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Abstract

Structure-based modeling of catalyst layers
for proton exchange membrane fuel cells

Doctoral thesis written by Wolfgang Olbrich

Fuel cells are expected to play an integral role in a future energy system where they act
as efficient energy converters generating electricity from renewable hydrogen. Proton ex-
change membranes fuel cells (PEMFCs) are favored for their robustness, efficiency and
compactness and are currently transitioning from prototyping stage and niche applica-
tions to large-scale commercial deployment. Ongoing development efforts have to meet
ambitious targets in terms of durability, performance and cost effectiveness. Therefore,
the overall fuel cell device, and in particular the cathode catalyst layer (CCL), must
be further improved and optimized from atomic scale to system level. CCL materials
development hinges on comprehensive mathematical models covering the entire causal
chain from fabrication parameters during ink stage, over the resulting microstructure, to
macroscopic properties, and finally to the operative performance metrics.

The scope of this work covers three major interconnected subjects of research: firstly,
structure formation during ink stage is lacking a quantitative approach that rational-
izes the cause-effect relations between ink parameters and the resulting agglomerated
microstructure; secondly, the crucial relations between molecular-to-mesoscale charac-
teristics of the catalyst microstructure and water-related properties (wetting behavior,
water uptake, Platinum utilization, and the CCLs susceptibility to flooding) require a
comprehensive, scale-bridging approach to overcome the limitations of a merely empirical
consideration, especially with regard to the objective of further lowering the Platinum
loading in PEMFCs; and thirdly, experimental literature data indicate a significant im-
pact of ionomer morphology on proton conductivity within the CCL, which is commonly
neglected by models available in literature but has gained importance together with efforts
to enhance the current density of the cell. Methodologically, these research gaps were ad-
dressed by a profoundly structure-based modeling approach that allows to comprehensibly
trace the cause-effect-chain from molecular to macroscopic scale.

Starting with the CCL composition model to study structure formation during ink
stage, the incremental self-assembly of solvated ionomer and Pt/C particles was analyzed
in an analytical-mechanistic approach, from which two key parameters were derived: an
ionomer dispersion parameter that captures the tendency of ionomer to self-aggregation
or film formation, and the initial ionomer film thickness. The model solution includes pore
size distribution and ionomer morphology within the final CCL microstructure and was
seamlessly employed as input to the models for wetting behavior and proton transport.

To model the wetting behavior of the CCL composite material, a novel conceptual
approach is proposed based on an extensive literature review: the degree of alignment
describes the state of molecular ordering of sidechains and backbones in the ionomer
thin film and was directly linked to its wetting properties. From this rationalization,
macroscopic wetting behavior of the CCL can be deduced. The analysis of the model
results supports a crucial hypothesis: lowering the Platinum loading renders the CCL
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more prone to flooding, caused by a successive shift of molecular alignment as Platinum
particle concentration on the support surface is reduced, which eventually triggers an
inversion from hydrophobic to hydrophilic properties.

Extending the wettability model, the common approach of considering water uptake
via capillary condensation was refined by including adsorption processes at Platinum
nanoparticles, carbon surface, and ionomer. After deconvoluting water uptake, the ap-
plication of a percolation-based approach could partially reproduce the experimentally
observed behavior but also revealed a particular mismatch with the model results for
low-Pt-loaded materials. Thus, this works hints, in accordance with a hypothesis from
the literature, that connection to the proton supply network might be provided in thin
films of adsorbed water, even when the pore space is not fully flooded.

Proton transport properties were calculated from direct numerical simulations for a
wide parameter space covering various ionomer morphologies. Based on the statistical
information provided from the composition model, a stochastical image generation process
was developed. Essential structural features shaping proton conductivity were extracted
and coined into an analytical approach based on percolation theory. The model-based
analysis of experimental data from the literature attributed deviating trends at identical
CCL composition to different regimes of ionomer morphology.

A list of design principles for fuel cell developers was compiled from the results of
the different models, thereby proposing concrete levers and measures to tweak and im-
prove fuel cell performance. Additionally, disruptive approaches to overcome limitations
regarding Platinum loading, e.g, the chemical modification of carbon support surface,
were devised and were found to align with efforts from recent experimental works. With
regard to the ongoing extensive efforts in PEMFC research and development, the insights
obtained from model-based analysis of experimental data exemplify how structure-based
models can guide the interpretation and design of experiments, and ultimately enable
acceleration and steering of iterative laborious materials development cycles.

Eventually, the thorough comparison of model results and experimental data revealed
emerging gaps in the understanding of structure-property relation in PEMFC catalyst
layers, such as an suspected enhanced proton mobility in ionomer thin films and the am-
biguous mechanism for Platinum utilization by water in low-Pt-loaded cells, and thereby
lays the groundwork for future experimental and theoretical works.

Keywords: proton exchange membranes fuel cells (PEMFCs), cathode catalyst layer (CCL), catalyst
layer microstructure, structure-based modeling, model-based materials development, ink stage, Platinum
utilization, ionomer morphology, wetting behavior, water uptake, proton conductivity.
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Kurzfassung

Strukturbasierte Modellierung von Katalysatorschichten
fiir Protonenaustauschmembran-Brennstoffzellen

Doktorarbeit verfasst von Wolfgang Olbrich

Brennstoffzellen werden eine wesentliche Rolle in kiinftigen Energiesystemen einnehmen,
wo sie als effiziente Energiewandler fungieren und Strom aus erneuerbarem Wasserstoff
erzeugen. Protonenaustauschmembran-Brennstoffzellen (PEMFC) werden wegen ihrer
Robustheit, Effizienz und Kompaktheit bevorzugt und vollziehen gerade den Ubergang
von Prototypen und Nischenanwendungen zum breiten, kommerziellen Einsatz. Die dazu
laufende Forschung und Entwicklung muss weitreichende Ziele fiir Lebensdauer, Leis-
tungsdichte und Kosteneffizienz erfiillen. Dazu muss die gesamte Zelle, insbesonders die
Kathodenkatalysatorschicht (CCL), von der Atom- bis zur Systemebene verbessert und
optimiert werden. Die Entwicklung von CCL-Materialien benotigt umfassende mathe-
matischen Modelle, welche die gesamte Kausalkette von den Herstellungsparametern der
Tinte, tiber die resultierende Mikrostruktur, bis hin zu den makroskopischen Eigenschaften
und schliellich zu den operativen Leistungskennzahlen beschreiben.

Im Rahmen dieser Arbeit wurden die folgenden drei, miteinander verbundenen For-
schungsthemen adressiert: Erstens fehlt fiir die Bildung der agglomerierten CCL-Struktur
in der Tinte ein quantitativer Ansatz, der die Ursache-Wirkungs-Beziehungen zwischen
den Tintenparametern und der resultierenden Mikrostruktur beschreibt. Zweitens er-
fordern die Zusammenhange zwischen molekularen und mesoskaligen Merkmalen der Kata-
lysatormikrostruktur und wasserbezogenen Eigenschaften (Benetzungsverhalten, Wasser-
aufnahme, Platin-Anbindung und der Anfélligkeit der CCL fiir Fluten) einen umfassenden,
skalentibergreifenden Ansatz, um die Grenzen einer rein empirischen Betrachtung zu
iiberwinden, insbesondere im Hinblick auf das Ziel, die Platinbeladung in PEMFCs weiter
zu senken. Drittens deuten experimentelle Literaturdaten auf einen signifikanten Ein-
fluss der lonomer-Morphologie auf die Protonenleitfahigkeit innerhalb der CCL hin, der
von verfligharen Modellen aus der Literatur in der Regel vernachlassigt wird, aber im
Zusammenhang mit Bemiihungen zur Erhohung der Stromdichte der Zelle an Bedeutung
gewonnen hat. Methodisch wurden diese Forschungsfragen durch einen grundlegend struk-
turbasierten Modellierungsansatz angegangen, der es erlaubt, die Kette aus Ursache und
Wirkung von der molekularen bis zur makroskopischen Skala nachvollziehbar zu machen.

Ausgehend vom CCL-Zusammensetzungsmodell zur Beschreibung der Strukturbildung
in der Katalysatortinte wurde die stiickweise, selbststatige Agglomeration von gelos-tem
Tonomer und Pt/C-Partikeln in einem analytisch-mechanistischen Ansatz abgebildet, aus
dem zwei Schliisselparameter abgeleitet wurden: Ein Ionomer-Dispersionsparameter, der
die Tendenz des Ionomers zur Selbstaggregation oder Filmbildung erfasst, und die ini-
tiale Tonomer-Filmdicke. Die Modelllosung umfasst die Porengrofienverteilung und die
Ionomermorphologie der endgiiltigen CCL-Mikrostruktur und wurde direkt zur Parame-
trierung der Modelle fiir Benetzungsverhalten und Protonentransport verwendet.

Zur Modellierung des Benetzungsverhaltens des CCL-Materials wird nach umfassender
Analyse der relevanten Literatur ein neuer konzeptioneller Ansatz vorgeschlagen: Der
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Ausrichtungsgrad beschreibt den Zustand der molekularen Anordnung der Seiten- und
Hauptkette im Ionomer-Film und ist direkt mit den Benetzungseigenschaften verkniipft.
Aus dieser Beschreibung lasst sich das makroskopische Benetzungsverhalten der CCL
ableiten. Die Analyse der Modellergebnisse stiitzte dabei eine entscheidende Hypothese:
Eine Verringerung der Platinbeladung macht die CCL anfalliger fiir Fluten, verursacht
durch eine sukzessive Verschiebung der molekularen Ausrichtung mit abnehmender Platin-
Konzentration auf der Oberflache des Kohlenstofftrager, wodurch schliefllich die Eigen-
schaften der CCL von hydrophob zu hydrophil umgekehrt werden.

Zur Erweiterung des Benetzbarkeit-Modells wurde der gebréauchliche Ansatz, die Was-
seraufnahme als reine Kapillarkondensation zu beschreiben, verfeinert, indem Adsorptions-
prozesse an Platin-Nanopartikeln, Kohlenstoffoberfliche und Ionomer einbezogen wurden.
Nach erfolgreicher Aufschliisselung der Wasseraufnahme konnte die Anwendung eines auf
Perkolationtheorie basierenden Ansatzes das experimentell beobachtete Verhalten teil-
weise reproduzieren, zeigte aber auch eine deutliche Diskrepanz zu den Modellergebnissen
fiir niedrig-Pt-beladene Materialien. Somit deutet diese Arbeit in Ubereinstimmung mit
einer Hypothese aus der Literatur darauf hin, dass eine Anbindung an die Protonenver-
sorgung eventuell durch einen diinnen Wasser-Film hergestellt werden kann, auch wenn
der Porenraum selbst nicht vollstandig geflutet ist.

Die Protonentransporteigenschaften wurden anhand direkter numerischer Simulatio-
nen fiir einen weiten Parameterraum berechnet, der verschiedene Ionomermorphologien
abdeckt. Auf der Grundlage der statistischen Informationen, die sich aus dem Zusam-
mensetzungsmodell ergeben, wurde ein Verfahren zur Erzeugung stochastischer Bilder
eingesetzt. Die wesentlichen strukturellen Merkmale, welche die Protonenleitfahigkeit
pragen, wurden extrahiert und in einen analytischen Ansatz auf der Grundlage von Perko-
lationstheorie verarbeitet. Eine modellbasierte Analyse experimenteller Daten aus der
Literatur fithrte voneinander abweichende Trends bei identischer Zusammensetzung der
CCL auf verschiedene Regime der lonomermorphologie zuriick.

Aus den gesammelten Modellergebnissen wurde eine Liste von Designregeln fiir Brenn-
stoffzellenentwickler zusammengestellt, in der konkrete Hebel und Mafinahmen zur Op-
timierung und Verbesserung der Brennstoffzellenleistung abgeleitet werden. Vorgeschla-
gene disruptive Ansétze zur Uberwindung von Einschrinkungen bei der Platin-Beladung,
z.B. die chemische Modifikation der Kohlenstoff-Oberflache, decken sich mit aktuellen
experimentellen Arbeiten in der Literatur. Im Hinblick auf die laufenden umfangrei-
chen Bemiihungen in der PEMFC-Forschung und -entwicklung unterstreichen die aus der
modellbasierten Analyse experimenteller Daten gewonnenen Erkenntnisse, wie struktur-
basierte Modelle die Interpretation und Planung von Experimenten anleiten konnen und
letztlich eine Beschleunigung und Steuerung der iterativen, aufwendigen Materialentwick-
lungszyklen ermoglichen.

Schlussendlich hat der griindliche Vergleich von Modellergebnissen und experimentellen
Daten neue Liicken im Verstédndnis der Struktur-Eigenschafts-Beziehung in PEMFC-
Katalysatorschichten aufgedeckt, wie z.B. eine vermutete erhohte Protonenmobilitat in
Ionomer-Filmen und das unvollstandige Detailverstédndnis der Platin-Anbindung durch
Wasser in Zellen mit niedriger Platin-Beladung, wodurch die Grundlage fiir zukiinftige
experimentelle und theoretische Arbeiten gelegt wurde.

Schliisselworter: Protonenaustauschmembranen-Brennstoffzellen (PEMFCs), Kathodenkatalysator-
schicht (CCL), Katalysatorschichtmikrostruktur, strukturbasierte Modellierung, modellbasierte Materi-
alentwicklung, Katalysatortinte, Platin-Anbindung, Ionomermorphologie, Benetzungsverhalten, Wasser-
aufnahme, Protonenleitfahigkeit.
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1 Introduction

1.1 Climate change — challenge of the 215 century

Avoiding a critical escalation of climate change is commonly considered the biggest chal-
lenge of this century. Compared to the pre-industrial period from 1850-1900, the average
global temperature has already risen by 1.1 degree — and keeps rising [I]. Therefore, the
ongoing climate change is also referred to as global warming. This process is unparalleled
in Earth’s climate history. Even the fastest changes in earth’s climate with similar magni-
tude were roughly 100 times slower [2]. Without exception, geological findings prove that
these past events had disastrous effects for flora and fauna, causing mass extinctions and
eradicated whole ecosystems and classes of species. Since all human life, and the societal
stability, ultimately depends on intact ecosystems and habitable climate, climate change
poses a serious thread to all humanity:.

The International Panel for Climate Change (IPCC) collected unequivocal proof that
the root cause of global warming are human-caused emissions of green house gases (GHG)
[3]. As the most prominent, carbon dioxide (CO) from usage and combustion of fossil
fuels, e.g., natural gas, coal, and oil, contributes 66% to the total GHG emissions [4].
The recently emerging field of climate attribution science clearly linked the latest global
increase in natural disasters, such as droughts, floods, storms and irreversible soil erosion
to ongoing global warming [5H7].

The mechanism of global warming is well understood and explained by the green
house effect. Sunlight heats the earth surface, which emits infra-red heat radiation back
to space. Earth’s heat radiation is partially absorbed and reflected by green house gasses
in the atmosphere, which are acting like the windows of a green house. The balance of
absorbed energy from sunlight and heat loss by infra-red radiation determines the global
average temperature. In fact, the naturally occurring green house ensures a habitable
climate on earth. However, an increase of GHGs in the atmosphere alters this sensitive
balance and shift earth’s climate to higher temperatures.

The closer the rise in global temperature gets to 2 degree, an unstoppable climate dis-
aster becomes more likely. Scientific climate system models concordantly predict that the
risk of triggering tipping elements in the global climate system (e.g., loss of the tropical
rainforests, melting of arctics and alpine ice shields, or collapse of the oceanic streams)
sharply increases between 1.5 and 2 degree [§]. These tipping elements are irreversible
and their collapse accelerates global warming even further. A chain-reaction can occur,
causing the global temperature to rapidly jump by 4 degree or more in second half of the
215 century — even without further anthropogenic GHG emissions.
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Tab. 1.1: COq emissions by sectors, globally and in Germany from the year 2021 [10] [11].

Germany Global

Mt COy fraction Mt CO, fraction
energy production 235 34.9% 13972 37.7%
mobility and transportation 147 21.8% 7490 20.2%
households and buildings 120 17.8% 3343 9.0%
industrial production and processes 168 24.9% 7954 21.4%
other 4 0.6% 4337 11.7%
total 673 37100

In the year 2015 the international community of nations recognized the enormous
thread at the United Nations Climate Change Conference in Paris and committed them-
selves to keep the rise in mean global temperature to well below 2 degree above pre-
industrial levels, and pursue efforts to preferably limit the increase to 1.5 degree [9]. The
so-called Paris agreement was signed by 184 of the 193 nations and acts as the global
guideline for national GHG emission reduction policies. Theses policies typically estimate
a remaining budget of GHG emission before the limit of the Paris agreement is reached.

The IPCC estimates the remaining global CO, emission budget that would allow hold-
ing the 1.5-degree-limit with 50% probability to be 500 Gt [12], counting down from QOlqﬂ.
At present, the annual worldwide emissions of CO already exceed 37 Gt (see Tab. .
Therefore, rapid reduction in COy emissions must be achieved within this decade. Ger-
manys current goal is a 65% reduction of GHG by 2030 (compared to 1990 levels) and full
climate neutrality until 2045 [13]. The transformation of the German national economy
towards climate friendliness is commonly referred to as energy transition (german: En-
ergiewende), and indicates that the change of technological means of energy production
and conversion are directly linked with climate protection goals. Some of the necessary
technological transformations in the energy system, especially the role of hydrogen and
fuel cells, are subject to the following section.

In April 2023, during the finalization of this thesis, the according estimate of remaining CO5 budget
was less than 270 Gt — or 6 years and 2 months remaining at current GHG emission rate. A most
recent estimate can be tracked online: https://www.mcc-berlin.net/forschung/co2-budget.html
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1.2 Energy transition and fuel cells

Politically set emission goals ultimately have to be turned into actions. Tracking down
emissions to sectors, i.e., mobility, industry, heating, food production, etc., allows to es-
timate the urge for technological and societal changes in different areas of production
energy and goods. The majority of COy emission originates from energy generation, in-
dustrial production and processes, and mobility and transportation (see Tab. . At
present, energy generation and mobility rely on combustion technologies. Power plants
burn coal, natural gas or other fossil energy carriers to provide electricity, whereas mo-
bility is driven by combustion engines running on oil-based fuels, like Diesel, Gasoline,
and Kerosene. Transforming the existing energy system towards climate-friendly energy
sources and converters, calls for alternative technologies that do not rely on fossil fuels.
So-called renewable energy sources, mainly wind and solar power, which are abundant
in nature, can be harvested in form of electricity. In 2022, electricity from such sources
already provided 46.2% in the German grid [I4]. The sectors heat and mobility obtained
17.3% and 6.8% of their energy demand from renewable sources. In total, 20.4% of the
German energy demand was renewable-based. Further action is required from Germany
to achieve climate neutrality, especially in the latter sectors. Direct electrification, e.g.,
replacing combustion engines with electrical drives or replacing a gas heater with a heat
pump, has the potential to resolve a major part of CO, emission [15] [16]. As sector cou-
pling is favored due to efficiency gains and the versatility of electricity, the classical sector
barriers will become more permeable in the future. However, a physical energy carrier is
without alternative in numerous applications that can be classified into three main fields
of demand [17, [1§]:

1. Chemical agents: The majority of highly COs-intense chemical conversion pro-
cesses forming the backbone of modern industry cannot be replaced with mere elec-
trical processes, and, therefore, demand hydrogen with prime priority over other
applications. For instance, reduction agents are inevitable in steel production or
chemical processes, such as the Haber-Bosch process for ammonia synthesis [19] 20].

2. Matching asynchronous supply and demand: As the production of electric-
ity from wind and solar power naturally fluctuates daily and seasonally but the
electricity demand is not fully flexible, a significant amount of energy must be
stored and over-capacities installed as back-up. Conventional storage capacities for
electricity, like in batteries or pumped hydroelectric energy storage, are tightly lim-
ited. Depending on the availability of electrical storage, excess electricity might be
transferred in the form of hydrogen to others sectors (e.g., industry, heat, mobil-
ity) [18, 21], rendering installed over-capacities for renewable electricity generation
economically more viable. For the rather extreme conditions of electricity demand
exceeding the supply capacities and electric storage is exhausted, back-conversion of
cavern-stored hydrogen might be an option to ensure ultimate energy grid stability.

3. Long-haul and heavy-duty mobility: As batteries have limited specific energy
density, they are unsuitable for transport of goods over long distances, e.g., by
trucks, trains or ships. Also numerous heavy duty applications in mobile industrial
machinery must be provided with a high-energy storage medium [I7]. Thus, for
such applications, fuel-cell driven vehicles are the rather feasible option.
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Fig. 1.1: Cross-sectoral network of hydrogen production, storage and usage in a future hydro-
gen economy, as projected by the German government [22]. The national hydrogen
strategy foresees a common hydrogen infrastructure mainly relying on imported hy-
drogen or hydrogen carriers — but also features locally produced hydrogen from wind
and solar power.

The primary molecule of choice to meet these demands will be hydrogen (chem. Hy).
It can be produced from electricity via electrolysis of water and can be used directly in
chemical processes, can be stored in gas caverns, and be used as a fuel for mobility [18].
In 2020 the German government released it’s national hydrogen strategy [22], projecting
a roadmap for deployment of an Hs economy in Germany. By 2030, annual hydrogen
demand is estimated to reach 56 to 93 TWh [23], i.e., approximately the double of the
current demand for fossil-generated hydrogen. During the 2030s this number might even
double again. Current research and development address this strategy, covering all ele-
ments of the future hydrogen economy and renewable energy system (depicted in Fig. [1.1)),
from electricity production, over electrolysis and hydrogen storage, to back-conversion of
hydrogen to electricity, which is subject of research in this thesis.

The device of choice to turn hydrogen to electricity is the fuel cell since it acts as an
energy converter transforming the chemical energy stored in hydrogen back to electric-
ity. The history of fuel cells, their physical and technological fundamentals and current
challenges in research will be discussed in the following sections.
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1.3 Fuel cells — a historic technology
for new challenges

Research and development of fuel cells spans over more than 200 years of history. They
are not a recent invention of the 215 century but as old as the fundamentals of elec-
trochemistry. This section reviews the evolution from first discovery to high performing
nowadays fuel cells.

