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Abstract

Appealing and economically viable electric vehicle offers are pivotal for transitioning global en-
ergy provision to renewables. In this context, fuel cell electric vehicles utilizing polymer electrolyte
membrane fuel cells (PEMFCs) emerge as a promising alternative to battery electric vehicles.
However, commercialization of PEMFCs necessitates a reduction in production and development
costs. This study aims to broaden the scope of electrochemical impedance spectroscopy (EIS)
to accelerate fuel cell testing and reduce the associated development and production costs of

PEMFCs.

A novel, cost-effective setup for spatially resolved EIS within automotive-sized PEMFCs was
developed, bridging theoretical simulations with practical fuel cell applications. The results reveal
correlations between high current density regions and decreased proton resistance, which we
attribute to elevated water production, with relative humidity playing a moderating role. Moreover,
lowering the cathodic stoichiometry accentuates mass transport issues at the air outlet, while
anodic stoichiometry influences performance only below a threshold value of 1.2.

Notably, we report, for the first time, localized degradation patterns during PEMFC cold starts,
attributing voltage degradation to carbon corrosion and ionomer degradation. Realistic tempera-



ture gradients during cold start cycling manifest in reduced current density and proton resistance

in regions subject to the lowest temperatures.

Emerging as fast and non-destructive quality testing strategies in PEMFC production, EIS con-
ducted at low hydrogen concentration offers valuable insights into fuel cell processes. This
study introduces a novel equivalent circuit model to analyze impedance spectra under low hydro-
gen partial pressures. The proposed model effectively characterizes impedance responses and
explains the performance decline observed at reduced hydrogen concentrations. Specifically,
reduced hydrogen availability at the anode introduces reaction losses, subsequently affecting
potential changes and influencing cathode processes. These findings suggest that impedance
spectroscopy at low hydrogen partial pressures could be a dependable fuel cell quality control

tool.

This investigation extends the understanding of EIS through spatially resolved analyses, local
degradation phenomena, and the impact of reduced hydrogen concentrations. Collectively, this
work showcases EIS as a cost-effective asset in development and production and its potential to

advance PEMFC commercialization.
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1 Introduction

1.1 Climate Change and Green Transport

Transitioning away from fossil fuel combustion emerges is a central challenge facing humanity: Air
pollution from fossil fuel combustion leads to rising cardiovascular and respiratory mortality rates
[1-4]. Global warming, linked to greenhouse gas emissions, is causing substantial changes in our
climate system [5—7], and extreme weather events, including but not limited to floods, droughts,
tornadoes, and hurricanes, are increasing in frequency and severity [8—10]. As commonly under-
stood today, the human-caused rise in greenhouse gas concentration in the earth’s atmosphere
leads to a substantial increase in the planet’s mean temperature (see Figure 1.1 (a) and (b)) [11—
14]. Scientists predict further catastrophic events and economic damage if we do not respond

promptly with significant transformations in all sectors of our life [15—18].

In a concerted effort to mitigate climate change and its consequences, the United Nations (UN)
has formulated a global response. Embodied within the Paris Agreement is a consensus among
all UN member states to constrain the temperature increase below 1.5 °C relative to pre-industrial
levels [22]. Achieving this objective necessitates substantial reductions in emissions over forth-
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Figure 1.1 (a) The annual mean global temperature deviation from the baseline over 1880-2022. The
baseline is the average temperature between 1951 and 1980. Data source: NASA, 2023 [19]. (b) The
annual global CO, emission from fossil fuel combustion and industry. Data source: Ritchie, Rosado, and
Roser, 2023 [20]. (c) The global renewable power generation capacities installed in 2022. Data source:
REN21, 2023 [21].

coming decades [23]. Consequently, the European Union has introduced the European Green

Deal, pledging to eliminate greenhouse gas emissions within its member states by 2050 [24].

