reference current of 0.5 A cm™ and stoichiometries of 1.5
and 2 on anode and cathode, respectively. Each AST consisted of 100 cycles,
during which the cathode stoichiometry was reduced either to 0.9, 0.7 or 0.0
once an hour for 10 seconds. In-between testing, the fuel cell was stored under
nitrogen atmosphere at room temperature overnight [74].

The anode off-gas was washed by bubbling through a 1 M aqueous KOH solution
to gather the effluent water and capture any volatile compound in the gas
stream. The solution was changed and effluent water samples were taken every
100 hours of testing and after complete shutdown of the fuel cell, including the
characterisation and purging.

From the solution, 100 ml samples are heated until dry, followed by thermal
treatment at 500 °C for 7 h in lidded Ni-crucibles. After treatment, the samples
were dissolved in deionised water, the pH adjusted to 7 with concentrated HCI
and mixed with TISAB II in a ratio of 1:1. In untreated samples, the pH was also
adjusted to 7 and mixed with TISAB II for F-ISE measurements [38,48].

8.1.3. Results and Discussion
As is shown in Figure 21 a, the total fluorine emission rate vastly exceeds the
fluoride emission rate without previous treatment. This is very much expected
from the literature [38,48,50].
Subtracting the FER from the tFER gives the fluorine emission rate alone (Figure
21 b). This represents a better visualisation of the emission of oligomeric
fragments from the ionomer. The distinction of the different fluorine sources is
fundamental for assessing the underlying degradation mechanism.
It can be seen that the trend of the tFER becomes more distinguished for the
FnER.
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Figure 21: The respective emission rates of a) fluoride and total fluorine and b)
of the fluorine emission rate without fluoride.

Figure 22 gives a comparison of the respective emission rates with the high
frequency resistance (HFR). The latter is an inversely proportional characteristic
of the membrane s ion conductivity, as has been discussed above. The values
for beginning of testing (BoT) and end of testing (EoT) mark the respective
values before and after a test. As the fuel cell was safely stored overnight, the
BoT value for the respective hours in operation marks the HFR after the next
startup and prior to the following 100 h of testing.
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Figure 22: The normalised high frequency resistance in comparison to a) the
normalised and cumulated normalised fluoride, b) the normalised and cumulated
normalised total fluorine emission rate and c) the normalised and cumulated
normalised fluorine emission rate without fluoride.

The HFR in Figure 22 a does not correlate with the fluoride emission rate. No
elevated FER is recorded as the HFR indicates after the startup and prior to the
final test. Any emitted fluoride would be included in the 200 hours’ sample. A
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fairly better comparability can be found for the total fluorine emission rate
(Figure 22 b), as the tFER value after completion of the 200 h test including
shutdown exhibits a peak value. This value is even more distinct for the FnER
(Figure 22 c).

It should also be noted that the membrane resistance at the end of testing of the
200 h test is not increased. After shut-down, however, the effluent water
samples are collected, exhibiting an increased tFER and FnER. When the fuel cell
is again characterised after startup, the HFR is clearly increased. Thus, during
shutdown, detrimental conditions must have occurred, resulting in the
dissociation of a significant amount of side chains [48]. The oligomeric fragments
are released and the membrane conductivity is reduced.

8.1.4. Conclusion

The fluoride emission rates shown in the presented tests exhibit no correlation
with the change in high frequency resistance. This was expected and supports
the conclusion that the FER is not suitable for indicating the membrane
degradation on its own. Thermal treatment of the samples makes the fluorine,
bound in oligomeric residues, accessible for quantification. The thereby
determined total fluorine emission rate is a more reliable indicator and correlates
with the change of membrane resistance. With the knowledge of both FER and
tFER, the fluorine emission rate can be obtained. This represents the emission of
polymer fragments only and exhibits the best correlation with the change of
membrane properties. Therefore, a more detailed understanding is possible.

The detachment of side chains is expected to directly affect the ion conductivity
of the polymer electrolyte. The correlation of HFR and FnER indicates the release
of sidechain fragments. In respect to the positions prone to chain scission in
Figure 18, the results indicate predominant bond breakage at the centres
proposed by Ghassemzadeh and Holdcroft [51], which are marked in green.
However, further experiments would be necessary to confirm this. The
decomposition of the polymer backbone tends to lead to an increased HF
emission rate. This would not necessarily lead to an immediate change of
membrane properties, as was observed after the initial ASTs.

8.2. Chemical Membrane Degradation by OCV Hold Testing

Polymer electrolyte membranes are required to withstand a large variety and
strongly alternating conditions to enable extended fuel cell durability. This is
crucial to position fuel cells as commercially viable products. Only with
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fundamental knowledge of the respective dominant degradation mode, it is
possible to improve the used materials accordingly.

8.2.1. Theory
The DoE AST aims to accelerate the ionomer decomposition by maintaining a
single fuel cell at OCV conditions at an elevated temperature, low relative
humidity and with a high gas stoichiometry on both anode and cathode [61]. As
has been discussed above, membrane degradation is accelerated by OCV
conditions, due to radical formation. This is a result of increased reactant gas
crossover.

8.2.2. Experimental Setup
A 25 cm? single cell with an MEA (IRD A/S, Odense, Denmark) for stationary
applications was operated at the conditions according to [61]. The temperature
was set to 90 °C with a relative humidity of 30% and a stoichiometry of 10
calculated for a reference current density of 0.2 A cm™ for both anode and
cathode, respectively. However, as the technical setup did not allow as high
pressures as required by the protocol, a pressure of 0.1 bar on anode and
cathode was chosen, respectively.
The fuel cell was characterised initially and after 500 hours of testing using the
conditions reported previously [3]. The high frequency resistance and the
hydrogen diffusion current were recorded every 24 hours along with effluent
water samples being taken for FER analysis. This experiment was partially
conducted by Dr. Stephan Nestl.

8.2.3. Results and Discussion
The OCV was initially recorded with a value of 970 mV and gradually decreased
over the duration of 500 h. Each interruption for testing led to a partial recovery
of the voltage. The overall trend, however, exhibited a clear decline (Figure 23).
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Figure 23: Open circuit voltage over the duration of 500 hours under OCV hold

conditions.

The polarisation curves (Figure 24) show a clear reduction of the maximum
current density and the maximum power density, indicating severe degradation
after the test.
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Figure 24: Polarisation curve before (BoL) and after (EoL) 500 hours of OCV
hold conditions.

Figure 25 a shows the progress of the high frequency resistance over the
duration of the test. The membrane conductivity exhibits a rather steady
decrease over most of the test, followed by a sharp drop at the final
characterisation. The corresponding hydrogen diffusion current shown in Figure
25 b follows a similar pattern. The light red line indicates the target value of a
maximum hydrogen diffusion current density of 2 mA cm™? given by the test
protocol [61] and is exceeded after extensive testing.
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Figure 25: a) The high frequency resistance and b) the hydrogen diffusion
current, measured every 24 hours over the duration of 500 hours of OCV hold
testing.

Figure 26 shows the FER measured every 24 hours over the duration of the test
for anode and cathode, respectively. The value is significantly higher on the
cathode than on the anode in most of the cases. It can also be seen that the
values traverse a maximum, after which the fluoride emission rates for the anode
starts exceeding the respective FER values of the cathode.
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Figure 26: Fluoride emission rate, determined every 24 hours over the duration
of 500 hours of OCV hold testing.

44



All results indicate a severe degradation of the polymer electrolyte membrane
following multiple mechanisms. The decreased open circuit voltage and the
elevated hydrogen diffusion current density indicate membrane thinning and
pinhole formation. The increased membrane resistance, however, is the result of
a loss of ion conductive moieties. As is known from results that have been
discussed previously, these two degradation modes do not necessarily correlate.
The conducted AST aims to provoke chemical membrane degradation;
mechanical harm appears therefore negligible. This allows the conclusion that
chemical degradation can affect the membrane according to different
mechanisms. The results indicate both the dissociation of the acidic ion
conducting groups as well as the decomposition of the structure giving backbone.

8.2.4. Conclusion
The results obtained by operating the fuel cell at the conditions given by the DoE
[61] support both theories of a chemical attack of the backbone as well as the
dissociation of the ion conductive polymer fragments [38,47,48]. Both
mechanisms have to take place in parallel to obtain the given results.

8.3. Humidity induced Platinum Agglomeration

The presented results were conducted on initiation by Prof. Andrea Casalegno
with the aim to compare the results of three different institutions - the
Politechnico di Milano (POLIMI), the Joint Research Centre and the Fuel Cell
Systems Group at Graz University of Technology. For this thesis, however, only
the latter results will be discussed.

8.3.1. Theory

As has been discussed above, platinum electrocatalyst degradation is mainly due
to agglomeration of the catalyst nanoparticles. This is strongly depending on the
electrode potential [47]. This fact is utilised by the DoE protocol for fuel cell
electrocatalyst degradation [61]. Pt dissolution is, however, also expected to be
influenced by humidity and the osmotic drag is able to affect the distribution of
redeposited platinum. Therefore, the effect of the potential dependent
degradation with different relative humidities on platinum agglomeration was
investigated.
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8.3.2. Experimental Setup

A segmented 25 cm?® single fuel cell was operated with a reference MEA or an
improved MEA (both IRD A/S, Odense, Denmark) for stationary applications.
Both membrane electrode assemblies consisted of a Nafion® XL membrane and
identical GDLs. The anode catalyst loading was identical and given as 0.2 mgp
cm™. The catalyst type was, however, changed for the improved MEA on both
anode and cathode. On the cathode, the catalyst loading was 0.4 for the
reference and 0.6 mgp cm™ for the improved MEA (L. Grahl-Madsen, personal
communication, 23.11.2016).

The single cells were equipped with triple serpentine flow fields in co-flow mode.
In Figure 27 to Figure 32, the inlets are located in the upper corner, whereas the
outlets are located on the right. The cells were characterised at the reference
conditions described previously [3] as well as at 80 °C with synthetic air or
oxygen on the cathode before and after the respective AST (Table 2). The
conditions during each of the ASTs are listed in Table 3.

Table 2: Operation conditions during characterisation.

Cell Temperature / °C 65 80 80 80
Outlet Pressure atm. atm. atm. atm.
Anode Gas H> H> H> H>
Dew Point / °C 60 80 80 80
Inlet Temperature / °C 70 85 85 85
Stoichiometry 1.5 2
Gas Flow / ml min™* 500 50
Cathode Gas air air 0O, N>
Dew Point / °C 60 80 80 80
Inlet Temperature / °C 70 85 85 85
Stoichiometry 2 9.52
Gas Flow / ml min™? 1000 50
Polarisation Curve v v 4
EIS v v v
LSV v
cv v

The voltage was cycled between 0.6 and 1 V with a sweep rate of 50 mV s™.
Each cycle lasts 16 s, giving total test duration of 133.33 h for 30,000 cycles.
Cyclic voltammetry was recorded after 0, 10, 100, 1,000, 5,000, 10,000 and
30,000 cycles. If the testing conditions diverge from the characterisation
conditions, an initial and a final CV were measured additionally. During the tests,
hydrogen and nitrogen were supplied to anode and cathode, respectively with a
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flow rate of 100 ml min on each side. The inlet temperature was set to be 5 °C
above the respective dew point to avoid condensation of water in the gas lining
and the outlet pressure was atmospheric.

Table 3: Conditions during the respective ASTSs.

Anode Dew Point Cathode Dew Cell Temperature
/°C Point /°C /°C
Reference AST 80 80 80
AST Gradient 53.2 95 80
AST Condensation 95 95 80

During testing, however, the cell temperature rose uncontrollably for the last test
with dew points of 95 °C for both anode and cathode. Therefore, the results of
this particular AST will not be regarded further on.

8.3.3. Results and Discussion

The change in electrochemical parameters for the reference MEA before and after
the reference AST and the AST with a humidity gradient is shown in Table 4 and
Table 5.

The single cell analysis exhibited a severe effect of the reference accelerated
stress test on the electrochemical parameters. The power density was reduced
from 366.6 to 218.4 mW cm™ and the electrochemically active surface area
changed from 29.5 to 21.5 m? g*. The high frequency resistance and the
hydrogen diffusion current did, however, not indicate any membrane degradation
(Table 4). Therefore, any reduction in performance eventually has to be caused
by a loss of the active catalyst surface area.

Table 4: Electrochemical parameters before and after the reference AST for the
reference MEA.

Reference AST 65 °C, Air 80 °C, 0, 80 °C, Air

BoT EoT BoT EoT BoT EoT
Power Density / mW cm™ 278.9 158.8 625.3 458.4 362.6 218.4

HFR / mQ @ 1.25A 8.16 11.39 7.60 9.19 7.21 7.04
HFR / mQ @ 5A 7.85 8.56 8.14 8.84 7.25 7.28
HFR / mQ @ 12.5A 7.15 8.42 7.11 7.16
HFR / mQ @ 25A 7.58 7.45

Hydrogen Diffusion 0.81 0.65
Current / mA cm™?

Electrochemical Surface 29.51 21.54

Area / m* g™
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Figure 27: Current density (a and c) and temperature (b and d) distribution for

the reference MEA before (a and b) and after (c and d) the reference AST at 0.05
A cm™.

The changed local conditions are displayed in Figure 27 and Figure 28 at a
current density of 0.05 and 0.5 A cm™, respectively for the reference membrane
electrode assembly before and after the reference AST. At both current values it

is obvious that the AST induces a gradient in the current density distribution to a
similar extend.
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Figure 28: Current density (a and c) and temperature (b and d) distribution for
the reference MEA before (a and b) and after (c and d) the reference AST at 0.5
Acm™.

For the reference MEA, which underwent the AST with a humidity gradient
between anode and cathode, the power density is reduced from 406.9 to 91.3
mW cm™? and the electrochemically active surface area changed from 34.2 to
13.6 m? g''. Again, the membrane parameters remain unaffected (Table 5). The
current density and temperature distribution at 0.05 A cm™ (Figure 29) is rather
homogeneous initially and exhibits a severe gradient after the AST.

Table 5: Electrochemical parameters before and after the AST with a humidity
gradient for the reference MEA.

AST Gradient 65 °C, Air 80 °C, O 80 °C, Air

BoT EoT BoT EoT BoT EoT
Power Density / mW cm™? 372.1 96.0 667.8 247.8 406.9 91.3

HFR / mQ @ 1.25A 11.14 19.71 8.29 11.32 7.23 8.93
HFR / mQ @ 5A 7.51 12.02 8.07 10.33 7.11 8.27
HFR / mQ @ 12.5A 6.90 10.39

Hydrogen Diffusion 0.49 0.40
Current / mA cm™2

Electrochemical Surface 34.17 13.56

Area / m* g™
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Figure 29: Current density (a and c) and temperature (b and d) distribution for
the reference MEA before (a and b) and after (c and d) the AST with a humidity

gradient at 0.05 A cm™.

Table 6 and Table 7 contain the electrochemical parameters before and after
both ASTs for the improved MEA.

Table 6: Electrochemical parameters before and after the reference AST for the

improved MEA.

Reference AST 65 °C, Air 80 °C, O, 80 °C, Air
BoT EoT BoT EoT BoT EoT

Power Density / mW cm™ 413.8 319.3 686.9 602.0 441.8 369.5

HFR / mQ @ 1.25A 9.42 8.71 9.12 9.26 6.96 7.47

HFR / mQ @ 5A 9.74 9.88 7.59 9.10 6.68 7.20

HFR / mQ @ 12.5A 8.55 7.69 7.54 11.19 6.81 7.16

HFR / mQ @ 25A 8.52 7.91

Hydrogen Diffusion 0.41 0.86

Current / mA cm™

Electrochemical Surface 39.19 19.56

Area / m* g™
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After the reference AST, the power density for the improved MEA is changed
from 441.8 to 369.5 mW cm™, whereas the electrochemically active surface area
is reduced from 39.2 to 19.6 m? g!. The high frequency resistance is again
barely altered, but the hydrogen diffusion current increases. However, as the
power density shows little change, any degradation appears not to affect the fuel
cell operation significantly (Table 6). The current density and temperature

distribution at 0.05 (Figure 30) and 0.5 A cm™ (Figure 31) shows that after the
AST only a minor gradient is induced.

3 0838V 0.05Acm’ 37.4%

s o o
2 = &

Current density / A cm
e

< 0.815V 0.05Acm° 41.9%

s o o
R 2 8

Current density / A em?
2

Figure 30: Current density (a and c¢) and temperature (b and d) distribution for

the improved MEA before (a and b) and after (c and d) the reference AST at 0.05
A cm™,
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Figure 31: Current density (a and c¢) and temperature (b and d) distribution for
the improved MEA before (a and b) and after (c and d) the reference AST at 0.5
A cm™.

The improved MEA is, however, strongly affected by the AST with a higher
cathode relative humidity (Table 7). The maximum power density drops from
447.0 down to 34.8 mW cm™@and the ECSA is reduced from 42.5 to 15.9 m? g'.
The high frequency resistance is slightly increased, but the hydrogen diffusion
current seems unaffected. Figure 32 shows that the current density and the
temperature distribution at 0.05 A cm™ are strongly affected by the accelerated
stress testing and a gradient is clearly visible after testing.
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Figure 32: Current density (a and c¢) and temperature (b and d) distribution for
the improved MEA before (a and b) and after (c and d) the AST with a humidity
gradient at 0.05 A cm™.

Table 7: Electrochemical parameters before and after the AST with a humidity
gradient for the improved MEA.

AST Gradient 65 °C, Air 80 °C, O; 80 °C, Air

BoT EoT BoT EoT BoT EoT
PowerDensity/chm'2 414.1 36.7 690.0 136.8 447.0 34.8

HFR / mQ @ 1.25A 9.20 9.68 8.91 10.72 7.27 7.90
HFR / mQ @ 5A 8.61 9.68 7.75 11.09 6.88 7.90
HFR / mQ @ 12.5A 7.83 9.68 7.32 11.09 6.82 7.90
Hydrogen Diffusion 0.57 0.36
Current / mA cm™

Electrochemical Surface 42.46 15.87

Area / m* g™

From the electrochemical parameters it is obvious that the most severe effect
derives from platinum electrocatalyst degradation, as was the primary intention
of this particular AST protocol. Figure 33 shows that the ECSA declines for all
MEAs and all ASTs. However, the relative effect is more severe for the humidity
gradient AST with an oversaturated cathode gas stream with a clear performance
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loss in the inlet region. An effect of condensed water is therefore visible for both
the overall ECSA and the local current density distribution.
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Figure 33: Cyclic voltammetry curves over the duration of the reference AST (a
and c) and the AST with a humidity gradient (b and d) for the reference MEA (a
and b) and the improved MEA (c and d).

8.3.4. Conclusion

The initial gradient between the highest and lowest local current density is in the
range between 30 and 37%, independent of the total current for all tested MEAs.
However, after accelerated stress testing, a more severe gradient in the range of
40.2% to 65.3% is visible for all MEAs.

The reference MEA exhibited a decline in electrochemically active surface area to
73.0% after the reference AST and 39.7% of the respective initial value after the
AST with a gradient. The power densities declined to 60.2% and 22.4% for the
respective tests.

Only the improved MEA seems unaffected by the reference AST on a local level.
Despite the drastic decline of ECSA down to 49.9% of the initial value, the power
density still reaches 83.6%. On the other hand, the AST with an oversaturated
cathode gas stream exhibits a detrimental effect on the power density, as it
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declines to 7.8% and also the current density distribution is significantly altered
for the improved MEA, even though the loss of ECSA down to 37.4% of the initial
value is comparable for this MEA after both ASTs. Thus, another effect is bound
to contribute to the degradation. One possible cause could be a loss of anode
catalyst surface area. For clarification, ex-situ characterisation is conducted by
the project partners.

Within the work, it was shown that a significant enhancement was possible by
changing the catalyst. The improved MEA exhibited a better stability under the
DoE testing conditions. However, despite the good results during standardised
testing, the catalyst has shown to be more prone to humidity induced
degradation.
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O. Conclusion

The aim of this thesis is to aid the understanding of degradation mechanisms,
limiting the durability of polymer electrolyte fuel cells. Initially, the focus was set
on membrane degradation and thus, the effect of pinholes on fuel cell operation
was investigated. The results, however, indicated a strong interaction and
correlation with other degradation mechanism. Subsequently, a more holistic
approach was chosen to identify detrimental conditions during fuel cell operation
and to obtain a fundamental understanding of the corresponding degradation
effects.

