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Abstract

Proton exchange membrane fuel cells (PEMFCs) are used to convert hydrogen
and oxygen to electricity, heat, and water. There are no greenhouse gas
emissions, given that the hydrogen is produced from renewable sources, such
as water electrolysis from wind, hydro or solar energy. PEMFCs can be found
on the commercial market today, predominantly in applications such as
forklifts, passenger cars and combined heat and power units. The PEMFC is a
new technology, and there are hurdles to overcome, mainly with regard to
price and durability.

In this work, two PEMFC components are the main focus: the bipolar plate
and the catalyst. For the bipolar plate, the effect of defects from fabrication is
investigated to further understand the critical factors for corrosion and how to
avoid it. Droplets from laser cutting and cracks in the coating due to the
forming of pre-coated plates are both identified as possible sources of
corrosion. However, by correct design, both can be avoided or made less
critical. Laser welding stainless steel 304 is, on the other hand, found not to
be a source of corrosion under simulated PEMFC bipolar plate conditions.
Furthermore, tailoring the properties of a multicomponent alloy coating by
additions of Ta and W is explored to stabilise the coating at higher potentials
in the acidic environment of the PEMFC. Ta is found to achieve a protective
passive layer at a lower concentration than W. However, it does significantly
increase the interfacial contact resistance. One-step synthesis of a ternary alloy
by electrodeposition is studied for the catalyst to allow for facile screening of
new alloy compositions, both in- and ex-situ. The ternary alloy gives
comparable results to the binary alloy even at lower Pt content.

As the PEMFC has entered the commercial market relatively quickly, there is
a lack of standardised tests, both on the component and system level. The
procedure for testing the interfacial contact resistance of the bipolar plate is
studied in detail, and the methodology is further developed to ensure reliable
and comparable results.

Keywords: Proton exchange membrane fuel cell, bipolar plate, corrosion,
interfacial contact resistance, electrocatalysis



Sammanfattning

Protonledande polymermembranbrénsleceller (PEMFCs) anvinds for att
omvandla vétgas och syrgas till elektricitet, virme och vatten. Om vétgasen
produceras pa ett fornybart sitt, till exempel genom vattenelektrolys driven
med sol, vind eller vattenkraft, sker det inga utslépp av vixthusgaser. Redan
idag finns PEMFCs pa den kommersiella marknaden. Huvudsakligen anvéinds
de i applikationer som gaffeltruckar, personbilar och kraftvirmeapplikationer.
Eftersom PEMFCs ér en relativt ny teknik, finns det fortfarande ett behov for
utveckling, speciellt ndr det kommer till kostnad och livsldngd.

Tva PEMFC komponenter har varit huvudfokus for detta arbete: den bipoléra
plattan och katalysatorn. For den bipoléra plattan studeras effekten av defekter
frén produktionen pa korrosionsbestindigheten. Bdde droppar av smélt metall
fran laserskérning och sprickor i beldggningen fran formning av forbelagd plat
kan initiera korrosion pa den bipolédra plattan. Dock, kan bada defekterna
undvikas vid korrekt design av plattan. Daremot visar det sig att lasersvetsar i
rostfritt stdl 304 utan beldggning inte initierar korrosion i ett simulerat
PEMFC-miljo. I tillagg utforskas mdjligheten att utvidga det passiva omradet
for en multikomponentlegering genom tillsatser av Ta och W. Ta bildar ett
stabilt passivskikt vid ldgre halter jamfort med W, dock Okar
kontaktresistansen signifikant. For katalysatorn studeras elektroplétering av
en terndr legering direkt pa gasdiffusionsskiktet for enkel screening av nya
legeringar for katalysatorn. Den terndra legeringen ger jimforbar prestanda
med den binéra, dven vid laga Pt halter.

Allt eftersom PEMFC har kommersialiserats dkar fokuset pa utveckling av
standardiserade prov, bade pa komponent och systemniva. Metodologin for
att mita kontaktresistansen for bipoldra plattor vidareutvecklas i detta arbete
for att sikra palitliga och repeterbara métningar.

Nyckelord: Polymermembranbrénsleceller, bipoldra plattor, korrosion,
kontaktresistans, katalys
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1. Introduction

In a report by the Intergovernmental Panel on Climate Change (IPCC)!
hydrogen is one of several energy carriers pointed out as a key to balancing a
fully electrified energy system. Furthermore, to reach the target of only 1.5°C
global warming by 2050, the CO, emissions from the transport sector must be
reduced by 59% compared to 2020. Hydrogen is one of the solutions to reduce
emissions from transport for both land, aviation, and shipping'. As of
November 2022, 26 governments have established hydrogen strategies, and
the G7 countries launched the Hydrogen Action Pact in May 20222, Hydrogen
is part of the Breakthrough Agenda launched at COP 26 in November 2021 in
Glasgow. The need for a rapid upscaling in renewable hydrogen production
and the increased usage of hydrogen in industrial and heavy-duty vehicle
applications are some of the recommendations in the Breakthrough Agenda
Report 20223,

Battery electric vehicles are already taking large market shares in the light
vehicle segment. There is, however, uncertainties in the heavy-duty vehicle
segment about both weight and charging time for pure battery electric
vehicles. Adding a hydrogen fuel cell can reduce the weight of the vehicle as
only the hydrogen tank scales up with the range, and it furthermore allows for
quick refuelling®. There are several types of hydrogen fuel cells, but the proton
exchange membrane fuel cell (PEMFC) is the most commercially advanced
type for vehicle applications due to the relatively low operating temperature
and the compactness of the system®. In 2021, the number of fuel cell electric
vehicles (FCEVs) surpassed 50 000, with South Korea having the most
FCEVs on the road, followed by the USA, China, and Japan®. 80% of the
FCEVs on the road today are personal cars®, but heavy-duty vehicles are
expected to take a larger market share in the near future*. To reach broader
commercialisation, the lifetime of the PEMFC must be improved while at the
same time reducing cost.



1.1. Proton exchange membrane fuel cells

The proton exchange membrane fuel cell is a multilayer system consisting of
a polymer membrane in the centre. On each side, there is a catalyst layer, a
gas diffusion layer (GDL), and a bipolar plate>’, see Figure 1.

Membrane

Catalyst layers Gas diffusion layer (GDL)

H—5 «— O,/Air

Bipolar plate

i
-

\v

Anode
H, © 2H' +2e

0, +4H" + 4e” & 2H,0
Cathode

T & Hzo

Figure 1: A schematic illustration of a PEMFC single cell

At the catalyst layers on either side of the membrane, the two half-reactions
occur. Hydrogen is split into a proton and an electron on the anode side. The
proton is transported through the membrane while the electron goes through
the outer circuit. The proton and the electron react with oxygen on the cathode
side to form water. The total reaction is:
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Anode: H, - 2H* + 2e~ (1)
1
Cathode: 502 + 2H" + 2e~ > H,0 (2)

1
Total: H, + 502 - H,0 3)

The reversible open circuit potential at room temperature of the total reaction
is 1.23 V. However, there will always be losses due to activation, ohmic
resistances and mass transport. Thus, the measured voltage of a fuel cell is
always lower, typically operating between 1.0-0.5 V 7. To achieve sufficient
energy output to power a vehicle, several hundreds of cells are stacked in
series® (Figure 2). There are additional components when assembling the
stack, such as cooling cannels in the bipolar plates, current collector plates
that connect the end of the stack to the outer circuit, and end plates for
mechanical support. Each cell is sealed with gaskets.

Bipolar plate Current collector

Figure 2: Schematic illustration of a cross section of a PEMFC stack
containing four single cells as shown in Figure 1 connected in series.



The type of PEMFC on the commercial market is the low-temperature
PEMFC, which operates at 60-90°C, limited by the need to humidify the
membrane, which requires humidification to achieve high proton
conductivity. It is this type of PEMFC that will be discussed in this thesis.
There is, however, a push toward higher operating temperatures, as this is
more suitable for heat management in vehicles where a particular temperature
difference is needed to operate heat exchangers. At intermediate temperatures
(80-120°C), the humidity can be stabilised by increasing the operating
pressure, or by adding additives to the membrane to be able to operate at lower
relative humidity’. Above 120°C, other membrane chemistries are required'”.

The membrane

The membrane in the low-temperature PEMFC is made of perfluorinated
sulfonic acid polymer (PFSA)>’. While the backbone of the polymer is
hydrophobic, the sulfonic acid functional groups are hydrophilic. As the
membrane absorbs water, the hydrophilic groups will cluster together. Upon
applying a potential over the membrane, the water clusters will form proton
conductive pathways through the membrane’. A PEMFC must be conditioned
at the beginning of life to allow for the humidification of the membrane and
the reordering of the sulfonic acid functional sites.

PFSA has both high proton conductivity and is durable. When the membrane
degrades, the polymer is split, and fluoride ions can be released. The
degradation of PFSA is accelerated by Fenton’s reaction. In Fenton’s reaction,
H,0: is produced by O: crossover to the anode. The H,O, further split to form
hydroxide radicals that attack the polymer. The Fenton reaction is catalysed
by ions of Fe and other metals'"!>. Therefore, it is critical that metal ion
contamination of the membrane is minimised to achieve a long lifetime of the
PEMFC. Several additions can be made to the membrane to increase its
lifetime, such as SiO, to bind more water in the membrane,
polytetrafluoroethylene (PTFE) as mechanical reinforcement, and CeO as a

radical scavenger to reduce degradation'>'*,

The catalyst layers

The most used catalyst for PEMFCs is Pt. The catalyst layer constitutes 41%
of the PEMFC system cost due to the price of Pt". Thus, there is a push to
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reduce or eliminate the use of Pt. To utilise as much of the Pt as possible, the
catalyst layer consists of Pt nanoparticles supported on carbon'®. This way, the
Pt surface area is maximised, and the carbon ensures electrical contact. The
goal set by the US Department of Energy (DOE) for 2050 is a Pt, or Pt group
metal, loading of less than 0.1 mg/cm?, which would give a total Pt loading of
around 10 g for an automotive-size PEMFC stack, comparable to the platinum
group metal content found in a catalytic converter for a diesel engine (7-10
2)">!7. Furthermore, for reactions (1) and (2) to occur, there must be a proton
conductive media from the catalyst surface to the membrane. Therefore, a thin
layer of ionomer, commonly PFSA, is added to the catalyst layer'®.

At the anode, the Pt loading can be very low without affecting the PEMFC
performance. The cathode reaction is a multistep reaction and is therefore
slower; thus, a higher catalyst loading is necessary'®. Furthermore, the
durability of the cathode catalyst is a problem due to the oxidising
environment. Alloying Pt with transition metals such as Co and Ni is a
common strategy to reduce Pt loading'®.

The catalyst layer is prepared as ink and sprayed onto the membrane to form
a catalyst-coated membrane (CCM) or sprayed onto the GDL to form a gas
diffusion electrode (GDE). Together, the membrane, catalyst layers and GDLs
form what is described as the membrane electrode assembly (MEA).

The gas diffusion layer

The GDL is a two-part layer consisting of a backing layer and a microporous
layer (MPL)’. It has several functions in the PEMFC, including reactant and
product transport, electrical conduction, mechanical support, and thermal
management>!>?, The backing layer is a porous structure made of carbon
fibres and can be both woven and non-woven?. To aid in removing water from
the PEMFC, the backing layer is often treated with PTFE to increase the
hydrophobicity?.

The MPL is added to improve contact with the catalyst layer?>?!. It consists of
carbon particles and PTFE?*?2, To aid in the water removal from the catalyst
layer, the PTFE content is higher in the MPL than in the backing layer?*,
The MPL can penetrate into or be on top of the backing layer®.



The bipolar plate

The bipolar plates have several functions in the PEMFC stack. They separate
neighbouring cells, distribute the gases between cells and over the active area,
remove produced water, conduct electricity, support mechanically, and have
built-in cooling channels to control the temperature®. Graphite is commonly
used for bipolar plates as it has excellent chemical stability in the PEMFC
environment®-%. However, since machining flow fields for gas distribution is
expensive®®, and thicker plates are needed to achieve mechanical strength as
well as to ensure that no porosity penetrates the plate, graphite is not the
material of choice for vehicle application where cost, weight and volume are
all important factors.

Metallic materials such as titanium and stainless steel have high mechanical
strength, and cost-effective mass production of formed plates is possible®.
However, the chemical stability and interfacial contact resistance (ICR) of
metallic bipolar plates need to be addressed®?’. Acidic and humid
environments, as that of the PEMFC, are corrosive’®®. The metals that are
stable in such an environment form an oxide on the surface, as is the case for
both stainless steel and titanium?’. The surface oxide increases the ICR3*32,
As there are several hundred bipolar plates in the PEMFC stack, a slight
increase in the ICR of each will have a sizeable accumulative effect. Thus,

protective, conductive coatings are needed®*-°.