Addressing the challenge of growing energy demands together with the imperative to reduce
greenhouse gas emissions mandates a transition from fossil fuels to renewable energy sources.
Solar, wind, and hydroelectric power installations are increasingly integrated into energy grids.
In 2022, electricity constituted the predominant form of energy output from 98% of the global

installed renewable energy capacity (see Figure 1.1 (c)). [21, 25]

Given the pivotal role of wind and solar energy in a net-zero emission energy landscape, di-
rect or indirect electrification of the industry and transport sectors is crucial [26—28]. Within the
transportation sector, battery electric vehicles (BEVs) represent a viable solution, with the sales
market rapidly growing in recent years [29, 30]. BEVs exceed conventional internal combustion
engine vehicles (ICEVs) in acceleration, demonstrate competitiveness in total cost of ownership

2



estimations, and, most importantly, drive emission-free. Still, challenges must be addressed, in-

cluding the charging infrastructure, long recharging times, and high acquisition costs. [31-33]

1.2 Fuel Cell Electric Vehicles as Second Pillar for Electric

Mobility

Fuel cell electric vehicles (FCEVs) can contribute to the future of electric mobility by offering con-
sumers a choice between electrified drivetrains. State-of-the-art FCEVs drive up to 500 km with
refueling times of 5 min and below, mirroring the familiar drive cycles of ICEVs. A FCEV utilizes
the energy stored in hydrogen to power an electric motor. The core part of every FCEV is a fuel
cell stack that converts the chemical energy stored in hydrogen into electrical energy, yielding

only water as emission. [34, 35]

The most promising technology for automotive applications is polymer electrolyte membrane fuel
cells (PEMFCs), as they enable fast starting times, high efficiency, and low degradation. Hydro-
gen tanks store the hydrogen fuel at up to 700 bar, while the second reactant, air, is drawn from
the environment. The high energy density of hydrogen compared to batteries makes FCEVs
lighter than comparable long-range BEVs. [36—39]

As an increasing number of car manufacturers release commercially available FCEVs, the fo-
cus pivots towards scalability and mass production [40—44]. Oliver Zipse, the CEO of the BMW
Group, stated that "hydrogen is the missing piece in the jigsaw when it comes to emission-free
mobility" [45]. The recently released BMW iX5 Hydrogen is depicted in 1.2 (a) together with the
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cockpit view displaying a range of 500 km on a full hydrogen tank at a hydrogen consumption of

1.2 kg/100km.

Figure 1.2 (a) Picture of the iX5 Hydrogen by BMW. (b) The cockpit displays a range of 500 km on a full
hydrogen tank at a hydrogen consumption of 1.2 kg/100km. © Copyright BMW AG.

The major challenge to making FCEVs a viable alternative to widely used ICEVs, BEVs, and
plugin hybrid electric vehicles (PHEVSs) is the high production costs. While recent studies esti-
mate the production costs for fuel cell systems at ~ 200 $/kW for mass production [46], the U.S.
Department of Energy (DOE) expects that a cost reduction to 30 $/kW is necessary for long-term

competitiveness with alternative powertrains [47].

1.3 Enhancing the Industrialization of PEM Fuel Cells with

Electrochemical Impedance Spectroscopy

Shifting to mass production, electrochemical impedance spectroscopy (EIS) can provide a pow-
erful tool to accelerate cycle times in development and production. EIS is a well-established
method that gains insights into the working principles of fuel cells while being fast and non-
invasive [48, 49]. Therefore, it has the potential to speed up fuel cell design processes, reduce
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costs for quality testing, and deepen the understanding of degradation mechanisms in automotive

applications.

1.3.1 Electrochemical Impedance Spectroscopy in the Development Phase

Durability is one of the main challenges for automotive PEMFC applications [47]. Therefore, re-
searchers look into making all fuel cell components more robust against chemical, mechanical,

and thermal degradation by testing new or modifying known materials. [50-52]

Physical-chemical phenomena negatively impacting PEMFC performance can be categorized
based on time scales. Short-term phenomena (minutes to hours) of particular significance in-
clude cathode flooding, membrane drying, anode catalyst poisoning by carbon monoxide, and
contaminant absorption into the membrane. Conversely, long-term phenomena (hours to days to
years) entail chemical processes characterized by slow reaction rates, such as ionomer degra-

dation, carbon corrosion, and catalyst particle growth. [53-56]

PEMFC durability for vehicle applications has been closely linked to driving conditions and con-
trol strategies. Degradation testing is an essential and time-consuming step in the development
of new membrane electrode assemblys (MEASs), as a wide range of scenarios and degradation
mechanisms must be tested. Start-stop cycles, load changes, open-circuit voltage (OCV), high
power operation, and cold starts contribute to a shortened lifetime. Over the years, single-cell
accelerated stress tests have been standardized to accelerate the development of durable mate-
rials while minimizing costs and time. [57-60] Most degradation mechanisms heavily depend on
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operating parameters like the potential, the temperature, the relative humidity, and the reactant
supply [61, 62]. These parameters can differ significantly across larger automotive fuel cell stacks

[63—67]. Hence, degradation is often a highly localized phenomenon [68-70].