The study on the effect of membrane defects, i.e. pinholes, on fuel cell operation
[3] pointed out a strong influence by the locally altered temperatures due to the
direct combustion of hydrogen with oxygen, enabled by an increased gas
crossover in the affected area. Initially, a local increase in current density is
evident near the defects. However, the positive effect of the elevated
temperature is quickly overshadowed by the negative effects of extensive
reactant crossover. Hydrogen starvation was induced by load cycling during
constant gas flow conditions. Cell reversal during starvation, loss of cathode
ECSA and the increased carbon emission rate exhibited a clear correlation and
were all a result of the introduced membrane defects. A more detrimental effect
was evident in a fuel cell with defects close to the anode inlet.

In order to provide a better understanding of the degradation mechanisms
leading to membrane decompositions and rupture mechanical and chemical
stress was induced simultaneously in another study [2]. Therefore, a segmented
single cell was operated at OCV conditions, accompanied by relative humidity
cycling between 80 and 0% every 24 h. A pristine membrane underwent an
identical procedure. The effluent water was collected for each test and the
fluoride emission rate was determined. This allows evaluating the effect of the
presence of the platinum electrocatalyst on in-situ membrane degradation. A
higher FER was evident for the membrane in the absence of Pt, thus allowing the
hypothesis that the formation of harmful radicals is mitigated by the presence of
a catalyst.

Additionally, as is described in the experimental section of this thesis, the DoE
protocol for chemical membrane degradation was conducted in single cell
experiment. The open circuit voltage exhibited a vast decline and the target
value for the maximum hydrogen diffusion current density was exceeded. The
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high frequency resistance remained fairly stable throughout most of the
experiment, but a sudden increase was noted during the last hours of testing.
The fluoride emission rate was found to be higher on the cathode than on the
anode throughout most of the test and traversed a peak value. The results
indicate simultaneous backbone decomposition and sidechain dissociation. Both
mechanisms have to occur in order to exhibit the given results.

As the decomposition of the ionomer apparently not only leads to the emission of
fluoride, but also of oligomeric fragments, a procedure to determine the total
fluorine emission rate was developed. The respective experiments were
conducted by Mija Rami and are described in her master thesis [38]. From the
results of both the fluoride emission rate and the total fluorine emission rate, the
emission of fluorine, bound in polymer fragments can be calculated. Therefore,
samples were used, deriving from tests described previously [74]. The FnER
exhibited the best correlation with the high frequency resistance, indicating a
favoured dissociation of the sidechain, containing the ion conductive moieties.

Effluent water samples, used for the determination of the fluorine emission rate,
derived from tests in which the cathode stoichiometry was cycled to different
extends for a short period of time. In another study, the cathode stoichiometry
was cycled for different durations in order to determine, whether cathode
starvation is able to induce degradation in polymer electrolyte fuel cells [4].
Short cathode supply interruption exhibited a positive effect on the fuel cell
performance due to reduction of oxide species on the Pt surface, resulting in an
increased electrochemically active surface area of the cathode catalyst. After
extensive cycling, however, a distinct gradient appeared in the current density
and temperature distribution. Computed tomography visualised a clearly different
catalyst particle size distribution in dependence on the location within the fuel
cell. Therefore, oxygen starvation induces a gradient, which leads to
inhomogeneous current density and temperature distribution and can thus locally
accelerate degradation.

As the platinum electrocatalyst stability is another major issue in fuel cell
research, it has been considered in the conducted thesis. It has been discussed
above that platinum can be oxidised and dissolved under fuel cell operation
conditions. Thus, the DoE proposed a protocol with the aim being the selective
acceleration of platinum electrocatalyst agglomeration. This protocol was
conducted in its proposed form and extended in order to evaluate the effect of
liquid water on the agglomeration rate as well as on the dissolution and
distribution of redeposited platinum. As these experiments were conducted in
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cooperation with other research institutes, only excerpts of the results are
discussed here. The major focus was on evaluating the stability of a reference
MEA in comparison with improved materials. The improved membrane electrode
assembly exhibited a far better stability during the AST conducted strictly in
accordance to the parameters proposed by the DoE. The recorded current
density distribution did not exhibit an as strong gradient after testing as for the
reference MEA. However, the novel materials appeared to be more prone to
degradation when the cathode gas stream was oversaturated with water than the
reference MEA and the performance rapidly declined.

Within the completion of this thesis, it was shown that membrane degradation
does not necessarily lead to the emission of fluoride ions, but can also result in a
loss of oligomeric fragments. The results indicate dissociation of the sidechains,
containing the ion conductive moieties.

Also, different accelerated stress tests were conducted in order to determine the
effect of different degradation mechanisms, which limit the lifetime of polymer
electrolyte fuel cells. Amongst others, hydrogen crossover and locally altered
temperatures were identified as the most detrimental factors, accelerating
degradation. Inhomogeneous operation conditions are able to induce the latter
and must therefore be avoided.
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13.
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Electrolyte or ohmic resistance
Enthalpy
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Parameter

Parameter

Power or power density

Real part

Resistance

Stoichiometric ratio
Temperature

Theoretical maximum cell voltage
Thermodynamic maximum efficiency
Voltage

Voltage efficiency
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r] max
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H, generation from alkaline

electrolyzer

Merit Bodner,* Astrid Hofer and Viktor Hacker

Water electrolysis is a promising approach to hydrogen production from renewable
energy sources. Even though it is not necessarily environmentally friendly and
a large number of possible feedstocks for hydrogen production include fossil
resources such as coal, natural gas, and mineral oil, but also biomass, water, and
components such as ethanol, methane, or ammonia can be used for hydrogen
production. Also, a large variety of different energy sources can be used for
hydrogen production. The combination of hydrogen production with renewable
energy systems, such as photovoltaics, hydropower, or wind energy is very suitable
though. Many innovative processes have been subject to intense research and
some have already reached high efficiencies. Alkaline water electrolyzers with
anion-conducting membranes hold many advantages in comparison to other
systems. As cheaper, non-noble metals are stable in alkaline media, the relatively
low cost of the electrode materials is one of the main advantages of alkaline
systems over electrolyzers using proton-conducting electrolytes. Therefore, the
main part of published literature on alkaline electrolysis describes electrodes based
on low cost materials such as nickel for both anode and cathode. Yet still alkaline
water electrolyzers have to compete against other forms of hydrogen production,
such as steam reforming of natural gas. Even though many studies expect water
electrolysis to become economically viable on a long-term basis, conventional
hydrogen production is still hard to under-price. © 2014 John Wiley & Sons, Ltd.

How to cite this article:
WIREs Energy Environ 2015, 4:365-381. doi: 10.1002/wene.150

INTRODUCTION

D ue to the increasing global energy demand, novel
supply strategies have to be developed in order
to avoid a vast increase in CO, emissions. Many new
approaches have been subject to intense research.
Hydrogen is considered one of the future key
energy carriers in all of today’s energy prognoses
and its importance for the future energy system has
been discussed in numerous publications over many
years.'> Hydrogen does not occur in nature in its
molecular form and is usually bound in water or
hydrocarbons. As both water and hydrocarbon are
very abundant on earth, the limitation on possible
feedstocks will not be a restriction. Possible feedstocks
for hydrogen production include fossil resources such
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as coal, natural gas, and mineral oil as well as biomass,
water, and components such as ethanol, methane, or
ammonia. Also, a large variety of different energy
sources can be used for hydrogen production.

Up to now, as much as 96% of the world
hydrogen production is based on fossil fuels and
conventional energy sources, 48% of that being from
natural gas via steam reforming, 30% from naphtha
reforming, and 18% from coal gasification. These
processes are high in emission. Therefore, in order
for hydrogen to become a sustainable energy carrier,
production cannot rely on those feedstocks.®

Hydrogen production has to satisfy three major
requirements in order to fulfil its role in the future:

e it has to follow sustainable pathways
e use abundant and renewable feedstocks

e the produced hydrogen is required to be of
high purity, as impurities are harmful for most
applications, such as fuel cells.

© 2014 John Wiley & Sons, Ltd. 365



Advanced Review

Only when both the feedstock for the process
and the energy source for the electrical power input are
renewable, hydrogen can be regarded as sustainable.

The possibilities for a sustainable hydrogen pro-
duction are given. Many routes, based on renewable
feedstocks are known. For example, hydrogen can
derive from biomass processing, biological or solar
thermal water splitting, and water electrolysis using
renewable primary energy sources.

Today, natural gas is the most common feedstock
for hydrogen production,®’” but methane can also
derive from biomass gasification. Furthermore, other
compounds, such as bioethanol, can be converted by
steam reforming too.

Hydrogen can also be produced by biological
conversion of biomass or water with microorganisms.
This so-called bio-hydrogen production includes pho-
tolytic reactions. The energy of light is used to produce
hydrogen with photosynthetic microbes such as algae
and cyanobacteria.®® Thermochemical conversion for
hydrogen production can be applied with various raw
materials, yet the process requires either extremely
high energy inputs or the yield of hydrogen in the gas
mixture is low.

Fermentation methods are also an option for
hydrogen production.”?

Yet for the usage in most of the common applica-
tions, such as fuel cells or for synthesis, hydrogen has
to reach a purity of 99.3-99.8% or more. This can
be achieved either by complex and expensive purifica-
tion steps, or simpler, by methods producing hydrogen
at an already high purity, such as water electrolysis.!°
Water electrolyzers mostly use conventional energy
sources, but the usage of renewable energy is of great
interest.

Also, hydrogen can be stored without the self-
discharge many batteries exhibit. Electrolysis is very
suitable to produce hydrogen from surplus energy of
renewable energy sources, such as hydropower, pho-
tovoltaics, and wind energy.® The perspective for the
implementation of hydrogen production systems using
renewable power sources is considered positive.!!
Hydrogen can be stored in a variety of different forms.
It can be stored gaseous at increased pressure, liquid
at very low temperatures, or in metal hydrides. The
stored hydrogen can then either be used in a fuel cell
to produce electricity in order to meet changing load
demands or can be transported and further used, e.g.,
in hydrogen-powered vehicles for transportation.®

The combination of a photovoltaic module with
an alkaline water electrolyzer (AWE) has been exam-
ined, as this technology of hydrogen production has
no CO, emission.!? This system would be especially
suitable for off-grid power supply.®

366 © 2014 John Wiley & Sons, Ltd.

wires.wiley.com/wene

Wind power is the most rapidly growing renew-
able energy sector and large plants have already been
installed all over the world. Wind-powered electroly-
sis has the potential to become the first economically
viable technology to produce large amounts of renew-
able hydrogen in the near future.® Yet commercially
available electrolyzers are usually designed for station-
ary on-grid operation and are easily damaged by inter-
mitted operation.'? But still, hydrogen was produced
efficiently and with a satisfying purity and oxygen con-
tent below 0.2%.°

The solar thermal electrochemical photo (STEP)
process is an attempt to use the full solar spectrum
(visible and thermal) for water electrolysis. This is a
hybrid thermal and electrochemical photo process in
which the sub-bandgap and the excess super-bandgap
heat are used to heat the electrolysis chamber, lowering
the energy required to split water. Higher tempera-
tures decrease the water splitting potential and simul-
taneously decrease the kinetic overpotential losses.
Therefore, the charge transfer is favored. The STEP
process is intrinsically more efficient than other solar
energy-powered conversion processes and an econom-
ically viable process for the hydrogen generation via
electrolytic water splitting.!3

CLASSIFICATION

A multitude of different setups for electrolysis cells
were introduced. And as for fuel cells, the classification
system was swamped with new inventions. Electrolysis
cells used to be divided into three types. Alkaline
electrolysis cells use liquid electrolytes such as sodium
or potassium hydroxides. Acidic electrolysis cells are
usually equipped with proton-conducting polymer
electrolyte membranes. The third option is solid oxide
electrolyte cells, converting water steam electrolysis at
high temperatures.

With new inventions and the development of
novel materials, electrolysis systems can now be clas-
sified by different methods.

Classification by Operation Condition
Different electrolysis systems require different oper-
ation conditions, which then again influence the
electrical efficiency strongly.!* Temperature and
pressure have to be adapted to each type of cell. A
differentiation between low (70-80°C), intermediate
(150-200°C), and high (700-1000°C) temperature
cells as well as low- and high-pressure systems is
possible.!5-16
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Classification by Substrate

Electrolysis cells usually use water, but other sub-
strates are also possible. The usage of ammonia,
methanol, urea, or even black liquor,'”>'® a byprod-
uct of the paper industries, is possible and subject to
intense research.

Classification by Electrolyte
The electrolyte is one of the most common properties
chosen to describe the electrolysis cell. It can be dis-
tinguished between the pH of the electrolyte (alkaline
and acid) or the electrolyte’s state (liquid electrolyte,
polymer electrolyte, or solid oxide electrolyte). Poly-
mer electrolyte membranes used to be based on acidic
polymers only, but with the rise of anion-exchange
membranes (AEMs) in past years, membranes are no
longer solely proton-exchange membranes (PEMs)."
Because of the great amount of innovations in
the field of AWEs and its promising features, this
review will focus on alkaline electrolysis.

FUNDAMENTALS OF ALKALINE
ELECTROLYSIS

The biggest advantages of alkaline electrolysis sys-
tems are their robustness, their long lifetime and the
lower costs due to cheaper electrode materials. Inde-
pendent of the electrolyte, the water splitting reaction
is endothermic and gives hydrogen and oxygen.

H,0 - H, + %oz

This general formula consists of a cathode
(hydrogen evolution reaction, HER) and an anode
reaction (oxygen evolution reaction, OER) (Figure 1).
During the reaction, gas bubbles are formed on the
cathode and anode surface, containing hydrogen and
oxygen, respectively. The bubbles are detached from
the surface at a certain size.??

The formation of a gas phase results in several
negative phenomena in the electrolysis system. The
electrode surface is blocked by gas bubbles and the
electron transfer between electrode and electrolyte
is hindered. Bubbles increase the resistance of the
electrolyte and damage the electrode surface.?%?!

The drawback of AWEs is the low maximum
power density achieved with liquid electrolytes.?!
This limitation is caused by the negative effect of
bubble formation. As bubble formation is inevitable
in electrolysis cells, materials and configurations have
to be adapted and optimized. Several methods have
been applied to avoid the negative effects. Application
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Cathode Anode
2H,0+2e > 40H >
H, +2 OH~ O, +2H,0+4 e

Electrolyte: KOH, NaOH in aqueous solution Separator

FIGURE 1| Scheme of an alkaline water electrolysis cell.

of centrifugal fields, super gravity fields, magnetic
fields, ultrasound, and microwave treatments results
in a more complex system setup, yet do not improve
the efficiency significantly.”! A very promising method
to improve the performance of the electrolysis cells
is the implementation of an AEM and a zero gap
configuration, respectively. Operation with an AEM
would additionally avoid further negative effects of
liquid electrolytes.

Hydrogen evolution reaction
Within alkaline media, the HER proceeds via the
formula

2H,0 + 2¢~ — H, + 20H"

with a standard electrode potential of E*=-0.828 V
versus SHE.??

The HER can be divided into two consecutive
steps as follows.

The water dissociation (Volmer step)

H,O+M+e” — MH_+ OH"™

is followed by the hydrogen emission. This happens
either via the Heyrovsky step

MH,;+H,O+e¢” - M+H, + OH™
or the Tafel step
MH,_, + MH_4; - 2M + H,

The Tafel and the Heyrovsky steps proceed in
parallel and competitively, differentiated by chemical
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(Tafel) and electrochemical (Heyrovsky) desorption.>3

The reaction rate of the first step is usually small.
As a consequence, diffusion phenomena on the cath-
ode can be neglected.** The reaction rate of the
HER is strongly dependent on the strength of the
metal-hydrogen bond and the catalyst surface mor-
phology. Depending on the catalyst system, the hydro-
gen from the substrate is adsorbed (e.g. on Pt-based
catalysts) or absorbed (e.g. on Ni-based catalysts) and
is emitted as molecular hydrogen H, via complex
intermediate steps.

Therefore, the rate-determining step (rds)
depends on the catalyst. For most materials, the rds
is the Volmer step, whereas the hydrogen desorption
was identified as the rds for Ni-Fe—P catalysts.?®

Hydrogen evolution is not limited by diffusion
due to the high population of participating molecules
in alkaline water solution.?? Yet the reaction rate of
the HER in acidic media is higher by 2-3 orders of
magnitude than in alkaline environment.?®

Oxygen Evolution Reaction
The overall OER in alkaline media proceeds via the

formula
40H™ — O, +2H,0 + 4e”

at E®=0.401V versus SHE.?”
The steps of the OER in alkaline media have been

proposed by Yeager in 1974 with a reported reaction
order of 1 and are:

M+OH - MOH+ e~
MOH — M'OH+ e
2M*OH +20H™ - O, + 2M + 2H,0
A different mechanism was proposed by Kubisz-
tal and Budniok, who used a nickel matrix with
embedded Mo/Si particles.?®
M+ OH™ <& MOH + e~
MOH+ OH™ &« MO™ + H,0O

MO~ & MO+ e~

2MO ©2M+ O,
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The rds depends on the applied potential.?

Due to the complex reaction pathway, the anode
reaction is the major cause for high overpotentials in
water electrolysis cells. The onset potential of the OER
is generally higher than 1.4V, due to overpotentials of
over 150 mV. Overpotentials of 0.4 V are common.?”

The kinetics of the OER is slow. The reaction
follows a complex multistep mechanism via four elec-
trons and, in acidic cells, four proton-transfer steps
and four OH™ transfer steps in alkaline media, respec-
tively. The reaction paths include multiple high-energy
intermediates. Catalyst development is still subject of
active research. The overpotential highly depends on
the anode material, the electrode surface, and the
temperature.”’

COMPONENTS

Electrodes

The relatively low cost of the electrode materials is one
of the main advantages of alkaline systems over elec-
trolyzers using proton-conducting electrolytes. There-
fore, the main part of published literature on alkaline
electrolysis describes electrodes based on low-cost
materials such as nickel for both anode and cathode.

The exact kinetics of both the HER and the
OER, or any other anode reaction with different
substrates, strongly depend on the electrode mate-
rial. But nevertheless it can be stated that on most
electrode surfaces, the overpotential of the HER
is very small compared to that of the OER. The
anode reaction is much more strongly inhibited. The
OER’s overpotential is in most cases the limiting fac-
tor and usually the most inefficient part of alkaline
systems.?’ The performance of the catalysts depends
not only on the chosen catalyst materials, but also
on many other factors such as the support material,
pretreatment, and the resulting microstructure and
morphology.

Many catalysts for alkaline water electrolysis
are adapted from catalysts used for the chlor-alkali
electrolysis.?’3? But due to the reduced corrosive-
ness of the produced oxygen compared to chlorine,
Ni-based electrodes and cell chambers are possible
for both electrode departments instead of titanium in
chlor-alkali electrolyzers.3?

Cathode

Numerous publications are available on the
characteristics of the HER on platinum catalysts, as
it is the most active electrode material. But due to the
high cost of Pt, steel and nickel usually have been the
cathode materials of choice.??

26,31-33
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Yet the cathode catalyst is still subject to active
research and the novel catalyst systems can be divided
into three groups as follows:

e group (i): metals with improved microstructure
and surface area

e group (ii): metal alloys

e group (iii): hydrogen storage alloys

Much work has been dedicated to the improve-
ment of stability and activity of Ni-based electrodes.
This enhancement can be achieved by coating or
co-depositing a more active or more stable mate-
rial such as cobalt,?* aluminium,’>-7 or iron3%3°
and incorporation of additional elements such as
sulphur®®** with the aim to improve the surface
microstructure to gain group (i) catalysts. As the HER
mainly involves surface processes, the electrocatalytic
activity can vastly be improved by adaption of the sur-
face composition and microstructure.** The HER in
alkaline media is, in contrast to acidic systems, very
sensitive concerning the surface structure.?

Group (ii) includes catalysts designed after the
strategy based on the hydrogen bond strength.*?
Relating to the volcano curve for elemental
metals,*® it appears comprehensible to combine
hypo-d-electron metals with hyper-d-electron metals,
e.g., Ni-Mo,?!*750 Co-Mo, Ni-Cr,*’or Ni-W?>152
catalysts, in order to optimize the hydrogen bond
strength. Adaption of the d-band structure by design-
ing Ni-nitrogen complexes as performed for HER cat-
alysts is so far only observed for acidic applications.*3

Group (iii) hydrogen storage alloys are another
type of effective electrocatalysts for the cathode.
Hydrogen is absorbed during HER and can be released
on demand to protect the electrode surface from
damage.’*

Of course these groups cannot be separated
clearly and the enhancing effect of alloying Mo to Ni
is mainly ascribed to an increased surface area rather
than synergetic effects.