1.2. Performance and durability

PEMFCs are still a new technology on the commercial market. As more
companies start offering PEMFC components and systems, the importance of
standardised and harmonised testing is apparent. The measurements can be
divided into ex-situ and in-situ, where ex-situ measurements are performed
outside of the PEMFC on a single component, and in-situ measurements are
performed in a PEMFC, either single cell or stack. The testing should include
both performance and durability. In the case of durability measurements, there
is a need to accelerate the degradation to give valuable information without
testing the full lifetime. It is, however, important to be careful when deciding
how to accelerate the degradation so that the degradation mechanism is not
changed. In the ex-situ testing, the properties of the material can be
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quantitively determined. However, care must be taken that the measurement
environment accurately simulates the PEMFC environment. In-situ testing is
closer to normal operation, but it can be difficult to connect performance loss
with a specific performance or material characteristic.

1.3. Research questions

The aim of the thesis has been to study how the metallic components in the
PEMFC degrade and how the degradation can be both monitored and
mitigated. Based on the literature study, conversations with the industry, and
results from the initial work, four research questions have been formulated:

RQ1: How can the Pt catalyst durability be increased while reducing the
amount of Pt? (Paper 1 and 2)

RQ2: How can interfacial contact resistance be measured with high reliability
and validity? (Paper 3 and 4)

RQ3: What are the critical points for localised corrosion on PEMFC bipolar
plates? (Paper 5 and 6)

RQ4: How can the degradation mechanisms be detected after in-situ ageing
in a PEMFC? (Paper 2 and 5)

The papers related to each research question are indicated above. In the next
chapter, the theory and background will be given. In the third chapter, the
experimental setups are described in brief. For detailed descriptions, the
reader is referred to the appended papers. In chapter four the experimental
results are presented and discussed and set into the context of the research
questions. Finally, chapter 5 concludes the thesis with a summarising
discussion and recommendations for further work.



2. Theory

In the following chapter, the theoretical background for the work performed
will be described, as well as an overview of state of the art within the different
topics.

2.1. Electrochemistry

Electrochemical reactions are chemical reactions that involve the transfer of
electrons. The electrochemical reactions always consist of two half-reactions.
One oxidation reaction, in which electrons are released, and one reduction
reaction, where electrons are consumed. The place at which the oxidation
reaction occurs is defined as the anode, and the place at which the reduction
reaction occurs is defined as the cathode®. In the PEMFC described in section
1.1, reaction (1) is the oxidation reaction and thus the anode reaction, and
reaction (2) is the reduction reaction and therefore the cathode reaction. The
total reaction is given by reaction (3)’. Also electrodeposition and corrosion
are electrochemical processes that are studied in this work.

Thermodynamics

As for all chemical reactions, the maximum amount of work obtainable from
a reaction is found by the change in Gibbs free energy, which for a reaction is
defined by:

A.G = AH — TA,S @)

A reaction is spontaneous if the change in Gibbs free energy is negative.
Energy needs to be added to a system for reactions to occur when the change
in Gibbs free energy is positive. At equilibrium, the change in Gibbs free
energy is equal to zero®.

In electrochemical reactions, electrical work can be defined as the charge
multiplied by the potential. As a maximum, the electrical work must be equal
to the work of the chemical reaction. Thus, the equilibrium potential can be
found by:



A,.G = —nFE, (5)

where n is the number of electrons transferred in the reaction, F is the Faraday
number, and Eyis the equilibrium potential®>.

When looking up thermodynamic data, the values are given at standard
temperature and pressure, with activities of all species equal to one. When not
working at standard conditions, the equilibrium potential is given by the
Nernst equation:

(6)

where E° is the potential at standard conditions, and a is the activity of

RT
E=E'+—In—o
n

products and reactants’>.

Kinetics

The thermodynamics give the potential of a system when it is at equilibrium.
In such a case, no current is passing through the system. When a current is
applied over the electrochemical system, the potential will deviate from the
equilibrium potential. The difference between the measured potential and the
equilibrium potential is defined as the overpotential, 1. There are several
sources for the overpotential, including charge transfer overpotential and
diffusion overpotential.

An electrochemical half-reaction can go either in the anodic or the cathodic
direction. At equilibrium, the net current is zero. However, the reactions may
still take place as long as the anodic and cathodic partial current densities are
equal. This current density is called the exchange current density. The total
current of a reaction limited by the charge transfer can be calculated by the
Butler-Volmer equation:

nkn nkn (7)
= 1-8)—{— —g—1
PTh [eXp{( 2 RT} eXp{ RT }]
where iy is the exchange current density and B is the asymmetry factor®. The
first exponential represents the anodic current, and the second represents the
cathodic current. At high overpotentials, one term will be significantly larger
than the other, and the minor term becomes negligible. Taking the cathode as
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an example, the overpotential will be negative and significantly large so that
the first exponential in equation (7) becomes negligible. The current can then
be written as:

—BnF
i = —igexp( i"T 1 ®)

Which can be rearranged to give the overpotential as a function of current:

n= A+ Blogylil )

which is the Tafel equation®. A is a constant, and B is the Tafel slope given
by:

_ 2.303RT

_ —2.303RT
~ PBnF

logyoliol (%a) B = BnF (9b)

Reference electrodes

When studying electrochemical reactions, the focus is most of the time on
either the oxidation or the reduction reaction. In the PEMFC, the performance
is measured as the cell voltage, i.e. the voltage difference of both the oxidation
and reduction reaction combined. In systems with liquid electrolytes, a
reference electrode can be added. By measuring the voltage difference
between the reference electrode and the electrode where the reaction of
interest is occurring, called the working electrode, the potential of the working
electrode can be determined. To determine the potential, the zero value must
be known, and for electrode potentials, the standard hydrogen electrode (SHE)
is defined as the zero potential electrode. In the SHE, hydrogen is evolved:

2H* +2e~ > H, (10)
The reaction occurs on a Pt electrode immersed in a solution in which H" has
an activity of one and is in contact with hydrogen gas at one atmosphere
pressure. Knowing that the SHE has a potential of 0 V, all other half reactions
can be characterised by measuring the potential difference between the SHE
and the working electrode. In reactions where there is a current being passed,
the current is passed between the working electrode and a separate counter
electrode so that no current is passing through the reference electrode. This is

10



done so that no overpotentials of the reference electrode interfere with the
measurement.

Although the SHE is defined as the zero potential reaction, and the potentials
of all other reactions are given with respect to the SHE, there are practical
limitations to the set-up of the SHE, which results in other reference electrodes
being used in practice. The closest to the SHE is the reversible hydrogen
electrode (RHE), which is still based on reaction (10), but at a different pH
than 0, thus, the proton activity is not one. The potential of the RHE can be
calculated by the Nernst equation (equation 6). At pH 0.29, corresponding to
0.5 M H,SO4, the shift is only -0.0017 V vs SHE, while it for pH 2.73,
corresponding to 1 mM H,SOs, is -0.162 V vs SHE. In this work, the
commonly used Ag/AgCl reference electrode is utilised. This is not dependent
on any gas phase, thus is simpler to handle. The Ag/AgCl reference electrode
has a potential of:

RT
Exgiagct = Edglager — —nac- (11)

The shift for Ag/AgCl in a solution of 3M KCL is 0.207 V vs SHE**. An
overview of the relationship between reference electrodes relevant to this
work is shown in Figure 3.

SHE e A i e T e L e e B A B A e

0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
RHEpHO.29 '

0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
RHEpH2A73 '

06 04 02 0 02 04 06 08 10 12 14

Ag/AgClay g i f

Figure 3: The relationship between the potential (V) measured for
different reference electrodes relevant to the present work.
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2.2. PEM fuel cells

As mentioned, reaction (3) has a theoretical equilibrium voltage of 1.23 V at
room temperature. At 80°C, the operating temperature of the PEMFC, the
Gibbs free energy of reaction (3) is reduced’, leading to an equilibrium voltage
of 1.18 V. In addition, there are losses related to activation, crossover, ohmic
resistances and mass transport, all of which are dependent on the applied load.
It is, therefore, common to characterise the PEMFC by the polarization curve.
An example of a polarization curve can be seen in Figure 4, where the
contribution of the different losses is illustrated as separate curves.

12 Theoretical OCV |

Ohmic

E Activation and crossover

S 038"
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Current density (mAfcm2)

Figure 4: Schematic polarization curve of a PEMFC operating at 80°C,

showing the theoretical OCV, overpotential losses representing mass

transport (purple), ohmic (yellow) or activation energy and hydrogen
crossover (red) separately. The total polarization curve (black) is
shown with all losses incorporated, based on Larminie and Dicks’.

The activation loss is related to the charge transfer at the electrode surface. It
is described by equation (7), the Butler-Volmer equation. As can be seen in
Figure 4, the activation loss dominates the polarization curve at low current
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densities. One method to decrease the activation losses of the PEMFC is to
maximise the surface area of the catalyst. The electrochemical active surface
area (ECSA) is, therefore, one of the main criteria when optimising the
catalyst. Due to the thin membrane in the PEMFC, and no membrane being
entirely impermeable, some hydrogen will diffuse from the anode to the
cathode compartment, causing crossover losses. In addition to causing loss of
hydrogen at the anode side, the hydrogen will react with the oxygen at the
cathode. The losses due to crossover correspond to a small current, only some
mA/cm?, but is noticeable as it significantly reduces the voltage at zero
current, also called the open circuit voltage (OCV) of a PEMFC’. This is due
to the activation loss related to the crossover current, and the two are therefore
plotted together in Figure 4.

After the initial part of the polarization curve where the activation is
dominating, the activation region, the polarization curve is linear. The linear
region is often referred to as the ohmic region of the polarization curve. The
ohmic losses originate from ohmic resistances in the cell. The ohmic loss
increases linearly with the applied load in accordance with Ohm’s law’. The
ohmic loss is a combination of the membrane resistance related to proton
conduction, bulk electrical resistances of GDLs, bipolar plates, current
collector plates and wires, and the ICR between these components. Netwall et
al. ¥ studied the origin of ohmic losses in the PEMFC and found that 45% are
related to bulk resistances, predominantly from the CCM, while 55% of the
ohmic losses are caused by ICR.

Lastly, the PEMFC may experience mass transport losses at high loads. The
mass transport losses may have different origins. The first, which is common
in many systems, is a mass transport limitation above which the current cannot
be increased as all of the reactants are consumed. Before this point is reached,
a decrease in voltage is observed as the partial pressure of the reactant gases
decreases. In addition to this, the accumulation of produced water may hinder
the transport of reactants to the electrode’. This causes the polarization curve
to drop at high current densities.
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2.3. Catalysts

A catalyst greatly increases the rate of a reaction while not being consumed or
altered®. The catalyst layers of the PEMFC are complex structures of carbon-
supported Pt or Pt alloy nanoparticles, ionomer, and porosity. It is the Pt or Pt
alloy that is the catalyst for both the hydrogen oxidation reaction (HOR)
(reaction 1) and the oxygen reduction reaction (ORR) (reaction 2). The
reactions can only occur if there is an electron conductor, proton conductor
and reactants available. Thus, you need the catalyst particle, ionomer, and
porosity all in contact at what is called a triple-phase boundary’. The catalyst
is often, in practice, covered in a thin layer of ionomer, which the reactant
gases can diffuse through'®. As mentioned, the anode reaction, the HOR, is
the fastest of the two half-reactions. The ORR, which takes place on the
cathode catalyst, is more sluggish due to it requiring multiple electrons to be
transferred and is the source of the large activation overpotential®®, The
reaction mechanism can either be a direct four-electron pathway (reaction 12)
or divided into two steps, each with two electrons being transferred (reactions
13 and 14)*:

Four electrons: 0, + 4H* + 4e~ > 2H,0 (12)
Two electrons: O, +2H" + 2¢e~ - H,0, (13)
H,0, + 2H* +2e~ — 2H,0 (14)

Which of the two pathways that will be dominating is dependent on the
catalyst. The four-electron pathway is preferred as the hydrogen peroxide that
is produced in reaction (13) is not all reduced further to water. Instead, the
hydrogen peroxide may react through Fenton’s reaction to form hydroxide
radicals which degrade the membrane!>'437,

Pt has been proven to have the highest catalytic activity for ORR among the
pure metals®®. The activity of Pt is again dependent on particle size and
shape'®®. Shao et al. * concluded that the activity is highest for a Pt particle
size of 3 nm. It has been shown that the Pt (111) facet has the highest activity
towards ORR of the low-index facets. The fabrication of octahedra with (111)
sides has therefore been studied******, along with more complex shapes such
as the dumbbell®, to favour edges and steps that improve the catalytic activity.
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Durability is one of the major issues for the catalyst layer. There are several
mechanisms that contribute to catalyst degradation, including Pt dissolution,
Ostwald ripening, where small particles dissolve and redeposit on bigger
particles, particle migration and coalescence, and carbon support
degradation***(Figure 5). Common for both Ostwald ripening and
coalescence is that the particle size will increase. He et al. * found in a recent
study that the average Pt particle size on the cathode side was four times as
large after 1800 hours of vehicle operation, significantly reducing ECSA.