Fuel cells are a direct application of the fundamentals of electrochemistry, a field of
science dating back to 1791 when Luigi Galvani described the link between chemical
reactions and electricity on his essay De Viribus FElectricitatis in Motu Musculari Com-
mentarius (transl.: Commentary on the Effect of Electricity on Muscular Motion) [24].
He derived his conclusion from observing that the muscular contraction in organisms? can
be triggered by electricity provided from a Copper-Zinc battery, the so-called galvanic
cell. As the first, he postulated that the energy from chemical reactions can be harvested
as electricity, which is the fundamental insight behind all applications of batteries and
fuel cells.

During the 19" century the scientific method matured, research professionalized, and
physics, chemistry and mathematics advanced rapidly. In this fruitful period the theoret-
ical basis of classical electrochemistry emerged. Three scientists of this time are certainly
to name here since they provided the essential set of theory for all research and devel-
opment of electrochemical devises. In 1833 Michael Faraday described the quantitative
relationship of charge and matter during electrochemical reactions [25], turning Galvani’s
qualitative observations into solid mathematical theory. The most fundamental contri-
bution to the theory of electrochemistry was made by Walther Nernst in 1889 [26]. The
Nernst-equation, named in his honor, links concentration of different reactants with cell
voltage and describes the energetic equilibrium of the electrochemical reaction based on
the laws of thermodynamics. The first kinetic theory of electrochemical reactions, which
is still in use today, was proposed by Julius Tafel in 1905 [27], who introduced the over-
voltage as the driving force of the reaction rate. Thenceforth, not only the equilibrium
state of any electrochemical reaction could be described mathematically but also actual
power-generating cells operating in non-equilibrium conditions.

The development of electrochemical theory was paralleled by experimental approaches
to develop batteries and fuel cells. The idea to use hydrogen and oxygen to fuel an
electrochemical cell was discussed for the first time by Sir William Grove in his publication
On voltaic series and the combination of gases by platinum [30]. The publication is dated
December 1838 but the original manuscript already appeared in October 1838. In a
letter to the same journal, dated December 1838, too, Christian Friedrich Schonbein
proposes the same idea and reports that he did preliminary experiments with platinum
wire electrodes and hydrogen and oxygen dissolved in water to generate electricity [31].
He closed his letter with the correct prediction that the combination of fuels is the source
of electric current, and that platinum will be the catalyst of choice for hydrogen/oxygen
fuel cells:

2In fact, the concrete specimen in Galvani’s research were the muscles of dead frogs’ legs.
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Fig. 1.2: (a) The first documented set-up of an hydrogen fuel cell, published by William
Grove in 1842. The experiment includes a series of electrically connected gas cylin-
ders filled alternately with oxygen or hydrogen. Each cylinder features a Platinum
wire, and both gas and the wire were in direct contact with an sulfuric acid bath.
The generated over-voltage of four such double-cells was sufficient to run a water
electrolyzer connected to the set-up, demonstrating the electrochemical reversibility
of water formation and splitting reactions. Illustration reproduced from Ref. [2§],
with permission from Elsevier.

(b) Blue prints of the fuel cell designed by Mond and Langer intended for power gen-
eration. The stacked, planar design of electrodes, separator and gas supply is clearly

visible and still in place in state-of-are fuel cells. Reproduced from Ref. [29], with
permission from The Royal Society.
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“If the mere contact of the two different fluids mentioned there were the real
cause of the current obtained, it is obvious that the same current ought to be
produced whether the fluid be connected with the galvanometer by means of
gold, or if they be connected with the instrument by that of platina wires; but
the result being determined by the nature of the connecting wires, and platina
being known to favour the union of hydrogen and oxygen.”

Shortly after, in 1842, it was again William Grove who delivered experimental proof
of the first complete hydrogen/oxygen fuel cell using platinum electrodes as proposed by
Schénbein and himself [28] (see Fig. (a)). Grove used the term gaseous voltaic battery,
indicating that the development of a cell being continuously fueled and operated as an
energy converter was not in the scope of his research.

A major leap was made in 1889 (the same year Walther Nernst published the equation
named after him), when Ludwig Mond and Carl Langer presented “a new form of gas
battery” [29]. Taking up the work of Grove and Schénbein, they engineered a stacked cell
layout, depicted in Fig. (b), and, thereby, introduced vital design principles encoun-
tered in modern fuel cells. Perforated platinum sheets acted as combined current collectors
and catalyst, and were separated by an acid-soaked diaphragm. Hydrogen and oxygen
were fed continuously into the cell, which provided several amperes at 0.73 V. Mond and
Langer calculated the corresponding efficiency to be 50%, outperforming any steam or
combustion engine available at that time by far. Interestingly, classical challenges in fuel
cell engineering that are still relevant in today’s research were identified, e.g., the ionic
conductivity of the electrolyte, sufficient electrical contacting and severe mass transport
resistances. Seeking practical application, Mond and Langer demonstrated the use of coal
gas and air as abundant fuels. In addition to their pioneering experiments, they coined
the term fuel cell.

By the end of the 19" century, individual members of the scientific community were
euphoric that electrochemical technology, i.e., batteries and fuel cells, would soon over-
come steam engines. Some focused on turning coal to electricity directly, like Mond and
Langer. The most prominent advocate of fuel cells was Nobel price laurate Wilhelm Ost-
wald. He merged the experimental and theoretical insights on fuel cells collected in the
19" century and developed the first holistic explanation of electrochemical processes in
side an operational fuel cell, i.e., formulated a theory accounting for anode and cathode
side reactions, ion migration, and potential drop. Furthermore, Ostwald developed a
vision about the future of electrochemistry, which he described in 1894 as followed [32]:

“Haben wir ein galvanisches Element, welches aus Kohle und dem Sauerstoff
der Luft unmittelbar elektrische Energie liefert, dann stehen wir vor einer
technischen Umwalzung, gegen welche die Erfindung der Dampfmaschine ver-
schwinden muss. Denken wir nur, wie sich das Aussehen unserer Industrieorte
andern wird! Kein Rauch, kein RufS, keine Dampfmaschine, ja kein Feuer
mehr.”

Transl.: “If we have a galvanic element which directly supplies electrical energy
from coal and the oxygen in the air, then we are facing a technical revolution
against which the invention of the steam engine must vanish. Just think how
the appearance of our industrial towns will change! No more smoke, no more
soot, no more steam engine, no more fire.”
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Reducing CO, emissions was certainly not the intention of Ostwald’s vision. However,
his concepts of efficiency and cleanliness of energy conversion kept their outstanding rel-
evance until today — especially since the lines cited above were paralleled by two events
that led humanity on a different path of energy production. On 27" August 1859, the first
major oil reservoir was discovered at Oil Creek in Titusville, Pennsylvania. The American
oil rush had begun. In 1893, one year before Ostwald wrote his vison of “no more fire”,
inventor and engineer Rudolf Diesel published his invention of a robust and improved
combustion engine, which featured reciprocating pistons driven by burning oil-based fuel
in a cylindric chambers — a technology that became omnipresent in the 20*" century.

During the first half of the 20'" century, fuel cells remained in the shadow for a
while. Anyway, in 1924, Alfred Schmid published an article on gas-diffusion electrodes,
i.e., catalyst layers with a large internal surface, which facilitates high current densities
[33]. Further, he was the first to identify the necessity of a triple-phase boundary of
gas, electrolyte and current collector, which is the vital spot where the electrochemical
reaction occurs. This vital design principle still drives improvements in modern fuel cell
development. In the same period, in 1932, the alkaline fuel cell was developed by inventor
and engineer Francis Thomas Bacon [34]. This novel type of fuel cell used a concentrated
base instead of an acid for electrolyte, featured low-cost nickel catalysts, and enabled
high-power fuel cells. With these improvements, Bacon’s fuel cell reached 5 kW of power
output — roughly 2000 times more then the cell of Mond and Langer.

In 1955, a similar break-through followed for acidic fuel cells. Thomas Grubb, re-
searcher at General Electric, used a sulphonated polystyrene ion-exchange membrane as
electrolyte. This modification massively improved ionic transport and allowed to run pres-
surized cells. In 1958, Grubb’s colleague, Leonard Niedrach, invented a way of depositing
platinum directly onto the polymer membrane. The so-called Grubb-Niedrach cell was
highly robust and even accepted to take hydrocarbons and air as fuels [35, [36].

The improvements made by Bacon, Grubb and Niedrach suddenly rendered fuel cells
a vital technology for one of humanity’s cutting edge endeavors: manned spaceﬂightﬂ
Pratt & Whitney licensed Bacon’s U.S. patents for use in the U.S. space program to
supply electricity and drinking water during space missions. The high power output,
low weight, and the convenience of hydrogen and oxygen being readily available from
the spacecraft tanks made fuel cells the perfect energy converters in the Gemini program
(1965-1966) and the Apollo missions (1961-1972). The Gemini program used the Grubb-
Niedrach design, the Apollo program used Bacon’s alkaline fuel cells. Each of the fuel
cell power plants, exemplary depicted in Fig. (a), used in the service modules of the
Apollo missions contained 31 separate cells connected in series and delivered a maximum
of 2.3kW [3§].

3In a historical anecdote, honoring the merits of Francis Bacon and the crucial role of fuel cells for
manned space flight, U.S. President Richard Nixon welcomed Bacon to the White House, and said to
him: “Without you Tom, we wouldn’t have gotten to the moon.” [37]
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Fig. 1.3: (a) Single fuel cell unit as used in the NASA Apollo missions’ service modules. Image
reproduced under creative commons licence CC BY-SA 3.0 from Ref. [39).
(b) The first vehicle equipped with a fuel cell was the D12 tractor build by Harry
Ihrig at Allis Chalmer company. Image provided by the National Museum of American

History [40].



1 INTRODUCTION

In the 1960s, inventors also engineered multiple earth-bound applications of fuel cells.
Here, the company Allis-Chalmer and the team around Harry Ihrig took a leading role
and demonstrated the first fuel cell driven vehicle in 1959 [41]: the D12, a 15kW fuel cell
tractor (see Fig. (b)). Other vehicles followed: a forklift (1960), a one-man under-
water research vessel (1964), and a golf cart (1965). However, General Motors build the
Electrovan, the world’s first fuel cell automobile intended for individual transport, in 1966.

At the second half of the 20" the path finally cleared for modern fuel cells suitable
for broad commercialization. Novel materials, preparation techniques, and improved cell
design led to significant increase in current density and power output. Especially polymer
electrolyte cells advanced as DuPont invented perfluorosulfonic acid (PFSA) polymers in
the 1960s — well known under the brand name Nafion®. PFSA materials finally allowed
to manufacture thin and stable membranes. Two researchers at Los Alamos National
Laboratories, Ian Raistick and Thomas Zawodzinski, eventually established today’s state-
of-the-art for polymer electrolyte fuel cells. Raistick merit lays in the invention of gas
diffusion electrodes impregnated with PFSA polymer in 1989, which resolved the issue of
poor ionic contact between catalyst and membrane [42] 43]. During the 1990s Zawodzin-
ski and coworkers developed numerous characterization techniques of fuel cell components
and materials, contributed to theory and modeling, and recognized the crucial role of wa-
ter management in polymer electrolyte cells [44], 45].

Around the year 2000, a sharp raise in publications numbers of fuel cells related re-
search could be noticed [46] and fuel cell research diversified and specified widely. This
novel interest in fuel cells is driven by the raising awareness for climate change and the
urge for alternatives to combustion engines and triggered also first major commercial in-
terest. For instance, in 2007, Honda started the first commercial series production Honda
Clarity, a fuel cell car.

At present, over 180 years after their first discovery, fuel cells finally get attention
by major national research programs. Germany has been specifically supporting fuel cell
research (and other hydrogen related technology) since 2007 with the National Hydrogen
and Fuel Cell Technology Innovation Programme (NIP) [47]. Until 2016, the German
Federal Government and industry provided a total of 1.4 billion euros for technology
promotion and demonstration projects. This path will be continued with the follow-up
program 2016-2026 (NIP II) and aims to bring fuel cell mobility to market maturity in
the next few years. Finally, after almost 130 years, Ostwald’s vision of a cleaner energy
system that builds on electrochemical devices, such as fuel cells, seems closer than ever.
To eventually turn “no more fire” reality, mission and goal of engineers and scientists
remain to advance the state-of-the-art of fuel cells, which is presented in the following
sections together with the fundamental working principles of fuel cells.
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1.4 Working principles of fuel cell technology

The key idea of fuel cells is that the combustion of a fuel with oxygen consists of two
half-reactions, called oxidation and reduction. Oxidation refers to the process that one
reactant releases electrons (here, hydrogen, the fuel),

Hy —2H"+2¢, (1.1)

which are consumed by the other reactant (here, oxygen) in the other half-reaction called
reduction,

Y2 Oy 4+2 HY +2 e~ — H,O. (1.2)

The combination of the half-reactions gives the complete reaction of the combustion,

Hy + 1/2 02 — HQO (13)

In an electrochemical cell the half-reactions can be spatially separated into two half-cells
that are allowed to exchange electrons and ions but not fuel or oxygen. By convention,
the one half-cell facilitating the oxidation is called anode, the other one for reduction is
called cathode.

Before the technical details of reaction and transport of electrons, ions, fuel and oxygen
are explained further, the overall thermodynamics shall be outlined at this point as they
manifest one primary particularity of fuel cells: their excellent efficiency. The maximum
efficiency of conventional power generators that convert heat to mechanical work, and
subsequently electricity, is limited by the fundamental laws of thermodynamics. This
limitation was discovered in 1824 by Nicolas Léonard Sadi Carnot [48]. The Carnot-
efficiency, named after him, is the ultimate limit for any thermal power generator and is

defined as

. Tcool
)
Theat

Ncarnot = 1 (14)
where T}, and T4 refer to the temperature of the source of heat and the coolant tem-
perature, respectively. State-of-the-art combustion engines typically reach an efficiency of
40-50%, corresponding to a heat source of approximately 600 °C and cooling with ambient
heat. Since mechanical stability and corrosion become much harder to handle at increas-
ing temperature, and the maximum combustion temperature is intrinsically limited for
any fuel, conventional combustion might never significantly exceed this limit. This brief
excursus demonstrates the superior feature of fuel cells that they obey a different limita-
tion. Since no Carnot-type heat-to-power conversion takes place in a fuel cell and, instead,
the energy released from the reaction is harvested directly as electricity, the theoretical
electrochemical efficiency depends only on the Gibbs free energy reaction and the reaction
enthalpy,

ARG
Telec = ARH

(1.5)
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Applying the numbers for the formation of water from Hy and Oy (Ag H® = —285.8 k.J mol~*
and ARGY = —237.2kJ mol™!, values for liquid water formed at T' = 295 K) reveals a
maximum efficiency of 83%. This is the fraction of energy released from the chemical
reaction that can be turned into work in an ideal cell, the rest will be released as heat.
Thus, hydrogen fuel cells are potentially twice as efficient as conventional combustion en-
gines, rendering them the superior energy converter from a thermodynamical viewpoint.

The Nernst equation translates the energetic quantities of thermodynamics to the
equilibrium (or reversible) cell voltage, a fundamental quantity in electrochemistry,

k

T
AE = AE" — fF InJ[a (1.6)
N i=1

The superscript © indicates values at standard conditions, i.e., 298 K, 1bar, 1M of each
reactant and product, unmixed reactants and products. Applying the reactants from hy-
drogen combustion, and assuming ideal gases and the activity of water not affected by
pressure, yields

RT P, PG,
AE = AE° In | ——2 1.7

* 2. F . ((1bar)1-5 ’ (1.7)
where AEY = 1.229V and is called standard cell potential, which is a constant for a
given pair of half-reactions and is directly related to the standard Gibbs free energy of
the reaction,

AE’ = —2, FARG". (1.8)

Equation ([1.8) is derived by considering the work accomplished by a set of z. electrons
transferred at given voltage. The Nernst equation and its link to the free energy reveals
a crucial insight: any irreversibility in the process of electrochemical energy conversion,
i.e., work being dissipated to heat, results in a voltage drop of the cell. Therefore, all
fuel cell development opting for maximized efficiency intends to reduce resistances since
current times resistance results in a voltage drop. The main contributors originate from
distinct processes that naturally have to occur in an electrochemical cell:

1. Chemical reactions: activation resistance depending on the kinetics of the elec-
trochemical reactions on a given catalyst.

2. Tonic transport: resistances caused by limited mobility and concentration of ions
in the electrolyte.

3. Electron transport: ohmic resistances in the electron pathway,

4. Fuel supply: mass transport resistances.

Actually type resistances are not directly part of the electrochemical cell processes.
However, if transport limitation in the fuel or oxygen supply pathway occurs, the local
concentration drops dramatically at the catalyst’s reactions sites, leading to an increased
activation resistance, i.e., increasing . These four processes listed above find their
physical counterpart in the different essential components of any fuel cell, each being
described further in the following section.

12
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1.5 Fuel cell design and essential components

The set of essential functional elements can be derived from fundamental processes oc-
curring in every fuel cell device, namely the half-cell reactions, ionic connection via an
electrolyte, and electronic contacting and transfer of electrons over a closed circuit (see
Fig. . A continuous fuel supply, water removal and mechanical integration must also
be ensured in technical fuel cells by their auxiliary components. Generally, fuel cell design
in practically relevant devises is planar, i.e., the components described in the following
have a flat and thin geometry that can be stacked to larger high-power devices, which,
therefore, are being called stacks, containing numerous single fuel cells.

1.5.1 Catalyst layer

The half-cell reactions always need a catalyst that tears down the activation energy bar-
rier, thereby enabling reaction rates sufficient to ensure high current densities. As an
illustrative example, the activation energy barrier of the direct reaction of Hy and O,
molecule (approx. 250 k.Jmol™! [49]), is roughly 5 times higher than the activation en-
ergy for the Pt-catalyzed reaction (40...70 kJ mol~' [50]). Typically, solid catalyst are
used to obtain a mechanically stable layer.

flow field (FF)

gas diffusion
layer (GDL)

microporous
layer (MPL)

/ ‘ \ H,O

anode polymer cathode
catalyst layer electrolyte catalyst layer
(ACL) membrane (CCL)
(PEM)

Fig. 1.4: Basic layout of a state-of-the-art PEM fuel cell. Essential processes include (1) elec-
trochemical conversion reactions at the catalyst layers, (2) proton migration across
the membrane, (3) electron conduction between reaction sites and the outside of the
cell, (4) gas supply of fuel and oxygen, and (5) removal of water as reaction product.
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At the catalyst surface the three reactants (molecules, electrons, ions) involved in the
half-cell reaction must come to the same spot to react. However, the electrons, ions and
molecules travel on different pathways, i.e., physically separated phases. Therefore, the
concept of a the triple phase boundary (TPB) was developed, which implies to maximize
the triple-phase contact in the catalyst layer to increase the effective reaction rate. Since
the catalyst layers is of finite thickness, the electronically conductive phase (typically the
catalyst support or the catalyst itself), the ion-transporting phase (the electrolyte), and
the void space for fuel and oxygen supply must interpenetrate to come into contact, be
well dispersed to ensure high TPB, and be well connected at the same time to feature
continuous pathways. If a liquid electrolyte is involved, fuel or oxygen can dissolve in the
electrolyte. Such a liquid electrolyte carrying the reactants can wet the catalyst over a
large continuous surface domain, thereby turning the triple phase boundary into a binary
phase boundary, which exceeds the TBD by multiple orders of magnitude regarding the
number active reactions sites [51]. However, because diffusion of molecules in liquids is
limited, macroscopically the concept of a TPB still applies. As discussed later, these
features render the catalyst layer the most challenging component in the fuel cell.

1.5.2 Separator and electrolyte

To obtain two separated half-cells, a medium that blocks gas and liquid molecules but
allows ions to cross easily must be inserted between the anode and cathode catalyst layers.
To reduce the voltage drop caused by ion transport through the separator (typically a
flexible film-like membrane or thin solid layer), it should be as thin as possible. Further,
ion concentration and mobility should be high in the separator material to render a suit-
able electrolyte. However, if these requirements are followed, the permeability for gasses
and liquids also increases as no material is ideally blocking diffusion of molecules. Two
approaches are conceivable designing the separator: the functionality of physical separa-
tion and ion transport are facilized by distinct phases, i.e., an electrolyte is embedded in
an inert solid matrix (e.g., encountered in alkaline fuel cells); or a bi-functional material,
i.e., a solid electrolyte is used.

The unwanted transfer of oxygen or fuel to the other half-cell is called cross-over and
imposes the risk of severe efficiency loss if the half-cell reactions are not electrochemically
separated anymore, i.e., they cannot contribute to the generation of electric power. The
design of membranes or electrolyte layers as thin as possible whilst ensuring mechanical
stability and durability remains a major challenge in fuel cell development [52].

1.5.3 Gas diffusion layer, bipolar plate and flow field

Since the energy released in the fuel cell shall be harvested as electricity, the reaction sites
in anode and cathode catalyst layers must be well connected to a continuous electrical
network that collects the electric current. Typically, a multiscale design is applied to
create a pathway from the reaction site to the outside of the devise. On the material level
of the catalyst layer, an electronically conductive support is required if the electronic
conductivity of catalyst material is insufficient.

The outer mechanical support structure holding the fuel cell in place serves as electri-
cal lead-out of the total current generated by the cell and is manufactured from conductive
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materials, such as steel or graphite. In fuel cell stacks, this component separates neigh-
boring cells and transfers voltage and current from one cell to the next. Since this inserted
sheet or plate faces the anode side of one cell and the cathode side of the neighboring one,
it is commonly referred to as bipolar plate.

The exposure of bipolar plates to over-voltage triggers corrosion processes, which are
electrochemical reactions, too. Thus, an ongoing challenge is to coat or treat current
collector materials to prevent corrosion. However, such measures come typically to the
price of increased contact resistances within in the electrical pathway and are subject to
ongoing efforts in fuel cell development [53].