Platinum Group-Based Catalysts

Acidic water electrolyzers and fuel cells usually use
platinum-based electrodes such as Pt/C or polycrys-
talline Pt. In alkaline media, the kinetics of the HER
are orders of magnitude slower than in acidic media.
This is due to a shorter distance between platinum and
the adsorbed hydrogen in alkaline media, indicating
a stronger bond. Therefore, the Heyrovsky step is the
rds in alkaline electrolyzers, whereas the HER in acidic
media simply follows the Nernstian hydrogen diffu-
sion overpotential relationship.3!
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The catalytically active area can be enlarged by
using supported platinum catalysts. This approach is
very common for PEM fuel cells. In proton-exchange
electrolysis cells, both Pt/C and Pt/WC have been
used. Compared to bulk Pt, an increase in activity
has been achieved for both catalysts, yet no synergetic
effect between catalyst metal and support material was
reported.?? In alkaline media, a platinum catalyst was
improved by its deposition on a Ni/C substrate. Yet
the Ni/C substrate alone already showed improved
activity for the HER.33

Palladium shows a significant catalytic activity
for the HER in alkaline media. As cathode mate-
rial, different palladium salts were deposited on gold
surface, forming Pd islands. The strong interaction
between Au and Pd decreases the adsorption energy of
hydrogen and thereby enhanced the catalytic activity,
whereas a plain Au surface exhibits large overpoten-
tials. The islands deposited when using PdCl, turned
out to be smaller, thinner and showed a pronounced
step decoration, resulting in an increased activity.’®

Group (i) Catalysts

Mild steel is another traditional cathode material.
In order to improve the catalytic activity, different
types of additives can be added. Elezovic et al. used
molybdenum to increase the surface roughness with
increased content. Fe-Mo alloys on a mild steel
substrate have been shown to achieve low HER
overpotentials with Mo contents of 59.3 at.%.°”

In a similar study, Rosalbino et al. further used
rare earth metals as additive for a Fe-Mo elec-
trode. Fe;sMo,oMM; (MM = mischmetal, 50.2 at.%
Ce, 26.3at.% La, 17.5at.% Nd, and 6.0at.% Pr)
exhibited a lower Tafel slope and higher exchange cur-
rent density than the FegyMo,, alloy used for compar-
ison. The improvement of the catalyst derives from a
synergetic effect between the different alloy phases.’®

Many catalysts lose their activity after a few
cycles of operation due to surface contamination. To
avoid the loss of active sites, phosphorous is used
as amorphism causing additive. Amorphous alloys,
such as Fe-P, Fe-P-Pt, or Fe-P-Ce, have interesting
mechanical, magnetic, and electrical properties. Fur-
thermore, the corrosion stability in alkaline media for
medium-term operation is given. Especially high activ-
ities have been observed on Feo,P,Pt, and Fey,P,Ce,
electrodes. This is ascribed to geometric surface
effects, but also to the synergetic effects between Fe
and P,Pt, P,Pts, FePt, and especially FeCe phases.*’

In order to develop novel, inexpensive and highly
stable electrode materials, current research is mainly
focusing on nonplatinum group metals.*” Among
the non-noble metals, Ni is the most active pure
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metal toward the HER in AWEs. Furthermore, the
dissolution of Ni is slow, making nickel one of the
most stable non-noble metals in alkaline media and
a promising material for a large-scale production.3’

To improve the activity, i.e., decrease the overpo-
tential for the HER of pure nickel catalysts, the surface
area has to be increased. Ni nanoparticles show an
optimized surface morphology, showing low overpo-
tential and high exchange current densities.’

In their study, Zeng and Zhang used polished
Ni electrodes. It was proven that a rougher surface
reduces the overpotential. Whilst the apparent activ-
ity was improved, Ni—Co electrodes did show no
increased intrinsic activity compared to the Ni elec-
trodes. It was concluded, that the improvement of the
apparent activity is only attributed to the increased
surface area.®”

Coating with graphene oxide has been shown to
increase the catalytic activity of the Ni electrode.®!

Group (ii) Catalysts

HER catalysts based on Raney-Ni doped with ele-
ments such as Fe, Cr, Mo, Sn, or Co, but also rare
earth metals or sulphides have been shown to suppress
the overpotential, compared to pure Ni electrodes.
Again, the morphology determines the activity. It is
suggested, that the formation of Ni hydrides by hydro-
gen adsorption during the HER improves the stability
by inhibiting passivation of the catalyst surface. The
best long-term performance was achieved with 70%
Raney-Ni 7000, 10% Carbonyl Fe, 10% Carbonyl Ni,
and 10% polytetrafluoroethylene (PTFE); PTFE being
required as binder.”

With the aim to generate catalysts with higher
active surfaces, Ni-Al alloys were prepared by
Kjartansdottir et al. The aluminium was then etched,
resulting in a large surface area. Compared to polished
Ni, the catalyst with the highest surface area exhib-
ited a drastically decreased overpotential toward the
HER.3 Ni—W electrodes have shown an improved
intrinsic activity toward the HER, because of syner-
getic effects between a metal with internally paired
d-electrons (Ni) and an alloying element with partially
or half-filled d-orbitals and less electronegativity (W)
than the host metal. This effect improves the catalytic
activity due to the modified electron density at the
nickel surface.’!

Group (iii) Catalysts

Another issue the AWE faces is the deactivation of
the catalyst during power interruption. This is due
to the depolarized state of the electrodes during peri-
ods of power interruption. Reversed currents cause
corrosion and a severe change of electrode composi-
tion and structure. Therefore, hydrogen storage alloys
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have been implemented in HER electrodes. Hydrogen
is adsorbed during operation and can be released dur-
ing power interruption. Hydrogen is then consumed at
the cathode, protecting the electrode from being cor-
roded and thereby improving the time stability during
intermitted electrolysis.’*

Ti,Ni is one type of hydrogen storage alloy
that has been implemented in AWEs. As cathode
material, Ti,Ni particles were mixed with carbonyl
Ni powder and polyvinyl alcohol as binder. The
mixture was then poured into Ni foam as substrate
and coated with a Ni-Mo alloy. The electrode exhibits
excellent resistance against power interruption and
anodic oxidation. Besides the Volmer reaction, the
hydrogen diffusion, the Heyrovsky and the Tafel
reaction, a fifth step, the hydride formation, is now
also taking place at the cathode. The HER although
is mainly determined by the Ni-Mo coating on the
electrode surface.!?

Hu also prepared an electrode material contain-
ing MmNi; ;Co 7sMng 4Aly,7 as hydrogen storage
alloy in Ni-foam substrate with a Ni-Mo coating.
Compared to the Ti,Ni-based cathode, this electrode
exhibited an even better stability in times of power
interruption. The catalytic activity was again shown
to mainly depend on the molybdenum content in the
electrode coating.>*

In Table 1, a list of published cathode catalyst
systems for the alkaline HER is provided. Comparison
of the catalysts based on the published performance is
difficult, as detailed data on the measuring technique
are not given or various techniques are applied. Oper-
ation conditions, such as the temperature, often differ
vastly and different types and concentrations of elec-
trolyte are used. As all this influences the electrolyzer
greatly, a direct comparison is not possible.

Alkali metals such as Na, K, and Li also influ-
ence the HER mechanism strongly;?® therefore, the
electrolyte affects the measurement.

Anode
Due to the high overpotential required for the OER,
the potential for the anodic oxygen evolution is
positive, independent of the used electrocatalyst. This
causes the surface of all materials to be covered by an
oxide layer. Furthermore, the high overpotentials at
the anode give rise to corrosion of the electrocatalyst
and the support material.?’ This is one major obstacle
prevailing when improving the lifetime of a catalyst.
For future implementation of novel electrocat-
alysts, the material must show a sufficient activity
toward the OER and long-term stability, especially
under the harsh conditions of an AWE. Furthermore,
catalysts consisting of cheap, commercially available
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TABLE 1 | Comparison of HER Catalysts

H, generation from alkaline electrolyzer

Electrode Performance Conditions References
Pt/C 0.6 mA cm~2 exchange current density 0.1 M KOH, thin film Ref 31
Polished Ni 422 mV overpotential at 75 A cm—2 0.5 M KOH, SCE, 3.14 mm? disk electrode Ref 60
Co/C 1.1 x 1072 mA cm~2 exchange current 0.1 M NaOH w/o ME nanoflakes Ref 34
Ni, Coy/C 9.1 x 1073 mA cm~2 exchange current 0.1 M NaOH w/o ME nanoflakes Ref 34
Raney Ni 100 mV overpotential at 500 mA cm=2 28 wt% KOH, 80°C Ref 47
Ni-Cr Raney 80 mV overpotential at 500 mA cm2 28 wt% KOH, 80°C Ref 47
Nigs W3¢ 1.6 1075 mA cm~2 exchange current 0.1 M NaOH Ref 51
density
MmNi; 3Cog 7;sMng 4Al;; 88 mV overpotential at 200 mA cm=> Ni foam substrate and Ni-Mo coating, Ref 54
30 wt% KOH
LaNiy gSig 4 84 mV overpotential at 200 mA cm2 Ni foam substrate and Ni-Mo coating, Ref 54
30 wt% KOH
Ti, Ni 60 mV overpotential at 200 mA cm 2 Ni foam substrate and Ni-Mo coating, Refs 12 and 54
30 wt% KOH
NigoMoy, 29mA cm=2 59 mV overpotential at 30 wt% KOH, 70°C, nanocrystalline fcc, Ref 62
250 mA cm~2 mechanical alloyed
Ni=S 39.2 mAcm=2 90 mV overpotential at 28 wt% NaOH, electrodeposited, thiourea Ref 40
150 mA cm~2
Fe-Mo 20.4x 103 mAcm? Fe(20%)-Mo(60%), 1 M NaOH, 25°C Ref 57
Ni—(Ebonex-Ru) 597 mAcm~2 156 mV at 100 mA cm~—2 Ni-Ti,0,—Ru, 1 M NaOH at 25°C Ref 63
Pd/Au NA Pd/Au(111) Ref 56
Ni-Sn NA Alloy coating deposited on Ni mesh Ref 64
Ni-S—-Co 70mV at 150 mA cm—2 80°C, electrodeposition Ref 41
Ni;Al 1.9mAcm—2 6 M KOH Ref 36
Ni;Al-Mo 13 mA cm~2 6 M KOH Ref 37
Ni-S-Mn 97.5mA cm2 30% KOH, amorphous alloy Ref 43
Nig, P16 C; 211mAcm=2125.4mV at250mAcm=2 1M NaOH, 25°C Ref 39
Nig, Fe35Cq 245mAcm=2 112.6 mV at 250 mA cm—2 1M NaOH, 25°C Ref 65
Ni-Co 29mAcm—2 0.5 M NaOH, 25°C, electrodeposited Ref 66
Feg,P,Ce, 0.075 mA cm~2 1M NaOH, 25°C Ref 45

materials are favored and the preparation methods
should be simple, flexible, and easily upscalable to
industrial size. An ideal catalyst would further be
usable in other applications.®”

Metal-Based Catalysts

Ir-, Pt-, Rh-, and Pd-based electrodes have shown
similar activity. Yet none outperformed Ni-based
electrodes.?’

Highly porous Raney-Ni, doped with Fe was
used as gas diffusion electrode. By adding Co;0,
powder and carbonyl Fe/Ni, an essentially stable
behavior over weeks of testing was achieved.®”

When implementing metal oxide electrodes,
Ru has shown the highest performance, whilst Co
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and Fe have been shown the least active. The poor
performance of Co and Fe oxides might be due to
their solubility in alkaline media.®®

The usage of precious metal alloys with nickel
did not significantly decrease the overpotential of the
OER. Furthermore, the electrode was largely covered
by a nickel oxide film after long-term electrolysis.
The precious metal oxides were dissolved in alkaline
media.?’

Oxide-Based Catalysts

PtO has shown a very low activity. When CoOOH
was added though, the activity was improved sig-
nificantly. Further experiments have shown that PtO
functions as support only and can be substituted.
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M2+ Q%(OH), ;5/Pt(111)-based catalysts can be con-
sidered purely mono-functional. The reaction rate is
driven by the strength of the interaction between two
oxidic species. The rds is the recombination, not the
adsorption. Therefore, too strong interactions can sta-
bilize the reaction intermediates, poisoning the surface
and decreasing the OER activity. Nickel has shown
optimal interaction strength and is therefore the most
suitable catalyst.®?

Pyrochlore oxides with the general formula
Ay[B,_, A(]O,_, give a low Tafel slope and have been
reported to show good activities toward the OER,
due to their oxygen deficiency. Pb,[Ruy (7Pbg 33104 5
has displayed very low overpotential toward the OER
and reasonable long-term stability. Other promis-
ing pyrochlore oxides are Pb,(Ir; (7Pby ;3)O¢ s and
Nd;IrO-, %

Furthermore, multiple spinel cobalt oxides have
been subject to a considerable number of studies.
Co;0,-based anode catalysts possess a high activity
toward the catalysis of the OER, a high stability even
in strong alkaline media, low costs, electrical con-
ductivity, and good availability. Implementing nickel,
lithium, or copper in a binary M, CO;_,O, type oxide
was found to increase the activity. The implementa-
tion of lithium has shown the most suitable results,
leading toward more negative anodic peak positions
with increasing Li content. Among a variety of other
Li-doped cobalt oxides with different lithium con-
tents, Lij 51 Co, 70O, has the highest electrical conduc-
tivity and activity toward the OER.”°

Improvement of the Catalyst Surface

Besides the catalyst composition, the morphology
also influences OER strongly. Due to faster reaction
kinetics, the effect of bubble formation on the elec-
trode surface is especially severe on electrodes with
a high catalytic activity. Bubble overpotential can be
even higher than the OERs activation overpotential.
To decrease the overpotential of the OER, the detach-
ment of the formed bubbles has to be improved.
So far, research has been focusing on methods such
as the application of magnetic or ultrasonic fields,
super gravity, or microgravity. The characteristics
of the formed bubbles can also be influenced by
the catalyst morphology though. Ahn etal. have
prepared four nickel catalysts of different morpholo-
gies. Flat, smooth, cauliflower-like, and needle-like
catalysts have been compared. A larger surface rough-
ness improves the catalyst activity and increases the
hydrophilicity, benefiting the bubble detachment.
Therefore, catalysts with hierarchical morphologies
are favorable for the water electrolysis cell.”!
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FIGURE 2 | KOH doped polybenzimidazole.

Electrolyte

Many AWEs use liquid electrolytes such as KOH.
This causes a variety of complications in applications.
Leakage and carbonation are major issues with liquid
alkaline electrolytes. Furthermore, bubble formation
is inevitable in electrolysis cells, yet causes damage
to the electrode surfaces and increases the electron
transfer resistance. These are some of the major
obstacles for the AWE.

Among other more or less successful methods to
avoid the negative effects of bubble formation, such
as the implementation of a magnetic, ultrasonic, or
super gravity field,”? the zero gap configuration was
developed, using alkali-doped separators or solid elec-
trolytes instead of liquid electrolytes. The electrodes
are attached to the separator,3’ thereby avoiding dam-
age due to bubble formation.

Separators and Electrolyte-Doped Membranes
The main requirements for the separator are gas sepa-
ration, electric isolation, and high chemical and ther-
mal stability. The separator material alone is not
ion conducting. Ion-exchange capacity is achieved by
alkali doping. As the wettability directly affects the
resistance of the separator, the structure of the mate-
rial is of high importance.”> The separator is usu-
ally porous; inorganic materials such as asbestos and
other ceramics had often been used,!® but more recent
research has mainly focused on organic separators.
Electrolyte-doped membranes or ion-solvating poly-
mers are polymers with no ionic group attached to
the backbone but have electronegative centers where
the potassium salts attach.”* For example, PTFE,”’
low-density polyethylene (LDPE)-based membranes”®
and polybenzimidazole (PBI) (Figure 2)’” doped with
an anion-exchange phase, aqueous KOH or any other
alkali salt solutions have been applied in AWEs.

Amnion-Conductive Polymer Electrolytes

With the development of proton-conducting mem-
branes, the possibilities widened for acidic water elec-
trolysis cells. Therefore, zero gap configurations were
implemented in acidic systems earlier than in alkaline
cells. In polymer electrolytes, such as PEMs, the ionic
group is bound to the polymer backbone.”7? Usually,
no further additives are necessary.
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FIGURE 3| Quaternary ammonium polysulfone membrane.

Yet when using acidic electrolytes, cationic
impurities, that are common in the feed water, tend to
bind to the proton-exchanging moiety, reducing the
conductivity.'”

Analog to the PEMs, anion-conducting poly-
mer electrolytes have been subject to intense research
lately. They cannot only be used in electrolysis cells,
but in other applications as well. A large variety of dif-
ferent membranes can be used and even more AEMs
are still to be investigated for usage in AWEs. Com-
mercial membranes such as the A201 from Tokuyama
Corp.” or Selemion AMV from Asahi Glass Co.
Ltd.®! have already been successfully applied in AWEs.

Yet other, noncommercial polymer electrolytes
such as LDPE-based membranes with UV-induced
grafted vinly benzyl chloride (VBC) functional
groups,’’ quaternary ammonia (QA)-modified poly
VBC membranes (qQPVB/CI),3! polysulfone function-
alized with quaternary ammonium groups (QAPS)
(Figure 3),*® and polyethylenetetrafluoroethylene

TABLE 2 | Comparison of Different AEMs for Alkaline Electrolysis Cells

H, generation from alkaline electrolyzer
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FIGURE 4| Hoffman elimination.
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FIGURE 5 | Nucleophilic attack.

(ETFE)-based polymers functionalized with QA%
have been used for small-scale tests as well. lonomers,
typically alike the polymer electrolytes used as
membrane, but also others such as QPDTB, a
polymethacrylate-based copolymer of three mono-
mers with QA moieties,?3 need to be added to the
electrodes as binders. Some examples for alkaline
electrolytes used in electrolyzers are listed in Table 2.
Yet still, electrolyte has often to be added, as the
conductivity may not be sufficient.

AEM water electrolyzers have been reported to
show lower performance than PEM electrolyzers. This
is due to the higher membrane resistance (up to three

High frequency
Membrane Conductivity Current density ~ Cathode Anode resistance Thickness  References
Zero gap 54.3x 1072/ 470mAcm=2at  Mo/Raney Ni  Co;0,/Raney NA NA Refs 19, 284
diaphragm (©Qcm) at 25°C? 1.8V, 50°C Ni
with 30 wt%
KOH
Tokuyama A201  0.04Scm™" at 399mAcm~2at  Ptblack I, 0.23Qcm? at 28um  Refs 19, ¥85
23°Ct 1.8V, 50°C 2.0V, 50°C
Selemion AMV ~ 2.52x107'Scm™" 90mA/cm=2at  Ni/Zn/S Graphene NA 120 um Ref 61
2.0V, 30°C coated Ni oxide-coated
foam NiO
QAPS >10-2Scm™ 0.4 A/cm2 at Ni-Mo Ni-Fe NA 70 um Ref 48
1.8-1.85YV,
70°C
gPVB/Cl 27x1072Scmat  250mAcm=2at  Ninano Cup;C0,30,  037Qcm? at 70 pm Ref 81
60°C 2.24V,55°C powder 60°C
QA-ETFES, 138.7mScm™'¢ 100mAcm~2 at  Ninanopow- Cuy,Co,50,  0.85Qcm? at 88.4um¢  Refs 83, <82
QPDTB (ionomer: 1.9V, 22°C der 22°C full MEA
ionomer 0.059Scm™" at resistance
50°C)
LDPE-g-VBC 17mScm~" at 300mAcm=2at  NA NA 0.3-0.43 Q cm? NA Ref 80
60°C 2.1V, 45°C™ at45°C
““Data was taken from a diagram, since the values were not stated within the text.
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FIGURE 6 | Illlustration of an alkaline water electrolyzer system.

times higher values were reported), slower hydroxide
transport compared to protons and possibly lower
catalyst utilization. The latter is reported to be due
to the different structures of Nafion and alkaline
polymer electrolytes.