Pt?* pp2+
PE2* G
__—Jr. e * -
Pt dissolution Ostwald Migration and coalesence Carbon
ripening corrosion

Figure 5. Schematic illustration of catalyst degradation mechanisms.

To reduce the Pt loading, alloying is a common strategy>'®. As cost reduction
is one of the main driving forces, more abundant transition metals such as
Ni#0414753 and Co** ¥ are the most common alloying element, although rare
earth metals®>® and other noble metals® " also are studied. While binary
alloys are the most common, adding multiple alloy elements has gained focus
in recent years to achieve both high activity and durability®> 7, such as adding

Mo to PtNi alloys**-"1-72,

The Pt or Pt-alloy catalyst can be synthesised in many ways, with
solvothermal reduction being the most common’ 7. Physical vapour
deposition (PVD) has been proposed as a simple synthesis method to screen
different alloy compositions where the catalyst can be deposited directly on
the GDL. However, the resulting catalyst is a thin film instead of
nanoparticles®. The advantage of synthesising the catalyst directly on the
GDL is that it allows for direct characterisation both ex-situ in a liquid
electrolyte and in-situ in a PEMFC. Another synthesis method that can
produce the catalyst directly on the GDL is electrodeposition. In
electrodeposition, an electric charge or potential is applied between the
substrate as a working electrode and a counter electrode, while a reference
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electrode is used to monitor and control the deposition®*. All three electrodes
are submerged in an electrolyte containing dissolved salts of the metal to be
deposited. The electrochemical reactions for the electrodeposition of a metal
M are given by:

Cathode: M™ +ne” - M(s) (15)
Anode: 2H,0 - 0,(g) + 4H™ + 4e~ (16)

As can be seen, the anode reaction, in this case, is the oxygen evolution
reaction. By adding several metal salts, an alloy can be formed by co-
deposition. Tailoring the applied potential or current can alter the composition
of the alloy®. As mentioned, electrodeposition can be performed either by
controlling the current or the potential, called galvanostatically or
potentiostatically, respectively. Furthermore, pulses can be used to tailor the
deposition. Pulsed electrodeposition favour nucleation by applying high
deposition currents or overpotentials. Depletion of the electrolyte closest to
the working electrode is avoided by applying the off-time so that ions from
the bulk can diffuse to the electrode surface’®”’. The large overpotential in
pulsed electrodeposition can furthermore favour the deposition of less noble
metals during co-deposition. Huang et al.”® produced Pt nanoparticles by
pulsed current electrodeposition and achieved higher ORR activity at a lower
loading as compared to the commercial Pt/C. Egetenmeyer et al.”’
successfully synthesised Pt, PtNi and PtCo by pulsed current electrodeposition
with a crystallite size of 2-5 nm.

There is also work to synthesise catalysts without any noble metal additions.
The most promising of these are the single-atom catalysts based on a carbon
lattice doped with nitrogen and a transition metal, described as M-N-C, where
M is the transition metal, most commonly Fe®> or Co®®, However, more
research is still needed to reach similar performance and durability as the

commercial Pt/C.

Paper 1 describes the recent advances within the research on PEMFC cathode
catalysts in more detail.
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2.4. Materials for bipolar plates

The combination of a humid environment, low pH, and an applied potential
limit the choice of materials for the bipolar plate. Graphite is chemically
stable. However, the brittle nature requires thicker plates, and expensive
machining makes it unsuitable for automotive applications*>*%%-%, Metals, on
the other hand, are mechanically strong, and manufacturing from sheet metals
can be integrated into an assembly line and thus allow for cost-effective mass
production®. The chemical stability is, however, an issue, especially when
combined with the requirement of low ICR?%5,

The thermodynamic stability of an element can be seen in the Pourbaix
diagram. This shows if the given metal in its bulk form is thermodynamically
stable as a metal, a solid oxide, or a dissolved ion as a function of potential
and pH’!. Horizontal and diagonal lines are calculated from the Nernst
equation (equation 6), while vertical lines are purely chemical reactions and
are calculated by AG,- = 0. The Pourbaix diagram does, however, not consider
kinetic parameters for the transition between the different states. Hinds et al.”’
determined that the bipolar plate on the cathode side experiences a potential
of around 0.6 V vs RHE. Measurements of the pH of the effluent water of the
PEMFC vary between pH 3-7%2. Pourbaix diagrams for selected metals
relevant to the current work with a marking of the environment for the PEMFC
cathode bipolar plate are shown in Figure 6. It can be seen that both Ni and Al
can be found as Ni** and AI**, respectively, and thus will dissolve. The Fe is
on the transition between Fe,O; and Fe?*, thus will either dissolve or form an
oxide layer. Also, Cr, which forms a stable passive oxide of Cr,O; at neutral
pH, may dissolve either as Cr**, CrOH?" or form Cr,Os. Thus, all of these
metals require a protective coating to avoid corrosion. Ta, on the other hand,
forms the stable passive Ta;Os. Although corrosion of Ta will not be an issue
due to the stability of the oxide, the electrical conductivity of the oxide is
lower, so the ICR will be an issue®®. Finally, Pt is in a stable metallic state and
will provide low ICR and high corrosion resistance. However, Pt is far too
expensive to be used for the entire bipolar plate.
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Figure 6: Pourbaix diagrams of Fe, Cr, Al, Ta, Ni and Pt, with the area
representative of the PEMFC environment marked in red. For Pt, the
area representative of the catalyst is marked in blue. All Pourbaix
diagrams are based on calculation from the Hydra/Medusa
software®, except for Ta, which is based on the Atlas of
Electrochemical Equilibria in Aqueous Solutions by M. Pourbaix®'. All
ionic concentrations are 10°° M, and the temperature is 25°C.
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Stainless steels are Fe-based alloys that, through alloying, forms a passive
surface film, limiting the amount of corrosion under “normal” conditions. The
main alloying element is Cr. A minimum of 10.5wt% Cr is needed to form a
stable passive film and therefore improve corrosion resistance®. A stainless
steel is defined as an alloy containing at least 5S0wt% Fe, more than 10.5wt%
Cr and a maximum of 1.2wt% C. There are a wide variety of stainless steels,
classified by their microstructure; austenitic, ferritic, martensitic, duplex and
precipitation-hardened stainless steels. The austenitic stainless steels show
high corrosion resistance, can be hardened and welded, and are ductile and
temperature resistant®. The austenitic stainless steels are, therefore, the most
common choice for PEMFC bipolar plates. In addition to Cr, several other
alloying elements are added. Ni is the most abundant alloying element after
Cr and increases corrosion resistance in an acidic environment. Furthermore,
Ni stabilises the austenitic phase and is therefore added in a considerable
amount in the austenitic stainless steels®. Mo is added to avoid localised
corrosion, such as pitting and crevice corrosion®. Mn increases the ductility,
and the solubility of N. Cu will also improve the corrosion resistance as long
as it is in solid solution. However, care must be taken, as Cu precipitates may
instead leave the steel sensitive to pitting corrosion®. Si increases oxidation
resistance. C is also an austenite stabiliser. However, too high C will decrease
the resistance to intergranular corrosion and pitting, and the C content is
therefore reduced in some stainless steels, such as 316L. N is another austenite
stabiliser as well as increases mechanical strength and resistance to localised
corrosion’”’. P improves strength and machineability but has a negative
effect on corrosion resistance and weldability®.

The compositions of some austenitic stainless steels commonly used for
PEMFC are given in Table 1. The most common stainless steel used in
PEMFC bipolar plates is AISI 316L, also called EN 1.4404 or 1.4435,
dependent on Mo and Ni content, with 1.4435 having a higher level of alloying
elements. The suitability of 316L and other austenitic stainless steels for
PEMFC applications has been thoroughly studied in the literature®® 1%,
Kumagai et al.*? studied the effect of pH on the surface oxide composition of
310S. They found that there is a transition between pH 3-4, where samples
exposed to a pH 4 or higher had an iron-rich oxide layer, while the oxide layer
was chromium rich after exposure at pH 3 and lower. Comparison to a bipolar
plate of the same stainless steel after 1000 hours on the cathode side of a
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PEMFC showed that the centre and gas inlet still had the iron-rich oxide, while
the gas outlet appeared to have been exposed to a lower pH and therefore had
a more chromium-rich oxide*?. Li et al. ' found a positive effect of strain on
the corrosion resistance of 316L due to an increased amount of Cr,Oj3 in the
surface oxide after deformation. Even though several works report how to
improve the corrosion resistance of austenitic stainless steel, the growth of the
oxide layer, which is the basis of the protective strategy, will lead to an
increase in ICR. An overview of contact resistance and corrosion resistance
of different stainless steel by Leng et al.'”” shows that although single
measurements on some steels meet the requirements for PEMFC bipolar
plates, no steel grade consistently meets the targets.

Table 1: The composition in wt% of some common stainless steels for
PEMFC application'”-'%®, Fe is added to balance.

AISI  Cr Ni Mo C N Si Mn P S Cu
304 18-20 8-10.5 - 0.08 0.10 0.75 2.0 0.045 0.030 -
310S 24-26 19-22 - 0.08 - 1.5 2.0 0.045 0.030 -
316 16-18 10-14 2.0-3.0 0.08 0.10 0.75 20 0.045 0.030 -
316L 16-18 10-14 2.0-3.0 0.03 0.10 0.75 2.0 0.045 0.030 -
904L  19-23  23-28 4-5 0.02 0.10 1.00 2.0 0.045 0.035 1-2

Due to the fact that no one pure metal or alloy meets the criteria for corrosion
resistance, ICR and cost, coatings are applied on the bipolar plates. Stainless
steel and titanium are the two most common substrate materials for coated
metal bipolar plates?®’. One alternative is to use Pt as a coating, as has been
done in many early commercial PEMFCs for vehicles, among others, in the
Toyota Mirai®. The total area of the bipolar plates is, however, sufficiently
large so that it is not feasible to coat even thin layers of Pt without exceeding
the limit of what is economically sound. Also Au has been utilised, limiting
the thickness to the nanometre scale to reduce the cost'?”. There is, however,
a large amount of ongoing research to find more cost-effective coatings.
Metallic coatings of more affordable transition metals, such as electroless NiP,
are studied, but the ICR is too high. There is the possibility of using them as
a corrosion protective base coating or as part of composite coatings with
additions to decrease the ICR!''*!!!, These more cost-effective coatings could,
furthermore, be utilised for other components in the stack, such as the current
collector plates. There is also ongoing research to find high-entropy alloys that
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have superior properties to conventional alloys''>!!*. In the high-entropy

alloys, close to equimolar composition of several elements are achieved by
non-equilibrium  synthesis methods, such as PVD and additive
manufacturing!!*. These alloys are stabilised by the high entropy, hence the
name.

There are some polymer-based coatings!'>!16, However, ICR is often an issue
also here. Additions of high amounts of carbon and other conductive particles
may mitigate the high ICR of the polymer-based coating, forming a composite
coating!'!"®. Mine et al.'" have proposed screen printing of a carbon
composite coating as a cost-effective coating alternative and show that the
technique can both reduce the ICR of stainless steel and improve the PEMFC
performance as compared to the bare 304. Texturing the coating is suggested
to further improve ICR!'"®. Such non-vacuum techniques may greatly reduce
the manufacturing cost of bipolar plates. However, if coated after forming, the
flow field will likely not be coated. Ceramic coatings are, however, the most

researched alternative.

The ceramic coatings are most often deposited by PVD. Only a couple
hundred nanometres can be enough to protect the substrate. The main
drawback of PVD coatings is that the deposition requires a vacuum. PVD
coatings such as TiC!20-122 TiN!3120.123-125 ° Cr(C126 and CrN'?-1?° have been
studied extensively in the literature?®. Carbon coatings, also mainly produced
by PVD, are widely used due to the low ICR towards the GDL, which is also
made of carbon, as well as for the chemical stability of carbon in the PEMFC
environment. Toyota has exchanged the Pt-coated stainless steel bipolar plates
with carbon-coated Ti®. The switch from Pt to C for the coating gave sufficient
cost reduction to justify the need for a more corrosion-resistant Ti substrate.
Recently, amorphous carbon with a Ti or TiC interlayer on a stainless steel
substrate has become a promising coating for PEMFCs as it is chemically

stable and has low contact resistance to carbon-based GDLs!3%132,

2.5. Bipolar plate production

As mentioned, the bipolar plate has a flow field to evenly distribute the gases
over the active area and remove produced water®. Inside the bipolar plate,
cooling water is circulated to remove produced heat®. To make both the flow
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field and cooling channels in the metallic bipolar plates, two half plates are
stamped or hydroformed. The edges and holes for gas and cooling liquid
manifolds are cut by laser to achieve high precision. Finally, the two half
plates are welded together to seal the gas and cooling channels. Figure 7
illustrates the manufacturing process.