Similar to the electronic pathway, fuel and oxygen molecules must be transferred
continuously from the outside of the cell to the reaction site inside the catalyst layers.
Again, a multiscale design is typically applied. On the outside gas manifolds are needed
that direct fuel and oxygen into channel-like structures integrated into the bipolar plates,
which are called flow fields. Here, distinct flow field designs exist: co- or counter-flow,
referring to relative direction of fuel and oxygen on cathode and anode side. Typically,
flow channels are straight and parallel, distributing the fuel and oxidant media across the
cell area. Serpentine, wave-form, or circular channel geometries are also in use.

Even more challenging is the reverse pathway that water has to take when leaving the
cell. In low temperature cells, liquid water condenses in large amounts. If accumulated in
the porous layers of the cell, oxygen supply can be cut. Such flooding of the cell can cause
severe voltage drops and is intensively addressed in current research and development.

1.5.4 Auxiliary components and fuel cell system

To obtain a practical and robust device, additional stack components are needed that are
not directly related to the electrochemical processes inside the cell, such as a mechanism
of screws and springs for upholding clamping pressure, a sealing concept, a robust casing,
and thermal insulation. On system level a fuel tank system, fuel recirculation, power
electronics, and cooling sub-system for thermal management are needed integrate the
stack into its technological environment and render it eventually a usable device.
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1.6 Current state-of-the-art fuel cell technologies

Each of the previously introduced fundamental components must be realized in any fuel
cell. However, fuel cells can differ widely in their design of these components, the materials
used and their operation conditions. Therefore, the state-of-the-art in fuel cell technology
features a variety of distinct fuel cell technologies, which will be discussed in the following.

Fuel cells can be categorized as distinct types by the material used as electrolyte,
which determines mainly the catalysts used and the operating temperature. Thus, the
alternative common classification by operating temperature distinguishes between low
temperature cells, operating below or little above 100°C, whereas high temperature cells
require several hundreds degree Celsius (typically > 500°C) to function.

Each type and class of fuel cell has distinct advantages and unresolved challenges.
Therefore, the different types of fuel cells currently available are reviewed and analyzed
with regard to their technological maturity and most advantageous applications. Table
provides an overview on fuel cell technologies discussed here; listing the chemistry of
anode, cathode and electrolyte; operating temperature; efficiency; costs; and typical stack
power output.

1.6.1 Proton exchange membrane fuel cells

Proton exchange membrane fuel cells (PEMFCs) are a type of fuel cell technology that uses
a perfluorosulfonic acid (PFSA) polymer membrane as an electrolyte. They are known
for their fast response time, robustness and high power density. Due to these unique char-
acteristics, PEMFCs are the first choice in applications that require high-power output, a
compact design and quick start-up time, such as in fuel cell vehicles and portable power
devices. The massive development efforts during recent decades established PEMFCs as
a mature and commercialized technology. By now, mass produced devices are available,
resulting in a significant advance in the price per nominal output power. Fuel cells devel-
oped for the space program in the 1960s had came with to the price of 600,000 $/kW. At
present, commercial PEMFC stacks with nominal costs below 100 €/kW are released to
market.

Commonly, PEMFCs are operated at around 80°C to ensure fast reaction kinetics and
low ionic transport resistance. Since the membrane must be well hydrated to uphold its
ability to conduct protons, increasing the temperature further leads to successive dry-
out and performance loss. Further, the electrodes and the polymer material suffer from
accelerated degradation at higher temperatures.

In PEMFCs, water management is crucial. The cell requires liquid water, which pro-
vides active reaction sites in the catalyst layer and is the essential medium for proton
transport in both membrane and catalyst layer. However, liquid water is generated as the
inevitable reaction product from the combination of hydrogen and oxygen. An excessive
accumulation of liquid water can lead to flooding of the cell, especially at high current
densities, cutting the fuel supply at the electrodes. Managing the balance of water gen-
eration and removal poses an ongoing field of research and development, where multiple
distinct approaches are sought, such as improved thermal management, optimized fluid
dynamics, or tailored wetting properties of the electrode materials.
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1 INTRODUCTION

1.6.2 Phosphoric acid fuel cells

The straightforward approach to increase temperature beyond 100°C, thus, turning all
water to vapor, which resolves the issue of flooding, requires a change in materials for
the electrolyte. The hydrated PFSA can be replaced by liquid phosphoric acid. Such
phosphoric acid fuel cells (PAFCs) share with PEMFCs the high power density but oper-
ate at temperatures around 100...210°C. However, their efficiency and dynamic operation
behavior lags behind PEMFC technology. Still, PAFCs are a mature fuel cell technol-
ogy and have well-established niche application in stationary power generation in remote
locations, often as combined heat and power (CHP) systems. Their increased operation
temperature brings benefits regarding tolerances of fuel contamination, such as carbon
monoxide and carbon dioxide, a more robust and compact heat removal systems, lower
maintenance and higher reliability.

The costs of PAFCs are still relatively high. As in PEMFCs, the rare noble metal
Platinum used as catalyst complicates further cost reduction. At present, Platinum is
without foreseeable alternative in acidic cells. Other experimental and cheaper catalyst
are not stable in the aggressive acidic environment or do not exhibit sufficient catalytic
activity. Current efforts in fundamental research try to find novel catalyst but with no
major break-through so far. The most promising approach is to maximize Pt utilization
and reduce Platinum loading. Thus, commercially available acidic low temperature fuel
cells will rely on Platinum for at least another decade.

1.6.3 Alkaline fuel cells and anion exchange membrane fuel cells

To sidestep the use of Platinum, alkaline fuel cells (AFC) can be used. This type of fuel
cell uses an alkaline electrolyte, typically a concentrated potassium hydroxide solution.
Under the alkaline conditions in AFCs, Nickel catalysts are stable and provide an excellent
activity. AFCs are known for their high energy conversion efficiency, moderate-to-good
power density, and ability to operate at a wide range of temperatures. Therefore, they are
mainly used in industrial applications, or in niche applications, such as remote sensing
and monitoring, where their long life and high efficiency is beneficial. As described in
the section [I.3, AFCs have a long history of use, including space flight. As a drawback
they are not as compact as PEMFCs since they require a rather heavy, electrolyte-soaked
separator. Since the electrolyte is not spatially fixed, careful management of pressures
on anode and cathode side is mandatory for AFC devices, complicating their application
in compact and portable devices. However, they continue to be a promising fuel cell
technology as abundant and cheap catalyst materials can be used. This potential cost
reduction in commercial applications, particularly in industrial and niche applications,
renders AFCs a compelling technology in the fuel cell technology landscape.

The recent development of anion exchange membrane fuel cells (AEMFCs) seeks to
combine the compactness and robustness of PEMFCs with the cost advantages of AFCs.
An electrode design known from PEMFCs is used, featuring a polymer membrane and
polymer-bound gas diffusion catalyst layers, where instead of an acidic PFSA polymer an
anion-conductive polymer is used. A plethora of chemical structures based on positively
charged nitrogen-containing functional groups is conceivable, with first promising results
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proving the concept to be feasible [58]. At present, these novel electrolyte materials suffer
from rapid degradation [59]. Futher, AEMFCs are notoriously inactivated by carbonate
forming from CO, entering the cell with the air intake. Nonetheless, over the last decade,
AEMFCs advanced substantially through the development of new materials and the opti-
mization of system design and operation conditions. With further fundamental research,
AEMFC might stay an interesting concept for possible future fuel cells.

1.6.4 Direct methanol fuel cells

Among low temperature fuel cells, direct methanol fuel cells (DMFCs) gained a certain
popularity. The compact handling of a liquid fuel that does not require complex gas cir-
culation systems lead to some applications in small portable devises and also industrial
mobile applications. In contrast to hydrogen, methanol, a broadly established platform
chemical, is easy to produce, transport and store. Materials used and cell design of DM-
FCs widely resemble PEMFCs. Additional to Platinum, Ruthenium, which is even more
expensive and rare, must be used as a catalyst to facilitate the bond cleavage between
Carbon and Hydrogen in the methanol molecule. Indeed, the total loading with Plat-
inum and Ruthenium exceeds PEMFCs by one order of magnitude. Another drawback is
the intense methanol crossover, requiring a dilution of the fuel down to 3%wt in water,
preventing feasible upscaling of DMFC technology to high-power or mobile applications.
For a power output of more than 0.3kW the indirect methanol fuel cell, i.e., externally
converting methanol to hydrogen, reaches a higher efficiency and is more cost-efficient [60].
Despite these limitations, some DMFC application where commercialized in portable elec-
tronic devices, such as laptops and mobile phones or backup power solutions. Overall,
DMFCs are a relatively novel and developing fuel cell technology. Nonetheless, they have
a certain potential for use in portable and mobile applications, where their small size,
high energy density, and low operating temperature are advantageous.

1.6.5 High temperature fuel cells

Solide oxide fuel cells (SOFCs) and molten carbonate fuel cells (MCFCs) are fundamen-
tally different from low temperature fuel cells since they thermally mobilize ions (oxygen
ions and carbonate ions, respectively) from solid ceramic electrolytes or molten salt. The
elevated temperature level of several hundreds degree Celsius is difficult to facilitate in
mobile or portable devises but is feasible in industrial scale applications and backbone
energy systems. The valuable high-temperature waste heat allows for excellent integra-
tion into industrial processes where a combined heat and power demand must be met.
Research and development of both technologies dates back almost a century, with first
commercial applications appearing around the year 2000, whereas MFCFs were always
roughly one-to-two decades ahead of SOFCs since MFCFs components are cheaper, easier
to manufacture and more robust.

MCFCs use a molten mixture of lithium, sodium, and potassium carbonates fixed in
an alumina matrix as electrolyte, thus require operating temperatures around 600-800 °C.
Carbonate is formed from CO,, which has to be added to the air stream, and is released
on the anode side again. Therefore, MCFCs requires some auxiliary heavy machinery,
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such as a CO, cycling system and are not as compact and modular as SOFC systems.
Nevertheless, MCFCs are a mature fuel cell technology with a long history of use, offering
a good balance of performance and efficiency for certain power generation applications.
However, the costs of MCFCs are still relatively high compared to other forms of power
generation.

SOFCs typically use Yttria-stabilized zirconia electrolyte that conducts oxygen ions
above 600 °C. The cell design is significantly more compact than in MCFCs as no matrix-
liquid separator is used. Key feature of SOFCs is the high energy conversion efficiency,
especially in combined heat and power use. The estimated cost per kilowatt for SOFCs
is still relatively high. Therefore, current efforts in research and development focus on
reducing the cost of SOFCs and improving their performance and efficiency, and increasing
their commercial viability. By making these improvements, SOFCs already surpassed
MCFCs regarding cost effectiveness and have the potential to become a major contributor
to the transition to a clean and sustainable energy system. The ability to run both on
both renewable hydrogen and natural gas renders them highly suitable for the transition
phase from fossil to renewable energy carriers.

Nickel catalysts used in SOFCs and MCFCs were adapted from hydrocarbon pro-
cessing, such as steam reforming, and profit from very fast reaction kinetics at elevated
temperatures, effortlessly cracking hydrogen-carbon and oxygen-carbon bonds with fast
kinetics. Therefore, high temperature fuel cells can be fueled with hydrocarbons, natural
gas, biogas, flue gas, or CO rich gas, and have excellent tolerance against contamina-
tion in hydrogen fuel. On the downside, degradation issues are faced, especially during
temperature cycling and interrupted operation due to the thermal stress imposed on the
materials, leading to mechanical disintegration and delamination of the electrodes. Nev-
ertheless, commercially available SOFC and MCFC systems are proven to run reliable
and will find their applications as stationary mid-to-large scale energy converters.
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1.7 Proton exchange membrane fuel cells: current
challenges in research and development

Since all fuel cell technologies have advantages in certain fields and niches of application, it
is likely that not a singular technology will cover all demands in a future energy system.
At present, for mobile, flexible and mid-size fuel cells devices, as in trucks or trains,
PEMFCs are the technology of choice. PEMFCs feature a superior efficiency and the
lowest price of all fuel cell technologies, and have their path cleared to broad commercial
application. SOFCs might follow shortly after, mainly covering industrial scale heat and
power generation. Other technologies, such as PAFCs, AFCs or DMFCs might cover niche
markets, as the energy transition progresses during the next decade.

Despite the relatively high maturity of PEMFCs, challenges for science and engineer-
ing remain, e.g., further reduction of Platinum loading, performance enhancement and
improvements of durability and liftetime. In the last years, research efforts for PEMFC
technology were widely oriented along national programs and targets. The most promi-
nent one, the United States” Department of Energy (DOE) fuel cell program for transport
applications, has set several ultimate targets for PEMFC technology [61], explicitly aim-
ing on a broad commercial adaption of fuel cell technology in the mobility sector. By the
year 2030 an 80-kW-PEMFC system for mobile application should meet the following key
requirements:

1. Cost per net output power: <30 $/kW (2015 status: 60 $/kW)
2. Fuel conversion efficiency: >70% system efficiency (2015 status: 60%)

3. Durability and lifetime: Uphold efficiency for >8000 automotive drive cycles
(2015 status: 3900 cycles).

Further, the DOE program defines targets to increase power density per weight and vol-
ume, i.e., enhancing the compactness and portability of the system, and extended cold
start ability.

The targets listed above all intersect in one key component: the cathode catalyst
layer (CCL). Since the CCL carries the major fraction of Platinum loading, it is the
primary cost driver of the electrode membrane electrode assembly (MEA). According to
cost estimates in the literature [62] [63], the ultimate DOE target can be reached when
the MEA’s costs are reduced by 45%. Some cost efficiency gains can be expected from
scaling to mass production. However, the catalyst cost is predominantly a material cost
and does not fall with the number of cells produced per year. In contrary, an increased
demand for Platinum might trigger a raise of Platinum price, thus even partially rebound
the gains from reduced production costs. Therefore, the search for alternative catalyst
material to eliminate Pt usage is ongoing. However, even the most promising candidates
still contain Pt as the catalytic base material [64] 65].

To overcome this hurdle, one lever to cut down the costs per kilowatt is to use less of
expensive catalyst materials, another is to increase power density per catalyst material
used, i.e., catalyst utilization should be maximized, the voltage drop in the cell should be
minimized, and current density increased. Minimizing the voltage drop also contributes to
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the efficiency target. However, these two levers often counteract each other. In particular,
reducing the Platinum loading in the catalyst layer can lead to severe unexpected perfor-
mance losses and poor durability. Approaches to explain and resolve the over-proportional
performance losses will be discussed in chapter [2]

Polymer electrolyte fuel cell catalyst layers are complex high-tech materials (see sec-
tion and, despite recent advances, it remains a major challenge for researchers to
reveal, disentangle and rationalize the numerous interactions residing in the CCL mi-
crostructure. A comprehensive understanding of structure-property relations of the CCL
material might enable fuel cell developers to further advance catalyst layer properties,
contributing to the targets for cost, performance and lifetime.

With a plethora of CCL material variations tested over the decades, a large empiric
database on experimental results is available in the literature [57, [66]. Thus, it is a key
task for fuel cell developers to derive universal correlations and design rules for state-
of-the-art CCL materials from this rich database. Adequate mathematical models are
required to formulate insights from experimental data [67, 68]. Once such models reliably
capture the essential structure-property relations of the CCL material, analytical models
can become powerful tools to accelerate and guide materials development.

State-of-the-art methods and capabilities of modeling fuel cell performance and cat-
alyst layer properties will be surveyed in following chapter. The necessity of correlating
the CCL microstructure with its properties will be carved out and discussed with regard
to holistic fuel cell design. Based on this analysis, research gaps currently present in the
realm of microstructure models for PEMFC catalyst layers will be identified.

22



2 Modeling of PEM fuel cell catalyst
layers

This chapter introduces the catalyst layer (CL) microstructure as the subject matter of
this work in section [2.1] including the interwoven functionalities and properties provided
by the microstructure. The historic evolution and origins of CL microstructure modeling
approaches are reviewed in section and state-of-the-art methods across the different
size scales of elements of CL microstructure are evaluated in section 2.3l

2.1 Structural and functional features of catalyst
layers for PEM fuel cells

The multi-faceted features of CL microstructure serve as the basis for fundamental as-
sumptions in structure-based models. In the following, a thorough description of the
catalyst layer microstructure is provided, including its composition and the properties
and intervoven functionalities of each component and phase constituting the CL.

Common state-of-the-art PEM fuel cells employ gas diffusion electrodes (GDEs) as the
prevailing catalyst layer design. GDE-type catalyst layers have a thickness range of 2 to
10 um and are composed of a porous solid catalyst material impregnated with a proton-
conductive polymer, commonly referred to as ionomer. The term gas diffusion electrode
originates from the essential feature of providing a porous structure that allows gases to
diffuse deep into the layer, where they are consumed by the electrochemical half-cell reac-
tions. In contrast, flooded electrodes (FEs) are ionomer-free and have a thickness range
of < 200nm and are therefore also referred to as ultrathin CLs (UTCLs). This second
class of catalyst layers operates under different concentration and transport regimes, as
the pore space of UTCLs is fully saturated with liquid water, causing oxygen to diffuse
as a dissolved species, and proton transport is regulated by the wall charge density of
pores [69, [70]. Since GDE-type catalyst layers can vaporize liquid water in the porous
structure, they have superior robustness regarding the highly sensitive water balance of
UTCLs, which may never dry out and simultaneously fail to effectively remove liquid
water generated during operation. Because of this major drawback, FE-type catalyst
layers were not a viable approach for further PEM catalyst layer development, whereas
GDE-type catalyst layers represent the state-of-the-art in PEM fuel cell technology and
will be focused on in the following.
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2 MODELING OF PEM FUEL CELL CATALYST LAYERS

2.1.1 Base materials, ink process and structure formation

GDE-type catalyst layers for PEM fuel cells are commonly fabricated from three distinct
base materials: Platinum catalyst, carbon support, and PFSA ionomer. Anode and cath-
ode typically vary in thickness and composition. Apart from that macroscopic differences,
they contain the same principle components:

1. Platinum serves the active catalyst for the electrochemical conversion reactions,
thus is the pivotal component. It is deployed to the catalyst layer in the form
of nanoparticles with radii of 1 to 5nm. Depending on the synthesis approach,
Platinum nanoparticles can be deposited predominantly inside the primary pores or
on the outer surface of carbon particles [71].

Metallic Platinum is the outstanding catalyst of choice. Since the invention of fuel
cells it is known to exhibit an exceptional electrocatalytic activity for the oyxgen
reduction reaction [30] [72] (and even higher for the hydrogen oxidation reaction).
Among all catalyst materials being considered for PEM fuel cells, Platinum has
remained superior in terms of stability and lifetime requirements [73]. Additionally,
Platinum is able to withstand harsh oxidizing conditions and various microscopic
degradation mechanisms encountered in the chemical environment of PEM fuel cells
[74-77]. However, proper adjustments in Platinum particle sizes and close control of
operating conditions, monitoring especially the electrode potential in the cathode,
are a necessity to meet lifetime requirements for commercial applications.

The usage of nanoparticles is motivated two-fold. First of all, the volumetric density
of reactions sites, i.e., Platinum surface, in the GDE should be maximized. A planar
Platinum electrode would allow a current density, in the order of ~ 10 mA e¢m ™2,
referred to the geometric cell area. In a GDE-type catalyst layer, the available
catalyst surface is typically a factor in the order of 100 higher, and proportion-
ally bringing up the current density to values > 1 A em~2. Secondly, Platinum
utilization should be maxized, i.e., as little as possible Platinum should be hidden
inside massive Platinum structures. Using nanoparticles and providing a different
mechanical support (see carbon support below), allows to trim Platinum loading to
economically feasible levels. Indeed, the Platinum mass loading of catalyst layers is
a crucial factor in determining the economic viability of proton exchange membrane
fuel cells and is defined as the mass of Platinum per unit area of the cell (units of
mg cm™?2).

2. Carbon support carries the catalyst particles, acts as the electronically conduc-
tive medium, and provides mechanical support. It features particle radii of 5 to
20nm and a varying amount of microscopic pores inside the carbon particles with
a diameter range of 2 to 10nm [78]. Various types of carbon materials can be
distinguished in terms of particle size, morphology, internal structure and surface
properties [79, 80]. These structural properties determine the electronic conductiv-
ity, durability and performance of the CL material [79, 8I]. Two classes of carbon
can be distinguished: high surface area carbons (HSAC) with large internal surface
are of several hundreds cm? per g provided by a large number of micropores; and low
surface area carbons, which are rather compact. Ketjen black and Vulcan carbon
are the most common choice for HSAC and LASC, respectively.
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2 MODELING OF PEM FUEL CELL CATALYST LAYERS

3. Ionomer is used with the primarly intention to boost proton conductivity. Fur-
thermore, it also supports agglomeration of the Pt/C particles and porous structure
formation, and alters wetting behavior of the layer. The chemical structure of
proton-conductive PFSA ionomers is based on a polytetrafluoroethylene (PTFE)
backbone, which is then substituted with perfluorinated-polyether sidechains that
carry sulfonic acid group (-SO3H) on their tail-end [82]. The sufonic acid groups
are highly hydrophilic, thus water aggregates around them, resulting in the ability
for significant water uptake, i.e., the ionomer material can swell when wetted. The
hydrophobic backbones adhere to each other, forming stable interweaved bundels,
which provide mechanical integrity of the material [83] [84]. This balance of stability
against complete solvation in water (i.e., minimal amount of PTFE backbone re-
quired) and maximized proton conductivity (i.e., maximal concentration of -SO3H
desired) sets the typical equivalent weight (EW) of ionomer used in PEM fuel cells
t0 900...1100 9/molso . The most commonly used PFSA polymer is Naﬁon®, which
is known for its high proton conductivity, good mechanical properties, and excellent
chemical stability.

The state-of-the-art manufacturing process for PEMFC electrodes employs mixing
an ink that contains all base material dispersed in a solvent, and a subsequent step of
layer fabrication. The catalyst material is provided as Pt/C pre-synthesized powder, and
ionomer is provided by suppliers as a dispersion in various solvents. Typical ink solvents
are water, ethanol, isopropyl-alcohol, butyl-acetate and glycerine [85]. Ink processing is
highly sensitive to thermal conditions, and method and duration of mixing. However,
critical details of CL fabrication processes are rarely disclosed by manufacturers.