In order to lower the membrane resistance and
improve the ion conductivity, a higher density of ionic
groups can be implemented within the membrane,
yet this leads to poor flexibility and mechanical
stability.!%2°

Some of the reported AEMs already achieve
passable values for conductivity, but lifetime is an issue
and has not reached a satisfying value yet. Hydroxide
ions are nucleophiles and can degrade AEMs via
two mechanisms. If a hydrogen atom is bond to the
p-carbon, Hoffman elimination (Figure 4) occurs and
either the vinyl group remains attached to the poly-
mer with the tertiary amine released, or an alkene is
released with the tertiary amine as fixed group. Alter-
natively, without a hydrogen atom at the f-carbon,
the nitrogen center is attacked by the nucleophile,

374

© 2014 John Wiley & Sons, Ltd.

resulting in the loss of an alkene group and a neural
tertiary amine group fixed to the polymer (Figure 5).
Either way, a nucleophilic attack results in the loss
of anion-exchange groups and therefore reduced ion
conductivity. As the Hoffman elimination is the more
rapid reaction, one way to minimize degradation can
be avoiding a hydrogen atom at the f-carbon.!®*

Solid Oxide Electrolyte
Besides the low-temperature electrolyzers, requiring
liquid water for ion conductivity, high-temperature
electrolyzers are possible as well. High temperatures
result in high catalytic activities due to reduced over-
potentials. This allows operation at higher reaction
rates and the electrolyte conductivity depends on the
temperature. Other than in alkaline electrolytes, in
solid oxide electrolysis cells (SOECs) the O>~ moiety
operates as ionic species, with yttria-stabilized zirco-
nia as most common electrolyte material.3¢-87

Among the SOECs, a few proton-conducting
materials, or solid acids, exist. They usually consist
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Electrolyte: KOH, NaOH in aqueous solution

FIGURE 7| Unipolar configuration of a water electrolyzer.

Bipole

Solid electrolyte

FIGURE 8| Bipolar configuration of a water electrolyzer.

out of an alkali metal (or NH,) and tetrahedral
oxyanion chains, that are linked via hydrogen bonds
and recently have gained attention for the use in acidic
high-temperature electrolyzers.®8

Yet solid acids and solid oxides are crys-
talline materials and therefore show poor mechanical

Volume 4, July/August 2015

properties. This has to be overcome by methods such
as incorporating the solid electrolyte into a composite
membrane. SOECs are in an early stage of devel-
opment and materials developed for the solid oxide
fuel cell cannot be used for these systems. Therefore,
solid electrolytes are subject to ongoing and extensive

© 2014 John Wiley & Sons, Ltd. 375
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TABLE 3 | Basic Parameters of Commercially Available Alkaline Electrolyzers

Working Postulated
Company Type Electrolyte Temp. (°C)  Performance Capacity Service Life References
NEL Hydrogen  NEL A 150-485 25% KOH 80 3.8-4.4 50-485Nm?3 H,/h  30-40 years Ref 91
KWh Nm=3 H,
Hydrog(e)nics ~ HySTAT 10-60 30% KOH 702 4.9-5.4 4-60 Nm? H, /h 50.000 h Refs 95, 284
kWh Nm~3 at
full load
Uralhimmash  FV-180- 500 NA 85-90 NA 172-536 m3 H,/h 25.000 h/ Ref 96, 284
10 years®
Teledyne Titan HMXT NA NA NA 2.8-11.2 25 +years Ref 97
50-200 NmH,/h
Titan EC NA NA NA 20-40Nm3 H,/h - 25 +years
500-750
Titan EL NA NA NA 56-80 Nm? H,/h NA
1000-1400
McPhy Baby McPhy NA NA 2.8 kW max. 400 Nlt/h NA Ref 98
consumption
Mclyzer 3-30 bar NA NA 7.4-63kW max.  3-60 Nm?H,/h NA
consumption
IHT Type 20-S-556 NA NA 4.3-4.6 KWH 27-760NmH,/h  10-15years Ref 92
Nm—3H,

TABLE 4 | Hydrogen Prices, Germany 2012

Alkaline (€/kg)  PEM (€/kg)
Mainstream grid (100% load) 3.2 4.1
Mainstream grid (balancing 2.7 35
service)
Renewable energy sources 5.0 7.6
(off-grid)

research, yet no commercial electrolyte is so far
available that is customized for the use in a water elec-
trolyzer and their durability is still insufficient,3¢-888

COMMERCIAL ALKALINE WATER
ELECTROLYSIS SYSTEMS

Alkaline electrolysis has been known for over
200 years.” Electrolyzers are a mature technology and
able to produce large quantities of hydrogen. The first
commercial system was installed by NEL Hydro-
gen, formerly Norsk Hydro from Norway in 1927
to produce pure hydrogen via electrolysis for the
Haber-Bosch ammonia fertilizer process.”! Yet soon,
the production was extended to various industrial
applications and plants were installed exceeding
capacities of 20.000 Nm3 H,/h.°2  Alkaline elec-
trolyzers are cheap in production and achieve a high
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lifetime, whilst most other types of electrolyzers
mainly struggle with long-term stability.

System Setup

Due to the highly corrosive environment in alkaline
electrolyzers, only a limited number of materials can
be used within the system. Metal sheets, e.g., from
nickel or stainless steel, or plastics such as acrylic
materials, PTFE or Plexiglas can be used.?’»*>?* The
full electrolysis process is illustrated in Figure 6.

The electrolysis cell can be built using either a
unipolar or bipolar configuration. When built with
a unipolar layout (Figure 7), all positive electrodes,
and all negative electrodes respectively, are coupled
in parallel. The electrodes are all submerged in one
electrolyte bath. The total voltage is the same as
that applied to the single cell. This configuration is
simple to build, yet holds rather large Ohmic losses.
The bipolar configuration (Figure 8), however, usually
uses a zero-gap configuration and each electrode
except the end plates is used as both anode and
cathode, respectively. The electrodes are coupled in
series and the overall voltage is the sum of the
voltages of the individual cells. Therefore, this type
of electrolyzer is operated at high voltages and low
current densities. This is undesirable, as the current
density determines the rate of hydrogen production
and bipolar modules are usually connected in parallel

Volume 4, July/August 2015



WIREs Energy and Environment

to increase the current. Bipolar electrolysis systems
show lower Ohmic losses than unipolar systems, yet
leakage is a more severe issue, resulting in a more
complex design.?!-3

The bipolar layout is also commonly used for
PEM electrolysis cells.”®

Available AWEs

Alkaline water electrolysis has been established for a
long time. Multiple different AWEs are commercially
available and in operation worldwide. The basic
parameters for some examples are listed in Table 3.

Only limited information is accessible on the lay-
out, used materials and operation conditions commer-
cially available electrolyzers use. Even though asbestos
has been banned within the EU since 1999, an excep-
tion was made for installed electrolysis units until
2015%% and it is reported, that in some electrolyzers,
asbestos is still used as separator. As electrode mate-
rial, typically nickel foams or stainless steel are used.*

Conventional AWEs typically reach energy effi-
ciencies of 73 — 83%.19 The costs of hydrogen pro-
duced in Germany in 2012 either with an alkaline or a
PEM electrolyzer from mainstream grid power supply
in comparison to hydrogen from a balancing scenario,
using excessive energy to operate the electrolyzer or
a renewable generator within an off-grid scenario are
listed in Table 4. Hydrogen from the steam methane
reforming process can be produced with costs of about
1.8€/kg. 't is indicated, that half of the costs of the
alkaline electrolyzer derive from the stack because of
the large and heavy components, but also because the
costs have not yet been fully driven down by mass
production. It is expected for the price to decrease to
about 66% of its current value by 2030.191
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Contribution:

The effect of platinum on membrane degradation was investigated by a
combined mechanical and chemical accelerated stress tests. Dipl.-Ing. Bernd
Cermenek conduced the ex-situ membrane characterisation and Mija Rami, BSc
determined the fluoride emission rate. Both contributed descriptions of their
experiments to the mansucript. Prof. Viktor Hacker advised in all aspects.

An accelerated stress test was developed in order to simultaneusly induce
chemcial and mechanical membrane degradation by OCV hold condtions and
humidity cycling. A full membrane electrode assembly was tested. For
comparison and in order to determine the influence of the platinum
electrocatalyst on membrane degradation, a membrane without electrodes
underwent the identical procedure.

In the absence of platinum, the membrane exhibited a more severe degradation
rate.
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Abstract: Membrane degradation is a severe factor limiting the lifetime of polymer
electrolyte fuel cells. Therefore, obtaining a deeper knowledge is fundamental in order to
establish fuel cells as competitive product. A segmented single cell was operated under
open circuit voltage with alternating relative humidity. The influence of the catalyst layer
on membrane degradation was evaluated by measuring a membrane without electrodes and
a membrane-electrode-assembly under identical conditions. After 100 h of accelerated
stress testing the proton conductivity of membrane samples near the anode and cathode
was investigated by means of ex sifu electrochemical impedance spectroscopy. The
membrane sample near the cathode inlet exhibited twofold lower membrane resistance and
a resulting twofold higher proton conductivity than the membrane sample near the anode
inlet. The results from the fluoride ion analysis have shown that the presence of platinum
reduces the fluoride emission rate; which supports conclusions drawn from the literature.
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1. Introduction

Polymer electrolyte fuel cells are a promising approach to realise a sustainable power supply due to
their high efficiency and flexibility. However, the lifetime and thus the commercialisation of fuel cells
are still limited by degradation effects of both the electrodes and the membrane.

The mechanism of Nafion® degradation has been well described previously [1-3]. Membrane degradation
is accelerated under open circuit voltage (OCV) conditions. This is due to the correlation between the
fluoride emission rate and hydrogen crossover [4]. Oxygen crossover has a similar effect, but the permeability
of oxygen is lower than that of hydrogen [5]. The ionomer decomposes with the degradation front
starting on the cathode side. Thereby, hydrogen crossover leads towards mixed potentials and thus
a reduced open circuit voltage. Once the cathode ionomer has been consumed, both the hydrogen
crossover and the fluoride emission rate reach plateaus until the anode ionomer starts to decompose [5].

Hydrogen peroxide formation has long been considered to be a major contributor to membrane
degradation. Other than carbon corrosion, which is provoked by high potentials [6], it has been reported
that the formation of hydrogen peroxide is favoured at anodic potential. Perfluorinated sulfonic acid
(PFSA) membranes are fairly stable even in concentrated H202 solutions; yet degrade in the presence
of metallic contaminations such as iron, aluminium, copper and titanium due to the formation of harmful
radical in the presence of these metals [7,8]. Nafion electrolyte has been reported to only decompose in
the presence of platinum electrocatalyst, hydrogen and oxygen in a setup with similar conditions as in
a fuel cell [9]. On the other hand, Pt has also been reported to reduce the negative effect of hydrogen
peroxide formation by decomposing it without the formation of harmful radicals [10]. Thus, ex situ
experiments [9,10] and experiments with platinum implemented in the membrane [11] have shown that
platinum electrocatalyst both enables and counteracts membrane degradation. In this work, the effect
of the platinum electrocatalyst on the fuel cell operation was determined in a single cell setup.

2. Results
2.1. Accelerated Stress Test

During 100 h of open circuit voltage and relative humidity (rH) cycling as accelerated stress test
(AST), the voltage was recorded (Figure 1). No significant decrease over a time period of 100 h was
noted. When switching to a relative humidity of 0%, a short period of increased OCV was recorded,
followed by a slow decline. When switching back to a relative humidity of 80%, a similar but less
pronounced effect was noted.
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Figure 1. Open circuit voltage for 100 h of relative humidity cycling.
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2.2. Electrochemical Characteristics of the Membrane-Electrode-Assembly

Electrochemical characterisation at the beginning of lifetime (BoL) and at the end of lifetime (EoL)
shows an improvement of the fuel cell properties in most aspects (Table 1). The membrane-electrode-assembly
(MEA) shows an increase of power density (Figure 2), reduced hydrogen crossover and increased
active cathode catalyst surface area. After 100 h of OCV conditions and relative humidity cycling,
the membrane resistance is only slightly increased by approximately 0.54%. This is an indication for
minor membrane degradation.
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Figure 2. Polarisation curve of a single cell before (BoL) and after (EoL) 100 h at OCV
and under humidity cycling.

Table 1. Electrochemical characteristics of a single cell before (BoL) and after (EoL) 100 h
at OCV and under humidity cycling.

Electrochemical Parameter Before (BoL) After (EoL)
Power density (mW c¢cm ?) 262.66 291.28
Membrane resistance (m£2) 9.28 9.32
Hydrogen crossover current density (mA cm ?) 0.510 0.451
Active surface area (m” g ") 31.031 41.852

Most notably is, however, the strong increase of active catalyst surface area on the cathode side.
The spatially resolved current shows a rather homogeneous distribution (Figure 3). Thus, this effect
appears not to depend on local conditions near either electrode. This might be due to hydrogen, crossing
over from the anode to the cathode. The presence of hydrogen on the cathode results in a chemical
reduction of the cathode catalyst, thus increasing the active catalyst surface area. The uniform increase
might be due to the thick membrane used in these experiments, possibly leading to a more homogeneous
crossover. This can be explained by the effect of crossover on membrane degradation. A thinner
membrane allows more hydrogen crossover which then locally accelerates membrane degradation in
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areas of higher hydrogen partial pressure, inducing a gradient in membrane thickness and thus a gradient

in crossover.

Current VI BoL Current VI EoL
02 03

a) b)

Figure 3. Local current at a total current of 20 A spatially resolved for a single cell
(a) before (BoL) and (b) after (EoL) 100 h at OCV and under humidity cycling.

In general, electrochemical characterisation has shown an improvement of the fuel cell parameters
after 100 h of humidity cycling under OCV conditions.

2.3. Effect of the Electrodes on the Polymer Electrolyte Degradation
2.3.1. Change of Membrane Resistance

Figure 4b depicts after 100 h of AST that the measured resistance Riot of NAFION® XL (A) near the
anode inlet is only slightly higher and the measured resistance Riwt of NAFION® XL (C) near the
cathode inlet is lower than measured resistance Riot of NAFION® XL (R) used as reference (Table 2).
The measured resistance Riot denotes the sum of the inverse conductivity from respective NAFION®
XL membrane (Gmembrane = 1/Rmembranc) and ultra-pure water (cupw = 1/Rupw), respectively.
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Figure 4. Comparison of (a) resistance from ultra-pure water (~18 MQ-cm) Rupw, before
(b) measured resistance Riot from NAFION® XL (A), (C) and (R) (¢) resistance from

ultra-pure water Rupw, after.

Table 2. Determined measured parameters of NAFION® XL (A = anode inlet),
(C = cathode inlet) and (R = reference); ultra-pure water (UPW), width of membrane (W),
thickness of membrane (T), distance between the inner sense electrodes (d), resistivity of

membrane (p), in-plane proton conductivity of membrane (o).

Sample Rwt  Rupw,before Rupw,after Rmem. W T d p c
(€2) (€2) (€2) () (m) (cm) (em) (Qcm) (mS-em™)
NAFION XL (A) 1150 197837 161176 1158 1.0 0.0131 0425 36 28.06
NAFION XL (R) 1098 172042 147256 1106 1.0 0.0131 0425 34 29.33
NAFION XL (C) 557 214935 177533 558 1.0 0.0133 0425 17 57.23

The real membrane resistance Rmembrane 0f samples (A), (C) and (R) corrected with the resistance of

ultra-pure water after every EIS measurement (Equation (2)) is matched in Figure 5. It is evident that
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the real membrane resistance Rmembrane 0f membrane sample (A) increases by approximately 5% and of
membrane sample (C) decreases by approximately 49% compared to reference sample (R).
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Figure 5. Membrane resistance (ex-situ) for the reference (R) and for samples near the
anode inlet (A) and cathode inlet (C) after 100 h of AST.

The obtained results from Figure 5 are related to the results of Figure 6. The in-plane proton
conductivity of membrane samples (A) and (C) exhibits a decrease of approximately 5% as well as
an increase of approximately 49% in comparison with reference sample (R).
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Figure 6. Proton conductivity (ex-situ) for the reference (R) and for samples near the
anode inlet (A) and cathode inlet (C) after 100 h of AST.

The membrane sample near the anode inlet (A) indicates a higher degradation rate than the
membrane sample near the cathode inlet (C) after 100 h of AST. The determined measured parameters
of all membrane samples are once more summarised in Table 2.
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2.3.2. Fluoride Emission Rate

Even though the fluoride concentration is low in all four samples, the fluoride emission rate (FER)
(Figure 7) is clearly higher for the membrane without electrodes than for the MEA by a factor of
1.6 and 3.2 on the anode and cathode, respectively. Before adding total ionic strength adjustment
buffer II (TISAB II), the pH was in the range of 5.45 to 5.68 for all samples and apparently
independent of the fluoride concentration, always slightly higher on the cathode side.
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Figure 7. Fluoride emission rate during 100 h operation on anode and cathode side for the
membrane alone and for the MEA.

2.3.3. Off-Gas Analysis

The off-gas analysis (Figure 8) shows a rather steady oxygen partial pressure during the 100 h of
OCYV operation. The hydrogen content is also steady during humidity cycling for the membrane
(Figure 8a); however it increased during operation of the membrane-electrode-assembly and furthermore
changes with humidity cycling (Figure 8b).
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Figure 8. Gas analysis of the cathode off-gas for (a) the membrane without electrodes and
(b) the membrane-electrode-assembly.
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The CO:2 content is, while rather low in general, dependent on the relative humidity in the cell.
A higher carbon emission rate was noted under humid conditions for both the membrane without
electrodes and the MEA. However, the level of CO: in the cathode off-gas was higher for the
membrane without electrodes than for the MEA (Figure 8).

3. Discussion

In Table 3, results at various conditions and with different materials are shown. Compared to the
literature [1,4,5,7,12,13], the fluoride emission rate is low in all cases. More fluoride is released
from the membrane without electrodes. This is rather unexpected compared to other findings [4].
However, a deceleration of membrane decomposition in the presence of platinum has been reported
previously [10,11]. There, it is assumed that Pt catalyses the decomposition of H202 formed in case of

gas crossover without the formation of harmful radicals.

Table 3. Comparision of the fluoride emission rate at different conditions.

Relative

Total
Current Temperature Humidity . Membrane Conditions FER Reference
Duration
(%)
0-80 (%), . . 1.58-107* .
0(A) 65 (°C) . 100 (h) Nafion® XL Ha/synth. Air this work
24 (h) interval (umol-cm2-h™)
0-80 (%), Nafion® XL . 7.40-1073 .
0(A) 65 (°C) ) 100 (h) Ha/synth. Air o this work
24 (h) interval MEA (umol-cm™2-h™)
PFSA-type , 1-10755-1-10745
0(A) 95 (°C) 50 (%) 200 (h) Ho/synth. Air o [1]
MEA (gF-cm2-h)*
0.05
0(A) 90 (°C) 30 (%) NA Nafion 117 Ha/O2 o [4]
(umol -cm2-h")
Nafion 117, 2.5
0(A) 90 (°C) 30 (%) NA H2/O2 o [4]
anode only (umol-cm2-h™)
Nafion 117, 2.5
0(A) 90 (°C) 30 (%) NA H2/O2 o [4]
cathode only (umol-cm2-h™)
Gore
- . 0-7.00
0(A) 90 (°C) 75 (%) 900 (h) PRIMEA® Ho/synth. Air o [5]
(umol-cm2-h Ty*
5510 CCM
0-100 (%), ®
300 . Ion Power®” NR . 0.01-0.225
75 (°C) 10 (min) 441 (h) Ha/synth. Air [12]
(mA-cm2) . 212 MEA (umol-cm 2-h") *
interval
0-100 (%),
10 . Gore™ 57 . 0.1-6.9 (umol-h™1)
B 70 (°C) 10/40 (min) 625 (h) * Ha/synth. Air [13]
(mA-cm2) . CCM *
interval

Note: * Taken from plot.

The performance of the fuel cell is ascending, despite of a minor increase of the membrane resistance.

The improved electrochemical properties of the MEA after 100 h of AST might be due to the chemical
reduction of Pt-oxides in the cathode catalyst by hydrogen, crossing over from the anode. Due to the
relatively thick membrane, the crossover is homogeneous, since thinner membranes exhibit a higher
hydrogen crossover, leading to a gradient in membrane degradation and thus a gradient in crossover.
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After switching to dry operating conditions, the partial pressures of the reactant gases increase
and the open circuit voltage surges. During relative humidity cycling, a slightly increased level of
hydrogen was noted in the cathode off gas for the MEA. The level also increases at humid conditions
for the MEA, whilst it remains unchanged for the membrane without electrodes.