Pre- Post-
coating coating

Figure 7: The manufacturing process of PEMFC bipolar plates

The coating can be applied either at the beginning or the end of the production
process”. While it is more cost-effective to coat the sheet metal before it is
formed and cut, it is crucial that all of the following processes are optimised
to avoid any defects in the coating. Novalin et al. '3 found oxidised metal
particles on top of the coating after the laser cutting that subsequently
dissolved during PEMFC operation. Miiller et al.** studied the effect of pre-
and post-coating of C/Cr on 316L and found that no measurable difference in
performance or degradation could be found for a 300 cm?* PEMFC after start-
up/shut-down cycling, despite the Cr interlayer being exposed in certain sites
for the pre-coated. However, the ICR increased in areas where water is likely
to accumulate'>*,

Dependent on the size of the bipolar plate and the conductivity of the back
side of the half-plates, welds in the active area might be added to ensure low
electrical resistance through the bipolar plate!*. To reduce the risk of
corrosion and to accommodate for the minute geometry of bipolar plates, the
joining technique must have minimal width. Therefore, laser welding is a
common joining process. Laser welding can be performed autogenously, i.e.,
no material is added in the joining process. It has been proven that the
austenitic structure of SS316 is kept after laser welding!* and that by adding
N> to the shielding gas, corrosion around the weld can be minimised'’.
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2.6. Interfacial electrical contact resistance
measurements

As mentioned in section 1.1.2, the ICR is one of the key parameters for bipolar
plate materials. The ICR is a combination of film resistance and constriction
resistance'®. The film resistance originates from the surface oxides of the two
contacting surfaces and any contaminations that have adhered to the two
surfaces. The constriction resistance originates from the contact not consisting
of two smooth surfaces. Thus, instead of the current passing evenly over the
whole surface, it is constricted to a limited number of points where the two
rough surfaces touch, as shown in Figure 8a. When a force is applied over a
surface, the contact points will deform (Figure 8b). This may be both plastic
and elastic deformation, and the contact area of each point will increase. Thus,
the ICR will decrease (Figure 8c).

a) Equipotential lines

Current flow
b) %
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i t
Conducting spots Force (N)

Figure 8: a) lllustration of the origin of the constriction resistance,
based on Holm'#, b) the effect of force on the contact area, and c) the
change in contact resistance as a function of force.
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In the PEMFC, the bipolar plate is in contact with the porous GDL. The ICR
of the materials for bipolar plates are therefore characterised towards the
backing layer of the GDL. Davies et al.'% first proposed a measurement
method where two GDLs were put in between two metallic plates. The
sandwich was pressed between two copper probes. The contact resistance was
determined by a four-point measurement on the probe. In the four-point
resistance measurement, the current is applied between two points and the
potential is measured between two separate points. In this way, the resistance
of the cables is not influencing the measurement as no current passes through
the measurement cables. The method was later adapted by Wang et al.”® and
Kumar et al.'” to have one metallic sample sandwiched between two GDLs.
This setup has been widely adopted for ICR measurements between coated
metal plates and GDLs. Several papers have been published on in-situ
measurements of the bipolar plate-GDL ICR, showing good agreement with
the ex-situ results*13*!% However, Leng et al.!”” compiled an overview of
ICR results from different groups and found that there is a lack of consistency
in the results between different set-ups.

2.7. Corrosion

While the anode and cathode in the PEMFC are well defined and separated by
a membrane, the anode and cathode reactions on a corroding surface may
occur all over. A site that is anodic at one time may later be cathodic. This is
called a mixed electrode and will lead to the whole surface corroding evenly,
called general corrosion. The anodic reaction, which is the oxidation of the
metal, can, in a general way, be written as:

M - M™ +ne~ (17)

While the cathodic reaction in an aqueous solution is, in general, either the
hydrogen evolution reaction or the oxygen reduction reaction:

2H* 4+ 2e~ > H, (18)
0, + 2H,0 +4e™ —» 40H™ (19)

To characterise corrosion phenomena, potentiodynamic polarization curves of
current versus potential are often obtained (Figure 9). In these curves, the
potential is swept, and the resulting current is measured. At low potentials, it
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is the cathodic reaction that is dominating, and the current is negative. It is,
however, common to plot the logarithm of the absolute value of the current.
When the potential is increased, the current will converge towards zero before
increasing again. The potential at which the current converges towards zero is
when the anodic and cathodic partial currents are equal. Hence, no overall
current can be measured. It is also this potential the system will stabilise at
when measured at open circuit, and it is then referred to as the open circuit
potential (OCP) or the corrosion potential. As the potential increases, the
anodic reaction becomes dominating, and the current is positive. In the regions
where either the cathodic or anodic currents are dominating, the Tafel equation
(equation 9) can be utilised to fit the curves, as long as the currents are
sufficiently small that mass transport and ohmic limitations are not coming
into play. This is, however, only valid as long as only one reaction is rate-
determining. As is shown in Figure 9, the intercept of the Tafel lines of the
anodic and cathodic reactions can be utilised to accurately determine the
corrosion potential and current.

logli|

corr -

ECOFF E

Figure 9: The cathodic (blue) and anodic (red) Tafel lines, with the
intercept marking the corrosion current, icorr, @and corrosion potential.
Ecor. The dotted line is the sum of anodic and cathodic contributions.

While the ionic conduction in the electrolyte is not a limiting factor for the
anodic reaction, some metals form a stable oxide when oxidised. While there
may be an initial peak in current after passing the corrosion potential, the
formation of the stable oxide on the metal surface will limit the further
oxidation of the metal, and the current will be close to constant at what is
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defined as the passive current density (Figure 10). As is seen in the Pourbaix
diagrams (Figure 6) for Ta, the passive oxide is stable even at high potentials.
For other metals, such as Cr, the stable Cr,O; is only stable within a certain
potential region, above which the metal is further oxidised and forms soluble
ions. In a potentiodynamic polarization curve, this can be observed as a
transpassive behaviour, where the current again increases.

3

logli| 1

Ecorr E - E

trans

Figure 10: Schematic of a potentiodynamic polarization curve of a
passive material, where the anodic branch (red) has an active peak
after Ecor before stabilising at ipass. Finally, after Eians, the current
again increases.

In addition to general corrosion, there are several types of localised corrosion,
such as galvanic corrosion, crevice corrosion and pitting corrosion. Galvanic
corrosion can be found both in general and localised attacks. It is caused by a
difference in potential between two materials in contact. An example can be a
screw of a less noble quality than the material it was screwed into, where the
screw will corrode. For galvanic corrosion to occur, there must be both
electrical and ionic contact between the surfaces of the two materials. Correct
design and choice of materials can prevent these types of corrosion. Examples
of material characteristics or defects on a small scale that causes micro-
galvanic coupling can be a local change in alloy composition after welding or
defects such as pinholes and cracks in a protective coating.
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Crevice corrosion is a local corrosion phenomenon occurring in narrow
crevices, such as between two metal plates pressed together or beneath a
gasket. The criterium for crevice corrosion is that the supply of oxygen in the
liquid phase filling the crevice is controlled by diffusion. The ORR (reaction
19) will be suppressed. Thus, only the anodic reaction will take place in the
crevice. The area around the crevice will have an increased current for the
cathodic ORR reaction (Figure 11). As there is no OH" production in the
crevice, the pH in the crevice will decrease and further destabilise the metal®.
Crevice corrosion may occur during analysis in an electrochemical cell, as
some electrolyte can penetrate into the crevice between the gasket and the
sample.

Fe(OH,)
/ OH O,

Figure 11: A schematic illustration of the differential aeration
corrosion process in a crevice under a gasket.

Pitting corrosion occurs on passive materials at local defects in the passive
film. It is commonly seen after the material has been exposed to a halide-
containing environment and is more severe at higher temperatures. The
driving force for the pit is initially that the defected area is less noble than the
main material. Hence a micro-galvanic coupling is formed, with a small
anodic area and a large surrounding cathodic area. When the pit has formed,
it will develop much like a crevice as there is limited diffusion of oxygen into
the pit, causing the pH in the pit to be reduced®. For stainless steel in the
PEMFC environment, the presence of fluoride ions, in combination with the
elevated temperature, leaves the material sensitive to pitting corrosion. It is
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for this reason that 316L is the most utilised stainless steel for PEMFC
application, as the Mo addition, as well as the low carbon content, contributes
to lowering the sensitivity of the material towards pit formation.

2.8. Ex-situ corrosion testing

When researching new materials for PEMFC components, it is desirable to
test the durability early in the development process. The materials are,
therefore, performance and durability tested as flat coupons in the size of a
few square centimetres. Later, conclusions from ex-situ testing are confirmed
by in-situ measurements (Figure 12).

Performance Performance
and durability

— ex-situ

Materials Component

manufacturing

and durability Final product

synthesis — in-situ

Figure 12: The development process for new materials for the
PEMFC.

Electrochemical cell

The stability test for both the catalyst and the bipolar plate materials is done
in a three-electrode electrochemical cell (Figure 13). The tested material is
connected as the working electrode, the opposite half-reaction in the
electrochemical cell occurs on the counter electrode, and the potential of the
working electrode is monitored by the reference electrode, as described in
section 2.1. All three electrodes are submerged in a liquid electrolyte.
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Figure 13: A three-electrode electrochemical cell, here shown for
metallic samples mounted with gaskets towards a hole in the bottom
of the cell.

For the catalyst layer, both performance and durability are commonly tested
in 0.1 M HCIOs. The potential is cycled between 0.6 and 1.0 V vs RHE to
oxidise and reduce the Pt repeatedly. Everything from 1000 to 30 000 cycles
is reported in the literature, with 10 000 being the most common, see paper 1.
Some report durability in 0.5 M H,SOy, instead, an electrolyte closer to PFSA,
even if it is liquid. The reason many avoid H>SOs is sulfate adsorption on the
surface of the Pt, reducing performance. No fluorides are added, although
membrane degradation releases fluoride ions. To study the stability of the
carbon support, the potential is increased to cycle between 1-1.5 V vs RHE,
which will oxidise the carbon and simulates the potentials that can be
measured during the start-up and shutdown of the PEMFC'!,

The bipolar plate is located further away from the membrane than the catalyst
layer. Since it is difficult to probe the local potential and pH of an operating
PEMEFC close to the bipolar plate, the materials for the bipolar plate were for
a long time tested in the same conditions as the catalyst layer; low pH and
potentials up to 1.5 V vs RHE. However, new research utilising in-situ
measurements has proven that the potentials at the bipolar plates are 0 V vs
RHE at the anode and 0.6 V vs RHE at the cathode, independent of the
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potential at the catalyst?®!'%2. This is due to the lack of ionic transport between
the catalyst layer and the bipolar plate. Furthermore, it is assumed that the pH
of the bipolar plate is closer to that of the effluent water, which has been
measured to a pH of 3-72°°2, The electrolyte commonly used is H>SOsat ImM
(pH 2.7) or at pH 3, with the addition of 2 ppm F-. Ledre et al.'® studied the
effect of electrolyte pH and halide addition on the potentiodynamic
polarization curve of stainless steel. The addition of halides, either 2 ppm F-
or 10 ppm CI~ did not influence the corrosion due to the small amounts added.
However, they found a significant difference between the more realistic 1 mM
H>SOs4 to the aggressive 1 M H,SO4'%, as was also found by Feng et al.'™.

In the standard electrochemical cell, the average corrosion over the exposed
area is measured. The only way to differentiate between general and localised
corrosion phenomena is to study the samples in a microscope after exposure.
To avoid crevice corrosion due to the measurement setup, an Avesta cell may
be used (Figure 14a). In the Avesta cell, a small flow of distilled water is
pumped beneath the gasket to ensure that there is no stagnant electrolyte with
a subsequent build-up of ions beneath the gasket'*.

To characterise local corrosion phenomena, part of or the whole
electrochemical cell must be miniaturised. One way is to expose only a small
area of the sample to the electrolyte by utilising a capillary (Figure 14b). This
is called an electrochemical micro-cell'**. The capillary can be as small as 50
pm in diameter. Thus, different microstructural features can be studied for
coarse-grained structures. The only requirement is that the studied surface area
is completely flat so that no electrolyte leaks out. Alternatively, a method with
a gap between the capillary and the sample surface can be used. This is often
referred to as the droplet method, as the gap should be of a size such that a
droplet is stabilised between the capillary and the surface, and the surface
tension ensures that there is no leakage. The disadvantage is that the examined
area becomes less well-defined and might change during measurement due to
evaporation.
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Figure 14: Schematic illustration of a) an Avesta cell and b) an
electrochemical micro-cell. Notice that the images are not to scale.