Large-scale production of fuel cell electrodes applies a decal-transfer process in which
the catalyst layer is formed on carrier films and then transferred to the membrane by
heat and pressure [86]. Rolls and band-conveyors facilitate a continuous mode of op-
eration of the fabrication process. At lab scale and for low volume production, batch
processes like doctor blade coating are used for ink deposition and static presses are used
for hot-lamination. For larger production volumes, roll-to-roll processes are used. Recent
developments employ direct deposition of electrodes onto GDL substrates via 3D printing
[87] or ink-jet printing [88]. The latter process can also involve the deposition of the
membrane onto the electrode via ink jet printing and is then called direct membrane de-
position (DMD) [88]. Gravure printing and screen printing are also promising processes
for cost effective mass production of catalyst layers [86]. A comprehensive review of de-
position methods including novel experimental stage approaches can be found in Ref. [89].

During ink stage, the Pt/C catalyst particles aggregate and are partially encapsulated
by ionomer, which does not enter the primary pores. Instead, it forms a skin-like thin
ionomer film with ~ 5...15 nm thickness [01-H93]. The described structure can be rec-
ognized in Fig. (a), which shows a SEM-EDX image of a CL provided in Ref. [90].
Figure (b) illustrates the abstract picture of the agglomerated structure.

The porous network in the CL exhibits a bimodal pore size distribution with primary
pores, which are provided by the carbon support and some intra-agglomerate pore space
(size range from 5 to 20 nm), and inter-agglomerate (or secondary) pores (size range from
20 to 100 nm) between them [94-97]. Although the fractions and sizes of primary and
secondary pores may vary depending on the carbon support used and the process param-
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2 MODELING OF PEM FUEL CELL CATALYST LAYERS

(a)

(b)

Pt/C catalyst
agglomerate with
primary pores

Pt nanoparticles on
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particles
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thin film Liquid water

Fig. 2.1: Structure of a PEM fuel cell cathode catalyst layer: (a) experimental SEM-EDX image
provided in Ref. [90] (with permission from Elsevier), resolving the spatial distribution
of Carbon (from ionomer and carbon support), Platinum nanoparticles (also visible as
spots of high contrast), and Florine (part of the ionomer); and (b) illustration of the

according micro-structural picture featuring agglomerated Pt/C catalyst particles,
ionomer film, and condensed water in the porous network.
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eters employed during ink stage, the bimodal nature of the pore structure is considered
a generic and vital feature of GDE-type CLs. A strong indication that agglomeration
processes shape the CL microstructure was first observed in porosimetry studies that
revealed a bimodal pore size distribution (PSD) [95], 06, O8] 99] and seen also in molec-
ular dynamics simulations [I00]. The structure of PEMFC catalyst layers is difficult to
observe ez situ and to keep intact in microsections prepared from CL material. Thus,
agglomerates are difficult to discern in microscopy studies or using other structural char-
acterization methods. Moreover, their impact on performance remains controversial or at
least difficult to quantify [I0T].

Closer investigation of the agglomerate structure and ionomer morphology revealed
that the ionomer film is typically distributed unevenly across the agglomerated structure
[93, ©6], T02H104], with significant variations in both coverage and thickness. Addition-
ally, there have been reports of large ionomer aggregates that are not part of the thin film
[T04H106]. This composite picture of aggregated and dispersed ionomer is supported by
experimental works indicating that, on the one hand, the volume fraction of secondary
pores decreases as more ionomer is used in the catalyst layer ink composition [107], which
explains the dispersion in the secondary pores. On the other hand, there is no strict anti-
correlation between porosity and ionomer content, hinting that not all of the ionomer is
used to fill the secondary pore space. Such variations in ionomer morphology can have a
significant impact on the percolation behavior of the ionomer network or on the volume
fraction and network properties of gas-filled pores [I08-I10]. The ionomer morphology
in the CL is not only determined by the composition of the ink but further affected by
Platinum loading, type of carbon support, type of ionomer, ink solvent, and processing
parameters, such as processing times and thermal treatments [ITTHIT3]. Ongoing exper-
imental efforts aim to better understand how the agglomerated base-structure and the
inter-agglomerate ionomer morphology can be tuned and which structures yield optimal
cell performance [104], 114H117].

27



2 MODELING OF PEM FUEL CELL CATALYST LAYERS

2.1.2 Phase interactions and catalyst layer functionality

In the following, the phenomena and processes inside the cathode catalyst layer (CCL)
are primarily addressed. Water is generated on the cathode side of the cell by the oxygen
reduction reaction (ORR), rendering the CCL’s functionality more complex than for the
anode catalyst layer (ACL). Furthermore, the ORR features significantly slower kinetics
than the hydrogen oxidation reaction in the ACL, thus is rather performance limiting.

The essential functionalities and peculiar properties of PEM catalyst layers can be
disentangled describing the microstructure as four mixed and interpenetrating phases
[72], which partially enable functionalities but simultaneously can impose side effects that
impair the desired functionality of the layer:

1. The solid phase (S) comprises the Platinum catalyst and carbon support. Phase
S determines basic electronic, electrostatic and electrocatalytic properties.

2. The liquid water phase (W) acts as the reaction medium and renders the catalyst
active in the first place. Condensed water is abundantly present at the cathode CL
since water is a half cell reaction product of the ORR. Water can condensate inside
the pores or adsorb at surfaces of carbon, Platinum, and ionomer [94].

3. The ionomer phase (I) incorporates some water and forms its own percolating
network with a high proton concentration across the catalyst layer. Furthermore,
it strongly interacts with the water-wetted Platinum surface and determines the
proton density at the microscale, and other properties, such as wetting behavior.

4. The gas pore network (G) that enables facile diffusion of oxygen gas and water
vapour but can be replaced with phase W when the cell floods.

Phases S and W are indispensable for CL operation. At the interface of S and W, which
includes the active reaction sites at Platinum nanoparticles and the electrochemical double
layer, electrochemical activity, which is the key feature of the electrode, is provided.
Therefore, a sufficient amount of W that wets the surface of S is a necessity. In contrast,
a perfectly dry cell is not operational. The extent of Platinum utilization by phase W
is a function of overall water uptake and the distribution of water in the pore space
[78, 94, ©95]. Here, a crucial distinction to be made is between the water-filling of primary
and secondary pores. Water-filled pores bounded on all sides by Platinum or carbon, i.e,
all-metallic walls, differ significantly from those bounded on one side by Pt/C and on the
other side by an ionomer film, i.e, mized walls [70, 118]. This difference leads to a wide
range of interfacial reaction conditions at the pore scale in terms of local electrolyte phase
potential and pH, resulting in spatial variations in the ORR rate and Pt dissolution rate.
Therefore, how water distributes and triggers electrochemical activity remains subject to
recent works in the literature [94 [119].

As seen for ultrathin ionomer-free CLs, a CL can function without phase I [120-122].
Thus, phase I is not pivotal for enabling electrochemical reaction in the first place. It
rather acts as a booster which enhances the local proton density and thus local activity
significantly. The effect can reach up to an order of magnitude [118, [123]. However, other
studies have suggested an adverse impact of phase I on catalyst activity via adsorption of
sulfonate anions, i.e., the head groups of the ionomer sidechains [124H126]. Effective in-
teractions between S and I phases, which must be separated by an interfacial water layer,
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control the local interfacial proton density and the catalyst activity. Surface modification
of catalyst and support modulate these interactions and thus the interface structure and
activity [117]. Furthermore, this local interface structure has an impact on the overall
wetting behavior of the CCL [127], as discussed later on in this section. Despite the
significance of the catalyst-ionomer interface at the microscopic level, several questions
concerning its structure and properties remain unresolved. This includes the water layer’s
thickness between the Pt/C surface and ionomer film, the local ordering in the confined
water layer’s molecular structure, its dielectric properties, the ionomer sidechain’s pref-
erential orientation and interfacial density, the spatial distributions of electrical potential
and ion density in the water region, and the effect of the oxide coverage at Pt/C on the
electrostatic properties of the interface [118], [12§].

Not only contact with phase W is pivotal for phase S to become active. Also, a per-
colating pathways for protons from the PEM to the reactions sites must be provided.
Here, phase I and W act symbiotically: phase I has a high acid content. Upon contact
with water, the acid groups dissociate, resulting in a high concentration of mobile extra
protons or hydronium ions. With water as solvent, the protons acquire a high mobility.
The combination of high hydronium ion density and excellent proton mobility results in a
high proton conductivity, both in membranes and ionomer-impregnated CCLs. Nonethe-
less, even without ionomer, water is able to sustain sufficient rates of proton transport.
Indeed, the current understanding in the literature assigns macroscopic proton transport
to phase I. This assumption only holds macroscopically since over significant distances
ohmic loses are mitigated by the high proton conductivity, whereas on the microscale
phase W well-connects reaction sites with the proton-transport network [119, [129].

To extend mere electrochemical activity to actual high performance in power-generating
applications, i.e., high current density and according transport rates per geometric cell,
phase G is required as an effective transport path. The macroscale gas pore network that
exists in secondary pores is crucial for the oxygen supply and water removal in the CCL.
However, phase G is not desired at the microscale, where it might replace W, thus would
disconnect reaction sites from the proton-supplying network and cut them from contribu-
tion to electrochemical activity. In a well-designed CL, active catalyst nanoparticles are
located at spots that are simultaneously connected to the percolating proton transport
network provided by I and W, phase S for electronic contact, and phase G. This concept
of a so-called triple phase boundary (TPB) served as a useful concept to rationalize CCL
operation for many decades since its postulation in 1924 [33]. However, as an idealized
geometrical construction the TPB is of limited value for understanding GDE-type CCLs
in PEM fuel cells, and even evidently non-existent for FE-type CCLs. Electrochemical
conversion does not occur on a narrow TPB, but in the whole contact plane of S and
W. This contradiction with the TPB is resolved by the fact that oxygen is soluble in
water in sufficient amounts to enable a high ORR rate. Oxygen molecules are able to
diffuse a certain distance or depth in water-filled pores and provide a sufficient supply
for the ORR. Consequently, the active zone for the ORR extends away from the ideal
geometric intersection of the TPB, typically to a reaction penetration depth of ~ 100 nm
72, 1130, 131].

Given this length scale, primary pores can be allowed to be flooded during PEM fuel
cell operation. Flooding of secondary pores however would markedly increase the oxygen
diffusion resistance and render oxygen transport the dominating cause of voltage loss.
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If the secondary pore space is mainly hydrophobic, it can withstands being flooded by
the liquid pressure [I32], which raises as more liquid water is generated with increasing
current density. To keep the cell in an optimal wetting state, a mixed wetting behavior
might be favorable to uphold free phase G and simultaneously retain enough water to
keep the catalyst well-wetted and active.

Interestingly, CCLs actually exhibit mixed wetting behavior with both hydrophilic and
hydrophobic pore walls. The wetting properties were found to be tightly coupled to the
ionomer content, the Platinum loading, and type of carbon used, i.e., phase I, phase S and
the I-S interaction [133][134]. Hydrophilic surfaces can be attributed to metallic Platinum,
carbon, and the ion-lined surfaces of the ionomer. For carbons, even graphitized carbon
approaches contact angles of only 90° from below but does not exceed this threshold. The
origin of hydrophobic wetting behavior can be attributed to surface patches of ionomer
that consist of densely aggregated hydrophobic ionomer backbones [100], 135]. This aligned
molecular structure is formed due to attractive interactions of the sulfonate anions with
the Pt/C surface, which induces the preferential orientation of sidechains toward the
agglomerate surface. The strongly hydrophobic PTFE backbones are left oriented towards
inter-agglomerate spaces. However, understanding how modification of CCL materials,
e.g., carbon support or ionomer, and the composition of CCL inks affect the wetting
properties has not been addressed systematically in the literature.

The crucial water balance managed by the CCL extends over the entire cell. An opti-
mal amount must be retained in the CCL while removing any excess water to neighboring
layers, such as the cathode outlet via the MPL and the GDL, or the anode side via the
PEM. The water balance becomes more challenging when the Platinum loading is sig-
nificantly reduced. Unexpectedly high voltage losses occur when the Platinum loading
is reduced, even surpassing losses anticipated based on the proportional decrease of the
ECSA. In Ref. [I36], a tipping water balance was identified as the cause of the detrimen-
tal performance effect, although there is no unanimous agreement on this interpretation.
The search for the source of the significant Platinum loading effect has become a major
focus in the field. One popular hypothesis suggests that a thin ionomer layer covers the
Platinum catalyst sites, resulting in an additional local transport loss [I37H142]. However,
water phenomena cannot be neglected when discussing transport resistances. Moreover,
it is questionable that the ionomer thin film can even exert a significant transport barrier.
Hence, the thin-film hypothesis can be considered flawed, leaving the unexpected losses
subject to ongoing research that focus on deciphering the role of water in this peculiar
phenomenon.

The last example underlines once again the importance of comprehensibly understand-
ing the intricate correlations between composition and performance outcome of CCLs and
the need for modeling approaches that can disentangle its multifaceted structure-property
relations. Therefore, the following section will delve into the history and development of
key ideas for models of the PEM fuel cell catalyst layer microstructure.
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2.2 Evolution of microstructure models for PEM
fuel cell catalyst layers

The historic origins and developments of modeling the microstructure of PEM fuel cell
catalyst layers can be overviewed in two major periods that partially overlap but can be
distinguished by their focus on certain features of the microstructure, by leaps in under-
standing the functionality of PEMFC catalyst layers, and by methodological differences
and modeling approaches. The first generation of agglomerate models was developed
mainly during the second half of the 20" century and was derived from conventional
models for reactive transport, as commonly applied in heterogeneous catalysis and process
engineering. Here, first attempts to add complexity and account for specific structural fea-
tures of ionomer-bound GDEs were made. During the 2000s and 2010s, CL microstructure
models experienced diversification, specialization and refinement in a novel generation.

In 1939, Ernst W. Thiele presented a dimensionless number, later named after him,
to describe simultanecous diffusion and reaction in porous catalyst pellets [143]. The
Thiele-number allowed catalyst developers and process engineers to predict and optimize
catalyst utilization and is still in use today in chemical engineering. Agglomerate mod-
els for PEMFC catalyst layers proposed later kept referring to the Thiele-number and
the similarities in the approach of creating a balance between transport and reaction
rate, and solving for the spatial distribution of conversion rates inside the porous catalyst
particle or agglomerate. The first attempt in this context was undertaken in 1969 by
Giner and Hunter from MIT. They assumed cylindrical geometry to describe agglomer-
ates in an alkaline fuel cell catalyst layer flooded with KOH electrolyte [144]. In 1980,
Iezkowski and Cutlip transfered a similar approach to an acidic cell and introduced the
first electrolyte film model around the agglomerate [145], which later inspired researchers
to use similar models to explain the mass transfer limitation inside agglomerates. So
did Bjornbom in 1987 by futher refining this approach. His work discussed Tafel-slope
doubling to originate from oxygen depletion inside the agglomerates, and brought the cell
model to agreement with experimental results for limiting current density [146]. In 1997,
Broka and Ekdunge later published a consistent parametrization using SEM and other
experiments to determine and fit parameters of the CL microstructure [I47]. Shortly af-
ter, Bultel, Ozil, and Durand discussed the possible local oxygen depletion effect around
platinum nanoparticles and introduced a model to describe mass transfer limitations in
low-loaded catalysts [148]. Perry and Newman refined the agglomerate model in 1998 by
combining oxygen and proton transport inside the agglomerate [149], thereby explaining
not only Tafel-slope doubling, but also quadrupling. This first generation of models was
marked by the development of analytical Thiele-based approaches and the introduction
of agglomerate modeling. They focused mainly on oxygen transport, employed analytical
solutions of coupled ODEs for reaction and transport inside flooded agglomerates, and laid
the foundation for more complex agglomerate models used in PEM fuel cell research today.

The 1990s marked a significant step forward in the development of CL microstructure
modeling, with the introduction of new models and techniques. Published 1991, the work
of Springer et al. [I50] layed the foundation to modern macroscopic cell performance
models — and also foreshadowed a methodological shift from mere analytical mathematics
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to numerical methodsﬂ When computational power became more and more accessible to a
broader community, numerical multi-physics simulations enabled researchers to perform
more complex and accurate calculation. This cleared the path to diversify away from
analytical solution for planar, spherical and cylindrical model geometries.

Around the year 2000, the methodological paradigm shift was met by a novel interest
in fuel cell technology, driven by the demand for commercially available fuel cells to
support fossil-free mobility (see section[l.3)). Publication numbers increased exponentially
during this period [46] and entire research groups dedicated their work on PEM fuel
cells. In the realm of catalyst layer modeling, leading concepts and novel approaches
can be attributed to the work of several research groups. Michael Eikerling and Alexei
Kornyshev [I51] pioneered structure-based modeling of the CL microstructure in the late
1990s — an approach pursued and extended by research on fuel cell-related electrochemical
phenomena, including agglomerate models, from 2003 in the Eikerling research group
located in Vancouver, Canada. Another group around Adam Weber was founded 2008 at
the Research Lab for Energy Conversion in Berkeley, California, and focused on exploring
the physical properties and performance of experimental MEAs and CLs. The group
also dedicated some work to agglomerate and CL microstructure modeling. The group
around Marc Secanell followed shortly at the Energy Systems Design Laboratory at the
University of Alberta, Canada, in 2009 and contributed significantly to the modeling of
PEMFC components and systems, including the CL. Their work focused on the detailed
investigation of transport phenomena and how they affect the performance of PEMFCs.

During the 2010s further advances in CL microstructure modeling were fostered by
the general evolution of understanding of the CL microstructure from experimental works.
Focussing on some representative works from this period includes the work of Tatyana
Soboleva, who confirmed experimentally the bimodal pore size distribution of catalyst
layers. Her approach of correlating water uptake and douple layer capacitance allowed
to scrutinize that condensed water utilizes Pt nanoparticles inside the primary pores
[95], 107, 152] and provided indications in which pores Platinum and ionomer deposit.
New methods in sample preparation and micro-tomography gave deeper insight into the
in-situ structure of agglomerates, e.g., the spatial distribution of ionomer [91] 03]. Also
imaging with high magnification (e.g., TEM, STEM) was more and more applied to fuel
cell catalysts to identify agglomerate structures. The group around Makoto Ushida at
University of Yamanashi, Japan, correlated structural pictures observed ez situ in mi-
croscopy with performance of the catalyst material in operando conditions [96]. Profound
explanations were given how the distribution of Platinum inside agglomerates, carbon
support type, and morphology of ionomer covering it determine the performance of the
CL [&1].

Within the community of fuel cell researchers, two distinct approaches towards the
governing physics inside the CL microstructure were pursued. The first approach as-
sumed that the pore-filling medium inside the agglomerates is water. Thus, the theoret-
ical fundamentals from aqueous bulk- and interface-physics were employed, such as the
Poisson-Nernst-Planck equation coupling proton density, ionic migration and potential.
The second approach postulated that the pore-filling medium inside the agglomerates is

!n fact, as an anecdotal remark, Springer et al. wrote in their publication, without further explanation:
“Although these equations can be integrated analytically, we chose to integrate them numerically.”
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ionomer, or, at least behaves like a classical homogeneous solid medium, thus applied
ohmic ion-conduction for proton transport and rather focused on oxygen diffusion.

Water-filled agglomerate models evolved over two decades with various publications
shedding light on different aspects of the approach. In 2004, a first publication on un-
derstanding flooded agglomerates replaced the traditional Thiele-based approach by con-
sidering water as the filling medium of agglomerates micropores [I53]. Discarding the
previous assumption of isoprotonic and isopotential conditions inside the agglomerate
cleared the path to shed light on the local reaction environment at the catalyst/water
interface, including electric potential, electrostatics, and pH value related effects. The
Eikerling group went on to explore the relationship between transport properties, evapo-
ration rate, and platinum utilization with the flooding behavior of micro- and mesopores
in a 2006 publication [I32]. The results highlighted the crucial structure-performance
relation that is conveyed by the agglomerated structure and vital to water management
of the cell. Refining and resolving the inner geometries of agglomerates became the focus
of more recent research. In 2014, a 3D geometry model that included conic pores, partial
ionomer coverage, and a theory for metal surface charge was presented [154]. In 2016,
the degree of detail could be increased further by a metal-walled nanopore model [70].
The subsequently developed double layer model that merged PtO formation, non-monotic
surface charging, and pH dependency [155] became a key component in understanding the
performance and effects related to water-filled pores. The double layer model was applied
to discrete Pt particles to explain the experimentally observed proximity effect, which
boosts the electrochemical activity of close Platinum nanoparticles [156]. A similar boost
was derived to occur from Nafion®-Platinum interaction in an aqueous environment [I18].
The interface revealed a favorable interplay of pH value, surface charge, and Platinum
utilization in the proton distribution in a gap between Nafion® and Platinum. Another
work from 2018 extended the approach to an ionomer-connected water-filled nanopore
and showed that proton concentration is massively controlled by electrostatics and dou-
ble layers [I57]. Even alkaline pH values were found to play a role and are suspected
to determine the ORR mechanism. Overall, the models assuming pores as water-filled
and employ according physics have significantly advanced the understanding of perfor-
mance of PEMFC catalyst layer and provided insights into key components such as water
management, sub-agglomerate structures, proton transport, and Nafion®-Pt interactions.