The permeability of membranes towards gases is a function of temperature and humidity [14].
This might cause the fluctuating hydrogen crossover in the MEA experiment, but should be identical
for both setups. Thus, the more likely reason is that this effect is somehow caused by the manufacturing
process. Since both membrane and MEA were used as received, the latter cannot be precluded.
Other than the membrane, the MEA had to undergo hot-pressing. This could have led to thermal
degradation of the polymer electrolyte or a morphological change [3].

Additionally, the CO2 content in the cathode off-gas is, while rather low in comparison with the
literature [15], clearly dependent on the relative gas humidity. This is expected to be caused by carbon
corrosion of the carbon backing layer and catalyst support at high relative humidity. However, the
carbon content is even higher in case of the membrane without electrodes and thus without carbon
support materials. In this case, carbon may only be derived from two sources—the graphitic flow
plates or the carbon from the proton conductive polymer. However, the carbon oxidation of graphitic
bipolar plates is potential dependent and thus provoked by the positive potential at the air electrode [6].
Graphite oxidation is therefore only expected when using a membrane-electrode-assembly, since no
voltage was recorded without the presence of platinum electrocatalyst. Thus, membrane degradation is
left as source of the higher amount of carbon dioxide in the cathode off-gas.

The ex-situ EIS measurements show that NAFION® XL sample (C) near the cathode inlet after 100 h
of AST exhibits lower membrane resistance as well as higher in-plane proton conductivity than
a NAFION® XL sample (A) near the anode inlet after 100 h of AST and a reference sample (R)
without stress, respectively. The better performance of NAFION® XL sample (C) compared to the
other membrane samples is probably due to the higher water content. As the cathode gas flow is
higher, more water is transported into the cathode department and might accumulate near the inlet,
leading to a gradient in proton conductivity. This assertion can be explained by means of the random
network model as well as the cluster network model [16].

4. Conclusions

From the fluoride emission rate and the carbon dioxide release, it can be concluded that the
presence of platinum electrocatalyst in the fuel cell reduces membrane degradation significantly. This is
despite the higher hydrogen crossover in the MEA, which is apparently caused by the manufacturing
process. Gas crossover is known to accelerate hydrogen peroxide formation. In the presence of platinum
electrocatalyst, however, H2O2 appears to be decomposed without forming harmful radicals in a fuel
cell setup as well as it has been reported in an ex-situ setup.

Hydrogen passing through the membrane is also responsible for the increased performance density
and the homogeneous current distribution after 100 h of AST testing.
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5. Experimental Section

A Nafion® XL supported membrane without electrodes was implemented in a 25 cm? single cell
with single serpentine flow fields on both sides and a segmented cathode. A S++ device for spatially
resolved measurement of the current in 100 segments and of the temperature in 25 segments was used.

A membrane-electrode-assembly from IRD fuel cells A/S was used with an identical membrane and
a catalyst loading of 0.2 mg-cm 2 on the anode and 0.4 mg-cm ™ on the cathode, respectively. The MEA
was implemented in the same single cell as the membrane, underwent electrochemical characterisation
and was operated under identical conditions. Both membrane and MEA underwent 100 h of AST
testing. Afterwards, the cell with electrodes was again electrochemically characterised.

Effluent water was collected on both sides and the off-gas was analysed on the cathode side in
both setups. Electrochemical characterisation, effluent water and off-gas analysis were performed as
described previously [15].

5.1. Accelerated Stress Test

As an accelerated stress test (Figure 9), the cell was kept under OCV conditions at atmospheric
pressure and was operated in pseudo-counter flow. One side, noted as anode, was fed with hydrogen
(5.0) at a flow rate of 86.8 mL-min ' and the other side, noted as cathode, was fed with synthetic air
(5.0) at a flow rate of 275.3 mL-min"". This represents a stoichiometry of 1.5 and 2.0 at a hypothetical
current density of 0.3 A-cm™ at anode and cathode, respectively. The temperature was held at 65 °C
and the relative humidity was switched between 80% and 0% every 24 h for 100 h. Thereby, a combination
of chemical and mechanical membrane degradation was induced. A hold at open circuit potential
accelerates chemical membrane degradation [5], while relative humidity cycling causes swelling and
shrinkage of the membrane, thus inducing mechanical stress [12]. Combining mechanical and chemical
stressors have been shown to have overlapping effects, resulting in a severe reduction of durability for
example for an MEA being operated under normal operation conditions accompanied by relative
humidity cycling [17].
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Figure 9. Accelerated Stress Test.
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Gases were humidified using bubblers with monitoring of the relative humidity in the heated
cathode feed line using a SHT75 temperature and humidity sensor from Sensirion AG. It was evident,
that the relative humidity declined rapidly after switching to dry operation and increased rapidly after
switching back to humidified operation. Here, “rapidly” means in a time range of approximately 10 min.

5.2. Determination of Fluoride Ion Using Fluoride Ion Selective Electrode

The Fluoride Ion Selective Electrode (F -ISE) is considered to be the simplest and most reliable
technique to determine the concentration of fluoride ions in a solution [18]. Measurements with a F-ISE
are rapid (the response time being of order of 1072 s to 2 min), non-destructive, easy and requiring
simple equipment [19]. In this work the concentration of fluoride ions in fuel cell effluent water was
measured by means of direct potentiometry using a F-ISE.

5.2.1. Apparatus

An Orion 5-Star pH/ISE/DO/conductivity meter was used to measure the potential of the Thermo
Scientific Orion® 9609BNWP Fluoride Combination Ion Selective Electrode at room temperature.

5.2.2. Reagents

Chemicals of analytical grade were used without further purification. Series of standard solutions
(conc. F~ ion; 0.02, 0.2 ppm) were prepared by suitable dilution of 2 ppm F~ with Total Ionic Strength
Adjustment Buffer I standard. Samples have been prepared using TISAB II solution, which provides
a constant background ionic strength, decomplexes fluoride ions and adjusts the solution pH between
5.0 and 5.5 [20]. All solutions were prepared from water which had been both deionized and distilled.
Thermo Scientific Orion® 9609BNWP Fluoride Combination Ion Selective Electrode was filled with
Optimum Results A™ ISE filling solution from Thermo Scientific Orion.

5.2.3. Measurement Procedure

Fluoride Combination Ion Selective Electrode was calibrated using three standard solutions; conc.
F ion 0.02, 0.2 and 2.0 ppm. After obtaining an electrode slope value between —54 and —60 mV the
concentration of fluoride ions in given samples has been measured. Samples were prepared by mixing
the fuel cell effluent water and TISAB II in a ratio of one to one. The concentration of fluoride ions in
the sample was read directly from the device display. After every measurement the electrode was
rinsed thoroughly with water and calibrated anew. In the time between measurements the electrode
was stored in the standard solution with the lowest concentration of fluoride ion.

5.3. Determination of in-Plane Proton Conductivity of NAFION® XL Membrane Using

Electrochemical Impedance Spectroscopy

The membrane resistance of three pieces of NAFION® XL (A, C, R) was determined by means
of electrochemical impedance spectroscopy (EIS) using a Conductivity Clamp (Bekktech BT110 LLC,
Scribner Associates, Southern Pines, NC, USA) to calculate the in-plane proton conductivity of each
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membrane. The denotations A, C and R in bracket mean pieces of membrane from near the anode
inlet, cathode inlet and a piece of an untreated membrane used as reference.

For the test procedure, two pieces of the NAFION® XL membrane after AST were cut out at sizes
of 2.5 x 1.0 cm with a scalpel from the anode inlet and cathode inlet, respectively. Further, the
respective membrane sample was incorporated in the BT110 Conductivity Clamp which was
connected with a GAMRY Instruments INTERFACE 1000 Potentiostat/Galvanostat/ZRA in a four-
electrode arrangement. The BT-110 Conductivity Clamp including membrane was hung in a heated
surface-grinding cell filled with ultra-pure water (~18 MQ-cm) and parameters were adjusted in
GAMRY software program for EIS measurements.

Generally, following measuring process was realised for every membrane sample:

e Dbefore: 5 EIS measurements of ultra-pure water (without membrane)
e 5 EIS measurements of respective NAFION® XL membrane
e after: 5 EIS measurements of ultra-pure water (without membrane)

All EIS measurements were carried out at 65 °C in potentiostatic mode and 5 points per decade
were recorded. Before the EIS measurements were started, the open circuit potential (OCP) was measured
for 50 s. A sinusoidal alternating current (AC) voltage of 50 mV (rms) was applied on the electrochemical
system (BT110 Conductivity Clamp including membrane) in a frequency range of 0.1-100,000 Hz
and the sinusoidal AC current was measured resulting the impedance Z of the membrane. From the
resulting Nyquist-diagram, the frequency-independent measured resistance Riot of respective membrane
was read in high frequency range (HFR) at the measurement point which was sliced with the x-axis
corresponding to the real part of impedance Z' at imaginary part of impedance Z" equals zero (y-axis)
(Figure 4). The value of the measured resistance Rt was used to assign the real membrane resistance
Riembrane of respective NAFION® XL. The charge transport (H") occurs not only through the membrane,
but also via the electrolyte (~18 MQ-cm water). Therefore, the electrolyte resistance Rupw, afier should be
considered for the calculation of proton conductivity of respective membrane (Equation (1)) [21,22].

1 1 1
- + (1)

Rtot Rmembrane RUPW.after

The membrane resistance Rmembrane 1S specified in Equation (2) [21,22].

1
Ryembrane = 1 1 )

Rtot RUPW,after

For the determination of in-plane proton conductivity, the thickness T of the respective NAFION®
XL membrane in wet state was measured by a micrometer screw (10-fold determination) after
measurement process. Equation (3) shows how the in-plane proton conductivity of respective
membrane was calculated [21,22].

B d
Omembrane = Rmembrane “T-W (3)

The meaning of parameters from Equation (3) was already described in Table 2 (Section 2.3.1).
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Abbreviations

AST accelerated stress test

BoL beginning of lifetime

EIS electrochemical impedance spectroscopy
EoL end of lifetime

FER fluoride emission rate

F-ISE fluoride ion selective electrode

MEA membrane-electrode-assembly

OCP open circuit potential

oCcv open circuit voltage

PFSA perfluorinated sulfonic acid

rH relative humidity

TISAB total ionic strength adjustment buffer
UPW ultra-pure water
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16.3. Effect of Pinhole Location on Degradation in Polymer
Electrolyte Fuel Cells.

Bodner M, Hochenauer C, Hacker V. Effect of pinhole location on
degradation in polymer electrolyte fuel cells. ] Power Sources
2015;295:336-48.

Contribution:

The effect of membrane defects in different areas of the membrane electrode
assembly on fuel cell operation and the thereby induced component degradation
was investigated. X-ray computed tomography measurements were provided by
Prof. Christoph Hochenauer. Prof. Viktor Hacker advised in all aspects.

A membrane electrode assembly was characterised in a segemented single cell
and underwent a short period of load cycling with consant gas supply, inducing
anode starvation. The fuel cell was disassembled and defects were intruduced by
perforation of the MEA. After reassembly, the single cell underwent the identical
procedure.

Small defects have proven not to affect the fuel cell operation significantly.
However, pinholes near the anode inlet have affected the operation
characteristics as well as the behaviour during starvation to the negative. This is
mainly due to temperature effects.
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HIGHLIGHTS

e Degradation in a fuel cell with various pinholes was investigated.

e Mild defects may result in a temporarily improved performance.

e A correlation between carbon corrosion and hydrogen crossover was evident.

e Defects near the anode inlet have the strongest influence on degradation.

o Fuel starvation resulted in a more severe voltage drop with a perforated membrane.
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ABSTRACT

This work analyses the impact of the location of pinholes in polymer electrolyte fuel cells on the
degradation of the electrodes. Defects with a diameter of 0.45 mm were created in a 25 cm? membrane
electrode assembly (MEA) of a fuel cell. The MEA was operated and characterised using a segmented
single cell. The effects of the pinholes on degradation were measured and evaluated. Defects affected the
fuel cell behaviour during periods of hydrogen starvation, thus accelerating the degradation process of
the carbon support as well as the loss of active platinum catalyst surface area. Furthermore, the effects of
the induced pinholes on membrane degradation and performance decay were determined.

Pinholes close to the anode inlet in general have shown a more severe effect on the fuel cell operation
parameters, such as open circuit voltage, performance, membrane resistance and hydrogen crossover,
than pinholes at any other locations. Also, electrode degradation was accelerated. These effects were
mainly due to locally increased temperatures.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

the membrane electrode assembly (MEA). The degradation of the
membrane has a different effect on the fuel cell operation than

The polymer electrolyte fuel cell produces power at high effi-
ciencies and is, therefore, of interest both for use in automotive
applications [1,2] and combined heat and power units in residential
applications [3]. However, commercial systems do not fully live up
to the expectations with regard to operational lifetime yet. The aim
for mobile applications is 5.000 h and 40.000—80.000 h for sta-
tionary applications [4].

Limitations in lifetimes are mainly caused by the degradation of

* Corresponding author.
E-mail addresses: merit.bodner@tugraz.at (M. Bodner), christoph.hochenauer@
tugraz.at (C. Hochenauer), viktor.hacker@tugraz.at (V. Hacker).

http://dx.doi.org/10.1016/j.jpowsour.2015.07.021
0378-7753/© 2015 Elsevier B.V. All rights reserved.

degradation of the electrodes. In order to improve durability, it is
necessary to gain a profound understanding of each failure mode.

Pinholes and areas of membrane thinning both result in a
localised increase in hydrogen crossover and are, therefore, ex-
pected to lead to further degradation in a similar way. Both defects
may derive from membrane degradation under undesirable oper-
ation conditions, such as operation under conditions of open circuit
potential (OCV) or low humidity. Pinholes and cracks can, further-
more, be introduced to the membrane by mechanical stressors
either within the fuel cell, during membrane manufacturing, or
during implementation in the fuel cell. Such defects, therefore,
cannot be avoided completely and their effects should be
investigated.
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Pinholes are the subject of intense research, which has mostly
been conducted using accelerated stress tests that provoke specific
defective modes [5—7]. However, only few studies have been con-
ducted that evaluate the effects of pinholes on different operation
parameters or further degradation processes [8—10], and none of
the cited studies have taken the effects of pinhole locations on the
observed results into account.

This research evaluates the effects of pre-existing defects at
different locations in the membrane on the behaviour of the fuel
cell during normal and critical operation modes and on further
degradation processes of the electrodes and the membrane. Pin-
holes were created in the membrane electrode assembly at various
locations. A single cell setup with a segmented cathode was used
for in-situ characterisation.

2. Degradation in polymer electrolyte fuel cells

Pinholes in the fuel cell membrane are formed by material in-
homogeneities, mechanical stress and degradation. The local
operation conditions around the pinholes change in comparison to
normal operation. The direct chemical oxidation of hydrogen with
oxygen leads to a temperature increase at the affected area.
Furthermore, the formation of water is affected locally due to the
direct oxidation, thus causing a higher humidification at the loca-
tion of increased crossover. Additionally, the direct consumption of
the reactant gases can lead to local starvation conditions further
down the channels, thus affecting the electrode corrosion process
and induce the formation of hydrogen peroxide in case of oxygen
starvation. Hydrogen peroxide is known to be formed by incom-
plete oxygen reduction [11]. This affects both electrode corrosion
and membrane degradation.

2.1. Membrane degradation

2.1.1. Causes for membrane degradation

Membrane degradation is triggered by hydrogen peroxide for-
mation, which is favoured at OCV conditions. H,0, can be detected
within the drain water [12,13]. It decomposes to hydroxyl radicals
in the presence of metal ions such as Fe>* and Cu®* (Equations

(1)—=(5)) [14].

H, — 2H- (1)
H. + 0, — HOO- (2)
HOO- + H- — Hy0, (3)
H,0; + M?* (M: Fe, Cu) — Mt + .OH + OH~ (4)
-OH + Hy0; — H,0 + HOO- (5)

The degradation of the perfluorosulfonic acid (PFSA) backbone
of the membrane, but also of the ionomer within the electrode is
quantified by measuring the fluoride content in the effluent water.
Fluoride ions are emitted in form of HF and therefore, the fluoride
ion emission is directly linked to the pH value of the exhaust water.

The fluoride emission rate (FER) is used to determine the
decomposition of the electrolyte. However, the C—F bond is ther-
modynamically stable and F~ cannot be abstracted by the OH
radical, formed by the homolytic cleavage of the O—O bond of
hydrogen peroxide. Instead, the abstraction of a hydrogen atom by
the OH radical is favoured [15].

H- is formed by the abstraction of a hydrogen atom from mo-
lecular Hy by -OH and aggressive towards the C—F bonds in PFSA.
H. is able to induce damage of the polymer backbone, which is

consistent with the accelerated fluoride release over time and in
dependence of hydrogen crossover exhibited in chemical degra-
dation studies of PFSA based membranes [15].

The membrane degradation is accelerated at OCV conditions,
since hydrogen is not consumed and H- can be formed in larger
quantities. The fluoride emission rate increases with low humidity,
a higher partial pressure of oxygen on the cathode, high tempera-
ture and most importantly high hydrogen pressure. Due to the high
boiling point of hydrogen peroxide (150 °C) compared to water,
high temperatures are thought to result in a higher H,O, concen-
tration, thus accelerating the degradation. Chemical degradation is
the most severe among the degradation phenomena and it results
in membrane thinning and pinhole formation, leading to increased
hydrogen crossover, further accelerating degradation [13].

The FER is not always clearly associable with the degree of
membrane degradation. Decreasing rates have been reported,
despite operation at harmful conditions. The emission of fluorine in
form of C—F compounds is possible and cannot be detected by
common fluoride detection methods. Therefore, FER detection is
not always an accurate method for quantification of membrane
degradation [16].

2.1.2. Effect of membrane degradation on the fuel cell operation

The effect of pinholes on the OCV depends on their size. A rather
small pinhole with a diameter of 0.7 mm has shown close to no
impact on the open circuit potential, whilst a larger pinhole with a
diameter of 1.2 mm resulted in an immediate reduction of the
potential [10]. At high current densities, a perforated MEA has
exhibited a serious decrease in performance and strong voltage
fluctuation. However, the effect was smaller at low current den-
sities [9].

The increased hydrogen crossover results in elevated hydrogen
diffusion current. The distribution of the crossed over hydrogen
was visualised by spatial resolution [8]. Not only the affected area
exhibits an increased hydrogen diffusion current, but also the sur-
rounding segments.

With the C—S bond being the weakest in the polymer electro-
lyte, sulphur can be released as SO, or SOs, the latter via a hydrogen
peroxide triggered sulfonyl radical mechanism. This also contrib-
utes to the main chain scission, increases the membrane resistance
due to the loss of proton conducting species and further accelerates
the degradation of the PFSA backbone [15,17].

2.2. Electrode

The process of electrode degradation is divided into carbon
corrosion and catalyst degradation. Both influence each other and
affect the electrochemical surface area (ECSA) by decreasing the
catalytically active area.

2.2.1. Degradation of the carbon support

The rate of the corrosion of the carbon support is determined by
the CO, content of the off-gas. Carbon nanoparticles undergo se-
vere degradation at potentials that exceed 1 V. The CO, concen-
tration is increased even more in the presence of platinum,;
however, a direct correlation between CO, evolution and platinum
loading, in a sense that platinum catalyses the carbon oxidation,
has not been found due to the limited area of the carbon/platinum
interface [18].

The proposed mechanism of carbon corrosion follows a two-
step reaction pathway (Equations (6) and (7)), that consists of a
carbon oxidation step, followed by a water-gas shift reaction. The
second reaction (Equation (7)) is the rate determining step. In the
presence of a catalyst, it follows an alternative platinum catalysed
pathway (Equations (8) and (9)) [18].
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C+ Hy0 — C-Oaq + 2HT + 2e~ (6)
C-Oaq + Hy0 — CO, + 2H' + 2e~ (7)
Pt + HO — Pt-OHyq + H™ + e~ (8)
C-Oaq + Pt-OHyq — Pt + COy + H" + e~ (9)

Another proposed mechanism for carbon corrosion is the
catalysis of the reaction of oxygen and water, which yields highly
reactive OH and OOH radicals (Equations (10)—(15)) that attack
carbon, form surface oxide groups, then decompose into gaseous
CO and CO, compounds (Equation (16)) at increased temperatures
[19].