In this context, EIS provides a non-destructive, in situ method for studying the degradation of
PEMFCs. Even though interpreting impedance spectra and their characteristics can be com-
plicated, EIS can help differentiate and track different degradation phenomena. [71-73] Sitill,
conventional EIS cannot provide feedback on localized degradation processes. Advanced mea-
surement techniques have emerged to address localized performance and degradation concerns
in recent years. For instance, scanning electrochemical microscopy offers a high-resolution char-
acterization of fundamental processes in half cells but lacks applicability to industrial fuel cells

[74-76].

Alternatively, segmented fuel cell setups have been developed for the EIS of a complete fuel
cell. Segmented cells utilize segmented flow fields and current collectors, electronically isolating
each segment. [77-84]. Only recently, Liu et al. [85, 86] introduced a less invasive setup with an
integrated printed circuit board (PCB). Although there is a growing interest in spatially resolved
EIS for PEMFCs, existing literature only covers small-scale fuel cells with limited spatial resolu-
tion. In the scope of this thesis, we aimed to bridge this gap by investigating local impedance
effects in PEMFCs relevant to commercial FCEV applications. Both the influence of operating

conditions and the application to cold start stress testing were investigated.



1.3.2 Electrochemical Impedance Spectroscopy in the Production

The large-scale manufacturing of PEMFCs presents significant challenges for both material and
component suppliers and fuel cell stack manufacturers. As the emphasis shifts to PEMFC mass
production, one key advancement is developing time- and cost-effective quality control steps. En-
suring quality control throughout the production of automotive PEMFCs is essential, addressing

safety concerns and economic viability. [87-91]

For quality checks on components, including catalyst layers, membranes, gas diffusion layers,
and bipolar plates, optical tools provide a solution. Recent advances in this field include through-
plane reactive excitation techniques for detecting pinholes in membrane electrode assemblies,[92]
infrared thermography studies to detect membrane irregularities [93] or electrode defects [94—-96],

and deep learning implementations [97, 98].

However, optical quality control does not enable us to assess the internal functionality for cell
and stack end-of-line testing. Hence, we have to look into other strategies.

The end-of-line test represents the final step in the production process, serving as the ultimate
quality control before distribution to the respective customer [99]. In general, the end-of-line test

has to fulfill the following tasks [100]:

« |dentifying manufacturing and material flaws.
 Process control and feedback for quality management.

« Performance check and verification of user requirements specifications.

Given that the end-of-line cycle time significantly affects the required number of hydrogen test

benches, reducing the time spent and maximizing the information acquired is critical.



EIS has proven to be a non-destructive testing method for automotive-scale Li-ion batteries. Sig-
nificantly, this technique can rapidly discern between viable and nonviable cells in under one
minute [101-103]. Further research has investigated the simultaneous testing of multiple cells
within multi-cell setups to reduce the number of test channels [104, 105]. Overall, battery multicell

testing yields a cost reduction of ~ 42 % per tested cell [106].

In PEMFCs, the potential for EIS in end-of-line testing has yet to be investigated. A signifi-
cant difference between EIS in batteries and fuel cells is the necessity to fuel the PEMFC with
hydrogen. The operation with hydrogen requires high safety measures, as it permeates through
various materials and can detonate at a volumetric ratio as low as 4.3%. [107-109]

Within this work, we investigate the potential of EIS for PEMFC end-of-line testing. A particu-
lar focus is understanding EIS interpretation at reduced hydrogen concentrations since quality

testing at low hydrogen concentrations would significantly reduce safety measures and costs.