The timeline of modeling works seeking an all-solid-state approach closely follows the
development of simulations of the MEA or whole cell, in which the layers of the cell were
represented by macro-homogeneous domains [I58], [159]. The proposed model frameworks
aimed to account for the CL microstructue by extending the expression of the ORR rate
with Thiele-like agglomerate models. In the 2010s, the community of fuel cell researchers
debated the role of ionomer films, which were hypothesized to cause significant transport
resistances in low-Pt-loaded PEM fuel cells. Therefore, some agglomerate models featured
an ionomer film to account for this conjectured additional mass transport resistance [68].
Despite experimental and theoretical efforts, no widely accepted theory could explain why
ionomer thin films around Platinum particles could have a lower oxygen permeability. In
2011, a pseudo-discrete approach was proposed to explain the increased ionomer film resis-
tance for oxygen around the agglomerates in low loaded CLs [160]. The approach involved
modeling discrete reaction domains (not particles) to prove the hypothesis. However, the
authors discussed that the ionomer film may also actually be water film or a combination of
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the two. In 2014, the Secanell group suggested a dissolution kinetic for oxygen to explain
the experimentally measured transport resistance, which could not be explained by the
observed ionomer film thickness and agglomerate size [161]. Despite using measured pa-
rameters, the model still did not fit the observed behavior. Another numerical study from
the same period resolved single Platinum nanoparticles that were randomly distributed
inside a spherical agglomerate [162]. The work discussed a locally amplified flux of oxygen
around small particles as origin of unexplained mass transport resistances. The compar-
ison of such distinct approaches demonstrates that pseudo-homogeneous all-solid models
could not trace down the cause for the observed mass transport resistances. Trapped
in a dead-end, Thiele-like agglomerate models stopped evolving. Nonetheless, they kept
being employed in macroscopic homogeneous models. However, the parametrization of
agglomerates in the CL microstructure was contradictory to experimental findings but
the model results were adequate on macroscopic level, i.e., simulations results of cells and
even whole stacks agreed with experimental data [163].

Overall, modeling of the CL microstructure in PEM fuel cells has greatly evolved over
time, with different approaches proposed and tested. Advancing experimental insights
fostered refinement of existing models, so did modeling works contribute to the analysis
and guidance of experiments, especially in the debate around a conjectured mass transport
resistance of ionomer thin films. Some progress has been made in modeling sub-structures
of agglomerates in the context of water-based theories. However, although discussed in the
literature [164], a comprehensive framework for agglomerate modeling has not yet been
established. The challenge lies in the high degree of complexity on the pore level, requir-
ing a sound basis in physics to accurately capture the underlying mechanisms — together
with a method to handle and reduce complexity when coupling to other modeling domains.

How microstructure models available today settle among other approaches covering

the multiple scales encountered in PEMFC modeling, and how they might be integrated
into this realm, is subject to the next section.
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2.3 Methods for multiscale modeling of PEM
catalyst layers

Unraveling CL structure and function in comprehensive modeling approaches is a hierar-
chical challenge. Both their connection to larger scales on cell and device level and down
to elemental origins of material properties come into play if a holistic understanding of
PEMFCs shall be reached. The topic of multiscale modeling of PEMFCs was extensively
reviewed in recent literature [165], [166] and collected in textbooks [72], 167, [168]. In this
section, the established methods for each modeling scale are reviewed and discussed with
special focus on bridging of scales between CL microstructure models and cell or device
level.

2.3.1 Structural levels of hierarchy and length scales

Figure illustrates the hierarchy of structures of PEMFC catalyst layers and the
methodological approaches to address each level. In the following, this work slightly
relaxes the tight definition by length scales. What is considered rather decisive is the
mere order of magnitude, and more importantly, the structural feature of interest and its
location in the hierarchy. The following structural level (or scales) can be discerned:

1. The term atomistic scale refers to a level of detail where individual atoms and
molecules are the fundamental building blocks. At this scale around 10° nm, the
behavior of matter is governed by the laws of quantum mechanics, and phenomena
such as chemical reactions and molecular interactions can be analyzed in detail.

2. At pore scale, physics of individual pores encountered at ~ 10! nm, such as the
local distribution of potential, ions, or dissolved gases in the electrolyte phase are
of interest. Atomistic effects can play a role but are lumped in effective properties
of homogeneous phases and interfaces.

3. At agglomerate scale, Pt/C particles and intra-agglomerate pores and interfaces
are not resolved. Transport and reaction processes that occur within the agglom-
erated structure are of primary interest. Also, the origins of effective properties
impacting performance of the layer on cell lever, such as wetting properties of the
secondary pore network, must be addressed on this scale of around 102nm. In
particular, ionomer film thickness and coverage can be resolved and be subject to
mesoscale models.

4. At macroscopic scale the entire CL is considered to be a homogeneous domain.
The macroscopic gradients of potential and concentration of protons, gases and
liquid observable at length scale > 10% nm constitute cell performance at this level.

5. On the device level the fuel cell catalyst layer must be integrated into MEAs and
stacks, which themselves are interconnected to auxiliary devices that constitute the
complete fuel cell system and the operation conditions applied to the fuel cell.
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Fig. 2.2: Multiscale structure in a catalyst layer and according modeling techniques: on atom-
istic scale Platinum nanoparticles facilitate the oxygen reduction reaction; at the next
level, water filled pores provided by the carbon support are decorated with catalyst
nanoparticles; at agglomerate scale, Pt/C catalyst particles aggregate and are covered
by an ionomer film; on macroscopic cell level materials are considered homogeneous;
ultimately, the cell must be integrated into a device and complete fuel cell system.
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The terms nanoscale, microscale, mesoscale, and macroscale (the according adjectives
nanao-, micro-, meso-, macroscopic) are commonly encountered in the literature when
multiscale modeling is discussed and therefore shall be clarified here how they match the
definitions above. The term nanoscale refers to structures on the order of magnitude of
several nanometers, thus covers the atomistic and pore scale from the definition above.
Accordingly, the microscale can refer to structures of several micrometers. Alternatively,
the term microstructure is commonly used to refer to intrinsic material structures that
are independent of the dimensions of the piece of matter on the macroscale. For many
materials the length scale of such microstructures is indeed the in the range of a few
micrometers. However, in PEMFC catalyst layers the essential microstructural dimen-
sions rather fall in the range of 1...100 nm, i.e., atomistic, pore and agglomerate scale
are covered by this term. More obviously, macroscale refers to what is big enough to
be perceived by the naked eye as homogenized bulk properties. Finally, the mesoscale
refers to all that lays in between microscale and macroscale (from ancient greek péoos,
mésos, “middle”), thus represents all larger structures that integrate microstructural el-
ements into the macroscale. In the context of PEMFC catalyst layers, this covers the
secondary pore network (or mesopores) together with the agglomerates, i.e., there is a
certain ambiguity at the transition between microscale and mesoscale.

2.3.2 Methodological toolbox for different scales

At the atomic scale, individual atoms and molecules are resolved, including their po-
sitions within a three-dimensional lattice, and their interactions are described by force
fields and the principles of quantum mechanics (QM). In this realm, density functional
theory (DFT) is the method of choice to understand the electronic structure of molecules,
materials, and solids. It is based on the concept that the total energy of a system can be
determined by the electron density rather than the wave functions of individual electrons,
which is a more efficient computational approach compared to traditional quantum me-
chanical methods [169]. Regarding, PEMFC catalyst layers, the Platinum nanoparticle
size, shape, surface atom arrangement, and interactions with support material, are cru-
cial in determining reaction mechanisms and pathways [I70-H173]. DFT allows to calculate
the free energy changes along reaction pathways. Additional computational studies that
combine interface theory and microkinetic modelling can decipher the multistep ORR
mechanism and provide kinetic parameters, such as the intrinsic exchange current density
and Tafel slope, as a function of electrode potential [174 175].

To study the free movement and self-organization of molecules and atoms, molec-
ular dynamics (MD) studies are applied. Each atom is modeled separately as a solid
sphere with its motions, interactions and collisions being simulated [176]. The required
force fields can be parameterized empirically or, alternatively, be derived from first prin-
ciples QM calculations (referred to as ab initio molecular dynamics (AIMD) studies).
For PEMFC catalyst layers, MD is employed to gain insights on structure formation,
molecular alignment of ionomer, mobility of water, protons and oxygen in the ink or fi-
nal microstructure [127, 177-179]. MD can be extended in its length and timescale by
lumping building blocks of macromolecules or particles of homogeneous composition. So
called coarse-grained MD reaches the length scale of agglomerates and has been applied
to simulate structure formation in the ink stage [97, 100, [180].
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Increasing in scale, pore scale models (PSM) focus on specific types of reoccurring
interfaces and building block inside the CLs agglomerated structure, such as slab-like
water-filled pores that are confined by the ionomer film and Pt/C [I1§], or micropores
inside the Pt/C catalyst [69]. The confining walls of these models are described as elec-
tronically conducting solid materials, such as graphitized carbon black, which supports
the Pt nanoparticles. Physics of conservation of mass equation and motion of charged
chemical species in fluid media apply, commonly expressed by the Nernst—Planck equa-
tion. The charging properties of these walls regulate the density distribution of hydronium
ions, or the local pH, in the pore, which is a key variable for the ORR activity and Pt
dissolution rate [69, [70] [74, 118, 155]. Model boundaries are clearly defined in a way
that potential-dependent charging conditions at pore walls and the corresponding local
reaction environment can be accounted for.

Agglomerate models (AM) were the initial approach employed to comprehend the
impacts of intrinsic catalyst activity, internal porosity, and real catalyst surface area on
reaction rate distributions and the overall electrochemical performance of porous elec-
trodes (see section [2.2)). The primary contribution of AMs to PEMFC research is their
ability to rationalize local reaction conditions and effectiveness factors [I54]. These models
consider the agglomerate to be a pseudo-homogeneous sphere (or similar simplified geom-
etry), lumping heterogeneities at the microscale. Together with PSM, AM are powerful
tools for parameter studies that analyze how specific structural modifications or material
integration alter local reaction environments and the associated transport and reaction
rates. These models have broad applications in various scientific fields, and numerous
studies have investigated their significance and applications [161], I8THI83].

On the mesoscale, pore network models (PNM) are able to replicate the characteristics
of the porous CL microstructure, i.e., the connectedness of pores, network morphology,
specific transport resistances of individual pores, wetting behavior and pore size distribu-
tions. PNM are highly developed in the literature and have a long history in modeling
in geo-materials [I84]. At present, broadly available software toolboxes exist to simulate
materials of various kinds [I85] [I86]. PNM are closely related to graph theory. The nodes
of the graph characterize the pores of the material, the edges represent the throats link-
ing the pores. To extract the network topology from an 3D image (e.g., obtained from
micro-CT data), supportive segmentation algorithms are needed [I84]. Differential equa-
tions that describe transport and conservation laws are numerically solved for the nodes
and throats to evaluate the effective properties and behavior of the porous material. In
the literature, multiple works applied PNM to the PEMFC catalyst layer microstructure,
mainly focusing on water management, wetting behavior and effective transport properties
[187-190].

Acting on the same scale as PNM, direct numerical simulations (DNS) are a powerful
tool for simulating material microstructures. Differential equations for reactive transport
in different phases, and even two-phase flow, can be solved numerically on a simulation
domain, using finite difference or finite volume methods. In PEMFC context, DNS can
be used to assign physical properties to each voxel in a statistically equivalent geometry
of the CL microstructure. Such frameworks can even mimic the structure formation
process and thereby allow to study the impact of morphology on effective properties, such
as percolating thresholds [102, T91HI98]. The higher resolution compared to PNM can

38



2 MODELING OF PEM FUEL CELL CATALYST LAYERS

impair computational speed of DNS approaches. In a benchmark comparison from the
literature, computation time for a voxel-based DNS was found to be 60 times higher than
a PNM to calculate transport properties of a GDL [I88]. Although DNSs have higher
computational demands, their results are more accurate and reliable due to their ability
to resolve small details of the material’s microstructure.

When using grid-based geometries to resolve both primary and secondary pores, the
computational complexity can become very high, requiring a large and fine grid. At such
small scale, the lattice Boltzmann method (LBM) is a viable numerical approach [199],
which is also used for simulating fluid flow and other transport phenomena in PEMFC
catalyst layers at the pore and molecular level [200, 201]. The approach is based on
the Boltzmann equation and describes the behavior of a gas or fluid at the molecular
level. Here, sets of particles move along a lattice, with the behavior of the particles being
described by probability distributions.

PNM, DNS and LBM approaches commonly rely on 3D tomography data of the CL
microstructure to parametrize the resolved geometry of the pore network. In the liter-
ature, scanning and transmission electron microscopy (SEM/TEM) tomography [78], 9T,
93, 198, 202] and nano-X-ray tomography [203] were employed for this purpose. Such
experimentally and computationally demanding methods allow to analyze and calculate
a material property for a given instance of a material class but it would require enormous
effort to generalize the structure-property correlations, i.e., mapping the full parameter
space of conceivable structural data. Therefore, a more viable approach will be discussed
in later on in section 2.3.3

In general, mesoscale models feature a high diversity of approaches compared to other
scales and are highly specialized. No single approach can be found in the literature to
account for all structural effects at the mesoscale. Whereas PNM and DNS focus on
transport phenomena via the mesopore network, AM and PSM are specialized on ratio-
nalizing the local reaction environment. Few works in the literature included both aspects.
Sadeghi et al. [164] accounted for local heterogeneities of proton and oxygen concentration
using a PSM that has been combined with a MHM to resolve local effectiveness factors on
the levels of agglomerates and across the CL. Centinbas et al. [204] presented a complex,

highly resolved model which coupled AM and PSM with a DNS.

Macroscopic homogeneous models (MHM) typically treat the CL (and other layers and
domains of the MEA, cell or stack) as a continuum and represent larger sections of the
CL that are greater than >1pm by applying volume averaging. In numerical approaches,
the simulation domain is discretized into finite elements to solve the ordinary differential
equations for heat and mass transport, electrical current and potential, including source
and sinks terms from electrochemical conversion and phase transitions of water. Analyt-
ical solutions for MHM have also been proposed in the literature [205]. State-of-the-art
MHM from the literature reach a high degree of coupling of different physical processes
that interact across the different layers of the cell [I58, 163], 200].

On the ultimate stage in the modeling hierarchy, entire stacks or even complete FC
systems are simulated. Device models are typical engineering tools to optimize design and
operation of the FC system and its components, improve their efficiency, and reduce their
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cost. They must account for complex electrochemical, transport and thermal processes
that occur within the cell, and how they are affected by the device operation conditions,
including temperature, humidity, and reactant flow rates. Methods commonly used in
device modeling include computational fluid dynamics (CFD), often combined with lo-
cal MHM domains [I165]. Complete fuel cell system engineering and development requires
specialized software tools handling the energy and mass streams transferred and converted
by the interconnected fuel cell device components.

2.3.3 Bridging modeling scales

In the development of commercial fuel cell devices, parametrization of MHM is of par-
ticular interest. The required transport coefficients and kinetic parameters are largely
determined by mesoscale structural features of the material. Thus, material properties
on the macroscale and structure on the mesoscale are directly coupled. To bridge be-
tween the classes of models, i.e., to integrate multiple scales into a single model, remains
a reoccurring challenge since models on all scales keep evolving in degree of detail and
computational complexity [165]. A three-fold, viable approach to accomplish the bridging
from mesoscale to macroscale effects can be carved out from the literature:

1. The identification of essential features should become the primary focus of
DNS, PNM, AM and PSM, i.e., the addition of more details is not the ultimate
target — but finding the decisive relevant structural descriptors of CL microstructure.
Building on such insights, model complexity can be subsequently reduced without
neglecting crucial relations of structure and properties. In the literature, besides
the pore size distribution, quantities such as ionomer coverage of Pt/C surface [207]
and interior/exterior fraction at agglomerate scale of Platinum particles [208] have
already been found to be such features.

2. Statistical descriptors for structural parameters can account for mesoscopic het-
erogeneity of microstructure without resolving it explicitly, including pore-level
transport, local reaction conditions and pore-space connectivity. For instance, bi-
modal pore size distributions conveying the information to quantify fractions of
micropores and mesopores in the CCL material have become an established de-
scriptor [94], 98] [132]. Other statistical or averaged descriptors, e.g., for ionomer
coverage or wetting properties, might establish in future CL modeling research. To
reliably parameterize the CL microstructure in such terms, the material has to be
characterized once by their statistical descriptors, e.g., measure a pore size distribu-
tion, requiring a reasonable effort compared to explicit 3D tomography. Eventually,
such descriptors could provide the basis for a scale-bridging framework to describe
the CL microstructure.

3. Finally, a generalization of correlations is conceivable. As the understanding of
relations between CL composition and microstructure morphology grows, universal
approaches might be distilled. In contrast to mere empirical interpolation over an
exhaustive database, mechanistic insights from item (1) in this list contribute here
to setting up physical sound theories and employ them in CL models. Therefore,
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wherever possible, mesoscale models should be scrutinized for potential general-
izations to reliable structure-property relations. Classical random heterogeneous
media theories [209, 210], which employ semi-empirical power-law relations such
as the Bruggeman relation or are derived from percolation theory, hold enormous
potential in the PEMFC context. Various works in the literature already proposed
Bruggeman-like relations [163, 211H213] or percolation-type [51, 214] relations to
express the correlation of CL composition and microstructure, and properties and
performance, thereby proving the viability of this approach for meso-to-macroscale
bridging.

The previous discussion signifies a reoccurring methodological theme in multiscale
modeling research, e.g., in computational chemistry [215] or multiscale mechanical models
[216]: firstly, numerical complexity must be reduced; and secondly, simulation tools to
keep the full chain of modeling scale computationally manageable are employed. In recent
years, the demand has risen for such solutions to handle multiscale effects in PEMFC
catalyst modeling [I65]. As outlined in the next chapter, this trend is driven by the
increasing interest in comprehensive models suitable for holistic PEM fuel cell design —
and shall be met by the research objectives of this work.
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3 Research objectives, method of
choice and scope of this work

Based on the literature reviewed in the previous chapter, emerging recent trends and
current challenges in the realm of modeling of PEM fuel cell catalyst layers are discussed
in section [3.1} Here, this work lays special focus on novel ambitions towards holistic fuel
cell design and tailored catalyst layer materials. Therefore, this chapter develops a set of
methods in section to contribute to this overarching objective, and to cover the scope
of research of this work outlined in section [3.3]

3.1 Purposefully tailored materials and holistic fuel
cell design

In recent years, fuel cell research has been directing increased attention to industrial scale
production and broad commercialization of fuel cells, striving to meet the developments
goals for fuel cell development introduced in section These multi-objective and am-
bitious, yet clear-cut targets are met by extensive efforts and systematic studies in the
experimental literature [66, TTTHI13]. Here, overarching trends focus on purposefully tai-
lored materials and holistic cell design — two concepts which are also of vital importance
in the this work. In fuel cell development, the central role of the cathode catalyst layer
(CCL) and its microstructure is commonly acknowledged, as the CCL is the key func-
tional component of the cell and the most critical cost factor [63].

The term purposefully tailored materials refers to intentional modifications of the ma-
terial, i.e., modifications that seek a particular tweak in CCL performance by altering the
known root cause in the material microstructure. The aspect of tailoring further refers to
customization of the material to suit a particular purpose within the fuel cell device. Here,
the close link to holistic cell design can be drawn, which strives to co-optimize not only
the CCL, but all cell components (including the PEM, GDL, MPL, flow-field, and other
auxiliary components) and the overall device design, together with operation conditions
and strategies with regard to enhanced performance, durability, and cost-effectiveness.
Thus, purposefully tailoring individual components forms the basis for intentional and
directed improvements of the fuel cell device, whereas holistic cell design rather steers,
integrates and frames the optimization processes for each single material.

As illustrated in Fig. development and implementation of novel materials com-
monly follow an iterative design cycle. In a solely experimental approach, materials are
synthesized following a selected recipe and subsequently characterized and tested with
regard to their desired performance. Building on this feedback, the material recipe is
adjusted in the next iteration. As understanding of the cause-effect relations between
materials choice and resulting performance grows with every iteration, the desired out-
come is eventually achieved. However, in practice, this can be a time-consuming and
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Fig. 3.1: Iterative design cycle of novel materials for PEMFC catalyst layers: CL materials are
synthesized, characterized, and tested in an experimental approach. Feedback from
these tests is used to adjust the material recipe in each iteration. Models for the CL
microstructure and the cell performance on the device level can be integrated in order
to guide and accelerate the process.

cumbersome process. Modeling approaches can synergistically blend into this cycle and
provide guidance and acceleration [51], 68, 165]. In this context, structure-based mod-
els that cover the causal chain of ink-to-structure-to-property play a central role. On
a material level, the decision on recipe adjustment can be tremendously supported and
purposefully planned if a model is available that predicts likely material properties before
any experimental effort is undertaken. An even higher level of integration can be reached
if the calculated material properties are fed into a macroscopic device model to assess
expected performance if the material is integrated into the device. Here, the interaction
with experiments is two-fold: the model results are used to plan and direct future experi-
mental efforts; and the model can be applied to past experiments to interpret and analyze
experimental results. The more comprehensive the scope of the used models becomes, the
bigger the resulting advantages of acceleration and guidance of the development processes.

Acknowledging the shared challenges across the scientific community, this works strives
to enable and foster tailored CL materials and holistic PEMFC design as its overarching
research objectives. It will focus on contributing to the completion of the iterative ap-
proach discussed above by deploying CL microstructure models. Hereby, it will address
gaps in the landscape of available microstructure models of the PEMFC catalyst layer
(see the following section . To deepen the understanding of how CL materials can be
brought to enhanced performance and lower costs, the focus of this work is directed to-
wards modeling approaches that incorporate cause-effect relations which propagate from
microstructure to macroscale. To assemble a suitable methodology, this work will select
from the broad toolbox introduced in section and adapt novel approaches suitable
for multiscale bridging discussed in section [2.3.3 The derived set of guidelines providing
the methodological frame of this work, here referred to as structure-based modeling, are
subject to the next section.
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3.2 Structure-based modeling with analytical
approaches

The method of analytical modeling was chosen for the objective of this work, i.e., this
work will employ and derive mathematical expressions that represent concrete relations
and physically sound theories applicable to phenomena in the realm of structure-property
relations of PEMFC catalyst layers. A closed-form model brings certain advantages com-
pared to mere empirical or statistical approaches: the model can explain and trace cause-
effect relations and complex interactions (also referred to as white box model); it can
handle even sparse and incomplete data; and its results can achieve high accuracy if the
underlying assumptions are correct and complete and the model is properly designed and
calibrated. Also, analytical models are generally less computationally expensive, allowing
an effective integration into optimization routines. However, it is important to consider
that analytical models require a solid theoretical basis, which shall be developed in this
work.

In order to account for the supposed role of this work in the iterative design cycle
and with regard to the objectives discussed previously, the following guideline principles
apply for this work:

1. The model architecture is topologically closely related to real structures in order to
represent inter-dependencies, i.e., real structures find their clear equivalent in the
model and their respective relationships and interactions are captured.