Pt + Hy0 < Pt-(H20)ad (10)
Pt-(H20)ad + O2 — Pt-OH,q + HOO- (11)
Pt-OHyq + O2 — PtO + HOO- (12)
Pt-OHa4 + HOO- — PtO + HOOH (13)
HOO- + HOO- — O + 2HO- (14)
HOO- + HOO- — O, + HOOH (15)
HOO-/HO- + Cx — surface oxides — CO/CO, (16)

The fundamental role that water takes during carbon corrosion
is evident in either case. High humidity levels as well as high
temperatures, a low pH, large Pt/carbon interface, high oxygen
concentrations and high potentials all accelerate carbon corrosion
[20,21]. At potentials above 1.0 V, carbon is released as CO,, while
CO is formed at electrode potentials exceeding 1.2 V [22].

During periods of fuel starvation, all hydrogen fed to the fuel cell
is oxidised near the anode inlet. To maintain the current, the carbon
support is oxidised instead, according to Equations (6), (8) and (9).
Operation of the fuel cell at an anode stoichiometry below 1.0 in-
duces a gradient in the current density, the overall potential, and
the anode potential. The potential gradient, in particular, results in
uneven degradation. At local anode potentials above 1.23 V, elec-
trolysis occurs in accordance with Equation (17). The products of
both carbon oxidation as well as electrolysis, CO, and O,, respec-
tively, can be detected in the anode off-gas [23].

2H;0 — 03 + 4H" + 4e™ (17)

The rate of degradation of the carbon support correlates with
the extent of the electrolysis, but can be reduced by pre-treatment
of the carbon support [24,25].

2.2.2. Degradation of the platinum catalyst

Platinum degradation is caused by particle agglomeration and
growth, dissolution and redistribution, and blockage of the active
catalyst area by poisoning. Both particle agglomeration and redis-
tribution are preceded by platinum dissolution, which has been
reported to occur under standard conditions and at remarkable
rates at intermediate potentials [26], whereas at higher potentials,
exceeding 1.1 V, a protective layer is formed. Dissolution of plat-
inum predominantly occurs on the cathode side, and is strongly
affected by operational conditions [20,27].

The oxidation of platinum (Equations (18) and (20)) depends on
the potential and results in the formation of PtOH at 1.05 V vs. the
reversible hydrogen electrode (RHE). Depending on the time, and at

anodic potentials above 0.95 V vs. RHE, the irreversible formation of
OHPt occurs by place exchange (Equation (21)). The more stable
species are characterised by a lower positive reduction potential.
Above 1.1 V vs. RHE, platinum is further oxidised to PtO (Equation
(22)) [28,29].

4Pt + Hy0 — Pt;OH + H' + e (0.85 V vs. RHE) (18)
Pt;OH + Hy0 — 2 P,OH + H* + e (0.94-0.95 V vs. RHE)  (19)
Pt,OH + H,0 — 2 PtOH + H" + e~ (1.04-1.05 Vvs. RHE)  (20)
PtOH — OHPt (~0.95 V vs. RHE) (21)
PtOH/OHPt — PtO + H' + e~ (>1.1 V vs. RHE) (22)

Agglomeration is considered the most dominant mechanism of
catalyst degradation. By agglomeration of nanoparticles into larger
particles, the high surface energy and thus the electrochemical
surface area are reduced. The smaller particles dissolve and are
subsequently reduced on larger particles. This process of coupled
transport of electrically charged species is the main reason for
particle growth and is referred to as Ostwald ripening [20].

The underlying mechanism and the position of the redeposition
of dissolved platinum strongly depend on the gas concentration
and crossover of both hydrogen and oxygen.

The local concentration of Pt ions in the cathode catalyst layer is
higher with less hydrogen crossover. Thus, it is assumed that
hydrogen chemically reduces platinum oxides, resulting in less Pt
ion formation, since this predominantly follows the platinum oxide
pathway. The platinum particle growth and the relative loss of
active platinum surface area have been shown to increase with
decreasing crossover [30].

When platinum is dissolved in an acidic environment and at
high potentials, the ions are transported through the membrane.
Since platinum ions are easily reduced, they are possibly stabilised
by chloride stemming from contaminations or fluoride from
membrane degradation, and form anionic complexes. In the
absence of hydrogen in the anode department, the platinum ions
are reduced on the anode catalyst surface. In the presence of
hydrogen in the polymer electrolyte membrane, metallic aggre-
gates are formed. The position of platinum particles depends on the
hydrogen concentration and is also affected by the presence of
oxygen in the cathode department [31]. The agglomerates formed
within the membrane are reported to be in a range of 10—100 nm,
whereas those within the electrocatalyst range from 2 to 5 nm [32].

3. Experimental

The fuel cell was operated at 65 °C with humidified gas on the
anode and cathode with a relative humidity of 80% on both sides.
For humidification, gas bubblers were used. During normal opera-
tion, hydrogen and synthetic air were fed at a stoichiometry of 1.5
and 3, respectively. The increased load during the starvation pe-
riods lowered the stoichiometry to 0.9 on the anode and 1.8 on the
cathode, respectively. In order to prevent hydrogen from being
drawn back into the fuel cell from the off-gas during fuel starvation,
check valves were installed directly at the fuel cell outlet. To avoid a
pressure difference, the valves were installed at both the anode and
cathode. The cracking pressure of the check valves was noted and
validated as 2.33-102 bar.

3.1. Segmented single cell setup

An in-house designed rectangular 25 cm? single cell with a 4-
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fold serpentine flow field on both sides and with a segmented
cathode was used for in-situ characterisation. The current for each
of the 30 segments was measured separately using shunt resistors.
The MEA was a pre-commercial catalyst coated Nafion type mem-
brane with a thickness of 18 pm and a platinum catalyst loading of
0.4 mg cm~2 on both the anode and cathode. Sigracet GDL 24 BC
carbon coated carbon paper with 5wt% PTFE was used as a backing
layer.

The MEA was assembled and conditioned for 8 h. Afterwards, it
was characterised and the single cell was disassembled. The MEA
was perforated from the cathode to the anode side with pinholes
using a 0.45 mm needle. This diameter was carefully chosen,
considering two key aspects: enabling an observable effect of the
introduced defect on the fuel cell operation, without disabling the
latter. Pinholes in the same order of magnitude were introduced
and characterised before, as well as reported to have been formed
during normal cell aging [10,33—35]. The areas of perforation can
be seen in Fig. 1.

The cell was reassembled and again characterised. A single
pinhole represents a damage of 0.16 mm? or 0.006% of the surface
area of a cell.

The characterisation, except the starvation interval, was con-
ducted twice and all experiments were repeated for a full charac-
terisation, yielding four values for each electrochemical property
that could be used to determine the standard deviation.

3.2. Electrochemical characterisation

The fuel cell was electrochemically characterised using polar-
isation curves, electrochemical impedance spectroscopy and
hydrogen diffusion measurements [36] using an IM6 potentiostat
with a PP240 power potentiostat, both from ZAHNER Elektrik for a
current up to + 40 A.

Cyclic voltammetry measurements were conducted to deter-
mine the loss of active surface area. Carbon corrosion was enforced
by load cycling induced starvation. The operation conditions used
are summarised in Table 1.

3.3. Starvation interval

The load was cycled five times during the characterisation
procedure in order to provoke carbon corrosion. The gas flow was
held stable during the entire measurement, set to satisfy the
hydrogen consumption at 400 mA cm~2, resulting in hydrogen
starvation during the intervals of increased current density.
Thereby, the influence of the implemented defects on electrode
degradation could be evaluated. To enable gas analysis, nitrogen
was added to the anode gas flow.

The current density was held at 400 mA cm 2 for 3 min, fol-
lowed by a starvation interval at 666 mA cm 2 for 10 s. The po-
tential response was obtained. The conditions are listed in Table 1.

1 2

3.4. Off-gas analysis

The off-gas on either the anode or the cathode side was analysed
with an online gas analyser (ABB) during the fuel cell operation. The
content of CO and CO, was analysed with two Uras 14 units set for
different concentration ranges; hydrogen, with a Caldos 17 unit;
and oxygen, with a Magnos 106 unit. The amount of hydrogen in
the cathode off-gas and oxygen in the anode off-gas respectively,
are indicators for increased gas crossover due to membrane defects,
but potentially also for electrolysis, which might occur at high
potentials. The CO, content in the off-gas of both electrodes cor-
relates with the degree of carbon corrosion.

3.5. Effluent water analysis

The off-gas, that did not undergo gas analysis, passed through a
condensation trap. The condensed water was mixed with TISAB II,
as received from Thermo Scientific, at a ratio of 50:50 and analysed
in regards of fluoride ion content with a 9609BNWP fluoride ion
selective electrode from Thermo Scientific. The fluoride emission
rate was calculated.

3.6. Computed tomography

A sample of MEA with a pinhole at position 4 was analysed at
the University of Applied Sciences Upper Austria — Research and
Development Ltd., Research group Computed Tomography, using
computed tomography (CT) to determine the local structure. After
the perforation, the MEA was implemented in the single cell and
characterised at operational temperature. For the CT-analysis, a
voxel length of 1.5 pm was used on a 2-2 mm? sample.

4. Results and discussion
4.1. Fuel cell characteristics

4.1.1. Open circuit voltage

The open circuit voltage was noted before and after each char-
acterisation. The OCV decreased with each pinhole. However, the
extent of the decrease was small (Table 2). A more detailed view of
the decrease shows that the loss is the highest for pinholes near the
cathode inlet.

The decrease per pinhole was the highest after the perforation
of pinhole 6, near the cathode inlet. A loss of open circuit potential
of 17.4 mV compared to the initial potential was noticed. The effect
of the additional pinhole 7 directly at the cathode inlet results in a
further decrease of approximately 11.8 mV.

The potential decay is however fairly small considered the
damage in all cases.

4.1.2. Fuel cell performance
The power density shows, that up to two pinholes caused no, or

%@%@%%%%% )

—_—————————
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T Air Inlet
5 4 3 2 1

Fig. 1. Locations of pinholes created by MEA perforation of the 25 cm? segmented cell, with m the first set of pinholes (1—3) near anode inlet, X second set of pinholes (4,5) in the

middle section, and a third set of pinholes (6,7) near the cathode inlet.
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Table 1
Operation conditions.

Load (range) [mA cm

Set potential (range) [V] Gases Anode/Cathode

Conditioning 400 - Hy/Air
Cyclic Voltammetry - 0.06—0.70 H/N,
Starvation Cycling 400—666 — H, in N3 (1.15:1)/Air
Polarisation 0-800 - Hy/Air
Electrochemical Impedance Spectroscopy 200 - H,/Air
Hydrogen Diffusion Measurement — 0.43 Hy /N3
Table 2
Results from the electrochemical characterisation.
Pinhole location 0 1 1,2 1,2,3 4 4,5 6 6,7
OCV [V] 0.934 0.933 0.925 0914 0.909 0.902 0.928 0915
+ Standard deviation [V] 9.01x103  622x103  676x103 891x103 209x10> 344x10> 394x103 188x103
Decrease [%] — 0.034 —0.898 —1.222 -1.161 —0.749 —1.525 -1.165
Power Density [mW cm 2] 278.9 2854 284.6 266.0 264.0 262.3 287.6 286.2
+ Standard Deviation [mW cm 2] 7.224 9.843 2.488 8.315 8.175 10.471 4.629 5.784
Decrease [%] - 2.000 -0.216 —6.510 —2.320 —0.676 3.815 —1.008
Membrane Resistance [Q] 160x102 162x102 157x102 158x102 161x102 162x102 155x102 1.54x102
+ Standard Deviation [Q] 26x107% 765x107% 287x107%  131x10% 450x107° 124x10% 202x10% 990x10°>
Decrease [%] - 1.584 —2.989 0.619 1.305 0.496 —3.655 -1.627
Current Density H, Diffusion [mA cm 2] 7.087 6.415 7.703 7.140 8.477 9.478 8.254 8.888
+ Standard Deviation [mA cm™2] 0.959 0.909 0.376 0.949 0.950 0.895 0.856 0.628
Decrease [%] — -10.27 21.02 —7.46 22.59 12.53 30.09 12.95
Active Catalyst Surface Area [m? g~ ] 45.42 44.29 40.29 31.07 3244 28.66 45.44 45.19
+ Standard Deviation [m? g~ ] 2.749 0.603 1.753 3.057 5.093 4.725 0.454 1.934
Decrease [%] - -2.22 -9.01 —22.59 -7.26 -11.75 -1.11 -0.58

just a minor performance decay (Table 2 and Fig. 2, 1). Moreover,
even an increase of the power density is visible for the first pinholes
in the inlet and in the outlet regions, respectively. A maximum gain
of 17.5 mW cm 2 was reported for pinhole 6. This is most likely due
to an increased temperature by chemical oxidation of hydrogen,
thereby improving the local reaction kinetics.

For the pinhole near the anode inlet (positions 1 to 3), this
phenomenon is confirmed by the current distribution measure-
ment (Fig. 2, 2). The current is increased locally at the affected
segment after the first perforation. After additional perforation
steps, the local current density however decreases. While the
perforation of the membrane at position 2 does not provoke vast
overall performance decay, the most severe effect is observed for
pinhole 3 near the anode inlet with a performance decrease of
27.5 mW cm 2. A locally decreased current in the affected segments
is however not visible. Additional perforation steps in the middle
section reduce the performance further, however to a smaller
extent.

For the pinhole near the cathode inlet, a similar local effect can
be observed (Figs. 2 and 3) and the additional perforation does not
result in a significantly decreased performance (Table 2).

4.1.3. Gas crossover and carbon corrosion during operation

The off-gas was analysed during characterisation. During oper-
ation, hydrogen and oxygen were consumed, resulting in fluctu-
ating net flow rates. Thus, the time the gases remained in the gas
analyser varied and no quantifications of the crossed over gases and
carbon emission could be made.

Gas analysis (Table 3) has shown an elevated level of hydrogen
in the cathode off-gas for most measurements. A clear increase of
the crossover during fuel cell operation in dependence of the
implementation of pinholes was only evident for pinholes near the
anode inlet.

The oxygen concentration in the anode off-gas was rather low
for most measurements. Nevertheless, it was elevated for pinholes
near the middle section and for the pinhole at position 3 near the

anode inlet. This is in correlation with the decrease of the perfor-
mance density (Table 2) for pinholes in this area. In the middle
section, performance decay and an increased oxygen concentration
were recorded; both however did not reach excessive levels. The
oxygen content was low for the pinhole near the cathode inlet at
position 6. This is also consistent with the performance.

Since the polarisation curves were recorded galvanostatically, it
is evident that the cell potential is strongly affected by oxygen at
the anode. This particular effect is however less strong for the
operation at low current densities and under open circuit potential
than at higher current densities. This can be attributed to the
decreasing anode pressure at higher loads, thus encouraging
crossover from the cathode.

For pinholes near the anode inlet, an increase of carbon corro-
sion with the implementation of each pinhole was evident. At the
middle section however, the carbon content slightly decreased.
Near the cathode outlet the carbon emission was rather stable.
Since the second characterisation with a pinhole directly at position
7 had to be aborted due to excessive oxygen crossover, the carbon
emission for this particular pinhole is unknown.

A correlation between gas crossover and carbon corrosion was
only evident for pinholes near the anode inlet and the therefore
increased hydrogen content in the cathode off-gas. It can be
concluded that, as the positive effect of the locally increased tem-
perature is overshadowed by the negative effects of the increased
crossover, the carbon corrosion begins.

4.1.4. Membrane resistance

A clear trend of the effect of a pinhole on the membrane resis-
tance is not evident for the area close to the anode inlet (Table 2).
However, a slight decrease of the membrane resistance is reported
for pinholes near the cathode inlet. This is most likely caused by an
improved humidification after a longer period of operation. This is
further accelerated by the increased water production deriving
from the direct reaction of the crossed over reactants. Water is less
likely to be removed near the anode outlet due to the lower flow
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Fig. 2. Polarisation Curves 1) a) with no pinhole and with pinholes at locations 1,1 and 2 and 1 to 3, b) with no pinhole and with pinholes at the locations 6 and 6 and 7, and current
distribution at 400 mA cm 2 2) a) without pinholes, b) after the first perforation at the anode inlet (row 3/column 10, position 1), c) after the second perforation of the same
segment (position 2) and d) after the additional perforation (row 3/column 1, position 3), 3) a) without pinholes, b) after the first perforation (row 1/column 10, position 6) and c)

after the additional perforation (row 1/column 1, position 7) at the cathode inlet.

rate of the anode gas stream. Therefore, water being produced in
the area near the anode outlet/cathode inlet remains in the fuel cell
for a longer period of time.

In the middle section, the resistance was slightly increased. A
vaster effect is to be expected for pinholes in areas of excessive
oxygen crossover, since this leads to hydrogen peroxide forma-
tion at the anode. Therefore, the accelerated degradation at the
middle section could be due to the longer dwell time of oxygen
within the fuel cell for pinholes not located directly at the anode
outlet.

4.1.5. Hydrogen diffusion experiments

The hydrogen diffusion is characterised electrochemically. A
relatively high initial hydrogen crossover was evident for all ex-
periments. This appears to be a characteristic of the membrane that
was used. The current increased with the implementation of pin-
holes, yet the standard deviation is rather high for hydrogen
diffusion experiments in all cases. However, trends for the effect of
the pinholes are still evident (Table 2).

After the implementation of the first pinhole, a decrease of
hydrogen diffusion current was recorded. The current rises after
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Fig. 3. Hydrogen diffusion current distribution 1) a) without pinholes, b) after the first perforation at the anode inlet (row 3/column 10, position 1), c) after the second perforation of
the same segment (position 2) and d) after the additional perforation (row 3/column 1, position 3), 2) a) without pinholes, b) after the first perforation at position 6 (row 1/column
10) and c) after the additional perforation (row 1/column 1, position 7) at the cathode inlet.

Table 3

Hydrogen content in the cathode flow, oxygen content in the anode flow and summarised carbon emission for both anode and cathode during polarisation measurement in

dependence of the pinhole location, all normalised for the lowest value.

Pinhole location 0 1 1,2 1,2,3 4 4,5 6 6,7
H, Crossover in cathode off-gas 3.26 4.07 418 4.23 1.03 1.00 3.96 3.94
0, Crossover in anode off-gas 1.42 1.87 1.00 9.21 8.08 3.78 1.10 -

Carbon Corrosion 441 741 8.58 18.90 14.82 11.45 4.04 1.00

implementation of the second pinhole, but slightly decreases for
the third pinhole.

This is due to a vast amount of hydrogen, crossing over from the
anode to the cathode being immediately purged from the fuel cell
by the cathode nitrogen flow during measurement. This is
confirmed by the cathode off-gas analysis (Table 4). Therefore, the
hydrogen diffusion current appears lower, since a large amount of
crossed over hydrogen is not oxidized within the fuel cell.

The spatial distribution of the hydrogen diffusion current for the
pinholes near the anode inlet has shown, that the current is almost
only increased at the segment directly at the anode inlet, whilst the
current in the rest of the segments remains low (Fig. 3, please note
the different scales).

The current of the segments surrounding the pinhole is
increased (Fig. 3, 1). This could be due to hydrogen, crossing over to
the cathode and being distributed there. This is however unlikely

Table 4

Hydrogen content in the cathode off-gas stream during hydrogen diffusion measurements in dependence of the pinhole location, all normalised for the lowest value.
Pinhole location 0 1 1,2 1,2,3 4 4,5 6 6,7
H, Crossover in cathode Off-gas diffusion measurement 1.00 3.48 20.56 26.63 6.47 1.24 1.03 1.00
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considering the higher cathode gas flow. Alternatively, this may
derive from membrane thinning of the area surrounding the
pinhole, coupled with hydrogen crossing over to parallel channels.

The sections in the middle and close to the cathode inlet show
an increase of the current density with an increasing number of
defects, as is shown in Table 2. The second pinhole however has a
smaller impact than the first pinhole in both cases.