1.4 Scope and Structure of the Thesis

The aim of this thesis is to examine EIS applications to enhance the industrialization of PEMFCs.
Therefore, experiments are conducted to deepen the understanding of EIS measurements in a
wide range of implementations relevant to developing and producing commercial fuel cells. We

will try to answer the following research questions:

« Which insights on operational strategies can we gain from spatially resolved EIS?

» Does degradation during realistic freeze-start cycling manifest itself in its EIS response?



» How can we interpret EIS data from experiments at low hydrogen concentrations?

+ Can EIS detect faulty fuel cells in quality testing?

We will summarize the fundamentals of PEMFCs and EIS in Chapter 2. A particular emphasis
lays on EIS in PEMFCs. The experimental setup with the different PEMFC tested in this work, the
characterization methods, the data processing, and the test procedures are explained in Chapter
3. The results are presented in Chapter 4. The discussion includes the effects of temperature,
humidity, and stoichiometries on the fuel cell performance, the investigation of local degradation

effects due to starts from sub-zero temperatures, and EIS at low hydrogen partial pressure.
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2 Theory

2.1 Fuel Cell Fundamentals

Before we discuss polymer electrolyte membrane fuel cells (PEMFCs) specifically in Chapter
2.2, we need to understand the electrochemical basics of a fuel cell. Therefore, this Chapter
will briefly overview of the general setup, thermodynamics, kinetics, and mass transport of an

electrochemical cell. An overview of fuel cell types can be found in the Appendix A.1.

2.1.1 The Electrochemical Cell

Electrochemistry is the science of chemical reactions that involve the transfer of electrons. It
combines the study of chemical and electrical phenomena at interfaces between an electronic
conductor (electrode) and an ionic conductor (electrolyte).

The charge transfer between an electrode and an electrolyte occurs via the uptake or the release
of electrons by molecules in the electrolyte. The chemical reaction at the electrode-electrolyte
interface involving the acceptance of an electron is called reduction. Vice versa, the release of

electrons is called oxidation. Oxidation and reduction can not occur alone but only as a combined
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reaction, called redox reaction. The simplest case of a redox reaction with one electron is given

in equations 2.1 - 2.3.

A+e — A reduction (2.1)
B— Bt +e” oxidation (2.2)
A+B— A" +B" redox reaction (2.3)

An electrochemical cell uses a redox reaction to transform chemical energy into electrical energy
or vice versa. It comprises two electrodes connected by an electric circuit and an electrolyte
separating the electrodes. The electrode associated with the oxidation is called anode, and the
electrode linked to the reduction is called cathode. Due to the spatial separation of oxidation and
reduction, ions and electrons must travel between the two electrodes. The ions move through
the electrolyte, separating the two electrodes. The electrons move through the external electric

circuit. [110-113]

We distinguish between two types of electrochemical cells: In galvanic cells, electrode reactions
occur spontaneously, inducing an electric current. They convert chemical energy into electrical
energy. In contrast, electrolytic cells transform electrical energy into chemical energy by promot-
ing a reaction via an externally applied current.

Fuel cells are one form of galvanic cells. A fuel cell is solely an energy conversion device. The
reactants are not stored in the fuel cell but supplied from external sources. Within this work, the
main focus will be on fuel cells. However, the thermodynamic and kinetic basics apply to every

electrochemical cell.

12



2.1.2 Thermodynamics

To describe the electrochemistry at an interface between two phases, the electrochemical poten-
tial iz is introduced. It is defined as the sum of the electric potential ¢ and the chemical potential

1 of a phase.

i = p+ep (2.4)

Here, e is the elementary charge. As the electrochemical potential aligns at the interface of two
materials, we can compare the electrical and chemical potential differences. Together with the

definition of free reaction enthalpy Ag, (2.6), the difference in electrical potential can be given as

Ap— DM _ B (2.5)
e eF
Ag, = Z Uk [k (2.6)

where F'is the Faraday constant, the electrical charge of one mole elementary charges, and v,
are stoichiometric factors describing the relations of the reactants and products. The indices k

denote the different substances of the reaction.