2. A functionality in the model, e.g., conducting protons, must be fully traceable to
concrete, captured structural elements, e.g., the ionomer phase.

3. The descriptors for the microstructure of existing and exploratory materials can be
unambiguously captured, as well as their essential properties. The parametrization
routines of the model are designed to harmonize with data from common experi-
mental structural analysis.

4. The reversal of any structure-property relation, i.e., property — structure, should be
possible — either explicitly, i.e., by analytical reversal of the calculation, or at least
implicitly or numerically via iterative adjustment of model parameters to obtain the
pursued solution.

5. Input parameters are used for the individual materials and not for a composite
material, allowing to recombine materials and adjust compositions of the CL.

6. Output parameters, i.e., the model’s solution should be of a form that can be directly
fed as parameters to existing macrohomogeneous models. Also, the intermediate
results, i.e, the structure’s mesoscale descriptors, are not to be neglected, as they
can be utilized to trace the propagation of ink-structure-properties relations from
microscale to macroscale.

45



3 RESEARCH OBJECTIVES, METHOD OF CHOICE AND SCOPE OF THIS WORK

3.3 Structure-property relations subject to this work

At present, a large experimental database is available from decades of intense fuel cell
research. However, not all insights from experimental literature have been included into
physical models of the CL microstructure. Therefore, this work will intensively review
the available empirical correlations on structure-property relations in experimental works,
develop novel modeling approaches where needed, and extend and refine existing models
where required — in alignment with the primary objectives of tailored materials and holis-
tic cell design.

In the context of PEMFC catalyst layer modeling, numerous phenomena in the realm
of reactive transport are in the potential scope of this work, e.g., diffusion, convection and
permeation of fluid through the porous CL structure; heat transfer and conduction; cou-
pled heat-mass transfer via vaporization and condensation; migration and conductivity
for electrons electrons; or kinetic parameters and effective reactions rates. From the liter-
ature survey undertaken in this work, four primary subjects of research have been carved
out and selected, which are presented in Fig. [3.2] Taking up recent trends in the litera-
ture, this work focuses on comprehensive understanding of structure formation during ink
stage [111,[112], i.e, aggregation and self-assembly controlled by the ionomer-Pt/C-solvent
interplay focus, as illustrated in Fig. (a). As a direct result of the structure formation
process, ionomer morphology, both on molecular and agglomerate scale, is covered by the
scope of this work, mainly affecting proton conductivity (Fig. (b)) and origins of the
CL’s complex wetting behavior (Fig. (c)). In fact, water management and the proper
adjustment of wetting properties of the CCL is still a reoccurring challenge and central
motive in PEMFC research [66, [165]. Since flooding phenomena are conjectured to be
a major hurdle for future high-performance cells with a lowered Pt loading, structural
cause-effect relation of wetting behavior and reduced Platinum loading are jointly dis-
cussed in this work. Furthermore, effective water uptake and catalyst utilization by water
inside the CL microstructure are also closely linked to the CL’s wetting properties. The
mechanism and decisive structural features for Platinum utilization in low-loaded cells
(see Fig. (d)) are not fully ascertained in the literature and will be addressed in this
work.

To render the distinct structure-property relations discussed above into a viable ap-
proach for multiscale modeling and iterative fuel cell design, a common framework em-
ploying statistical descriptors of the CL microstructure is established as the basis for the
models developed in the scope of this work. The following subsections further elabo-
rate on the chosen subjects of research outlined above, the methodological resources and
approaches to address emerging research gaps, and delineate the scope of each subject.
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Fig. 3.2: Scope of this work and aspects of microstructure modeled: (a) structure formation
during ink stage, (b) proton transport and how it is affected by ionomer morphology,
(c) the molecular origin of mixed wetting behavior, and (d) catalyst utilization by
liquid and adsorbed water inside the catalyst layer microstructure.
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3.3.1 CL composition model and shared framework for
descriptors of the microstructure

The starting point of this work was to formulate a correlation between ink parameters,
the CCLs volumetric composition, and the structure of the ionomer. Thereby, literature
insights on structure formation during ink stage will be accounted for. This includes the
quantification of volume fractions of dispersed and aggregated ionomer, ionomer coverage
in the secondary pores and ionomer film thickness. This work follows the objective to
understand the formation of ionomer aggregates, which have been repeatedly observed in
the experimental literature [104], 105, 204, 217] as a result of the self-assembly process.
Both experimental [95, 106, 116] and computational studies [97, 195, 218] lay the ground-
work for modeling the formation of the agglomerated CCL microstructure. In the scope
of this work, a mechanistic analytical approach is pursued to describe the incremental
self-assembly from the solvated CL ingredients to the final structure.

Addressing the overarching goal of holistic fuel cell design, the developed model is
designed to be suitable for multiscale bridging and seamless integration into a common
frameworks of statistical descriptors applying the microstructure. The common metrics
of pore size distribution and ionomer coverage from previous works [94], 132] are adapted
and are extended with additional descriptors of ionomer morphology.

3.3.2 Water uptake and Platinum utilization

During fabrication, the CL structure is formed, later assembled into a fuel cell device, and
initially infused with water during first operation, which marks the actual operative state
of the material that is of interest for CL developers. Thus, this works aims to transfer
the material properties from de novo to in operando state by accounting for water uptake
and the resulting catalyst utilization by water.

The Platinum utilization, i.e., the ratio of active catalyst particles connected to the
proton supply network to the total amount of platinum in the CL, correlates with the
amount of water taken up by the catalyst layer when exposed to a water-containing atmo-
sphere [78],[152]. Here, the Platinum content seems to be a crucial parameter, determining
the observable trend of Pt utilization over increasing relative humidity (RH). Especially
low-Pt-loaded CLs are taken into focus in this work, as catalyst utilization drops signifi-
cantly at moderate RH for such CLs. This phenomenon cannot be brought in agreement
with condensation-type models from the literature, thus, an extended approach has to
be developed. In the literature, distinct types of water are proposed [94] to explain the
observed trends: adsorbed water on Pt/C surfaces; absorbed water in the ionomer phase;
and condensed water in the porous network. This work aims to extends and refine existing
water uptake models by these additional types of water.

Furthermore, modeling approaches in the literature exclude network effects of water
added to the microstructure, i.e., Platinum is considered utilized if it is wetted. A recent
work suggested that a continuous connection to the proton conductive network is not
always guaranteed [119]. Therefore, this work further refines the picture of free secondary
pores and flooded agglomerates, aiming to resolve the distribution of water over the
domains of the CL microstructure with a higher degree of detail. Based on this approach,

48



3 RESEARCH OBJECTIVES, METHOD OF CHOICE AND SCOPE OF THIS WORK

water uptake data can be deconvoluted and novel insights on Platinum utilization be
carved out by the model.

The description of network strength and connectivity of water phase can be accom-
plished by adapting approaches from percolation theory. Eikerling and Kornyshev already
introduced percolation theory to correlate the composition of a CL with its properties in
the late 1990s [51, 151]. In past literature works, the ionomer inside the CL was commonly
considered the only percolating agent. However, recent experimental works indicate that
water as a percolating agent, too. [94, [129] — both on the pore and agglomerate scale. In
the scope of this work, this idea is followed up with a novel model approach.

3.3.3 Origins of mixed wetting behavior and water management
in low-Pt-loaded cells

A closely controlled water balance is of crucial importance for the operation of PEM fuel
cells since liquid water is needed for efficient proton transport and high activity of the oxy-
gen reduction reaction. Conversely, excess water accumulation in the porous layers, i.e.,
flooding of the cell, can block the porous pathways pivotal for effective oxygen supply. A
bi-functional, mixed wetting behavior, i.e, a combination of hydrophilicity and hydropho-
bicity, was taken into consideration already in the early stages of fuel cell development
[66, 219]. However, only scarce datasets are available in the literature and experimental
characterization techniques remains laborious [220} 221]. Therefore, a model-support un-
derstanding of wetting phenomena gains foremost importance, especially with regard to
iterative design cycles.

In the literature, heterogeneous wetting behavior has been observed in experiments
with CL composite materials [I33], 220, 222]. The mixed wetting behavior can be partially
attributed to the wetting properties of the Pt/C catalyst. The carbon support is mod-
erately hydrophilic, whereas metallic Platinum is strongly hydrophilic. More important,
being an amphiphilic material, ionomer plays a key role in shaping the wetting proper-
ties of the CL. Thin ionomer films exhibit hydrophilic or hydrophobic wetting properties
depending on the interaction with the underlying substrate, i.e., the heterogeneous Pt/C
surface. According to findings in the literature, the origin of this peculiar behavior lays in
the molecular alignment of ionomer sidechains and backbones relative to the pore space
[T00, 135, 223].

Regarding the peculiar performance breakdown encountered with low-Pt-loaded CLs,
a correlation between the susceptibility for flooding and the Platinum loading was conjec-
tured before [136] but cannot coherently be explained, yet. Considering molecular align-
ment effects in the ionomer film, lowering the Platinum loading could cause inevitably
changes the wetting properties of the CL. Therefore, this work strives to identify and
understand possible cause-effect relations between details of the CL microstructure and
effective wetting behavior.

Available models in the literature phenomenologically accounted for the mixed, het-
erogeneous wettability of the pore network by dividing pores into to a hydrophilic and
hydrophobic fraction [94, 224-227], or entirely rely on measured water retention curves
(WRCs) [163], 206]. Meanwhile, a structure-based approach can close the gap of cause-
effect relations and trace down the microstructural origin of the heterogeneous wetting
behavior on the molecular and agglomerate level. Therefore, this work collects insights
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on molecular structure formation from both computational and experimental work in the
literature. A model must be developed that accounts for molecular origins of wetting
behavior and integrates them in the form of effective descriptors, such as WRCs, into the
macroscale behavior of the CL. The common separation of the two distinct pore types
used in the literature might be oversimplified, i.e., CCL materials could exhibit continu-
ous distributions of contact angles. Therefore, this works adapts the idea of Weber et al.
[228], who calculated the water retention curve (WRC) of a gas diffusion layer (GDL) by
superposition of a Gaussian distribution of contact angles and a log-normal distribution
of pore size. This approach seamlessly fits into the proposed modeling framework, where
the calculation of wetting properties and the WRC will employ statistical descriptors
provided by the composition model. Ultimately, this work aims to derive the WRC of
the CL composite material based on microstructure descriptors, starting from an input
parametrization only requiring single materials properties and ink parameters.

3.3.4 Proton conductivity and ionomer morphology

The ionomer content in the catalyst layer is a key optimization parameter: on the one
hand, increasing the ionomer content increases the proton conductivity; on the other hand,
excessive amounts of ionomer will block the pore space and thus impair gas transport
[229]. Optimizing ionomer content of CCL has been the subject of several modeling
studies [51], 151}, 21T], 212] 214] and experimental works [90} 230, 23T]. An optimal ionomer
volume fraction of ~ 30...40% has been reported [51}, 90, 211, 214], 2311, 232], though the
exact value can vary significantly, with a range from 13% to 40% found in commercially
available catalyst layers [232, [233]. These differences might have their origin in the varying
microstructure of the CCL [I11I]. The understanding of how the ionomer morphology can
be tuned and which structures enhance or impair performance is still emerging in recent
literature [104, TT4HIT7].

Available relations between ionomer content and proton conductivity in the catalyst
layer are adapted from random media theory, such as the Bruggeman relation [163], 21T
213] or percolation theory [151], 214]. However, models in the literature commonly neglect
essential structural features of the ionomer morphology within the CCL microstructure,
such as the existence ot thin films or dense aggregates. From reviewing experimental
studies that correlated ionomer content and resulting proton conductivity [90, 234-239]
an evident research gap emerges. Comparing the available datasets, no universal trend is
recognizable with regard to mere ionomer volume fraction. Therefore, this work attributes
the different behavior to variations of the ionomer morphology. To test this conjecture,
direct numerical simulations are a viable approach to study a wide range of structural
parameters of conceivable ionomer morphologies. Past works have demonstrated that gen-
erating synthetic 3D images provides an alternative pathway to experimentally obtained
images [193] [194] [240] 241].

A systematic study on the relation between ionomer structure and proton transport
could not be found in the literature and is therefore conducted in the scope of this work.
The results serve to scrutinize the essential features and to subsequently reduce the model
complexity, i.e., develop analytical relations between ionomer morphology and proton
transport properties in CClLs.
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Published work

The peer-reviewed articles that constitute this cumulative thesis are presented in chrono-

logica

1 order of publication. Additionally, further results communicated to the scientific

community are documented. All methods and models developed in this work and all
obtained results are covered in full by the following publications:

e [Publication 1| titled Review — Wetting Phenomena in Catalyst Layers of PEM Fuel

Cells: Novel Approaches for Modeling and Materials Research, addresses the molecu-
lar origins of mixed wetting behavior in an extensive literature review and proposes
a novel descriptor-based approach to translate molecular alignment effects in the
ionomer films to effective wetting properties.

Publication Il| titled Modeling of wetting phenomena in cathode catalyst layers for

PEM fuel cells, includes the developed composition model to calculate metrics of the
catalyst layer microstructure from basic ink parameters. Furthermore, it features
the complete wettability model to calculate water retention curves based on the
composition of the catalyst layer.

Publication Ill, titled Structure and Conductivity of lonomer in PEM Fuel Cell

Catalyst Layers: A Model-Based Analysis, employs a direct numerical simulation
and a stochastical image generation algorithm to study the correlation between de-
tails of ionomer morphology and proton conductivity. Applying percolation theory
to interpret the simulation results, an analytical model to directly calculate proton
conductivity from ionomer morphology parameters is developed.

3 documents further published results on Structure-Based Modeling to

Rationalize the Pt Utilization in Catalyst Layers of PEM Fuel Cells, including an
analytical model to calculate and deconvolute water uptake by PEMFC catalyst lay-
ers from a partially saturated atmosphere. Percolation theory is applied to calculate
the Platinum utilization by adsorbed water.
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The development of high performance polymer electrolyte fuel cells increasingly relies on modeling to optimally tune cathode
catalyst layers (CCL) to desired properties. This includes models to rationalize the role of water as promoter and asphyxiant to the
oxygen reduction reaction. Existing models are able to reproduce or predict, using assumed parameters, the performance of the cell.
However, consideration of the wetting properties of the composite has remained elusive. Experiments to characterize these
properties are difficult to perform. There is thus a gap in theory for relating material choices with wetting properties. This article
elaborates on this gap and presents a novel conceptual approach to close it. Fundamental modeling approaches, molecular
dynamics studies and experimental works have shown that the interaction of ionomer with the Pt/C surface exerts a major impact
on wetting behavior and water sorption properties of the porous CCL composite. In our approach, the state of molecular alignment
of ionomer sidechains and backbones is linked to the structural characteristics of the Pt/C catalyst. From this rationalization,
wetting properties of the CCL can be deduced. An analysis of these correlations supports a crucial hypothesis: lowering the
platinum loading leaves the CCL more prone to flooding.
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Polymer electrolyte fuel cells (PEFC) are approaching commer-
cialization on a broader scale, with one major roadblock in the way:
pairing low platinum loading with high performance and
durability."> Many approaches to meet the targets for power-specific
price and platinum loading are based on replacing platinum with
cheap non-noble elements, or increasing the platinum utilization.
Upon drastic reduction of the platinum loading a hitherto unex-
plained oxygen transport resistance occurs. This hindrance of
oxygen supply results in significant voltage losses, markedly
affecting the power performance and efficiency of the fuel cell.

It has been known to fuel cell developers for decades that
deficient water management causes flooding of the cell upon
increasing the current density.> At a critical current density water
blocks gas supply via the porous network. Structure-based modeling
has elucidated vital mechanistic aspects of cathode catalyst layer
(CCL) flooding: the evaporation rate drastically declines as the
liquid saturation of the pore space rises over a critical threshold.*™®
This (in-)stability condition is considered the root cause for the
limitations in maximum current density and specific power output.

Water is a mediator of numerous processes during CCL opera-
tion. For instance, platinum utilization inside the primary pores of
the carbon support hinges on liquid water to render the CCL
electrochemically active in the first place.”® Furthermore, the proton
conductivity in the CCL depends on the liquid saturation.” Liquid
water saturation has to be well balanced: not only is a sufficient
saturation critical for achieving high performance, but the CCL must
also not dry up.'®

A correlation between the susceptibility for flooding and the
platinum loading was conjectured before, but not coherently
explained. In order to understand this correlation, Muzaffar et al.
extensively reviewed experimental performance data in Ref. 11,
which monitored the impact of reducing the platinum loading to
ultralow levels. In that work, a well-established macrohomogeneous
performance model*>'>™!> was fitted to various sets of polarization

“E-mail: wolfgang.olbrich@de.bosch.com

curves and the parameters for the effective exchange current density
and the proton conductivity in the CCL as well as the oxygen
diffusion coefficients in CCL and Gas Diffusion Layer (GDL) were
extracted from the fits. Plotting these parameters as functions of the
platinum loading revealed insightful correlations. A physically
consistent explanation of these correlations could be given on the
basis of the following hypothesis: curtailing platinum loading by
reducing the CCLs thickness, while keeping the the composition of
the CCL constant, causes a decline of the vaporization capability,
thereby inducing a shift of the water balance toward the tipping point
for flooding. A second pathway for reducing the platinum loading is
a dilution of platinum while keeping the CCL thickness constant.
The modeling-based analysis conducted in Ref. 11 revealed how
lowering the platinum loading inevitably changes the water-related
properties of the CCL. As it is of high interest to clarify the cause
and predict the implications of this materials behavior, the under-
lying causality will be scrutinized further in this article.

With the wide-ranging impact of liquid water inside the CCL in
mind, an obvious need emerges to model the wetting-behavior in
relation to materials selection and design. With regard to cost
reduction efforts two questions arise: how is the platinum loading
reduction linked with water management? Could a poorly managed
water balance be responsible for the reduced performance of low-
platinum-loaded CCLs? As of today, no comprehensive attempt has
been made to determine the quantitative relations that link catalyst
recipe and fabrication parameters to water management and fuel cell
performance.

Reviewing the genealogy of models for water management,
hydrophilicity and hydrophobicity were taken into consideration
already in the early stages of fuel cell developmem.3 e
Heterogeneous wetting behavior had been observed in
experiments.'” ™' It was accounted for in CCL models by distin-
guishing certain proportions of both hydrophobic and hydrophilic
pores. Treating wetting properties from this phenomenological
perspective requires that macroscopic experimental wetting data,
i.e., the wetting behavior of the different CCLs, are measured at
continuum scale and used to parametrize the CCL model. Recent
efforts rely on measured water retention curves (WRCs).6'20 On this
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basis, neither a prediction of properties nor an optimization of CL
composition and structure could be performed, because the micro-
structural origin of the heterogeneous wetting behavior had remained
obscure. To date, no approach exists for correlating wetting proper-
ties on the continuum scale to the intrinsic properties of the CCL
materials, the CCL recipe and synthesis parameters and the opera-
tion conditions of the fuel cell.

In following, we will review basic concepts and existing
approaches of modeling CCL wettability. From preceding works
in both theory and experiment, we derive a structure-based de-
scriptor for the microscopic wetting properties that connects material
selection and intrisic properties with the propensity for flooding of
the CCL composite porous medium. We aim to bring a fresh
perspective to application-driven materials research on PEM fuel
cell with a focus on water management and flooding prevention.

Composite Wettability in CCL Models

Typically, the porous network in the CCL exhibits a bimodal
pore size distribution with primary pores (size range from
5to 20 nm) inside the carbon particles, and secondary ;z)ores (size
range from 20 to 100 nm) between them (see Fig. 1).2!** Although
the fractions and sizes of primary and secondary pores may vary, the
bimodal nature of the pore structure is considered a generic and vital
feature of CCL. The greatest ambiguity concerns the wetting
properties and resulting functionality of the various pore types.

The evolution of model-based understanding of CCL wettability
started with the assumption of a uniform effective contact angle for
all pores. From the beginning, this simplification was seen as the
minimal assumption. Based on the fact that at least three different
materials (platinum, carbon, ionomer) influence surface properties
inside the CCL’s porous network and that the primary pores are
ionomer-free, already principal works discussed a differentiation of
wetting properties between primary and secondary pores.'*?**
Starting with the assumption of a uniform contact angle, the impact
of CCL wetting prol)enies on water management was assessed by
Liu and Eikerling*® To keep the CCL stable against water
accumulation, thus enabling high evaporation rates and efficient
gas transport, a contact angle of just below 90° for all pores was
assumed. Later works accounted for heterogeneous wetting proper-
ties by assuming fractions of hydrophilic and hydrophobic pores.
However, the distributions of hydrophilic and hydrophobic pores
were considered to be uniform over all pore sizes.”>>’ This
uniformity assumption was refined by attributing different wetting
properties to primary and secondary pores.” The parameters for the
proportion and distribution of hydrophobic pores in both micro- and
mesopores were varied”®?° and the impact for water management

evaluated. Major conclusions drawn from the development of water
management models to date are:

1. To capture wetting behavior correctly, contact angles of pore
walls can neither be considered equal for all pores, nor will their
distribution be the same for all pore sizes; distributions of pore
sizes and wetting angles must be considered independently.

2. Primary ionomer-free pores can be considered hydrophilic, an
aspect that is considered to be beneficial by multiple models™?
since liquid water renders the catalyst active.

3. Secondary pores might exhibit a heterogeneous wetting beha-
vior with both hydrophilic and hydrophobic surfaces. A
dominant fraction of hydrophobic pores is probably favorable
for the flooding resistance.””** Nonetheless, a certain amount of
hydrophilic secondary pores might help to establish a network
for continuous pathways of liquid water transport,”® contri-
buting to facile efficient removal of water from the CCL at high
current densities. This requirement will depend on the vaporiza-
tion capability and the transport properties of the adjacent gas
diffusion layer.