Environmental durability testing

The electrochemical cell tests the stability of materials and coatings in
immersion, but environmental durability tests are also needed. One way to do
this is through field testing, where the samples are exposed to an environment
of choice and left for a certain amount of time®. Examples are test reference
centres where samples are exposed to local weather conditions. However, a
test typically takes several years. Similarly, samples can be mounted on trucks
to simulate the corrosion of vehicle components®. For the PEMFC, this kind
of exposure requires the fabrication of a full stack and operation of the
PEMFC in a relevant way, either as a stationary or vehicle system. Hu et al. %
recently published results for catalyst degradation from a PEMFC after one
year in a vehicle with and total operation time of 1800 hours. However, when
screening new materials, a shorter test duration is needed. This is where the
accelerated test methods come in. Commonly either climate, corrosive gas or
salt spray is used in the accelerated test or a combination of the three. In the
climate test, temperature and humidity are cycled together so that the surface
goes through accelerated condensation and drying cycles. UV light may be
added, especially for organic coatings®. There are multiple different
standards, differing in the maximum and minimum temperatures and humidity
and cycle length®>!'%_ In the corrosive gas test, corrosive species found in a
traffic or industrial environment are vented in the test chamber at a higher rate
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and concentration. SO, and NO, are added to represent exhaust from fossil
fuels found in traffic environments. H,S and Cl, are found close to certain
industries'*. In the salt spray test, a salt solution is sprayed onto the sample.
There are several different standards specifying if the salt spray should be
neutral or acetic and if it is a constant spray or cyclic, where the salts are
allowed to dry on the surface®. When it comes to environmental testing of
materials for the PEMFC bipolar plate, the temperature, humidity, and
possible air filtering means that these standards are not directly applicable.

2.9. In-situ accelerated stress testing

A compromise between ex-situ testing and field-testing components in a full-
size PEMFC used in a real application is to do accelerated stress tests (ASTs)
in the PEMFC. There are several ASTs focusing on the conditions for the
degradation of specific components. For example, the US DOE has
formulated a catalyst AST cycling the cell voltage between 0.6-1.0 V, while
the catalyst support AST requires cycling between 1.0-1.5 V ¥, The
membrane is most sensitive to degradation at OCV, which in combination
with relative humidity cycling to induce mechanical stress, is part of the
membrane AST'"!. No specific AST exists for the bipolar plate. Another
approach is to stress the cell by deviating from normal operating conditions,
as formulated in the test protocol for single cells by the European Joint
Research Centre for Fuel Cells'*’. Within the literature on the synthesis and
testing of new materials for PEMFCs, the majority of the in-situ measurements
are performed in single cells. Graphite flow plates are used for catalyst and
membrane experiments to increase the durability of the cell house and avoid
degradation due to metal flow plate corrosion. There is ongoing research to
construct single cells that have minimal influence on the test results to be used
as a reference, for example, the zero-gradient cell developed by the European
Joint Research Centre!*%!4°,

Furthermore, accelerated load cycles exist, which instead of accelerating a
specific degradation mechanism, compress all different operating conditions
that can be found during normal operation into a shorter time span'>. In its
simplest form, in the case of automotive PEMFCs, data from vehicle drive
cycles given in km/h is converted to a percentage of maximum load'¥”-!5!, The
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conversion is not entirely straightforward as all fuel cell electric vehicles have
a battery, and dependent on the sizing of the battery and the fuel cell, the load
cycle of the fuel cell will vary. In addition to the load cycle, several other
variables should be considered when constructing a reliable accelerated stress
test. Among these are temperature and humidity, which may vary during the
load cycle!'®. The start-up and shutdown of the PEMFC should also be
controlled'>*!**, and there is often a difference in how a shorter stop will affect
the cell as compared to a longer stop. To take all variables into account, freeze
cycles to simulate a vehicle during a long stop in winter conditions should be
added'>. There is still work to be done to validate and standardise these types
of tests.
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3. Research methodology

Based on the four research questions defined in section 1.3, six works were
performed, each resulting in a paper. Papers 1 and 2 are related to RQ1 on the
catalyst material. Paper 1 is a literature study on the recent developments in
cathode catalyst materials, and Paper 2 focuses on electrodeposition of PtNi
and PtNiMo particles. Paper 3 and 4 relates to RQ2 on the measurement
methodology for interfacial contact resistance, while papers 5 and 6 are related
to localised corrosion on bipolar plates. RQ4 on PEMFC testing is touched
upon in both papers 2 and 5. Figure 15 illustrates the focus of each performed
work put into the materials testing process context.

Papers 5 & 6
Localised corrosion
(Bipolar plate)

Performance
and durability
— in-situ

Performance
and durability
— ex-situ

Materials

Component
manufacturing

Final product

synthesis

Papers 3 & 4
Interfacial contact resistance
(Bipolar plate)

Papers 1 & 2
Electrodeposited catalyst

Figure 15: The focus of the performed work, put into the context of
the development process of new materials for the PEMFC.

3.1. Materials

For paper 2, the synthesis of the catalyst nanoparticles by electrodeposition is
described in section 0, and the fuel cell set-up is described in section 3.3.
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For paper 3, aluminium AA1050 was ordered and coated first with electroless
NiP with a high P content (10-13 wt%), and half of the samples furthermore
got a top coating of electrodeposited NiSn. The material selection was based
on the requirements of the current collector plate, which needs low ICR both
towards the GDL and towards metal components in the power terminal. Six
additional samples with NiP were coated with electrodeposited Au to be used
as reference material during the contact resistance measurements. All coatings
were plated by the commercially available processes at LPTech AB.

For paper 4, stainless steel 316L was chosen as a substrate since the PEMFC
and PEM water electrolyser bipolar plate was the intended application areas.
The coating was a CrFeNi alloy with varying amounts of Ta and W to improve
passivation. The coating was applied by PVD at Uppsala University using one
target of equimolar CrFeNi and one target with either Ta or W. The coatings
were first applied on SiO; wafers to study the corrosion resistance without
interference from the substrate. A second set of samples were coated on the
stainless steel 316L for the ICR measurements.

The flow plates for the PEMFC used in papers 2 and 5 were made of stainless
steel 316L with a Sandvik Sanergy LT coating. The coated metal sheet was
hydroformed and laser cut by Borit NV (Figure 16). No adjustments to the
plate geometry were done to accommodate the precoated material. Flat
samples of the coated material and uncoated stainless steel flow plates were
also acquired.

Inlet
Flow field

Land

Outlet

Figure 16: The hydroformed flow plate utilised in papers 2 and 5. The
scale is in cm.
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For paper 6, one flat and one adiabatically stamped plate of stainless steel 304,
both of thickness 0.1 mm, were studied. Holes were laser cut, and the two
plates were welded together by an IPG 1000 W fibre laser with Ar as shielding
gas and N as root gas. The sample preparation was performed at a commercial
facility.

3.2. Electrochemical experiments

Electrochemical cells have been used for electrodeposition, performance, and
corrosion testing. In all cases, Pt has been used as a counter electrode and
Ag/AgClin a 3 M KClI solution has been used as a reference electrode unless
stated otherwise.

Electrodeposition

Electrodeposition of PtNi and PtNiMo nanoparticles was performed in an
electrochemical cell. The Freudenberg GDL was taped with Kapton tape onto
a copper plate to form the working electrode. After some optimisation of the
deposition parameters to achieve the desired composition with as small a
particle size as possible, a pulsed current electrodeposition process was
decided upon. It was found that a stabiliser in the form of citric acid was
needed upon adding Mo to the electrolyte to increase the Mo content by
complexing. All process parameters are given in Paper 2.

Catalytic performance

The electrodeposited catalyst was first activated by cycling the potential, and
the activity was measured by cyclic voltammograms (CV) and linear sweep
in 0.5 M H2SOs. To be comparable to the literature results, the experiment was
repeated for some samples in 0.1 M HCIOs.

Corrosion

Both potentiostatic and potentiodynamic polarization has been performed to
study the stability of coated metallic samples in an electrolyte to simulate the
PEMFC environment. Prior to the potentiodynamic polarization curves, the
OCP was measured. The duration of the OCP measurement depended on the
sample and how long it took to reach a stable OCP. The potentiodynamic
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polarization has been carried out from 50 mV below the OCP to 1 V vs
Ag/AgCl or higher. Potentiostatic polarization was performed at 0.6 and 1.5
V vs Ag/AgCl to simulate the PEMFC and the PEM water electrolyser,
respectively. All experiments have been performed at room temperature.

For paper 4, both potentiodynamic and potentiostatic polarization was
performed in 0.05 M H,SOs.

For paper 5, 0.5 M H,SO4 was utilised as an electrolyte in both the standard
electrochemical cell and the electrochemical micro-cell (Figure 17). The
electrochemical cell for the flow plate was designed to fit the gasket groove
of the flow plate. The electrochemical microcell was mounted with a glass
capillary of 800 um in diameter. The capillary was dipped in silicone to form
the gasket. A Luggin capillary was utilised to connect to the Ag/AgCl
reference electrode.

Luggin capillary
to Ag/AgCl
reference

Pt counter electrode

Glass capillary,

Figure 17: The electrochemical micro-cell utilised, when measuring
on a flow plate.

For paper 6, where bare stainless steel was studied to see the corrosion
resistance of the weld, an Avesta cell was utilised to avoid crevice corrosion
under the gasket. The electrolyte was 1 mM H>SO4 with 2 ppm of fluoride
added as NaF, and N, was bubbled through the electrolyte to remove dissolved
0. A summary of the experiments performed in electrochemical cells can be
found in Table 2.
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Table 2: The details for all experiments performed in electrochemical
cells.

Analysis Paper Sample Electrolyte Area
Electrodeposition 2 GDL Metal salts 4 cm?
Catalyst activity 2 GDE 0.5MH,SOs 4 cm?
Catalyst activity 2 GDE 0.1 MHCIOs 4 cm?
Potentiodynamic 4 CrFeNiTa/W  0.05M H,SOs 4 cm?
Potentiostatic 4 CrFeNiTa 0.05 M H,SO4 4 cm?
Potentiodynamic 5 C/Ti/SS316L 0.5 M H,SO, 1.1/ 3 cm?
Potentiodynamic 5 C/Ti/SS316L  0.5M H,SOs 0.5 mm?
micro-cell

Potentiodynamic 6 SS304 1 mM H,SOs+ 1 cm?
Avesta cell 2ppm F-

3.3. PEMFC single cell

A PEMEFC single cell with metallic flow plates was used for the PEMFC
experiments (Figure 18). The flow plates were described in section 3.1. The
active area of the flow plates was 2.9 cm?.

GDEs with 0.3 mgp/cm? from Fuel Cell Store were used on both the anode
and cathode. In Paper 2, the cathode GDE is exchanged for Freudenberg GDL
with PtNi and PtNiMo nanoparticles electrodeposited on the MPL. A Nafion
212 membrane was utilised in all experiments. To ensure proton conduction
when operating with the electrodeposited catalyst, the GDEs were hot pressed
at 110°C and 5 bar pressure to form the MEA. The Nafion 212 membrane and
commercial GDE were purchased in a batch at the beginning of the work, and
the same batch has been utilised across the different papers.
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Figure 18: The PEMFC single cell utilised, mounted in the test station.
Connected at gas inlet and outlet, and with electrical wires.

The single cell was assembled with the compression ensured by four screws,
and the cell was tested in a Greenlight Innovation Inc. G20 test station with a
built-in load bank and potentiostat. The inlet gas temperature was set to
80£5°C and the dew point to 65+1°C, giving a relative humidity (RH) of
52+10% unless stated otherwise.

In paper 2, the PEMFC was potentiostatically cycled between 0.6 and 0.9 V
with a cycle time of 16 seconds, deviating from the standard catalyst cycle in
the maximum potential as it was observed that the cells with the
electrodeposited catalyst could not reach 1 V.

In paper 5, the effect of load cycle and relative humidity was studied. Three
different load cycles were applied, all with the same average current density.
One held a constant current, the second had a square wave, and the third had
a triangle wave. The cycle time for the triangle and the square was the same.
The cells were shut down and restarted once a week. Lastly, the triangle wave
cycle was repeated at a higher relative humidity of 80%. The total test duration
for the tests was 500 hours.
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3.4. |Interfacial electrical contact resistance
measurements

ICR measurements were performed in the test rig shown in Figure 19. The
probes are made of brass with a gold coating on the contacting surface. An
Agilent 34420A resistance meter measured the resistance, and a scale was
used to measure the applied force. All ICR measurements were performed in
aroom with 23 + 2°C and a humidity of 14 + 3%RH.

A Freudenberg H23 carbon paper that has no PTFE treatment and no MPL
was used for ICR measurements.

Resistance
meter

Figure 19: The test rig for ICR measurements

3.5.  Environmental durability

The NiP and NiSn on Al were tested in a climate chamber and by mixed gases.
Both tests were chosen from the IEC 60068-2 standard'4>!46, The climate
cycle in IEC 60068-2-38 was adapted to PEMFC applications by increasing
the maximum temperature to 85°C to match the operating temperature of the
PEMFC while keeping the -10°C minimum temperature. A total test duration
of 10 days was chosen.