The pinhole near the cathode inlet does not lead to increased
hydrogen content in the off-gas (Table 4), whilst the hydrogen
diffusion current is clearly raised at the affected segments (Fig. 3, 2).
Therefore, for the pinhole at the cathode inlet, all crossed over
hydrogen is directly oxidised at the cathode catalyst surface. Also a
slight increase of the current at the surrounding segments is visible.
It is evident, that the crossed over hydrogen does not only follow
the flow pattern, but is also crossing over to parallel channels,
leading to an increase of the current at all surrounding segments.

The effect of the second pinhole at position 7 is smaller than that
of the pinhole at position 6 in both the overall current and the local
current.

4.1.6. Active catalyst surface area

An increased hydrogen diffusion current results in a shift of the
cyclic voltammetry curve towards higher currents. This may alter
the results of the active surface area, making them incomparable
when the curve is tilted, since the capacitive current does not reach
a steady level. However, all obtained results were considered valid
since the capacitive current did reach a stable value in all cases.

Table 2 shows a decrease in the active surface area with each
implemented pinhole. The decay is vast for the perforation step of
the second and especially the third pinhole at the anode inlet and
the pinholes 4 and 5 in the middle section of the MEA. At the
cathode inlet region, however, the loss of surface area was small,
even after the implementation of a pinhole directly in the segment
at the cathode inlet.

The vast decrease in the active catalyst surface area after
implementation of the pinholes at the positions 2 to 5 was due to a
strong local increase in the temperature at areas of increased
hydrogen crossover, namely the anode inlet. The hydrogen crossing
over from the anode was directly oxidised by oxygen at the cathode
catalyst, resulting in an area of increased temperature. This accel-
erated the local degradation of the platinum catalyst. Platinum was
dissolved at a higher rate and reduced by the hydrogen present,
leading to Ostwald ripening and reduction of the platinum within
the electrolyte, thus resulting in a decrease of the cathode's active
catalyst surface area near the anode inlet.

4.2. Starvation

Carbon corrosion was intensified by load cycling induced fuel
starvation. By analysis of the off-gas, the carbon emission was
evaluated.

4.2.1. Voltage drop during fuel starvation

When pinholes were created at the anode inlet area, the voltage
dropped rapidly with each starvation cycle and reached a state of
cell reversal in most cases (Fig. 4, 1). When pinholes were intro-
duced in the middle section, however, a similar but weaker effect
was observed (Fig. 4, 2), whereas pinholes near the anode outlet
had an even smaller effect on the voltage drop (Fig. 4, 3).

The impact of the first pinhole near the anode inlet on the
current of the segments was insignificant. When a second hole was
introduced, the resulting hydrogen starvation led to a strong
reduction in the current in the segments along the channels. The
third pinhole further strengthened this gradient (Fig. 5, 1).

Pinholes created in the middle section also resulted in a gradual
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Fig. 4. Potential over five starvation cycles for 1) the reference MEA and the MEA with
pinholes at the positions 1,1 and 2, and 1, 2 and 3, 2) reference MEA and the MEA with
pinholes at the positions 4 and 4 and 5, 3) the reference MEA and the MEA with
pinholes at the positions 6 and 6 and 7.

current distribution, however, the effect was less severe (Fig. 5, 2),
whilst only a minor effect on the current distribution was noted
when defects were introduced near the cathode inlet (Fig. 5, 3).

Pinholes introduced near the anode inlet intensified fuel star-
vation effects, because hydrogen was oxidised immediately. This
had no or only a minor effect during normal operation since a slight
surplus was present. Hydrogen was oxidised either electrochemi-
cally or directly after crossing over to the cathode, and thus induced
a strong pressure drop.
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Fig. 5. Current distribution during fuel starvation 1) a) without pinholes, b) after the first perforation at the anode inlet (row 3/column 10, position 1), c) after the second perforation
of the same segment (position 2) and d) after the additional perforation (row 3/column 1, position 3), 2) a) without pinholes, b) after the first perforation at position 4 (row 2/
column 8) and c) after the additional perforation at position 5 (row 2/column 3) at the cathode inlet and 3) a) without pinholes, b) after the first perforation at position 6 (row 1/
column 10) and c) after the additional perforation (row 1/column 1, position 7) at the cathode inlet.

4.2.2. Gas crossover during starvation

The starvation cycles were clearly represented in the off-gas
analyses (Fig. 6). The high amount of hydrogen detected in the
anode off-gas analysis during the measurement was considered to
be caused by the dead volume in the gas analysis unit and the low
gas flow on the anode (Fig. 6, a and b). The peak width was also
attributed to the gas flow rate. A high flow rate resulted in narrow
peaks, as was observable in the cathode off-gas, whilst the anode
off-gas exhibited wider peaks. During fuel starvation, hydrogen was
completely consumed, resulting in an anode pressure drop, thus
increasing the oxygen crossover. However, due to the higher cath-
ode gas flow, the total oxygen crossover increased not only during
the periods of fuel starvation, but also over the entire measurement
(Fig. 6, b).

Traces of hydrogen could be detected in the cathode off-gas
throughout the entire measurement period. During the starvation
cycles prior to the first perforation, the hydrogen content was
clearly reduced during the starvation period (Fig. 6, c). After
perforation, however, the partial pressure of hydrogen in the
cathode off-gas clearly increased during the starvation period,
causing a more severe cell reversal (Fig. 6, d and Fig. 4, 1).

The traces of oxygen and hydrogen detected in the anode and
the cathode off-gas, respectively, hinted towards gas cross-over.
However, it is also possible for hydrogen and oxygen to be
formed via electrolysis during the starvation periods. The anode
potential may have risen to above 1.23 V locally, inducing electro-
chemical oxygen formation from water. This was not necessarily
visible in the overall potential, but is unlikely, since the cell
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Fig. 6. Gas analysis of the anode off-gas with a) no pinhole, b) pinholes in the positions 1, 2 and 3 and the cathode off-gas with ¢) no pinhole and d) pinholes in the positions 1, 2 and

3.

potential reversal never exceeded —0.3 V. Electrolysis was, there-
fore, highly improbable.

The introduction of a pinhole near the anode inlet caused
increased hydrogen crossover and, therefore, a more severe fuel
starvation. This is shown in Table 5 for the first three pinholes;
however, neither clear verification nor contradiction of this process
could be concluded for the middle section and the anode outlet.
This is most likely due to the consumption of the crossed over
hydrogen, which, therefore, was not measurable in the off gases.
The crossed over hydrogen was immediately carried out for pin-
holes near the cathode outlet and, therefore, was not oxidised at the
cathode catalyst.

The oxygen crossover to the anode flow is shown in Table 5. Due
to an excessively high amount of oxygen in the hydrogen flow, the
fuel starvation experiments conducted with the membrane elec-
trode assembly that had a pinhole directly at the cathode inlet
(position 7) had to be aborted.

A sharp increase of oxygen content in the anode off-gas was
visible when pinholes were created in the positions 3 and 4. These
represented the area close to the anode inlet. The pinhole at posi-
tion 5 did not further increase the crossover, and even resulted in a
decrease. This finding was unexpected, but can be potentially
explained either by the existence of higher local temperatures,
which resulted in a reduction of the size of the existing holes, or by
the formation of liquid water from the direct oxidation of hydrogen,
blocking the pinhole. When water is formed near the cathode inlet,
it has to pass through the entire fuel cell, whilst it is removed

Table 5

immediately when formed near the cathode outlet.

4.2.3. Carbon emission

Whilst the carbon emission showed a stable rate for the first few
pinholes, a sharp increase was visible after the perforation of the
third hole and was also high when pinholes were introduced in the
middle section (Table 5). When pinholes were created only in the
anode outlet region, a small carbon emission rate was recorded.
However, no data for the anode gas was available for the pinhole at
position 7, since this experiment could not be completed due to
safety issues. Therefore, the carbon emission appeared lower than
it presumably would have been in this region.

The carbon emission rate correlated with the degree of cell
reversal during starvation.

On average, the carbon emission rate was higher on the anode
side. This is consistent with what has been reported in the litera-
ture, since the anode potential rises and carbon oxidation occurs
[23].

4.3. Fluoride emission

A connection between the location of pinholes and the fluoride
emission rate is not evident and the fluoride content is stable in
almost all samples. Compared to the initial fluoride emission, the
overall fluoride content in the waste water decreased over time for
the experiment in all cases (Fig. 7, 1).

Only for pinholes near the anode inlet and the middle section,

Hydrogen content in the cathode flow, oxygen content in the anode flow and summarised carbon emission for both the anode and cathode during starvation, depending on the

pinhole location, all normalised for the lowest value.

Pinhole location 0 1 1,2 1,2,3 4 4,5 6 6,7
H; Crossover in Cathode Off-Gas Starvation 1.14 1.29 1.60 1.58 1.00 1.02 117 1.12
0, Crossover in Anode Off-Gas Starvation 1.30 1.48 1.18 24.10 2043 3.20 1.00 —

Carbon Emission 3.25 3.12 3.29 6.15 7.02 4.32 1.82 1.00
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Fig. 7. Fluoride emission rate 1) without pinholes and for the pinholes near the anode inlet (1-3), in the middle section (4, 5) and near the cathode inlet (6, 7) and 2) different
fluoride emission rates without pinholes and for the pinholes near the anode inlet (1—3), in the middle section (4, 5) and near the cathode inlet (6, 7) for anode and cathode.

increasing fluoride content was reported in the cathode waste
water (Fig. 7, 2). However, in this case the amount of collected waste
water was initially lower than usual, thus resulting in an extraor-
dinarily low fluoride emission rate for the measurement prior to
the first perforation.

Ignoring this value, the fluoride emission rate is decreasing over
the time in all experiments, following a similar pattern. Therefore,
the degradation pathway of the membrane backbone leading to HF
formation appears not to be affected by pinholes and their location
to a measurable extent at the set operation conditions. Measuring
the total fluoride content appears advisable for future measure-
ments, since membrane degradation is expected to be affected by
gas crossover and raised temperatures.

4.4. Computed tomography

The upper image was recorded in-plane, whilst the lower image
in Fig. 8 shows the top down view on the perforated sample of the
MEA.

Taken from the obtained pictures, the pinhole has a diameter of
approximately 200 um at the most narrow and approximately
450 pm at the widest point (taken from Fig. 8, upper image). Thus,
the pinhole does get deformed. However, since the initial diameter
is still persistent in plane of the membrane, it seems, that not the
high temperature and the mechanical stress caused the deforma-
tion, but rather that it already occurred during perforation.

4.5. Discussion

The effect of a pinhole on the various operation parameters
strongly varies with its location, but is not the same for all fuel cell
parameters. Defects near the cathode inlet have exhibited a less
severe effect on the different degradation phenomena than pin-
holes in the middle section or near the anode inlet. The results of
the effect of the different pinhole locations on the electrochemical
parameters of a fuel cell are summarised in Table 6, whilst the non-
electrochemical characteristics can be found in Table 7.

Pinholes near the cathode inlet only affected the OCV signifi-
cantly. This effect could also derive from the higher stoichiometry
on the cathode side and the even higher flow rate since air and not
pure oxygen is used, though. In general, the immediate effect of
pinholes on the OCV has been proven to be rather low, as was ex-
pected from the literature [10].

Performance decay was the highest at the anode inlet. However,
for some results, even an improvement was exhibited at first, until
a critical point was reached. For the anode inlet, the critical step
was the perforation of the membrane at position 3. Since this

Fig. 8. Computed tomography of a pinhole at position 4.

particular pinhole did not show in the spatial visualisation of the
current density during the hydrogen diffusion measurement (Fig. 3
d), it is likely that the reduced performance is not directly related to
the additional perforation step and more to the growth of the
pinholes at the positions 1 and 2 during the ongoing operation.

A decreasing membrane resistance for pinholes near the cath-
ode inlet is an indicator for an improvement of the humidification
after a longer period of operation. Water within the membrane is
crucial for the proton conductivity. Thus, the increased water pro-
duction due to reactant crossover will lead to a reduced membrane
resistance. Near the middle section however, a slight increase of the
resistance was evident. This is an indicator for membrane degra-
dation. However, the information, which can be drawn from the
fluoride emission rate, is vague. To obtain a deeper understanding
of this process, it is advisable to measure the total fluorine emission
in the future.
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Table 6

Summary of the effects of the pinhole location on different electrochemical characteristics.

Anode inlet

Middle section Cathode inlet

ocv Mild decrease

Power density Gain to intermediate loss
Membrane resistance Mildly alternating results
H, diffusion current Strongly alternating results
Loss of ECSA Low to vast loss

Voltage drop during starvation Cell reversal

Mild decrease

mild decrease

Mild increase

Vast increase
Intermediate to vast loss
Cell reversal

Stronger, but still mild decrease
Gain to mild loss

Mild decrease

Vast increase

Low loss

No cell reversal

Table 7

Summary of the effect of the pinhole location on different non-electrochemical characteristics.

Anode inlet

Middle section Cathode inlet

H, crossover in cathode Off-gas diffusion
measurement
H, crossover in cathode Off-Gas Increasing content
0O, crossover in anode Off-gas
content
Carbon corrosion Increasing high emission
H, content in the cathode Off-gas during starvation
0O, content in the anode off-gas during starvation
content
Carbon corrosion

Fluoride emission Decreasing low emission

Increasing from low to high content

Low content, sudden increase to high

Increasing, but low H, content
Low O, content, sudden increase to high

Low to intermediate carbon corrosion

Intermediate to low content Low content

Stable intermediate
content

Low content

Low content

High content, decrease to low
content

High emission Decreasing low
emission

Low H; content

Low O, content

Increasing, but low H, content
High O, content, drop to low content

Low carbon corrosion
Decreasing low emission

Intermediate to low carbon corrosion
Decreasing low emission

A high standard deviation was persistent in all hydrogen diffu-
sion measurements. Temperature and humidity influence this
parameter strongly and excessive amounts of hydrogen are purged
out of the fuel cell in the cathode off-gas if the defects are located
near the anode inlet. The hydrogen diffusion current can therefore
not be used as a reliable indicator for membrane defects and an
additional gas analysis is necessary.

The loss of active catalyst surface area was most severe when
pinholes were created near the anode inlet and in the middle
section. Platinum catalyst dissolution, agglomeration and redistri-
bution are mainly driven by increased temperatures, which is
consistent with the previously drawn conclusions [27]. Tempera-
tures are expected to be increased near the defective area to an
extent, at which they can have a significant impact on the fuel cell
operation [33]. Another driving force is the loss of carbon support.
Alike the loss of catalyst surface area, the carbon emission rate was
the highest near the anode inlet and the middle section. A corre-
lation between degradation and cell reversal during periods of fuel
starvation was evident. However, since excessive carbon corrosion
is reported at potentials exceeding 1 V [18], a value that never
appeared in the overall cell potential, the local conditions might
have been more diverse than assumed initially. However, since at
potentials exceeding 1.2 V, CO is formed and can be detected in the
cathode outlet [22], a potential above 1.23 V, as would be necessary
for the formation of O via electrolysis appears highly unlikely,
since no CO was detected in the off-gas at any time. The formation
of PtO at potentials above 1.1 V [29] is however plausible. The loss of
active surface area and the potential drop during starvation
correlate.

A connection between performance loss and oxygen detected in
the anode gas stream was evident. This was however the strongest
near the anode inlet and the middle section. After the imple-
mentation of the pinhole at position 7, the experiment had to be
aborted due to too high oxygen content in the anode off-gas. An
effect of this defect on the fuel cell operation was not confirmed by
the mild performance decay reported in a previous measurement
with a pinhole at the same location. The conclusion, which can be
drawn from these results however is that, to a certain extent,

performance decay can be used as an indicator for oxygen crossover
and vice-versa.

A correlation of hydrogen crossover and carbon corrosion was
noticed. A connection with oxygen crossover and electrode degra-
dation was however not evident.

5. Conclusion

The effect of pinholes at various locations on the degradation of
the membrane has been investigated. Furthermore, the fuel cell
was characterised and the impact of the induced defects on the
chosen parameter was observed.

During the operation of a defective fuel cell, multiple different
effects overlap. The crossover of hydrogen and oxygen, temperature
and current distribution, as well as the humidity do interact, but a
clear correlation was not always evident.

It can be concluded, that the effect which pinholes have on the
fuel cell operation is the strongest near the anode inlet and the
middle section. The higher hydrogen partial pressure results in an
increase of the local temperatures for defects in this area. The un-
evenly increased temperature temporarily leads towards improved
operation parameters, but a sudden drop occurs after a critical
point is reached and the positive effect of the elevated temperature
is exceeded by the negative effects of the defects, such as carbon
corrosion and performance decay. Therefore, excessive crossover
has to be avoided.

Many of the results support the conclusion that one of the major
effects of membrane defects on fuel cell characteristics under
operation conditions is an uneven temperature distribution rather
than an increased membrane degradation rate due to hydrogen
peroxide formation. The temperature is increased locally near the
area of perforation. This accelerates the processes of carbon
corrosion and platinum electrocatalyst agglomeration.

Contrary to what was expected, the increase of carbon corrosion
was even stronger affected by the potential than by high local
temperatures. The carbon oxidation rate is driven by cell reversal
during starvation due to the rising anode potential. When pinholes
were introduced near the cathode inlet, a small effect on fuel
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starvation was observed, while pinholes introduced in the middle
section showed an intermediate effect, and pinholes near the anode
inlet induced a larger cell potential drop, resulting in a higher
carbon emission rate. The cell reversal is also correlated to the loss
of the cathode's active platinum surface area. Near the anode inlet,
pinholes clearly contribute to the degradation rate of the carbon
support and the Pt catalyst.

Under the chosen conditions, defects near the anode inlet show
a significant acceleration of further degradation, whilst defects near
the cathode inlet have only a small effect.
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The cathode gas flow rate was cycled to induce air starvation in a polymer
electrolyte fuel cell. Dr. Alexander Schenk contributed to the writing process.
Mija Rami, BSc determined the fluoride emission rate and contributed to the
respective part. Dipl.-Ing. Dietmar Salaberger and Prof. Christoph Hochenauer
provided X-ray computed tomography measurements and contributed to the
respective part. Prof. Viktor Hacker advised in all aspects.

Two differnet tests were conducted. By cycling the cathode gas flow rate, oxygen
starvation was induced. In the respecive tests, the duration of the starvation
interval was varied. The off-gas composition, fluoride emission rate and
electrochemical parameters were monitored. Short cathode supply interruption
exhibited a positive effect on the fuel cell performance. Extensive cycling,
however, resulted in highly uneven operation conditions and thus locally
accelerated degradation rates.
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Abstract

While hydrogen starvation in fuel cells is intensely investi-
gated and strategies for avoidance have been developed,
almost no data are available for other unexpected events,
such as malfunction of the air supply. In this study we induce
oxygen starvation in a manner closer to failure in real sys-
tems than commonly applied accelerated stress tests.

By cycling the cathode gas flow, two accelerated stress tests
were introduced; simulating short periods of air starvation
with duration of either 10 or 60 seconds. Short cathode under-
supply does not lead to fuel cell failure. Air starvation results
in a voltage drop and hydrogen evolution. This is accompa-
nied by the reduction of platinum oxides in the respective
areas, which leads to an improvement of the active catalyst

1 Introduction

Polymer electrolyte fuel cells (PEMFCs) convert hydrogen
into water and electricity at high efficiencies and are therefore
considered fundamental for a sustainable future [1-3]. How-
ever, different types of degradation, such as decomposition of
the membrane, oxidation of the electrode support or loss of
catalyst surface area and their effect on fuel cell operation [4],
are still under investigation in order to prolong the operational
life.

1.1 Fuel Cell Degradation

Membrane durability is limited by chemical and mechani-
cal degradation. In the case of chemical degradation, hydroxyl
or peroxy radicals can attack residual terminal H-groups at
the end group site. This initiates further decomposition, lead-
ing to the release of HF, which can be detected in the fuel cell
effluent water. Improvement of the chemical structure of the
polymer electrolyte has significantly reduced the fluoride

surface area. After extensive cycling, degradation becomes
the dominant effect. X-ray computed tomography is used to
visualize the change of the catalyst particle size and distribu-
tion in dependence on the location in the fuel cell. Throughout
the experiments, a total voltage decay rate of 1.427mVh™, a
total fluoride emission rate of 0.0031 pmol h™' cm™ and severe
current and temperature gradients during starvation were
observed, leading to an inhomogeneous agglomeration of the
platinum electrocatalyst.