To this point, efforts to account for wettability effects in CCL
modeling were made by logical deduction from structural pictures.
This kind of approach is sufficient for a cursory impact assessment
based on qualitative parametric trends. However, a deep quantitative
understanding of the impact of contact angle distributions on
performance has not been achieved. With no coherent set of data
nor a physically consistent theory available, parametrization was
adjusted to fit experimental performance data.’ Parameter studies of
the contact angles and their distribution revealed the importance of
CCL wettability and allowed to propose how the wetting properties
of a best-performing material should be tailored.”*-*

As discussed in the introductory section, another approach
emerged in CCL modelling that builds on the macroscopic wetting
behavior. Because it is still a formidable challenge to measure or
even predict contact angles on the microscale, the macroscopic
wetting behavior was measured for single CCL materials and used to
parametrize macrohomogeneous CCL models.>?*' The water-
retention curve (WRC) which links capillary pressure and liquid
saturation provides the most suitable representation of the macro-
scopic wetting properties. Albeit WRCs currently available are
based on only a handful of measurements.*>™* Due to the small
number of CCL materials characterized by their WRC, the dataset is
too sparse to explore correlations between CCL composition and
fuel cell performance. If one wants to follows this phenomenological
approach, many more WRCs of different CCL materials must be
generated and analyzed. Due to the high experimental effort this
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Figure 1. Schematic depiction of a polymer electrolyte fuel cell and the CCL microstructure. Water and flooding play a crucial role for the optimal function, in

particular for high performance fuel cells.
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approach is currently not a feasible option for fuel cell developers. In
the following, we will pursue a complementary theoretical approach
and present a basic modeling concept to close this gap in correlating
the CCL structure with its wetting behavior.

Origin of Heterogeneous Wettability

In this section, we will explore the relationships between
materials choices, structure and composition of the CCL, and
heterogeneous wetting behavior by reviewing experimental mea-
surements of contact angles on CCL composite materials. We will
also review molecular dynamics studies for additional insights into
the impact of interactions among platinum, carbon and ionomer
constituents on the structures formed at micro- and mesoscales.

Quantifying Wettability: Experimental Findings.—
Rationalizing wettability effects in composite media starts with an
understanding of the wetting properties of the different ingredients.
The ingredients of state-of-the-art CCLs are the catalyst (i.e.,
platinum), the support (i.e., carbon), and the ionomer (typically,
Nafion or a similar perforluorosulfonic acid-type ionomer).

Carbon acts as the electronically conductive medium and
mechanical support. Various types of carbon materials can be
distinguished in terms of particle size, morphology, internal structure
and surface properties.®>*° These structural properties determine the
electronic conductivity as well as durability and performance.®>-’
They also determine the wetting behavior of the CCL. The two types
of carbon that are most commonly used in PEM fuel cells are Vulcan
XC72 and Ketjen Black. Vulcan XC72 is a more compact carbon,
with a low number of primary pores and low internal surface area
(approx. 250 m*g~"). On the other hand, Ketjen Black is the
benchmark for a high surface carbon with a high number of primary
pores and large inner surface (>800 m*g~"). Both types of carbin
are handled as powders with particle sizes of approx. 50 nm. The
carbon surface properties depend on the crgstallinity, the surface
facets that prevail at graphitic crystallites,”™ and specific surface
groups by which wettability can be tuned,**** which are present in
most carbon supports and can be removed or added at will to activate
or functionalize the material.*'*?

To compare all involved materials in the composite, we visualize
their wetting properties as a contact angle spectrum in Fig. 2. The
reference point for all carbon based materials is graphite; its basal
plane has a wetting angle of 90°-95°%**°.* With increasing number
of edges, defects and amorphous sections involved, the contact angle

Contact angles in PEFC catalyst layer materials
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decreases to 60°-70°.°**" Further customization of the contact
angle of carbon is possible by introducing functional groups. This
allows tuning the contact angle in the range of 5-167°.%
Functionalized carbon materials were already studied in the context
of fuel cell catalyst development. Golikand etal.** and
Andersen et al.** introduced oxygen-containing acidic groups at the
carbon support, tuning both the carbon’s wettability as well as
carbon-ionomer interactions. Orfanidi et al.*® doped the carbon with
nitrogen, resulting in functional imide, lactam and amid surface
groups. In contrast to Golikand et al. and Andersen et al., the work of
Orfanidi et al. was dedicated to tuning the ionomer dispersion by
controlling the ionomer-carbon interactions, aiming to adjust the
thickness and coverage of ionomer films, which are quantities
strongly connected to the wetting behavior.

Another key material in the CCL is platinum. It forms nanopar-
ticles with radii of 1-5nm that adhere to the carbon support.
Depending on the synthesis approach, platinum nanoparticles could
be deposited predominantlz/ inside the primary pores or on the outer
surface of carbon particles”’ where they affect the wetting properties
of the respective pores. Metallic platinum surfaces are strongly
hydrophilic with contact angles <10°.*® The contact an§le is rather
insensitive to the particle size® and surface structure.’’ Results of
Volfkovich et al.,5 Gunterman et al.,3 3 and Mashio et al.” confirmed
that adding platinum nanoparticles to the carbon support turns the
resulting Pt/C catalyst material hydrophilic. Tuning the surface
charge density at the platinum surface by changing the electrode
potential, as is the case in an operating fuel cell, will change its
wetting behavior due to electrowetting or oxide formation. However,
to date no studies on these phenomena have been reported in the
literature. Therefore, we will take the hydrophilic character as given
in further discussion in this article.

The combination of platinum with ionomer exhibits an increased
hydrophobicity of the resulting composite in comparison to the
average of the two materials involved. In order to understand the
interaction of ionomer with the Pt/C catalyst, Volfkovich et al.!7!
studied the wetting behavior of several carbon support materials,
both pure and combined with platinum and/or ionomer. The authors
applied their peculiar method of standard porosimetry to reveal the
wettability inversion phenomenon: covering a hydrophilic surface,
like hydrophilic or platinum covered carbon, with ionomer results in
a hydrophobic outer surface of the ionomer layer. Also the opposite
inversion effect was observed: hydrophobic carbons resulted in a
hydrophilic outer surface when covered with ionomer. The proposed
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Figure 2. Spectra of contact angles of materials used in PEFC catalyst layers. Values for contact angles taken from 39, 40, 48, 51, 70, 73.
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explanation of this inversion phenomenon is a local structural
alignment of the ionomer. In contact with a hydrophilic surface of
platinum, on carbon ionomer sidechains will be preferentially
oriented toward the Pt/C surface, while the hydrophobic ionomer
backbones will point away from this surface, resulting in a
hydrophobic effective contact angle on the outer surface. The
interplay of effective wettability in the CCL composite material
and ionomer orientation is illustrated schematically in Fig. 3. The
NMR spectra and wetting behavior of Vulcan carbon covered by
Nafion measured by Andersen et al.*> support this hypothesis.© The
authors emphasized the importance of well-adjusted wetting proper-
ties for the water management and the reduction of mass transport
resistances.

Despite these findings of Volfkovichetal. and Andersen et al.,
almost all research related to the morphology and properties of
ionomer films in CCLs focused on transport of oxygen and protons
in order to explain performance issues in low-platinum-loaded
CCLs.> Only few works picked up the alignment hypothesis and
related it to the flooding issue discussed in the introductory section.''

In order to check for a correlation between ionomer content and
its significance of the inversion phenomenon, Li et al.>* conducted a
follow-up study, referring to Volfkovich et al. and supporting their
results with another method. They observed the evolution of a small
water droplet with a high speed camera on composite films of
Vulcan carbon and Nafion ionomer. Vulcan carbon is a slightly
hydrophilic carbon with a contact angle of 62°,°" and a concentration
of acidic surface groups 1mmol g~ Upon variation of the
ionomer-to-carbon ratio (I:C ratio), they were able to confirm
qualitatively the wetting behavior observed by Volfkovich et al.
and further determined the quantitative boundaries of the inversion
effect. When the I:C ratio is lower than approx. 1:4, the ionomer
cannot fully cover the surface of the carbon support, resulting in a
hydrophilic composite. Above an I:C ratio of 7:3, the ionomer film
becomes so thick that the composite adopts the bulk-like wetting
behavior of Nafion. Typically, CCLs feature I:C ratios of 0.5 to I,
situated in the middle between these cases.

In another work, Mazumder et al> adjusted the Pt:C ratio of Pt/
C/ionomer composites between 1:4—1:1 and determined the apparent
contact angle via a droplet, elucidating the strong correlation of the
wetting properties with the Pt:C ratio. The resulting data show a
clear trend. More platinum in the composite shifts the contact angle
to more hydrophobic values. The trend is monotonic, but appears to
asymptotically approach a contact angle of approx. 120°, the
hydrophobic contact angle of a fully exposed flourinated backbone.
Having no overlap with the sample set of Volfkovich, the data
extend the trend seamlessly (see Fig. 4). From the combined data we
conclude that on Vulcan the ionomer inverts the wetting behavior in
a moderate manner, but on platinum the inversion is more
pronounced because its interaction with the ionomer sidechain is
much stronger. This finding indicates the key role of the platinum
loading for establishing sufficient amounts of hydrophobic pores.

All of the aforementioned studies were based on experiments
with pseudo-CCLs, i.e., preparing the Pt/C/ionomer composite ex
situ and not as a functional part of a fuel cell. That fact raises the
question, to which extent findings are transferable to in situ and
operando conditions. Fang et al.>® reported the contact angle of a
functional CCL based on Vulcan carbon. The study focused on the
change of wetting behavior in secondary pores during aging and
found a slight decay of hydrophobicity. The reported contact angles
were in the range of 110°-120°, matching the results of studies with
pseudo-CCLs of the same carbon support material. However, only
macroscopic droplets were used to determine wetting properties. A
promising technique to evaluate contact angles of a functional CCL

“Contact angles are reported for water, if not noted otherwise.

"Only for very small nanoparticles (< 1.5 nm) surface energies and properties deviate

strongly from the slab-like behavior.*’

€A plethora of experimental works that studied the molecular alignment in thin PESA

films observed similar behavior (reviewed in 52). However, Andersen et al. are the

only ones among them using a fuel cell material (Vulcan XC72) as substrate for the
ionomer film.
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down to micrometer scale was demonstrated by Yuetal.'” Using
environmental scanning electron microscopy (ESEM) allowed
studying the wetting properties on a micrometer scale. Similar to
Fang et al., functional CCLs were studied before and after aging.

Furthermore, Fangetal. and Yuetal. discussed the impact of
surface roughness that distorts the apparent contact angles. Applying
common correction schemes for the macroscopic roughness and
porosity of the CCL sample, such as the Cassie-Baxter-rule,
Fang et al. obtained true contact angles in good agreement with
values reported by Volfkovich et al. From this finding, we conclude
that surface roughness must be considered when measuring CCL
wettability with macroscopic droplets, but can be neglected for
wetting phenomena on the pore scale. Thus, the reported values for
individual contact angles of Pt, carbon and ionomer surfaces can be
used.

Complementary to the macroscopic surface property measure-
ments of the Pt/C/ionomer composite, a plethora of works experi-
mentally studied the microstructure of thin PFSA films? , reviewed
by Kusoglu and Weber.”? The key findings related to CCL
wettability are:

® The degree of ordering achieved among ionomer sidechains
was predominately determined by the hydrophilicity of the substrate.

® The affinity of the ionomer thin film to water and the films
effective surface hydrophilicity were altered by the ionomer’s
molecular alignment. The inversion phenomenon observed macro-
scopically by Volfkovic and Li was found in PFSA thin film
measurements as well.

® The degree of ordering was found to be stronger closer to the
ionomer/substrate interface and disappeared with increasing distance
form the substrate. The propagation of alignment reached up to tens
of nm. Platinum substrates where found to significantly impact
surface properties in films thinner than ~20 nm.

Another fundamental aspect of properties at the outer surface of a
Pt/C/ionomer configuration is the dependence of the wettability on
electrode potential that controls the charging state of the interface. It
had been suggested in an earlier work that anionic headgroups of
ionomer sidechains are chemisorbed at the platinum surface for
potentials in the range of 0.1-0.8 V vs RHE.’ Above 0.8V,
platinum oxide starts to form, inhibiting the anionic groups from
adsorbing to the catalyst surface,® but nevertheless inducing a
strong preferential orientation of surface anions toward the surface.

The stability and formation of ionomer films is another notable
aspect of the wetting behavior of CCL composites. Paul and Karan®®
observed immediate reorganization and loss of all structural orienta-
tion when the ionomer film was wetted with liquid water. In contrast,
the film was stable over 18 h in water vapor. For flooding control in
fuel cells this implies that once flooded, the CCL may loose some of
its previously tailored properties. On the other hand, Paul and Karan
also showed, that the film can be fully restored by thermal annealing
around 130 °C. It should be noted that all these results come from
10 nm thin Nafion ionomer films on silica substrate. Hence, it is
unclear how this applies to Pt/C catalyst substrates. Nevertheless,
time-depended effects of ionomer film reorganization, or aging play
a role during cell manufacturing and operation, but still require
further research. Since the present work aims to elucidate the
principle relations between ionomer film structure and wetting
behavior of the CCL, such effects are excluded from the modeling
approach at this stage.

Molecular Dynamics: Insight to Structure Formation.—
Complementary to experimental approaches, molecular dynamics
studies (MD) studies address the question how interfacial structures
form and how molecular-level interactions shape their properties. In

9The vast majority of studies reviewed by Kusoglu and Weber*> did not use
substrates (nor conditions) directly comparable to fuel cell materials. Typically,
polished silicon forms the base substrate which then can be coated with platinum,
glassy carbon or silica.
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the following, we will review the MD studies of self-organization or
structure formation in CCLs that have been aiming to rationalize the
impact of materials modifications, e.g., varying the ion exchange
capacity (IEC) of the ionomer, considering different surface groups
at the carbon or modifying the composition and thus the dielectric
properties of the ink solvent.

Studies to elucidate molecular self-organization inside the CCL
focused on the structure and properties of the hydrated Pt/ionomer
interface.’”®° These works recognized a key feature for the inversion
phenomenon described in the previous section. The ionomer side-
chains interact preferentially with the platinum nanoparticles
through the sulfonic groups. However, computed cell sizes were
only a few nanometers, which is too small to study organizational
effects over several carbon particles or to account for the hetero-
geneous surface of the Pt/C catalyst.

The perspective on self-organization was extended to the length
scale of agglomerates by choosing a coarse-grained (CG-MD)

51,75
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simulation approach.?** The focus of such studies lies on structure
formation in the ink stage of CCL fabrication. As was demonstrated,
simulated structures reproduced several features that could also be
identified in experimental works, especiallgf pertaining to the
structure and morphology of the ionomer.®"** The formation of a
skin-type ionomer film was observed that corroborated the wett-
ability inversion hypothesis, described above. In case of a hydro-
phobic carbon surface, the ionomer film assumed a structure in CG-
MD simulations with preferential orientation of hydrophobic
ionomer backbones toward the hydrophobic carbon surface, while
the layer of sidechains with charged head groups is found at the
opposite side of the skin layer, oriented away from the carbon
surface. Around platinum nanoparticles the sidechains with their
charged head groups were oriented toward the platinum surface.

Varying the solvent’s dielectric constant, i.e., considering € = 2,
20, 80 to implicitly represent apolar, polar and water-like solvent,
showed that solvents with larger dielectric constant lead to the
formation of a well-packed, uniform ionomer film.?* In a follow-uy
work®* the inversion mechanism proposed by Volfkovich et al.>!
was corroborated further and implications of this inversion phenom-
enon were elucidated. Introducing platinum to secondary pores will
render the composite more hydrophobic in terms of its overall water
sorption behavior. The other case, an effectively hydrophilic
composite, will result from drastically reducing the platinum loading
or depositing the platinum predominately inside the primary pores of
the carbon that remain inaccessible for the ionomer.

Furthermore, MD simulations confirmed the significant role of
functional groups on the carbon’s surface. Carboxylic acid groups in
both protonated (—COOH) and ionic form (—COO™) were studied
as a practically relevant materials modification.®® The thus functio-
nalized carbon surface became hydrophilic and therefore attracted
the charged headgroups at ionomer sidechains, forcing the back-
bones to the outer surface of the film configuration and rendering
this outer surface more hydrophobic; in effect, the composite
medium will effectively appear more hydrophobic.

Mashio et al.** further evaluated the role of material modifica-
tions, e.g., ionomer IEC, type of carbon, dielectric constant of the
ink solvent and surface functionalization of carbon. The quantitative
descriptors, namely ionomer coverage and molar percentage of the
backbones attached to the carbon, were correlated with a range of
material and fabrication parameters. The authors concluded that the
proportion of alcohol in the solvent mixture must be thoroughly
tuned in terms of ionomer IEC and carbon surface properties in order
to foster formation of well-packed ionomer film. The approach of
Mashioetal. to evaluate dimensionless quantities of backbone
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orientation and ionomer coverage to describe the self-assembled
composite was extended by a dimensionless descriptor of wettability
by Damasceno Borges et al.®” Their work focused on understanding
the correlation between the strength of the ionomer interaction with
the Pt/C substrate and substrate hydrophilicity. The force field was
adjusted to the surface wettability of the Pt/C substrate and could not
only represent pure carbon or platinum substrates, but also mixed
surfaces. The study featured an ionomer film with 3.0-4.5 nm
thickness and rated the resulting hydrophilicity at the pore/ionomer
interface on a dimensionless scale by accounting for the local
concentration of sidechains and backbone.

The Pt/ionomer interface shows some resemblance with biolo-
gical and colloidal systems studied by Kanduc et al.**~%° Their MD
simulations explored asymmetric water-filled interfaces of hydro-
philic and hydrophobic surfaces. The model system used soft walls
made of long apolar chains carrying polar hydroxyl headgroups. The
interface was studied with regard to its stability. The adhesion/
repulsion behavior and width of the water-filed gap region in the
simulation were evaluated. As a result, three regimes could be
identified for interface stability: hydration repulsion for very polar
surfaces, dry adhesion for intermediate polarities, and cavitation-
induced long-range attraction for low surface polarities. The transi-
tions among these regimes can be expressed in terms of the surfaces’
hydrophilicity as well as their mutual binding strength.®®’

Transferred to the Pt/C/ionomer system, these findings imply
stability of the interface for carbon-backbone interaction (HO-HO,
dry adhesion regime), while a Pt/sidechain combination (HI-HI,
hydration repulsion) would not be stable. Water is the essential
reaction medium. Together with a sufficient proton concentration it
is needed to uphold high reaction rates during fuel cell operation.
The stability regimes described by Kanducetal. might impose
additional design boundaries on the wettability of the Pt/C substrate.
If the substrate surface is too hydrophobic, as for bare carbon or low
platinum particle density, ionomer backbones will be collapsed onto
the substrate surface. Consequently, water is expulsed from the
interface, thereby causing electrocatalytic inactivation. On the other
hand, if the hydrophilicity is too high, as could be the case for high
platinum particle density, the unlimited growth of the water-filled
gap dilutes proton concentration provided by the ionomer, thus
negatively impacting the reaction conditions and electrocatalytic
rates at the catalyst surface. An intermediate case with well-attuned
carbon wettability and platinum particle density is expected, for
which a water water film with stable thickness in the nm-range exists
that could ensure high electrocatalytic activity. Possibly, the
chemisorption of anionic sidechain headgroups at platinum can
stabilize the interface in this condition. Further, the water-gap
thickness might be tunable by potential, mediated by the potential-
dependent variations in platinum oxide coverage and surface charge
density.

Schlaich et al.” extended the model system of Kanduc et al. by
applying charge densities to the interface walls. For weakly charged
surfaces the contributions of hydration and Poisson-Boltzmann
repulsion are additive, but for a surface charge density of
o = —0.77 e nm? this additivity breaks down due to the combination
of further effects, such as counterion correlations or the surface
charge-induced reorientation of hydration water. Thus, the hydro-
philicity of the surfaces alone does not serve as a reliable criterion to
predict the stability of an interfacial water film with finite thickness.
We will transfer these insights to our model approach in the
following section.

1.69

Basic Concept to Model CCL Wetting Behaviour.—Based on
the review of experimental and theoretical works in previous
sections, we have developed a basic concept to capture surface
properties and inversion behavior of the Pt/C/ionomer composite
that is illustrated in Fig. 5(a).

To quantitatively describe the structural reorganization that
causes the observed wettability inversion, we introduce a dimension-
less number: the Degree of Alignment, Ap,. It quantifies the

60

inversion state of the ionomer on a scale from 0 to 1. A value of
Apa =0 represents a fully hydrophobic inverted ionomer with
backbones turned away from the corresponding interface and the
sidechains strongly interacting with the support’s surface. In the
opposite state, sidechains pointing away and backbones attached to
the Pt/C surface, is described by Ap, = 1. Concluding from several
works which investigated the wetting behavior together with
structural organization effects,’®”’> we assign the following contact
angles to the Ap, scale (see Fig. 5b):

® The state of a fully hydrophobic outer surface (Apy =0) is
assumed for o = 120°, which is the value of pure PTEE.”® Other
sources report a value of 119° for a packed CF;-surface.”*

® The state of a fully hydrophilic outer surface (Aps =1) is
assumed for Oy; = 30° as the median from literature values’® for
hydrophilic ionomer behavior.

To correlate the dimensionless value of Ap, with the resulting
contact angle of the outer surface, 6,,,, we apply a linear interpola-
tion of cos(6),

€08(Gion) = Apa(cos(@n) — cos(Oro)) + cos(Oro)- [1]

The fundamental assumption here is that the contributions to free
surface energy from the molecular components of ionomer film, i.e.,
sidechains and backbone, superimpose linearly. From this assump-
tion, linear superposition of the inherent wetting properties, ex-
pressed as cos @, follows. The degree of alignment Ap, acts as a
measure for local concentration of either sidechains or backbone and
thus directly translates into surface area contributions at the outer
surface ionomer film.

The second main idea of our model approach is to assign
different surface types a specific value of Ap, which the ionomer
will adapt when interacting with the corresponding surface. To
discuss the capabilities of our concept we introduce three scenarios
representing different strength of interaction of surface species with
the ionomer:

¢ Since platinum was found to interact strongly with the side-
chains it is assigned the minimum value of Apy p,=0. Indeed, a
contact angle value of around 120° was found experimentally on
highlgf platinum-loaded support materials covered by a thin ionomer
film> (see Fig. 4).