With the definition of the entropy s, of a substance, we can expand the expression for the chem-

ical potential and the corresponding expression for the free enthalpy.

e = py + TAsy,

= ul + RT Inay, (2.7)



Ag, = Ag® + RTka In ay

= A¢’ + RTIn (H aZ’“) (2.8)

Here, R denotes the universal gas constant, and a; are the reactants’ activities. The exact def-
inition of the activity depends on the chemical phase of the substance. For gases, it is equal to
the partial pressure of the gas; for solutions, the concentration of the substance can replace it;

and for liquids and solids, the activity is equal to one.

Combining eq. 2.5 and 2.8, we arrive at the Nernst equation:

RT o
0_ Ag,
Ag = 20 (2.10)

The Nernst equation describes the electrical potential difference at the interface between two
phases. The voltage of an electrochemical cell in equilibrium 1¢¢ equals the sum of potential

differences across the cell.

UOC’V = U() + f—; In (H CLZ") (21 1)

The electrochemical cell is in equilibrium if the net current through the cell is zero. Therefore, the

cell voltage in the equilibrium state is often called open-circuit voltage (OCV).

14



2.1.3 Kinetics

Once a current passes through the interface, the voltage will differ from the OCV. The difference
between the theoretical value calculated with the Nernst equation and the measured potential is
termed overpotential. The magnitude of the overpotential and the main contributions depend on
the current passing through the cell. We will first focus on the kinetic overpotential associated
with the electron transfer. The reaction rate of a chemical reaction & depends on the activation
barrier ¢;,, which has to be surpassed on the reaction path. In equilibrium, the electrochemical
potential at a surface is equal for both sides of the reaction. Therefore, the energetic barriers have
the same magnitude in both directions. However, when charge transfer is involved, one direction

is favored. A symmetry factor « is introduced to account for this variation from equilibrium.

k =ko-exp—ey/RT (2.12)
Choaln) = €5y — (2.13)
ebred(1) = €pmeq + (1 — ) F (2.14)
€hioz = Chred (2.15)

Here, n is the overpotential at the interface. Figure 2.17 (a) shows a visual representation of this
concept. Using equations 2.12-2.15 and the expression for the exchange current density j (eq.
2.16), we obtain a relation between the current density at one electrode-electrolyte interface and

the corresponding overpotential (eq. 2.17).

7 = Fkacy (2.16)

o (e (S52) - (U2 2.17)
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Jo = Fkoac, (2.18)

This relation is named the Butler-Volmer equation after the two scientists independently derived
it. Here, ¢, is the concentration of reactants at the surface. Figure 2.17 (b) shows a plot of the
Butler-Volmer equation with a symmetry factor a = 0.5 (solid line) and the contributions of the

anodic and cathodic reaction (dashed lines).

O
'

energy

o)
<
current density
.

reduced state

$arn

oxidated state

reaction coordinate overpotential

Figure 2.1 Schematic representation of the concept of activation barriers (a), as well as a plot of the
Butler-Volmer equation with the symmetry factor o = 0.5 (b).

For ngi, >> % the kinetic overpotential can be approximated by the Tafel equation:

o
Mo = 2% 1n (l) (2.19)
aF Jo

Theoretically, both electrodes contribute to the difference in voltage. In a PEMFC, however, the
slow reaction kinetics of the oxygen reduction reaction (ORR) mainly determines the overpoten-
tial. The overpotential of the anode is comparably small [111].
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2.1.4 Mass Transfer

At high current densities, the reaction rapidly consumes reactants to establish concentration gra-
dients. Both depletion of reactants and accumulation of the products become a problem. We
learned from the Nernst equation 2.11 that the cell voltage depends on the concentration of the
reactants at the electrode-electrolyte interface. Using the concentration at the electrode surface
¢ in the Nernst equation yields

RT
Uocv = Uy + — Inc,. (2.20)
nkF

The overpotential caused by reactant depletion is therefore

RT c
=—In(= 2.21

where ¢, denotes the bulk concentration of the reactant. Applying Fick’s law, we obtain a propor-
tionality between the current and the concentration gradient (eq. 2.22).

nFD(c, — cy)

= . (2.22)

Here, n is the flux of reactants per unit area, D is the diffusion coefficient of the reacting species,
and ¢ is the Nernst diffusion layer thickness. Combining eq. 2.22 and 2.21, we arrive at a relation

between the overpotential and the current density:

RT 07
mt = ——=1n [ 1 — 2.23
Tt = O F n( nFch) ( )
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For 7 = 0 the overpotential is 7,,, = 0. For j — % the mass transport overpotential

approaches infinity 7,,;, — oo. The current density j = %ch is called limiting current density
jr- Itis the absolute maximum current a fuel cell can produce. Equation 2.23 predicts a sharp
drop in the cell voltage when approaching the limiting current density. In realistic cells, the limiting
current density is usually not reached uniformly across the catalyst surface. Instead, the reactant

concentration and current density vary, leading to a softer voltage drop.
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2.2 The PEM Fuel Cell in Automotive Applications

Due to its quick-start capabilities and comparably low operating temperatures, the PEMFC is the
most promising candidate for fuel cell electric vehicles (FCEVs). This Chapter will guide you
through the current understanding of PEM fuel cells. We will start with the fundamental chemical
reactions in PEMFCs and provide an overview of state-of-the-art materials and design principles
from the catalyst powder to stack components. Further explanations on the periphery and the

working principles in an FCEV can be found in the appendix.

2.2.1 Chemistry of a PEM Fuel Cell

A PEMFC uses the highly exothermic reaction of hydrogen and oxygen to water to result in an
electric current. At the anode side, hydrogen is oxidized to protons (hydrogen oxidation reaction,
HOR). The proton-permeable membrane between the anode and cathode allows the transport
of protons to the cathode side, where they reduce oxygen to water (oxygen reduction reaction,
ORR). A potential builds up since the membrane prevents electrons from balancing the induced
electron imbalance. A current is induced upon connecting the anode and cathode via an external

circuit.

H, — 2H" + 2¢~ HOR (2.24)
1
502 +2 HY +2¢” — Hy,O ORR (2.25)
1
Hy + 5 0O, — H,0 overall reaction (2.26)

While the potential of the relatively simple hydrogen oxidation reaction (HOR) is defined as ¢ = 0,
there are two distinct pathways with different potentials of the ORR in aqueous solutions. It either
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occurs by the direct 4-electron pathway to water (eq. 2.27) or via the 2-electron pathway (eq.
2.28) to hydrogen peroxide. The hydrogen peroxide may react further with two protons and two

electrons to water (eq.2.29). [114, 115]

Oy +4H" +4e¢” — 2H,0 1.229V (2.27)
Oy +2H" +2¢7 — H,0, 0.70V (2.28)
HyOy +2H" +2e” — 2H,0 1.76 V (2.29)

Additionally, the reaction between oxygen and the most common catalyst, platinum, induces a

mixed potential at the cathode.

Pt + HyO — PtO +2H" + 2~ 0.88V (2.30)

The mixed cathode potential is around 1.06 V at standard conditions (25 °C,1.0 bar) [116]. Other
side reactions reduce the cathode potential further. One main contribution stems from hydro-
gen crossover. Even though the membrane separating the anode and cathode is built to prevent
hydrogen and oxygen from moving to the other side, hydrogen crossover occurs at low rates.
Consequently, the hydrogen oxidizes at the cathode, reducing the cathode potential. The current
flowing due to hydrogen crossover is minimal in state-of-the-art fuel cells. It is negligible at higher

currents. Nevertheless, it reduces the open-circuit voltage at equilibrium. [111, 116]
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2.2.2 Catalyst Materials

The ORR is much slower than the HOR and is the rate-determining step. Hence, there is great

interest in catalytically improving the sluggish kinetics.

Catalysis aims to bind reactants to a surface, thereby reducing the energetic activation barrier
for a reaction. However, if intermediates bind too strongly to the catalyst surface, the reaction
may not proceed, and the intermediates may block the catalyst’s active sites. Therefore, a good
catalyst should bind the reactants strong enough to reduce the activation barrier significantly but
weak enough so that products can easily detach. This principle is called the Sabatier principle
and leads to so-called volcano plots, indicating an absolute maximum of catalytic activity when
plotted against the bonding energy. For the ORR, as well as for the HOR, platinum happens to
be the best-known non-alloyed catalyst [114, 117]. The volcano plots for the ORR and the HOR,