Keywords: Accelerated Stress Test, Air Starvation, Degrada-
tion, Hydrogen Evolution Reaction, Platinum Agglomera-
tion, Polymer Electrolyte Fuel Cell, X-ray Computed Tomo-

graphy

emission rate (FER), as the number of reactive end groups has
been reduced. The radical formation depends on the presence
of both hydrogen and oxygen at the same site and thus is a
function of gas crossover. Mechanical failure, e.g., formation
of cracks or pinholes, on the other hand is caused by non-uni-
form contact pressure, high differential gas pressure or stres-
ses due to changing temperature or humidity. The mem-
brane’s resistivity towards the formation of cracks or pinholes
has however been improved significantly by reinforcing the
membrane [5].

Within the fuel cell electrodes, the platinum catalyst, carbon
support, and the Teflon binder can undergo degradation. This
is driven by increased temperature and potential.

One of the major degradation issues is the dissolution of
platinum and thus loss thereof. At potentials above 0.85 V ver-
sus the reversible hydrogen electrode (RHE) and 80°C, how-
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ever, an oxide film is formed on the catalyst surface, reducing
the dissolution rate beyond expectation. This indicates the for-
mation of a protective layer atop of the metal surface. This is
also confirmed by surface X-ray scattering. Platinum oxides
can, other than platinum lost due to dissolution, be reactivated
by reduction during potential cycling. This then again enables
dissolution of platinum, which is then either lost or redepos-
ited into larger particles, lowering the surface energy and
resulting in a decreased active catalyst surface area [5].

When the carbon is oxidized, the electrode loses the hydro-
phobic character as carbon surface oxides are formed. In the
presence of platinum, carbon can also be further oxidized to
carbon dioxide, which is then inevitably lost resulting in a loss
of electric conductivity within the electrode. Degradation of
the polytetrafluoroethylene (PTFE) binder also results in a
decreased hydrophobicity and thus worsening the water
transport mechanism [5]. Flooding can then lead to reactant
starvation on both anode and cathode and thus depolarizing
the fuel cell [6,7].

1.2 Accelerated Stress Tests

Amongst the various harmful operation conditions, some
are avoidable after identification, yet others are too intrinsic
for sustainable operation, such as dead end operation, that
strategies for degradation mitigation are required [7-9]. Either
way, obtaining a fundamental understanding of the respective
mechanism is necessary. This is mostly done by material test-
ing. However, in order to understand real life degradation of
fuel cells, accelerated stress tests (ASTs), which are simulating
real failure modes, are necessary.

A fast adaptability of the gas flows is essential for operation
in automotive applications with alternating and hardly pre-
dictable load conditions. Since hydrogen is fed at a lower stoi-
chiometry to ascertain high fuel efficiency, anode starvation is
an issue [10, 11]. For stationary applications, however, the fuel
cell can be operated in a steady load point, benefiting the life-
time. Critical events, such as hydrogen starvation [12], have
been intensely investigated and widely understood. Therefore,
less obvious events, such as malfunctioning of the air supply,
are now of interest [13, 14].

1.3 Air Starvation

During normal operation in a polymer electrolyte fuel cell,
the hydrogen oxidation reaction (HOR) and the oxygen reduc-
tion reaction (ORR) take place on the anode and the cathode
according to Eq. (1) and Eq. (2), respectively. At low oxygen
stoichiometry, the current is limited by the oxygen reduction
reaction. If the current exceeds said value, the cathode poten-
tial drops sharply and the cell voltage decreases. At very low
cathode potentials, a second electrochemical process, the
hydrogen evolution reaction (HER) or proton reduction reac-
tion (PRR) occurs (Eq. (3)). Protons are reduced to molecular
hydrogen at the cathode, which can be detected in the off-gas.
The current density thus increases again with decreasing

potential, leading to a so-called “comma shaped” polarization
curve in the respective areas [15].

H, = 2H" +2¢~ 1)
1 - +

502 +2¢7 +2H' - H,0 2)
2 +2H'>H, 3)

As there is still oxygen supplied to the areas near the cath-
ode inlet, a gradient is induced. The current density decreases
from the air inlet towards the outlet and the comma shape
becomes more pronounced [15]. This is due to the different
reactions, taking place in the different compartments. At a low
cathode stoichiometry, voltage oscillations occur during galva-
nostatic operation, caused by the low inlet flux. Also, the cath-
ode active layer temperature increases at the air inlet, leading
to an accelerated membrane electrode assembly (MEA) degra-
dation in this area [13]. An increased temperature induces pla-
tinum agglomeration [16]. This temperature gradient is even
more pronounced, since a reduction of temperature has been
noted in the middle of the fuel cell and near the cathode outlet
by Dou et al. [17]. They speculate that this is attributed to the
proton reduction reaction, taking place in the areas of decreas-
ing temperature.

Oxygen starvation (OS) was, to our knowledge, so far only
induced by either a steady low air flow [17-19] or load cycling
at steady air flow [13]. Especially during load cycling, multiple
effects overlap. The hydrogen stoichiometry has to either be
extraordinarily high, or anode starvation effects contribute to
the fuel cell behavior. Therefore, an AST in which the cathode
stoichiometry was cycled by changing cathode flow rates is
proposed in this work, portraying cathode supply malfunction
more realistically and minimizing overlapping effects.

2 Experimental

A square 25 cm? single cell with an MEA for stationary ap-
plications (IRD A/S, Odense, Denmark) and an S++ current
scan shunt device (S++ Simulation Services, Murnau-Westried,
Germany) with 10x 10 segments for current and 5x5 seg-
ments for temperature measurement was used for fuel cell
operation. The fuel cell was operated in pseudo-co-flow with a
single channel flow pattern and identical flow plates on both
anode and cathode (Figure 1).

The temperature of the fuel cell was maintained at 65°C
and no back pressure was applied. The anode was supplied
with pure hydrogen and the cathode with synthetic air,
respectively. Both gases were fed with a relative humidity of
80%.

2.1 Electrochemical Characterization

The performance was determined from polarization curves,
the membrane resistance by electrochemical impedance spec-

2 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 1 Cathode flow plate of the segmented single cell with 10x 10 seg-
ments for current measurement and the samples taken for X-ray computed
tomography measurements.

troscopy, the hydrogen diffusion current by linear sweep vol-
tammetry and the cathode electrochemical surface area by cyc-
lic voltammetry. All measurements were performed at the
beginning (BoT) as well as at the end of testing (EoT) and con-
ducted as has been reported previously [4,20] using a IM6
potentiostat with an additional PP240 load (both ZAHNER-
elektrik GmbH& Co. KG, Kronach, Germany).

2.2 Accelerated Stress Test Development

The anode stoichiometry was held at 1.5 at a current den-
sity of 0.5Acm™ Two different testing protocols were con-
ducted. At first, the cathode stoichiometry was held at 2 for
3,590 s, followed by 10 s with a reduced stoichiometry of 0.9.
In a second test, the same MEA was held at a stoichiometry of
2 for 3,540 s and at 0.9 for 60 s, respectively (Figure 2). Check
valves prevent gases from being drawn back into the fuel cell
during fluctuating pressures caused by starvation [4]. One full
accelerated stress test consisted of 100 cycles or 100 h of test-
ing. Both ASTs were performed consecutively with the same
membrane electrode assembly. In between testing, the cell was
purged with nitrogen on both anode and cathode until the
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Fig.2 ASTs with 10 and 60 seconds of air starvation each cycle.

voltage dropped to zero. The fuel cell was then stored at room
temperature under nitrogen atmosphere overnight. The entire
procedure was repeated with a pristine membrane electrode
assembly for verification.

2.3 Fluoride Emission Rate

The effluent water was collected for further analysis [20, 21].
Afluoride ion selective electrode (ISE) (9609BNWP from
Thermo Fisher Scientific, Waltham, MA USA) was used to
detect fluoride ions. With knowledge of the total amount of
effluent water, the fluoride emission rate was determined.

2.4 OH-Gas Analysis

The anode and cathode off-gases were analyzed, as
described previously [4,22], in a continuous gas analyzer
(ABB Automation Products GmbH). The content of CO and
CO; is analyzed with an Uras 14, hydrogen with a Caldos 17
and oxygen with a Magnos 106 unit. Yet, due to large gas vol-
umes in the detectors and alternating flow rates, data should
only be used comparative as a reliable quantification is not
possible. The carbon corrosion and the hydrogen formation
can, however be detected by measuring the content of carbon
oxides and hydrogen in the off-gas.

2.5 Computed Tomography

Two samples with a diameter of 2 mm were characterized
using X-ray micro computed tomography (XuCT), from the
areas indicated in Figure 1.

The X-ray computed tomography scans were performed at
a laboratory pCT device Nanotom 180NF (GE phoenix | X-ray,
Wunstorf, Germany). Since a matrix detector (Hamamatsu
2,300% 2,300 pixels) was used, the system worked in cone
beam geometry [23]. The voxel size was set to 1.3 pm edge
length, which lead to a scan volume of (2.6 mm)3.

The X-ray source parameters voltage (U) and current (I)
were optimized for the material system to achieve optimal
contrast and resolution. The integration time of 1,000 ms and
1,700 projections lead to a total scan time of 170 minutes.

3 Results and Discussion
3.1 Cathode Stoichiometry Cycling

The average voltage decay rate was 0.309mVh™ for the
accelerated stress test with a starvation period of 10 s. For the
60 s of starvation AST the decay rate was 2.682mVh™ giving
an overall voltage decay rate of 1.427mVh™ over the testing
time of 200 h and both accelerated stress tests.

During the AST with starvation intervals of 10 s voltage
drops were only noted occasionally (Figure 3a), whereas the
voltage dropped to zero and below during almost every star-
vation interval in the accelerated stress test with 60 s of air
starvation (Figure 3b). During the short starvation interval, the
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Fig. 3 Voltage and gas flow rates for 10 seconds starvation AST (a) and
for 60 seconds starvation AST (b); for 100 hours each.

air present in the gas-phase within the fuel cell and the gas lin-
ing is sufficient to provide additional oxygen, thus sustaining
the fuel cell voltage. A slight fluctuation of the mass flow con-
trollers and the back pressure due to droplet formation cannot
be avoided completely, resulting in the observed infrequent
voltage behavior. In case of the longer air starvation periods,
the voltage decreases during the 60 s of reduced air flow until
all oxygen is consumed and a maximum gradient of current
and temperature distribution is noted. The voltage reaches a
steady minimum, slightly below zero.

The current distribution during starvation intervals of 10 s
(Figure 4a) and 60 s (Figure 5a) show how the gradient is
enforced with a longer duration of starvation. The same trend
can be seen in the temperature distribution for the 10 s AST
(Figure 4b) and the 60 s AST (Figure 5b).

For both accelerated stress tests, the pattern and the gradi-
ent between the highest and the lowest value barely change
between the first and the last air starvation cycle (Figures 4
and 5). Only for the 10 s test, the temperature distribution
shows a more distinguished front of increased temperature
near the cathode inlet and along the flow channel for the last
cycle.

3.2 Electrochemical Parameters

The mean values of the electrochemical parameters are
listed in Table 1. After the 100 cycles with 10 s of cathode star-
vation, an improved performance is noted. After refreshment
under nitrogen atmosphere on both sides and additional 100
cycles with 60 s of cathode starvation, the performance
declined. The electrochemical surface area of the cathode cata-
lyst follows a similar pattern (Figure 6a and b).

During OS, not only protons, but also platinum oxides are
reduced on the cathode and thus the active cathode catalyst
surface area and performance are increased. However, with
continuous cycling, degradation exceeds the positive effect
and thus both values decline.

The membrane resistance and hydrogen diffusion current
both decline or remain more or less stable over time. For the
fuel cell operation, this represents a benefit.

3.3 Membrane Degradation

The fluoride emission rate is an indicator for membrane
degradation and used to determine the chemical decomposi-
tion of the polymer electrolyte.

The results (Figure 7) show that the amount of fluoride
emitted is higher on the anode than on the cathode for both
accelerated stress tests. The fluoride emission rate declines
with time. Thus, the amount of fluoride detected in the efflu-
ent water from the AST with 60 s of cathode starvation is with
a total of 0.0026 pmol h™ ecm™ lower than for the AST with 10s
of starvation with 0.0037 pumol h™ cm™, giving an average
fluoride emission rate of 0.0031 pmol h™ em™. This is within
the range of reported fluoride emission rates [20].

3.4 Electrode Degradation

The primary factors, used to determine the electrode degra-
dation, are carbon corrosion of the electrode support and loss
of active electrocatalyst surface area. The latter is predomi-
nantly caused by agglomeration of the platinum nanopar-
ticles.

3.4.1 Carbon Corrosion

The data from the gas analyses are shown in Figure 8 for
both (a and c) anode and (b and d) cathode during the 100
cycles of the AST with (a and b) the 10 and (b and c) the 60 s of

Table 1 Electrochemical characteristics before and after cathode stoichi-
ometry cycling.

10s Cycle 60s Cycle

BoT  EoT BoT  EoT
Power Density / mW cm™ 2932 3221 3187 316.8
Membrane Resistance / mQ 8.771 8.807 8541 8.839
Hydrogen Diffusion Current / mA cm™ 0.909 0.764 0.755 0.675

Cathode Electrochemical Surface Area / m* g™ 42.46 46.62 46.06 44.13

4 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.fuelcells.wiley-vch.de FUEL CELLS 00, 0000, No. O, 1-9



Bodner et al.: Air Starvation Induced Degradation in Polymer Electrolyte Fuel Cells

Fuel Cells

20

Current density / A cm

Current density / A cm?

2
o

o

Current density / A cm?
o

2
]

o

Current density / A om?
o

o
=)

I
'S

o
]

o
=

o
s

e
o

2
S

=
~

o

o

o

0.609 VvV

0.037 V

0.75
0.7
0.65
06
0.55
05
0.45
0.4
0.35
0.3
0.25

0.75
07
0.85
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25

0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3

0.25

Temperature / °C

d)

o2}
o

B
o

n

Temperature / °C
o

(=)
=

Temperature / °C

Temperature / °C
n
o

(o]
o

s
o

[+:]
o

B
o

[*]
o

o

o

(2]
o

3
o

N
o

66

65.8
65.6
65.4

65.2

66

65.8
65.6
65.4
65.2
65

64.8
64.6
64.4
64.2
64

65.8
65.6
65.4
65.2
65

64.8
64.6
64.4

64.2

65.8
65.6
65.4
65.2
65

64.8
64.6

64.4

64.2
64

Fig.5 Current (a and c) and temperature (b and d) distribution of the single cell during the first (a and b) and the 100th (c and d) 60 seconds OS interval.

FUEL CELLS 00, 0000, No. 0, 1-9

www.fuelcells.wiley-vch.de

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5

(*]
=
o
=
>
F
)
m
@
m
>
o
(o]
T
v
>
v
m
o




o
"
<
o
x
9
&
g
]
(7]
)
=
|
-
=
©
o
o

Fuel Cells

Bodner et al.: Air Starvation Induced Degradation in Polymer Electrolyte Fuel Cells

EI) 0.6 i ) —e—BoT|_

——EoT

Current/ A

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage / V

——BoT|_
——EoT

0.4

0.2

Current/ A

02+

0.4+

-0.6f

01 02 03 04 05 06 07
Voltage / V

-U.BO .
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air starvation. Typically, higher carbon content was registered
in the exhaust of the anode side due to the generally higher
cathode gas flow. The lower carbon content in the cathode
exhaust is not only a result of the higher flow rate that is used,
it is also assigned to the composition of air. As air consists of

79% nitrogen the gaseous (carbonaceous) degradation prod-
ucts are diluted in the exhaust stream. Same is also expected
to be the reason for the relatively high oxygen content on the
anode. This is, however, steady during operation and thus not
affected by the accelerated stress test. In the cathode off-gas
however, hydrogen peaks were observed, correlating with the
voltage drops during 10 s of stoichiometry cycling. This is due
to the PRR, taking place on the cathode in areas of air starva-
tion.

In case of the 60 s starvation interval accelerated stress test,
more hydrogen was detected in the cathode off-gas. This is in
clear correlation to the potential drop and therefore in agree-
ment with the outcome expected from what has been reported
by Zamel et al. [15]. Despite the lack of oxygen, the current
did not decrease during starvation periods, thus a reduction
reaction other than that of oxygen had to take place. The
detection of hydrogen in the cathode off-gas during air starva-
tion and that the hydrogen diffusion current is not increased
(Table 1), as this would indicate crossover, allows assuming
that protons are reduced near the cathode outlet instead of
oxygen.

3.4.2 Pt Agglomeration

During normal operation, the current and temperature dis-
tribution is compared before and after the respective ASTs
(Figure 9a—d). It is shown that the current decreases in the area
closer to the cathode inlet and increases near the outlet. This
trend is, however, less pronounced than one would expect.
The temperature distribution shows a similar, yet not identical
pattern. In previous experiments, similar ASTs were con-
ducted in which the cathode supply was shut off completely
in some cases [22]. There, the effect on the electrochemical
parameters was less severe, however the gradient was more
distinguished.

Both anode and cathode show similar rates of Pt electroca-
talyst agglomeration during air starvation cycling in
Figure 10a, which represents the results of the computed
tomography of sample 1 (as seen in Figure 1) that was taken
near the cathode inlet. The cross-section of the membrane elec-
trode assembly reveals areas without platinum as well as
areas with larger particles/agglomerates on both sides. In con-
trast, Figure 10b shows the results of sample 2 (as seen in Fig-
ure 1), which was taken near the cathode outlet of the very
same membrane electrode assembly. There, as indicated with
arrows in Figure 10, the cathode shows a more homogeneous
Pt electrocatalyst film and almost no areas of thinning. In this
sample, the anode shows a similar if not more inhomogeneous
catalyst distribution compared to the anode in the sample
from near the cathode inlet. Thus, platinum agglomerates on
the cathode side are more frequent near the air inlet. Near the
air outlet, agglomeration is inhibited on the cathode by the
presence of hydrogen, formed in the areas of oxygen
starvation. A change in structure of the electrode support
material was not clearly evident from the computed tomogra-
phy scans.

6 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 10 Cross sectional computed tomography image of (a) sample 1 near the cathode inlet and (b) sample 2 near the cathode outlet.

4 Conclusion

It has been shown that short intervals of oxygen starvation
on the cathode do not necessarily lead to fuel cell failure. Even
an improvement of power density and cathode active catalyst
surface area was noted via electrochemical characterization
after 100 cycles with air undersupply duration of 10 s. In com-
parison to previous results [22], the effect of the longer starva-
tion duration on the electrochemical parameters was more
pronounced. Yet, the change in local current density was not
as distinguished as after short starvation with lower cathode
stoichiometries.

When the cathode was depleted of oxygen, the potential
dropped, protons were reduced and hydrogen was formed, as
proven by cathode off-gas analysis. Typically, the switch from
oxygen reduction to proton reduction/hydrogen evolution
reaction takes place in the areas of lower temperatures during
air starvation [17]. Due to the different reactions taking place
in different areas of the membrane electrode assembly, a tem-
perature gradient is induced with the maximum temperature
close to the cathode inlet.

Also, platinum oxides are reduced at low potentials and
thus available to catalyze the oxygen reduction reaction dur-
ing normal operation. This in in agreement with literature
[15,22] and expected as a result of this study.

Computed tomography has shown that the structure of the
platinum catalyst layer differs significantly along the air flow
channels after both ASTs had been conducted. This phenome-
non is assigned to the induced temperature gradient that was
visualized by the segmented single cell during starvation,
showing peak values near the air inlet, but it is also assigned
to the reductive conditions in areas of oxygen depletion. An
accelerated dissolution and redeposition rate of platinum due
to platinum oxide reduction [5] was not confirmed by the
experiments, but could have been less significant compared to
the electrocatalyst agglomeration due to the discussed temper-
ature gradients and thus not distinguishable.

It is shown that the gradient induced by air starvation and
the potential cycling on the cathode result in a change of cata-

lyst structure. This might not cause severe degradation initi-
ally, but does result in uneven operation conditions and thus
locally accelerated degradation.
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Abbreviations

AST Accelerated stress test
BoT Beginning of testing
EoT End of testing

FER Fluoride emission rate

HER  Hydrogen evolution reaction
HOR  Hydrogen oxidation reaction
ISE Ion selective electrode

MEA  Membrane electrode assembly
ORR  Oxygen reduction reaction

oS Oxygen starvation

PRR  Proton reduction reaction
PTFE Polytetrafluoroethylene

RHE  Reversible hydrogen electrode
XpuCT  X-ray micro computed tomography
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