Method 4 for mixed gas cycling was chosen from IEC 60068-2-60 to take into
account any possible industrial or traffic environment in which a PEMFC can
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be placed, with a duration of 21 days. In the test, the chamber is vented with
H.S, NO», Cl; and SO, at 25+1°C and 75+3%RH.

Both flat samples and a prototype screw connection (Figure 20) were tested in
the climate cycle. In contrast, only flat samples were tested in the mixed gas
chamber as the prototype test rig was not sufficiently inert to sustain the more
aggressive cycle.

[
I |

=TT

&

L]

Figure 20: Schematic illustration and a photograph of the prototype
screw connection. The blue squares are NiP or NiSn-coated samples,
the grey parts are insulation, the white are stainless steel, and the
striped are the disc springs utilised to control the compression.

3.6. Materials characterisation

The materials in the project have been characterised by light optical
microscopy (LOM), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), dependent on the size of the studied features in
descending order. In the SEM, energy dispersive x-ray spectroscopy (EDS)
has been utilised to analyse the chemical composition of the samples. For
coated samples, EDS was performed on the cross-section to avoid the
influence of the bulk material on the results. Electron backscatter diffraction
(EBSD) was utilised to characterise the grain structure and phase composition
of the welded stainless steel plates.
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For accurate chemical analysis of the electrodeposited nanoparticles, the
GDLs with the particles were dissolved in aqua regia, and the solution was
analysed by inductively coupled plasma mass spectrometry (ICP-MS).
Surface analysis of coated and corroded samples has been performed by x-ray
photoelectron spectroscopy (XPS) to analyse the composition of the surface
layer only. X-ray diffraction (XRD) is utilised to study the crystal structure.

Which analytical techniques have been applied for which sets of samples are
summarised in Table 3.

Table 3: Overview of the experimental procedure for each set of
metallic samples for bipolar plates

PtNi/ NiP/NiSn CFNT on Precoated Welded
PtNiMo on Al SS316L SS316L SS304

In paper 2 3 4 5 6

LOM + roughness X X

SEM

TEM

XRD

X | X | X | X

XPS

X | X | X | X | X

ICR X

Catalytic activity X

Potentiodynamic X X X
polarization

Electrochemical X
micro-cell

Environmental X
durability

Potentiostatic X
polarization

In-situ PEMFC X X
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4. Results and discussion

4.1. Electrodeposited Pt-Ni and Pt-Ni-Mo

Electrodeposition as a synthesis method for the PEMFC cathode catalyst
facilitates the testing of new alloy compositions in the PEMFC. In paper 2,
electrodeposition of Pt-Ni and Pt-Ni-Mo is studied. SEM micrographs show
that the produced Pt-Ni particles have an average particle size of ~40 nm with
an even particle size distribution, while the Pt-Ni-Mo have a mix of small and
large particles, with the smaller in the same range of the Pt-Ni and the larger
up to 80 nm. Figure 21 shows a representative selection of the catalysts
synthesised. The cross-sectional SEM micrograph shows that the catalyst
layer has a thickness of less than 0.5 um (Figure 22). This shows that even
though the whole GDL was immersed in the electrolyte, the hydrophobicity
of the MPL, and the directional nature of the electrodeposition process,
ensured that the electrodeposition occurred only on the top surface. This
facilitates proton conduction to the membrane, and it is therefore chosen not
to add ionomer before the PEMFC test. However, it limits the amount of
deposited material.

The results from the ICP-MS of fully dissolved GDEs reveal that the
composition of the Pt-Ni varies from 20-33% Ni. The Pt-Ni-Mo has a more
varied composition, with two samples rich in Pt and low in Mo and two
samples more Ni-rich, with moderate Mo content and little Pt. The loading is
two orders of magnitude below the commercial reference at 0.9-7.4 pg/cm?.
The XPS data show that while Pt and Ni are found primarily in their metallic
state, Mo is not fully reduced during the electrodeposition. Furthermore, the
Pt-Ni-Mo samples have low current efficiency of the electrodeposition
process of only 2-12%, compared to 25% for the Pt-Ni.

The CVs of the catalysts in 0.5 M H>SOs indicate that the Pt-Ni-Mo samples
have a somewhat higher active surface area as compared to the Pt-Ni (Figure
23). It should, however, be considered that the loading varies.
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Pt.Ni,,Mo,,

Figure 21: SEM images of three representative samples PtsoNix (a
and b), PtzsNi>1Mo+ (¢ and d), and PtsNizsMoz; (e and f) both before
and after AST.
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Figure 22: A cross-section of the MEA with the PtesNis2Mo+ catalyst
after hot-pressing
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Figure 23: The CVs of the electrodeposited (a) PtNi and (b) PtNiMo
catalyst measured in 0.5 M H2SOg4 at 25°C and a sweep rate of 50
mVy/s.

In the in-situ PEMFC tests of the catalysts hot pressed onto a Nafion 212
membrane all samples show similar performance (Figure 24a). Due to the low
loading, low current densities are achieved. Still, stable performance allowed
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for running 20 000 AST cycles between 0.6 and 0.9 V. The most common
AST for the catalyst is cycling between 0.6 and 1.0 V. However, it was
observed in the initial testing that none of the cells reached above 0.9 V, so it
was decided to limit the AST cycle. Figure 24b shows that there is a significant
loss of performance during the first half of the AST. However, the
performance stabilised and was almost unchanged for the last half (Figure
24c). The loss in performance is similar for all samples. The results fit well
with the literature stating that a larger loss of performance is observed at the
beginning of life, as unstable catalyst sites are dissolved. After some time, the
particles are more stable. Thus, the performance stabilises.
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Figure 24: The PEMFC polarization curves of a representative
selection of the electrodeposited catalyst after activation and after
10 000 and 20 000 AST cycles. Each potential was held for three
minutes, averaging the last minute for the measurement.

SEM images of the particles after the AST show a reduction in the size of the
particles as well as a reduced number of particles (Figure 21), although it
should be considered that some particles may adhere to the membrane or be
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lost during the detachment. The sample with the lowest amount of Pt,
PtsNizsMoo1, appears to have the greatest loss of catalyst material. Still, the
performance in the PEMFC after 20 000 cycles is equal to the other alloys,
showing high activity of the particles that are left.

With regards to research question 1, this show that electrodeposition can be
utilised for catalyst synthesis and allow a high degree of flexibility in alloy
composition also for more complex alloys. The facile synthesis gives the
opportunity to quickly screen new catalyst alloy nanoparticles directly in the
PEMFC to complement screening in a three-electrode electrochemical cell.
However, a reduction in particle size and an increase in loading is needed to
be able to compare the performance of the PEMFC to the commercial catalysts
available.

With regard to research question 4, the degradation mechanism of the catalyst
particles cannot be determined fully from the presented work. What can be
said is that with low Pt loading, the particle size reduces significantly,
indicating that these alloys are prone to dissolution. The low loading and loss
of material during detachment of the GDE from the membrane, unfortunately,
hinder further chemical analysis of the catalyst after in-situ testing.
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4.2. Effect of passivation on the ICR

The measurement of the ICR for PEMFC bipolar plates has been described by
several authors in the literature®®!%¢1% However, although the set-up of the
measurement is detailed in the literature, the procedure of obtaining the
measurement data is not equally well described. The GDL will be both
plastically and elastically deformed during the measurement. Over time, there
will be some relaxation, so the pressure will decrease. It is, therefore,
important that the same procedure is followed regarding the type of GDL and
compression of the GDL so that the GDLs used in different measurements are
in an equally mechanically deformed state. A procedure for this is the goal of
the following work. Furthermore, the developed procedure is utilised to
measure the ICR of both aluminium samples with NiP and NiSn coatings and
stainless steel 316L with CrFeNi coatings with varying Ta addition. Relevant
accelerated ageing tests have been performed for each set of samples, and the
effect on the ICR is investigated.

4.2.1.  Characterization of the coated samples

Prior to measuring the ICR, the surfaces of the samples were analysed with
respect to surface roughness and chemical composition.

NiP and NiSn on aluminium

The coated aluminium substrates in paper 3 were studied first with the digital
optical microscope to obtain the surface roughness. Subsequently, cross-
sections were cut to study the thickness and composition of the coatings by
SEM and EDS. The electroless NiP has a phosphorous content of 11 wt%,
thus falling into the category of high P, as intended, and a thickness of 8.8 um.
The electrodeposited NiSn has a Sn content of 72 wt% (56 at%) and a
thickness of 2 pm. All samples have a roughness, Sy, of about 0.9 pm, which
is found to originate from cutting or grinding of the substrate prior to the
deposition.

CrFeNiTa and CrFeNiW on stainless steel

In Paper 4, the effect of Ta and W additions to a CrFeNi coating on the passive
behaviour at higher potentials as well as the ICR, is studied. The composition
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of the coatings after PVD is determined by XPS. Ta contents of 11, 13, 15 and
25 at% and W contents of 13, 19, 25, 32, 37 and 45 at% are achieved. In
addition, a pure CrFeNi coating and pure Ta and W coatings as references
have been synthesised. XRD confirms that only the pure CrFeNi sample is
crystalline, while all samples with Ta and W additions are amorphous. The
thickness determined by SEM is between 430 and 680 nm. From the
potentiodynamic measurements of the coatings in 0.05 M H,SOs4, with
subsequent XPS and SEM analysis, it is concluded that only the samples with
more than 15 at% Ta and the sample with 45 at% W show passive behaviour
up to 1.7 V. From XPS analysis it can be seen that Ta is enriched in the oxide
layer, much like how Cr is enriched in stainless steels. At the same time, W is
instead found evenly in the bulk and oxide. Hence, a smaller amount of Ta is
needed to form a continuous Ta-containing oxide layer. Furthermore, the W-
rich oxide appears to be nanoporous. Hence, it is less protective than the dense
Ta oxide. From this, it has been decided that the Ta samples are the most
promising for PEMFC and water electrolyser applications. These coatings
have been reproduced on stainless steel 316L for analysis of the ICR in
pristine and aged conditions.

4.2.2.  Interfacial contact resistance methodology

The first step in understanding the ICR measurement for PEMFC bipolar
plates is to understand the effect of the chosen GDL on the measurement. To
do this, three GDLs were separately and repeatedly compressed between the
same two NiP-coated samples to see how the measurements deviated (Figure
25). It can be seen that for each GDL, the first compression gives dissimilar
curves. However, the second and third compression is on top of each other.
Furthermore, the third measurement for all three GDLs is equal, proving the
repeatability of the measurement. The multiple compressions were performed
by obtaining the first curve from the lowest to the highest pressure, then going
back to the lowest pressure and starting the next curve. The pressure was not
entirely released during the measurement to avoid misalignments in the
repeated compressions. This shows that there is some variance in the initial
response of the GDL, and it is mechanically deformed during the compression.
By repeating the compression, the GDLs mechanical deformation is
normalised, and all GDLs give equal ICR values.
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Figure 25: ICR measurements of the same NiP-coated samples with
three different GDLs and three iterations of compression.

The experiment was repeated for three separate sets of samples for validation.
For all samples, the curve for the first compression gives higher resistance and
more deviation between the three GDLs. The deviation between the three
GDLs is largest at lower compaction force. This concurs with the conclusions
for the first set of samples. When comparing the graph for different GDLs
(Figure 26a) and the graph for different sets of samples (Figure 26b), it is clear
that the standard deviation is larger when comparing different samples.
Furthermore, while the deviation between GDLs becomes smaller at higher
compression force, the deviation between different samples does not reduce
in the same way. It can therefore be concluded that the repeated compressions
reduce the measurement uncertainty that originates from the GDL.
Furthermore, even though the variance in ICR of the GDL still contributes to
the measurement uncertainty, there is also a significant variance between
samples. To account for this, multiple samples should always be measured to
give reliable conclusions on the ICR of different materials and coatings. In the
following work, three sets of samples of each coating are measured.
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Figure 26: ICR measurements performed with the proposed method
plotted with standard deviations a) from three different GDLs and b)
from three different sets of samples.

The setup for the ICR measurements furthermore deviates from that of Wang
et al.”® and Kumar et al.!” in that instead of sandwiching a sample between
two GDLs, one GDL is sandwiched between two samples (Figure 27). This is
done after inspection of the GDL to ensure that the top and bottom of the GDL
are similar. A GDL without any PTFE treatment and without an MPL is
chosen for these measurements to ensure that the top and bottom have equal
resistance. The voltage is measured between the two samples, removing the
need for subtracting a measurement of the probe-GDL ICR as is done in the
reference method. It furthermore allows for the measurement of samples
coated only on one side. Comparative measurements of the reference set-up
and the proposed set-up were performed. The reference method requires five
consecutive compressions, while the proposed method stabilises after only
three. It is therefore concluded that the proposed method shortens the
measurement procedure by removing the need to perform a reference
measurement of only the GDL, as well as requiring fewer compressions to
normalise the GDL mechanically. The proposed method is the method used
for all metal-GDL ICR measurements in the following section.
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4.2.3. |Initial coating comparison

The ICR measurement of all coated samples towards the GDL can be seen in
Figure 28. In these measurements, one GDL is sandwiched between two
coated samples. Only the side towards the GDL is coated for the coated
stainless steel. It is clear that of all the different coated materials, Au-coated
Al has the lowest contact resistance. Al coated with NiP and NiSn and
stainless steel with the pure CrFeNi coating follow and are all in the same
range. With the addition of Ta to the CrFeNi coating on the stainless steel, the
ICR increases, but both 15% Ta and 25% Ta have lower ICR than the
stainless-steel substrate, while the pure Ta coating has the highest ICR of all
samples.