together with suitable candidates, are shown in Figure 2.2.
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Figure 2.2 Volcano plots and suitable catalysts for the HOR (a) and the ORR (b). (a) Adapted from
Lavacchi, A. et al. 2013. (b) Reprinted with permission from Norskov, J. K. et al. 2004 [117]. Copyright
2004 American Chemical Society.
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However, the catalytic activity is not distributed uniformly over the catalyst surface. Contrarily, the
catalytic activity mainly depends on individual active sites [118]. The binding energy of an atom
depends on the number of closest neighbors. Hence, the catalytic activity depends on the struc-
ture of the surface. Under-coordinated edges and kinks bind oxygen too strongly for platinum and
are less active than plain surface atoms. Over-coordinated cavities, in contrast, are even more

active. [119, 120]

The activity of catalyst materials is commonly given as either specific or mass activity. The spe-
cific activity is the catalytic activity divided by the surface area of the catalyst. The mass activity
is the catalytic activity per mass of catalyst material.

Since platinum is expensive, the main target is reducing the platinum content needed for PEMFCs
while maintaining high catalyst activity and fuel cell efficiency. There are three ways to achieve
lower platinum loadings: Increasing the surface area of platinum, increasing the specific activity,

or finding platinum-free catalysts with equally high catalytic activity. [121]

Enhancing the surface area is achieved by using catalyst nanoparticles since nanoparticles lead
to a higher surface-to-mass ratio. However, decreasing particle size leads to a higher percentage
of step and kink surface sites with lower catalytic activity, reducing the specific activity. Con-
sidering both effects, the mass activity reaches a maximum at particle sizes around 3 nm [122].
Further, the utilization of active sites needs to be maximized. For a catalyst site to contribute to
the reaction, it must be easily accessible by protons, electrons, and the reactant gas. Further de-
tails on electrode design principles to achieve a high catalyst utilization are explained in Chapter

2.2.4
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To increase the specific activity of platinum, alloying with d-metals or lanthanides to craft bimetallic
electrocatalysts is beneficial. Bimetallic catalysts like Pt3Ni, Pt;Co, and Pt;Y have been demon-
strated to enhance both the stability and the activity of Pt-based electrocatalysts. Further, the
secondary metal can impede carbon monoxide adsorption on the catalyst surface, reducing the
amount of blocked active sites. Taking the idea to the next step, researchers also look into ternary

alloy catalysts for further improvements. [123—125]

Lastly, non-platinum catalysts are investigated based on several different approaches, including
single-atom catalysts [126—128], high entropy alloy catalysts [129, 130], and metal-free catalysts
[131-134]. Still, despite extensive efforts, state-of-the-art catalysts in commercial applications

are platinum-based. Most commonly used are either pure platinum or Pt;Co nanoparticles.

2.2.3 The Electrolyte

The primary function of the electrolyte in PEMFCs is to allow protons to move from the anode
side to the cathode side. However, the electrolyte also acts as a separator between the anode
and cathode catalyst layers, preventing electrons from moving through short circuits directly from
the anode to the cathode and minimizing gas crossover. These requirements must be matched
in a wide range of temperatures and humidities for commercial vehicle applications. Most widely
used are perfluorinated sulfonic acid (PFSA) electrolytes like Nafion®, Gore-Select®, Aciplex®, or

Flemion®. [135-138]
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PFSA consists of a fluoropolymer backbone with pendant perfluoro side chains ending in sulfonic
acid groups. The exact chemical formula varies between manufacturers but is shown schemat-
ically in Figure 2.3 (a). The fluoropolymer backbone is hydrophobic and provides chemical and
thermal stability. The sulfonic acid groups are highly hydrophilic due to their high polarity. The
high proton conductivity of PFSA membranes stems from the interconnections of water molecules
bound to the sulfonic acid groups when hydrated. Within the polymer, superstructures form. Hy-
drophilic, water-rich domains form channels of high proton conductivity, separated by hydropho-
bic regions. The high conductivity within these channels stems from the Grotthuss mechanism.
Instead of individual protons physically moving through the water channels, the proton is trans-
ported via rapid rearrangement of hydrogen bonds. The continuous bond flipping leads to virtually
moving H3;O" ions. The Grothuss mechanism leads to almost ten times faster ion conduction than

for any other ion. [139, 140]

Nafion®exhib