Interestingly, there is a trend where increasing ICR show increasing
measurement uncertainty. For all coatings, three separate sets of samples are
tested, and each set contains two coated samples. Hence, the reported curves
are an average of six samples. Based on the raw data, it appears that there is a
larger likelihood of outliers for the more passive materials. For the pure
tantalum coating, one set of samples measures close to the stainless steel,
hence the large error bars.
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Figure 28: The ICR measurements of all coated samples studied
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ending with the substrate. For the CrFeNi with added Ta, the wt% of
Ta is given.

54



4.2.4.  Ageing CrFeNiTa in H2SO4

The coatings on stainless steel were stability tested in 0.05 M H»SOs, first at
0.6 V to simulate the PEMFC conditions and subsequently at 1.5 V vs
Ag/AgCl to also assess the suitability of the coatings for PEM water
electrolysers. Both potentials were held for 15 minutes. As is shown in Figure
29a, the pure Ta coating shows an initial peak in current during the hold at 0.6
V, but after 120 seconds, all samples show stable current. When the potential
is increased to 1.5 V, the sample with 0% Ta shows a significantly higher
current for the first 150 seconds (out of bounds of the graph) before stabilising
at around 1 mA/cm?, a similar current density to the substrate (Figure 29b).
The samples with Ta addition show stable passive behaviour also at 1.5 V.

From the ICR measurements (Figure 29c¢), it seems that the original oxide
layer of the substrate material is dissolved during the hold at 0.6 V, as the ICR
is reduced. The ICR of the samples with 0 to 25% Ta increase by 33 to 48%,
while the ICR for the pure Ta almost double after the hold at 0.6 V. The ICR
of the sample with the 0%Ta coating is similar to the substrate material after
the hold at 1.5 V. The SEM and XPS analysis confirm that the high current
peak at the beginning of the hold at 1.5 V represents the dissolution of the
coating (Figure 29d). Thus, the final ICR measurement is of the substrate also
for this sample. The ICR for the samples with 15 and 25% Ta increases
significantly after the hold at 1.5 V, and XPS of the surface post-mortem show
an enrichment of Ta in the oxide layer.

Overall, the results show that the CrFeNi coating with the addition of Ta can
be stabilised in acidic environments more aggressive than what can be found
in the PEM cells. The stabilisation is a result of Ta enrichment in the oxide
layer. However, the contact resistance of the coated samples is comparable to
the substrate after 0.6 V, and increases significantly after being exposed at 1.5
V. Thus, further alloy development or an additional, e.g., carbon-based top
coating, is needed to ensure also the low ICR required.
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Figure 29: a and b) the potentiostatic hold in 0.05 M H.SO,at 0.6 and
1.5V, respectively. c) the ICR value at 150 N/cm2 for all samples
initially and after the two potentiostatic holds. d) the composition of
the bulk coating, and surface oxide prior to ageing and after both
potentiostatic holds, determined by XPS for the oxide and EDS for the
bulk.
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4.2.5.  Ageing NiP and NiSn by environmental durability
testing

The current collector plate is, as is shown in Figure 2, at the end of the stack,
and connects to the back of the last bipolar plate, as well as to the power
terminal through a screw connection. It is assumed that the pH at the current
collector plate is neutral. The temperature will, on the other hand, follow the
stack. Furthermore, impurities in the air from the environment around the
stack may greatly influence the degradation of the power terminal.
Environmental durability standards are therefore applied instead of ageing in
H>SO4 for the Al coated with NiP and NiSn as these materials have been
chosen with the current collector as application. Initial measurements of the
ICR were performed between two coated samples, both in the test rig and in
the prototype screw connection. The sample-sample ICR show the same trend
between the coatings as the sample-GDL ICR. The Au coating gives the
lowest, followed by NiP, while NiSn has the highest initial ICR (Figure 30).
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Figure 30: ICR measurements of the pristine samples. The schematic
illustration shows the measurement set-up.
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To assess the suitability of these coatings for the power connection, two
environmental durability tests used for automotive and industrial applications
has been applied. The first is climate cycling, according to IEC 60068-2-38.
The cycle is adapted to the higher operating temperature of the PEMFC. This
test is performed both for the samples and the prototype screw connection.
After the climate cycling, the NiSn and NiP have similar ICR; the NiP has an
increased ICR while the NiSn is unchanged (Figure 31a). As can be seen in
Figure 31b, the surface of the NiP and NiSn samples darkens significantly
from pristine to after the climate cycle. Interestingly, the trend is the opposite
for the screw connection, where the ICR decreases after climate cycling
(Figure 31c). Corrosion products are still be observed on the surface of the
coated samples in the screw connection, but thermal expansions during the
cycle can cause sufficient pressure to penetrate the oxide layer at the contact
points, thus decreasing the ICR.
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The samples furthermore were subjected to mixed gas cycling. Method 4, the
most aggressive cycle, has been chosen from the IEC 60068-2-60. A
significant increase in ICR is observed for the NiP coating, while the coating
with NiSn still appears unchanged. It is evident from Figure 30b that the NiP
visually appear darker after exposure to mixed gases, while the NiSn looks
similar after the two different environmental durability tests. This shows that
the NiSn passive layer is more electrically conductive than the NiP passive
layer after environmental durability testing.

4.2.6. Conclusions on ICR measurements and the effect of
passivation on the ICR

Research question 2 focuses on how to reliably and validly measure the ICR.
The results show that the uncertainty due to differences between pieces of the
GDL can be reduced by performing several consecutive compressions. By
switching the order of the GDLs and samples, a reduced number of
consecutive compressions are needed. It furthermore enables ICR
measurements of the PVD-coated stainless steel that was only coated on one
side of the sample. In contrast to the reference method, the ICR is obtained by
a direct measurement instead of calculated from the difference between two
measurements. This both simplifies the measurement and reduces
uncertainties.

In addition to measuring the samples in their initial state, ageing both in
sulfuric acid and according to environmental durability standards was
performed. In both cases, the importance of choosing the most similar
durability test to the real application is demonstrated as samples showing the
lowest increase in ICR after the mildest of the tests failed entirely in the more
aggressive test.
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4.3. Localised corrosion on bipolar plates

4.3.1.  Precoated flow plates

Characterisation

The flow plates with the commercial Sandvik Sanergy LT coating that has
been hydroformed are studied in paper 5. SEM analyses performed both on
the top and the etched cross-section are shown in Figure 32. EDS results
indicate that the coating contains C and Ti. From the top view, parallel lines
in the coating with a spacing of 1-2 um can be seen (Figure 32a). As the
coating is thin, the grain structure of the substrate can be seen through the
coating. The lines appear to pass grain boundaries without any change in
direction on the land area, indicating that these are cracks solely related to the
coating. From the cross-section, the bilayer structure of the coating can be
seen (Figure 32b), with a total thickness of 100 nm. The cracks primarily
penetrate the top layer of the coating, while the bottom layer appears intact or
with some necking. At the inlet and outlet (Figure 32d), similar lines can be
seen. Here, however, a dependence on the underlying grain structure is seen,
and the defects may originate from slip bands in the stainless steel.

Around the inlet and outlet holes, particles appear on top of the coating (Figure
32 ¢ and d). EDS measurements confirm that these particles have a
composition similar to the substrate but with increased oxygen content. Due
to the directional distribution of the particles away from the inlet and outlet
holes, it is concluded that they originate from laser cutting.
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Figure 32: a) Top view of the land area, b) Cross section of the
coating, showing that the top coat layer is cracked while the bottom
layer is intact or with only minor cracks, c¢) and d) the particles on top
of the coating close to the laser cut inlet.

Electrochemical characterisation

Figure 33 shows the potentiodynamic polarization curves of the coated flow
plates, coated flat samples and the uncoated SS316L flow plates. Prior to the
polarization curve, the OCP was measured to determine the starting point. The
coated plate shows a stable OCP at 0.36 V vs Ag/AgCl, while the stainless-
steel plate initially showed an OCP of 0.2 V, but after an hour in the
electrolyte, the OCP stabilise at -0.2 V as expected. Still, during the
polarization curves, multiple corrosion potentials are observed. The
potentiodynamic polarization curves show that the coated flow plate has a
higher corrosion potential as compared to bare stainless steel. However, the
flat sample shows an even higher corrosion potential, indicating that there are
defects in the coated flow plate that causes a mixed potential between the
coating and substrate to be measured. Both the coated and bare flow plates
show a transpassive behaviour, the bare at 0.9 V and the coated at 1.0 V. The
coated flat sample does not show any transpassive behaviour. This again
points towards the coated flow plate having exposed substrate, most likely
related to the metal droplets at the inlet and outlet and possibly also in the line
defects.
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Figure 33: Potentiodynamic polarization curves of the bare and
coated flow plate, in addition to the flat coated samples in 0.5 M
H>SO4. Measured with a sweep rate of 0.1 mV/s.

By utilising the electrochemical micro-cell, see Figure 34, it can be seen that
the metal oxide particles at the inlet and outlet have similar corrosion potential
to stainless steel. In contrast, the land area of the flow plate has a corrosion
potential and current density of a protective coating. This confirms that when
measuring the whole plate, as is done in Figure 33, a mixed potential between
the coating and the droplets at the inlet and outlet is measured.
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Figure 34: The potentiodynamic polarization curves from the
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inset image.
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In-situ PEMFC test

Three different load cycles and two different humidity levels were tested to
see the effect on the flow plate corrosion. All cells went through multiple shut-
downs and start-ups. At each start-up, both sides were purged with nitrogen.
No significant difference in PEMFC performance can be seen between the
different load cycles (Figure 35). The increased humidity gives better initial
performance but quickly results in increased mass transport limitations.
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Figure 35: The PEMFC polarization curves for the cell run with the (a)
Constant, (b) Square and (c) Triangle load cycles, and (d) the
Triangle load cycle repeated at higher RH. Each potential was held
for three minutes, averaging the last minute for the measurement.

SEM micrographs of the flow plates post-mortem show corrosion attacks on
the land areas of the anode plates for all cells. For the cell run at 80% RH,
corrosion attacks can also be seen in the flow field. Upon closer inspection,
the minor corrosion attacks consist of lines of small circular pits (Figure 36).
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The lines appear similar to the lines defects in the coating seen on the land
area in Figure 32a. The cracks of the coating run through the centre of the pits,
but the rest of the coating appears intact on the surface, with the substrate
corroded underneath. This indicates that the corrosion of the substrate is
initiated in the cracks. After the initiation of the corrosion, the crack in the
coating will limit diffusion to the cavity, and it will continue to grow as a pit.
In the more significant corrosion attacks, the pits appear to have grown into
each other to form larger trenches and cavities, and the coating is detached
due to the lack of a supporting substrate.

Figure 36: Overview (a) and close-up micrographs (b and c) of the
corrosion attacks on the precoated flow plates on the land area after
the constant load cycle.
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The metal droplets at the inlet and outlet that in the electrochemical
measurements are pinpointed as a possible source of corrosion do not corrode
in the PEMFC. Based on the electrochemical micro-cell results, the potential
difference required for galvanic corrosion is present between the droplets and
the coating. However, the plates are vertical when mounted in the PEMFC,
and it is therefore assumed that there is no water present at the inlet and outlet.
As the areas with the droplets do not have contact with the GDL, the same
stabilising effect of the pores is not seen, and the droplets are, therefore, not
corroded.

Summarising discussion

From the electrochemical measurements, it is clear that there is a significant
difference in corrosion potential between the coating and the substrate.
Although the cracks studied by SEM in the cross-section are not penetrating
down to the substrate, necking of both coating layers is observed. Thus, cracks
penetrating down to the substrate cannot be dismissed when considering the
whole plate. The potential of the flow plate in the electrochemical cell
indicates a mixed potential between the substrate and the coating. In the
PEMFC, where all cells went through start-up and shut-down events,
condensation on the flow plate surface is likely. With water on the surface, a
crack down to the substrate may cause galvanic corrosion due to the potential
difference between the two materials. Since the area of the coating surface is
significantly larger than the area at the bottom of the crack, the anodic current
density will be equally higher. It appears from the location of the corrosion
attacks that the GDL may stabilise water droplets on the surface. It is on the
land area, where the flow plate is in contact with the GDL, that the corrosion
occurred for the cells run at low relative humidity. After the corrosion is
initiated, it continues to grow as a pit. When the relative humidity is increased
to 80%, corrosion attacks can be found at the bottom of the flow field as well.
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4.3.2. Laser welded stainless steel

Welds are required in the bipolar plate active area if the half plates are not
coated on both sides. Welds can, however, be a critical point when it comes
to localised corrosion due to changes in the microstructure after welding. In
the following section, and in paper 6, the corrosion resistance of laser welded
stainless steel 304 is studied.

Microstructural characterisation

From optical micrographs, it can be seen that the top of the weld forms a wide
semicircle, while the bottom has two grooves with a thinner hemisphere in the
centre. Furthermore, some particles can be seen on and around the weld at the
bottom. The total width of the weld is approximately 150 um. EBSD of the
cross-section shows that the grains go from equiaxed to more columnar grains
in the weld (Figure 37), with a line of smaller grains in the centre of the weld.
All grains are identified as FCC, so the austenite phase is kept also after the
welding process. No compositional change from the bulk material to the weld
can be measured by EDS.

Figure 37: SEM micrograph of the cross section of the laser weld.
The insert is the EBSD scan showing the transition from equiaxed to
columnar grains.
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Potentiodynamic polarization

Potentiodynamic polarization has been performed in the Avesta cell to avoid
any crevice corrosion, and the samples were immersed for 24 hours prior to
the measurement to ensure that the OCP is stable. The polarization curves of
flat stainless steel samples and samples containing the weld have similar OCP
(Figure 38), and all show stable passive regions up to 0.8 V vs Ag/AgCl. After
0.8 V, there is a small peak related to the change in the oxidation state of Cr.
This peak is larger for the welded samples as compared to the flat. No
difference can be seen in the SEM when comparing micrographs from before
and after the polarization (Figure 39), indicating that the reaction occurring
both in flat and welded samples is related to changes in the passive layer.
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Figure 38: Potentiodynamic polarization curves of samples both with
and without welds. The measurements were performed in an Avesta
cell with a sweep rate of 0.1 mV/s, and the electrolyte was 1 mM
H>SO4 with 2 ppm F.
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500 um

Figure 39: SEM micrographs of the weld before (a) and after (b) the
potentiodynamic polarization.

Surface analysis

To wunderstand why no corrosion is observed on the surface after
potentiodynamic polarization, and why the current is higher for the sample
with the weld, XPS is performed on both pristine and corroded samples. The
results show that the weld of the pristine sample has a thicker and more Cr-
rich oxide layer as compared to the bulk. After potentiodynamic polarization,
the surface of the weld is still more Cr-rich than the bulk, although the
difference between the two is smaller. Furthermore, the oxide layer on both
the weld and bulk for the corroded sample are thinner than the bulk of the
pristine, with the bulk of the corroded sample having the thinnest oxide layer
of all studied areas. This does give some explanation as to why no corrosion
attacks are seen. The Cr-rich oxide on the weld may, in fact, improve the
passivity of the surface. During the potentiodynamic polarization, the thick
oxide layer dissolves at the potentials where Cr has a change in oxidation state.
Still, both the welded and flat samples showed low current densities even at
higher potentials, and no corrosion attacks can be found by SEM. The XPS
show that the oxide film is changed so that the oxide film on the weld and bulk
are more similar after the corrosion test. All in all, these results do not indicate
that exposing a weld in the flow field of a PEMFC will cause corrosion.
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XPS data.

4.3.3. Conclusions on localised corrosion

Research question 3 focuses on critical points for localised corrosion on
metallic bipolar plates for PEMFCs. In the work performed, three different
local defects or critical areas are identified; oxide-containing droplets from
laser cutting, cracks in the coating in precoated flow plates, and laser welds.

The oxide-containing droplets corrode when measured in the electrochemical
cell and in the electrochemical micro-cell. However, in the PEMFC, the oxide-
containing droplets are stable, as there is no water present at the inlet and
outlet where these droplets are found. This shows that by correct design,
corrosion of these droplets can be avoided.

The cracks in the coating, on the other hand, are not found to be critical in the
shorter immersion tests. However, after several hundreds of hours in the
PEMFC, corrosion attacks are found on the land areas. The initiation points
for the corrosion attacks are identified as the cracks. The rest of the coating
remains on top of the corroded substrate until the corroded pit grows so large
that the coating has no substrate for support. A mechanism for corrosion
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initiation is proposed based on results from both in-situ and ex-situ
experiments and analysis after corrosion. In this way, also research question
4 is addressed. This shows that defects in the coating down to the substrate
must be avoided and are critical when found on the land. Also here, the
solution lies in the correct design to limit the deformation and, by that, avoid
defects.

Lastly, laser-welded 304 has been studied. During the welding process, there
is a risk of segregation of the alloying elements, and there may be partial
oxidation, as was found for the droplets after laser cutting. However, as the
laser welding is performed in a protective atmosphere, no difference in
composition can be seen, and the oxide layer on the weld is enriched in Cr.
The potentiodynamic polarization curves show little difference between
samples with and without welds. The laser welds, when performed under a
protective atmosphere, do, therefore, not constitute a risk point for localised
corrosion in the PEMFC environment.
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5. Conclusions and future work

A challenge when performing research on complex systems, such as the
PEMFC, is to know how to measure correctly, and be sure of what it is that is
being measured. In this thesis, focusing on the corrosion of the metallic
components in the PEMFC, both the catalyst, bipolar plate, and current
collector plate have been studied. In most cases, both ex-situ and in-situ
measurements are performed. In several cases, the results from flat samples
tested ex-situ differ from the in-situ measurements.

The measurement methodology for the ICR is described only shortly in the
literature. Issues such as time dependency and mechanical deformation and
relaxation of the GDL can have a great effect on the results from the
measurement. Still, the methodology described gives no guidance on how to
minimise uncertainties arising from these issues. In paper 3, the mechanical
deformation of the GDL and its effect on the ICR are documented. A novel
measurement methodology to minimise uncertainties arising from the GDL
deformation is suggested. Furthermore, the proposed methodology allows for
ICR measurements on samples coated solely on one side and removes the need
for subtracting a reference measurement. To conclude, the proposed
methodology reduces measurement uncertainty while simplifying the
measurement procedure.

The ageing of NiP and NiSn coatings on Al showcases the importance of the
correct choice of durability test and the difference between testing flat samples
and a prototype. The NiP shows only a slight increase in ICR after the
temperature and humidity cycling, and based solely on these results, the
additional cost of adding the NiSn may not be needed. However, there is an
order of magnitude difference after ageing in a gas mixture, where the NiSn
coating is superior. The conclusions from the climate test are, therefore, not
valid for the same samples after mixed gas exposure. Furthermore, while there
is an increase in ICR for the flat samples after the temperature and humidity
cycling, the ICR of the prototype screw connection is reduced. This shows
how the corrosion, when isolated, may cause an increase in ICR. Still, when
combined with mechanical wear due to the thermal expansion of the
components in the screw connection, the trend is the opposite. This show that
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there is a value in making sub-systems in the testing process for new materials
for the PEMFC.

For the electrochemical measurements, both different concentrations of
H>SO4 and different potentiostatic holds have been studied. While high
potentials have been studied in earlier literature based on measurements over
the whole cell, more recent literature points towards the potential being lower
on the bipolar plates. The results from paper 4, where one coating shows the
lowest increase in ICR after a hold at 0.6 V while the same coating completely
dissolves after a hold at 1.5 V, show the importance of not choosing a higher
potential than relevant. At the same time, additional in-situ measurements to
confirm that the bipolar plate under no circumstance reaches a higher potential
are also required to ensure that the test is not too mild.

The electrochemical measurements in papers 5 and 6 are performed at two
different concentrations. In both cases, unpolished stainless steel is tested.
Even though it is different steel grades, the corrosion potential is expected to
be similar. However, the polarization curves look very different between the
flow plate in paper 5 and the welded samples in paper 6. When starting to
measure the OCP, the potential was relatively high for both samples, around
0.4V vs Ag/AgCl. However, while the 304 in 1 mM H,SOj stabilised at 0.12
V, the OCP for 316L was measured to be -0.2 V in the 0.5 M H,SOs, similar
to what is measured for polished samples in literature. This shows that the
more concentrated solution can break down the passive layer, while
measurements in lower concentration measure the passive film. Again, it is
important not to choose a more aggressive solution by increasing the
concentration and thus lowering the pH, as the electrolyte can destabilise the
sample in a way that is not relevant for the PEMFC. At the same time, further
studies to ensure that there never is a humid layer on the surface of the PEMFC
bipolar plates with lower pH are also needed.

Furthermore, the results have pinpointed some key elements to keep in mind
when designing bipolar plates for PEMFCs to avoid corrosion. First of all,
defects will form in the coating if it is deformed too much when working with
pre-coated materials. Defects penetrating down to the substrate must be
avoided. It is, therefore, key to design the flow field to minimise the
deformation of the coating, especially on the land areas. Second, around areas
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that have been laser cut, particles of the metal that have partially oxidised can
be found. These can dissolve upon contact with water inside the PEMFC. It
is, therefore, important to optimise the cutting process to minimise the amount
of these particles and to design the plates in a way that these particles are
outside of the active area of the PEMFC, and at least not on the land area. The
latter is the case for the flow plates in the current work, which proved
sufficient to avoid corrosion in the PEMFC. Lastly, it is found that the weld
in high-quality stainless steel, such as the 316L, is not a source for corrosion
in the PEMFC. This opens up the possibility of exposing the bare stainless
steel to a much larger degree, although the ICR on the land still needs to be
addressed.

As for the catalyst studied in paper 2, the electrodeposition of a ternary alloy
is successfully performed. Further optimisation can lead to better control of
the alloy composition. The loading of the electrodeposited catalyst is very low,
making the measurements in the PEMFC unstable. Literature references have
reported higher loading, so here further optimisation is needed for the specific
alloy to ensure sufficient loading to get comparable results.

Based on the conclusions from work performed in this thesis, here are some
recommendations for future studies:

e Comparative studies of results from ex-situ tests in simulated PEMFC
environments with measurements from in-situ PEMFC stacks or short
stacks will further confirm the validity of the simulated environments.
Most in-situ measurements are performed in single cells, where the
flow, current and temperature distributions will differ from the full-
scale system.

e Studies comparing ICR measurements with different types of GDLs
can further elucidate the impact of GDL on the ICR measurement and
on the ICR in the PEMFC.

e Further ICR methodology studies should be performed, comparing
results between different measurement setups to validate the proposed
methodology further.
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Studies of welded bipolar plates with different types of coatings
applied after the welding, both exposing the flow field and with full
coverage, can give further input to bipolar plate manufacturing
strategies.

Multicomponent alloys give the possibility of tailoring the properties
of the coating, and further studies on alloy development following the
principles from paper 4 can result in cost-effective coating for
PEMFCs.

Further studies on how to control the electrodeposition process on the
heterogeneous carbon structure of the MPL are needed for more
widespread utilisation of electrodeposition as a synthesis method for
PEMFC catalysts.
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Durability Evaluation of PEM Fuel Cell Components

Proton exchange membrane fuel cells (PEMFCs) are used to convert hydrogen and oxygen to
electricity, heat, and water. There are no greenhouse gas emissions, given that the hydrogen
is produced from renewable sources, such as water electrolysis from wind, hydro or solar
energy. PEMFCs can be found on the commercial market today, predominantly in applications
such as forklifts, passenger cars and combined heat and power units. The PEMFC is a new
technology, and there are hurdles to overcome, mainly with regard to price and durability.

In this work, two PEMFC components are the main focus: the bipolar plate and the catalyst. For
the bipolar plate, the effect of defects from fabrication is investigated to further understand
the critical factors for corrosion and how to avoid it. Droplets from laser cutting and cracks
in the coating due to the forming of pre-coated plates are both identified as possible sources
of corrosion. However, by correct design, both can be avoided or made less critical. Laser
welding stainless steel 304 is, on the other hand, found not to be a source of corrosion
under simulated PEMFC bipolar plate conditions. Furthermore, tailoring the properties of a
multicomponent alloy coating by additions of Ta and W is explored to stabilise the coating at
higher potentials in the acidic environment of the PEMFC. Ta is found to achieve a protective
passive layer at a lower concentration than W. However, it does significantly increase the
interfacial contact resistance. One-step synthesis of a ternary alloy by electrodeposition is
studied for the catalyst to allow for facile screening of new alloy compositions, both in- and
ex-situ. The ternary alloy gives comparable results to the binary alloy even at lower Pt content.

As the PEMFC has entered the commercial market relatively quickly, there is a lack of
standardised tests, both on the component and system level. The procedure for testing the
interfacial contact resistance of the bipolar plate is studied in detail, and the methodology is
further developed to ensure reliable and comparable results.
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