® A carbon surface interacts moderately with the backbone and
weakly with the sulfonic headgroups if it carries only a few
functional groups (e.g. Ketjen Black) or is highly graphitized.
Therefore Apa carbonbare = 0.75 was assigned for a conventional
carbon. The second main type of carbon, Vulcan XC72, carries more
functional groups on its surface, thus will have a lower Ap, value in
the range of 0.2 to 0.4.

® To account for the relatively strong interaction of cationic
functional groups with the sidechains’ a nitrogen-doped functiona-
lized carbon is represented by Apa carbon.moa = 0-15.

The approach of using a Ap, parameter aims to address the
complete picture of interaction and inversion of ionomer on a Pt/C
support. The value of Ap, is not only related to the contact angle of
the Pt/C surface, which could be measured experimentally, using one
of the techniques discussed above. As revealed by the previously
discussed MD studies, surface charges and steric effects are
complicating the picture, resulting in a non-trivial correlation
between surface properties of the Pt/C catalyst and the resulting
degree of alignment in the contacting ionomer film. Since both the
ionomer sidechains and the functional groups at carbon carry
charges, all effects influencing their interaction like steric hindrance,
counterion correlations and surface charge-induced orientational

“This can be shown by considering the Young-Laplace equation of a triple phase

boundary W%Sh_h%lxldjlz}‘?iﬂ%h'd 2,”5‘%5, -y a_(75j*7]5‘i) =3 aicos(d)
” 4\ = ; di ).

cos(Ors) =
L V73 L
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Figure 5. (a) Schematic of the Pt/C/ionomer interface in the secondary pores of the CCL. The heterogeneous wetting properties, described by the model
approach, account for the surface fractions of platinum and ionomer and the resulting degree of alignment inside of the ionomer thin film. (b) A linear scale is
applied to interpolate contact angles between the two extremes of fully aligned molecular structure of the ionomer thin film.

alignment of dipolar water molecule are lumped in the Apy
parameter.

The catalyst surface is heterogeneous due to platinum nanopar-
ticles partially covering the carbon surface. Both platinum and
carbon will affect the ionomer’s molecular alignment. In order to
estimate the average degree of alignment imposed to the ionomer
thin film, we assume a linear superposition of the quantitative impact
according to the surface fraction occupied by platinum, ap, and
carbon, ac=1— ap,,

App.ion = Apa.paps + Apa.caron (1 — apy)- [2]

The ionomer covers only a certain fraction of the support
surface,’""®? leaving parts of Pt/C surface bare. The composite’s
effective contact angle can thus be obtained from a linear super-
position via the respective surface area fraction a;,

cos(Op) = E cos(9)a;, (31

where the index i denotes the different surfaces involved, i = {Pt, C,
ionomer}. This assumption, also known as Cassie’s rule of mixing,
is proven to work well in porous systems inside rocks made of
minerals with different wetting behavior’® and is applied here to
calculate the contact angle of the bare Pt/C surface (6p,c), and the
composite’s overall effective contact angle (6,4 from the ionomer
coverage, d,,,, and the corresponding contact angles of ionomer and
Pt/C surface,

cos(Opy/c) = cos(Op;)ap, + c08(Ocarpon) (1 — apy), and [4]

Cos(geﬁ‘) = Cos(gion)aion + cos (ePr/C)(l - aion)' [5]

Contact angles assumed for component materials in the base case
are listed in Table 1. The value for a functionalized carbon had to be
estimated. Polar functional groups render the surface moderately
hydrophilic, so a contact angle of 60° is reasonable.

Understanding Platinum Loading Reduction and Catalyst Layer
Flooding

In order to decipher the wetting behavior at different levels of
platinum loading and ionomer dispersion, we conducted a parameter
study varying both ap, and a;,, between 0 and 1. The fraction ap,
depends on CCL composition, i.e., Pt:C mass ratio, and other
structural details such as platinum particle radius and overall carbon

surface available for platinum deposition. Assuming the latter two to
be roughly constant for any Pt:C ratio, ap, will be taken as a measure
for platinum loading of the CCL in the following. The ionomer
coverage d;,, depends on the dispersion and film thickness of
ionomer, which is primarily adjusted by the amount of ionomer,
composition of the ink solvent and fabrication route.

Our parameter study yields average contact angles for secondary
pores for both conventional and functionalized carbon supports in
the CCL composite. The results for the conventional hydrophobic
carbon are depicted in Fig. 6a. For low platinum and ionomer
coverage, the carbon exhibits properties according to its intrinsic
material parametrization. Increasing the platinum loading renders the
Pt/C surface more hydrophilic, the contact angle is gradually
reduced to 10° at ap, = 1 and a,,,, = 0, representing a pure platinum
surface.

Considering addition of ionomer to the composite, accordingly
increasing a,,,, the impact of the inversion phenomenon becomes
clear. Adding ionomer to the Pt-free carbon support, the effective
contact angle is shifted toward the hydrophilic range around 60°. In
contrast, combining ionomer with a platinum loaded carbon (values
of ap, and a;,, approaching 1), results in a highly hydrophobic
composite material with a contact angle of up to 120°.

A conventional carbon material with high platinum and ionomer
loading exhibits predominantly hydrophobic behavior (64> 90°).
As proposed by Villanueva,? such a state of the secondary pores is
considered beneficial for good water transport and exhibits a large
resistance to flooding. When the platinum loading is lowered, as
indicated in Fig. 6a, the orientation of sidechains and backbone
gradually inverts. Consequently, the wetting behavior of the Pt/C/
ionomer composite changes from hydrophobic to hydrophilic and
the CCL ends up highly prone to flooding.

This consideration leads us to the main hypothesis that we would
like to advocate here: lowering the platinum loading while keeping
the CCL thickness constant could trigger the inversion of the wetting
behavior of the Pt/C/ionomer composite due to the reorientation of
the ionomer. This hypothesis is consistent with the work of
Muzaffaretal.'" where the scenarios of achieving a platinum
loading reduction were considered, corresponding to constant
composition or constant thickness. For the constant composition
scenario, trimming the platinum loading by reducing the CCL
thickness, thus keeping the Pt:C ratio constant, will reduce the
vaporization capability and thereby shift the tipping point for
flooding to lower current densities. Our work here addresses the
constant thickness scenario, in which a platinum loading reduction is
achieved by lowering the Pt:C ratio while keeping the thickness
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Table I. Parametrization of contact angle and degree of inversion for
platinum, carbon and ionomer.

work and it’s counterpart from Muzaffar et al. complete the greater
picture. As we have found, no matter whether the platinum loading
reduction is achieved by reducing the CCL thickness or by diluting

Material 0 Reference Apa the platinum dispersion on the support—in both cases the water
- " balance is expected to shift toward a higher propensity for flooding,
Platinum 10 . 0 which turns out to be the root cause for the increase of oxygen
Conventional carbon 84° ! 0.75 transport losses.
Functionalized carbon 60° . 0.15 For functionalized carbons (e.g., by nitrogen doping) as indicated
lonomer states . in Fig. 6b, the alignment of sidechains toward the Pt/C surface is
Hydrophobic-inverted 120 o 0 upheld when lowering the platinum loading. Thus, the effective
Hydrophilic-inverted 30 1 wetting behavior of secondary pores does not turn hydrophilic as
long as the ionomer coverage is high (a;,, > 0.65). Indeed, for this
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Figure 6. Effective contact angle, 0.4 of Pt/C/ionomer composite over platinum surface fraction ap, and ionomer coverage a;,, for the cases of a (a)

conventional carbon support and (b) a functionalized carbon support.

constant, thus diluting the platinum loading. In combination this
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case Ottetal.”” observed a significantly improved performance of
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low-platinum-loaded cathodes: the typically observed early onset of
mass transport limitations was shifted to higher current densities.
The authors interpreted their finding with a more even ionomer
distribution, thus a lowered ionomer film resistance. Our hypothesis
provides an alternative or additional explanation, based on con-
sidering the pivotal role of effective wettability in the space of
secondary pores for the water management. Since the functional
groups at carbon cause anionic headgroups at ionomer sidechains to
orient themselves toward them, the ionomer film’s outer surface
stays hydrophobic even at much reduced platinum loading.

Towards Tailored Materials for High Performance Fuel
Cells.—Structure-based models might be the key to enable fuel
cell developers to tailor CCL structure. Deliberately adjusting the
structural features via fabrication routes to suit the desired perfor-
mance offers a more efficient way of developing new materials than
the time-consuming empirical screening. Comprehensive models can
guide experiments by providing a fundamental understanding of the
observed trends and propose steps for the next iteration in experi-
mental optimization of fuel cell materials.

In CCL fabrication, one can choose from a plethora of possible
synthesis routes, materials and electrode recipes, all of them
affecting the CCL microstructure in a certain way. We see our
concept of the degree of inversion as a first attempt to link
fabrication, e.g., N-doping, as accomplished by Ottetal.,”® via a
structural impact (ionomer alignment), with properties of key
relevance for performance (wetting behavior and susceptibility to
flooding). Not only the morphology of carbon can be subject to
tailored CCL materials. Also the dispersion and distribution of
platinum on the support can be tuned locally to be deposited
primarily inside or outside the primary pores of the carbon
support.*” The same applies for ionomer. The choice and composi-
tion of the of ink solvent affects the ionomer dispersion and film
formation.””®® The degree of dispersion can reach from fully
lumped ionomer too perfectly dispersed ionomer, with the optimum
to be found in-between.®! The authors will address the resulting
heterogeneities in ionomer coverage in a follow-up work, accounting
for additional structural parameters, such as component and void
fractions, ionomer dispersion and coverage, and the porous network
properties. Based on this treatment, a description of mixed wett-
ability will be possible that aligns well with previous works that
employed continuous distributions of contact angles.?”’

Conclusions

Motivated by the wide-ranging relevance of water in cathode
catalyst layers (CCL), this work focused on rationalizing the causal
relationship between a reduction of the platinum loading and the
presumed changes of the composite’s wettability. A reviewing
recent relevant works in PEFC performance modeling revealed
deficiencies in linking structural features with the wetting behavior
of the composite electrode medium. Relevant experimental works in
the literature that have explored the wetting behavior of CCL
composite media point to an inversion of the wetting behavior:
when ionomer covers hydrophilic Pt/C surfaces, an effective
hydrophobic behavior of the composite medium has been observed;
while interaction of ionomer with a hydrophobic Pt/C surfaces
results in effective hydrophilic behavior of the resulting composite
medium. Molecular dynamic studies, also reviewed in this article,
bolster the mechanistic explanation of this inversion phenomenon,
linking the orientation of charged ionomer sidechains and the
corresponding wetting behavior to specific interactions of ionomer
sidechains and backbones with Pt/C surfaces.

We have shown that the observed mixed wettability can be
explained by the different types of surfaces present in secondary
pores of the CCL. Ionomer at the interface with the platinum-
carrying carbon particles is responsible for the hydrophobic domains
of the pore network while bare Pt/C contributes to the hydrophilic
portion. Similarly, ionomer-covered domains of hydrophobic carbon

contribute to hydrophilic secondary pores wile bare carbon con-
tributes to hydrophobic secondary pores. The quantitative under-
standing of the alignment phenomena was rationalized with a novel
descriptor, the ionomer’s degree of alignment that links surface
properties of the Pt/C catalyst with the effective contact angle of the
composite medium.

Following the correlations exploited in our model, the observed
transport losses when lowering the platinum loading can be plausibly
explained: changing the surface properties by lowering the platinum
loading—while keeping the CCL thickness constant—will trigger
the transition from effective hydrophobic to hydrophilic wetting
behavior of the CCL composite. According to these logics, the
reduction of the Pt:C ratio (or dilution of Pt in the composite) should
leave the cathode more prone to flooding. This hypothesis completes
the larger picture of the water balance tipping over when lowering
the platinum loading. In any case, regardless of whether a low
platinum loading is achieved by thickness reduction or by dilution,
the distortion of the water balance will strike by rendering the CCL
and GDL more prone to flooding.

In a wider context, our approach of the structure-based modeling
of wettability phenomena contributes to bridging the gap between
material selection and design, fabrication approach, effective phy-
sico-chemical properties of composite CCL media, and fuel cell
performance. A comprehensive structure-based model with these
added capabilities will be a valuable tool in the hands of fuel cell
developers in order to achieve a functionally fine-tuned CCL design.
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ARTICLE INFO ABSTRACT

Keywords:
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PEM fuel cell

Catalyst layer

Electrode design

Optimal water management in polymer electrolyte fuel cells hinges on understanding wetting phenomena inside
the porous network of the cathode catalyst layer. Macrohomogeneous models have evolved to take into account
water-related phenomena. However, existing modeling approaches implement a phenomenological description
that employs a mixed wettability, thus neglecting vital structural features that constitute the wetting behavior.
Other approaches exploit experimentally measured water retention curves to derive descriptors for the wetting

properties of the catalyst material. Albeit, such measurements are scarce in the literature, elaborate and
expensive, making a materials screening focused on wettability unfeasible. Our approach extends these efforts by
providing a structure-based model that predicts water retention curves from catalyst layer ink parameters. The
model accounts for structural formation at the ink stage and it captures the statistical distribution of wetting
properties. Design trends derived on the basis of this model are in agreement with experimental findings in the
literature. Furthermore, the model is analyzed for its implications on fuel cell degradation. Finally, we discuss its
capabilities with regard to model-supported fuel cell design and optimization.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) are about to take the leap from
prototyping stage and niche applications to commercial deployment. To
achieve this step, targets in terms of durability, performance, and cost
reduction need to be met. On all scales, from atomic scale to system
level, developers are seeking ways to improve the technology to meet or
exceed commercialization target.

The cathode catalyst layer (CCL) is of central importance to this
development. It is the pivotal component in terms of performance
because of the sluggish oxygen reduction reaction (ORR). Water that is
produced in this reaction plays a double-edged role in PEFCs. On the one
hand, it is the essential reaction medium, as well as proton solvent and
transport medium, rendering the CCL active in the first place. On the
other hand, when accumulated in porous gas transport layers at high

current densities, liquid water acts as an asphyxiant, i.e., it impedes
oxygen supply through the porous network [1]. To keep these two
antagonistic effects in check requires profound understanding of wetting
properties, pressure distributions and water accumulation in the porous
network. The wetting behavior of the pore walls confining the liquid
water in the CCL is decisive for the overall performance and the dynamic
range of the operating cell. The crucial question to answer is: will the
CCL and adjacent porous transport layers flood under high current
densities or can water be held back from flooding the gas pore network
so that high rates of oxygen supply can be maintained?

In the past, the concept of mixed wettability was developed to
describe the wetting properties of CCLs. In an effective way, this concept
accounts for the finding that CCLs exhibit partially hydrophobic and
hydrophilic behaviour. The partially hydrophilic character stems from
the wetting properties of the Pt/C catalyst: the carbon support is
moderately hydrophilic and metallic platinum is strongly hydrophilic.
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Nomenclature

ey Ionomer volume excess factor

Qfree Volume reduction factor of secondary pore volume

y Surface tension of water at 353 K

Apa Degree of alignment of ionomer in thin films

Apamr Apano Degree of alignment for limiting cases, hydrophilic

(HI) or hydrophobic (HO)
Apape Apac Apapyc Degree of alignment induced to the ionomer
film by platinum, carbon, or the Pt/C catalyst)

Apao Apa Degree of alignment induced to the ionomer film at
the substrate/ionomer interface (0) and at the surface of an
film of infinite thickness (c0)

0 Contact angle of platinum, carbon or ionomer film (j = {Pt,

C,ion})
O Ouo Contact angle of ionomer in ideally aligned hydrophilic
(HI) oder hydrophobic (HO) state

Opore Effective contact angle of a given pore

[ Effective contact angle of a given pore wall, on which
particles of Pt or ionomer are deposited on, i.e., f = {Pt,Pt
/ch

0 Effective contact angle in secondary pores

p) Expected number of particles deposited in a single pore in a
Poisson process

Ui Mean value of particles deposited in a single pore

2 Weight factor of pore size domain in the pore size
distribution(i = {1,2})

i Mass density of platinum, carbon or ionomer film (j = {Pt,
C,ion})

o; Standard deviation for pore size distribution for primary or

secondary pores (i = {1,2})

o.s0 Ox Standard deviation of the contact angle distribution on the
scale of contact angles (cos(6)) or number of particles
deposited in a given pore (k)

0p2 Spread of the WRC on the pressure scale

Aj Surface area covered by a particle of a given material (j =
{Pt,ion})

A; Surface area of primary or secondary pores (i = {1,2})

Apores Total surface area of the porous network of the CCL)

Apore Surface area of a single pore

Apinano  Surface area of carbon substrate covered by Pt
nanoparticles

aj Surface fraction of a substrate covered by a particular
material (j = {Pt,ion})

a Average surface fraction of pore wall covered in a given

pore by Pt or ionomer

B Bernoulli distribution

F Cumulative volume fraction in a range of pore contact
angles, index j = {Pt, ion} applies according to the particles
causing the respective wetting behavior heterogeneity

SCloss Loss factor of carbon mass from carbon corrosion

frgrown  Growth factor of Pt nanoparticles from Pt coarsening

H Heaviside function

k Number of particles deposited in a single pore

ka Ionomer dispersion parameter

ky Ionomer film volume evolution parameter

kpa Decay constant of degree of alignment in ionomer thin
films

Lyore Length of a pore

Mpe.c Platinum to carbon mass ratio

myc Ionomer to carbon mass ratio

N Normal distribution

n Maximum number of particles in a single pore

P Poisson distribution

Pc Capillary pressure

PC.min Minimal capillary pressure to flood a given pore

D2 Inflection point of water retention curve

r Pore radius

T Mean pore radius for pore size distribution for primary or
secondary pores (i = {1,2})

Tion Size of ionomer units building up the film

Tpore Radius of a single pore

S Cumulative volume fraction in a range of pore radii, index
i = {1, 2} applies if solely primary or secondary pores are
of interest

t Ionomer film thickness

to Initial ionomer film thickness

Vi Primary or secondary pore volume (i = {1,2})

Vao Secondary pore volume in an ionomer-free CCL

Vipores Total pore volume in the CCL

Xca Pore volume fraction of porous network in the CCL

X; Pore volume fraction of primary or secondary pores (i =
{1.2)

X(pc) Water retention curve

Xana(pc) Analytical water retention curve

Xno Pore volume fraction of secondary pores with hydrophilic
wetting properties

x Dimensionless ionomer volume

Y Young-Laplace criterion function to check if a given pore
floods

The ionomer constituents of the CCL play a special ambivalent role.
Being an amphiphilic material, ionomer exhibits hydrophilic or hydro-
phobic wettability depending on its interaction with the Pt/C surface
and the corresponding orientation of anionically terminated ionomer
sidechains relative to the pore space [2-4].

Structure-based models in the literature accounted for the mixed,
heterogeneous wettability of the pore network by dividing pores into
hydrophilic and hydrophobic fractions [5-9]. Recently, Zhou et al. [8]
and Goshtasbi et al. [9] applied this approach in macrohomogeneous
cell models and accounted for the mixed wettability of various cell
layers, including the CCL, by using two-point discrete contact angle
distributions combined with experimentally obtained pore size distri-
butions. The finding of a mixed wettability in the CCL was rationalized
by the distinct wetting properties of carbon and ionomer. However, the
parametrization of the wetting properties in these works relied on sparse
literature data, as discussed below. This separation of the two distinct
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pore types might be oversimplified as CCL materials could exhibit
continuous distributions of contact angles. In this work, we take up the
idea of Weber [10], who calculated the water retention curve (WRC) of a
gas diffusion layer (GDL) by superposition of a Gaussian distribution of
contact angles and a log-normal distribution of pore sizes.
Macrohomogeneous models that account for the physics of transport
across the diffusion media often include water retention curves to
incorporate the wetting behavior. The WRC correlates the capillary
pressure with the liquid saturation in the porous network. WRCs can be
embedded into the equations for liquid water generation and transport
[9,11-13], linking the liquid pressure gradient to other
saturation-depended properties, such as the platinum utilization and
mass transport coefficients. This way, the WRC of the CCL serves as a
descriptor that links the wetting properties to water management during
cell operation. Varying the characteristics of the WRC revealed that the
wetting properties of a CCL must be well adjusted if flooding shall be
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Fig. 1. Schematic of the model workflow: (a) Firstly, CL composition is pre-
dicted based on CCL ink parameters. (b) Secondly, wetting properties of the
pore walls are estimated accounting for molecular alignment of ionomer side-
chains and backbones. (¢) Finally, the combined statistical distribution of pore
radius and contact angle is calculated, accounting for heterogeneity in ion-
omer coverage.

prevented, especially under cold or wet conditions [9,11].

The critical role of the WRC is in stark contrast to the marginal
extend of experimental WRC data in the literature. WRCs of CCLs are
difficult to assess for several reasons. Firstly, CCLs need a suitable sup-
port due to their low thickness. Furthermore, putting the CCL under
conditions resembling the operando state of a fuel cell poses a significant
challenge. The most extensive work was accomplished by Gunterman
[14] who used a hydrophobic PTFE membrane to support an isolated CL.
The thickness was increased to enable an accurate determination of
liquid volume displacement. The steady state hysteresis of pc —Sj;q. data
was measured using an apparatus where the capillary pressure could be
controlled by either the liquid or gas pressure, allowing to measure the
full range of the WRC with high accuracy. This method was previously
developed for gas diffusion layers in PEM fuel cells by Gostick et al. [15].
Ye and Nguyen took a different approach to tackle the issue of small
catalyst layer thickness. Instead of measuring the volume displacement

Electrochimica Acta 431 (2022) 140850

directly, neutron radiography was used to assess the liquid saturation as
a function of p¢. A third option was demonstrated by LaManna et al. [16]
who used the method of standard porosimetry, in which a reference
medium with known p¢ — Sy, relation is brought to equilibrium with the
CL sample. The authors applied octane and water to measure both hy-
drophobic and hydrophilic pores. A non-porous polyimide film served as
support for the CCL. However, details on the composition of the CCL
were not disclosed in this study.

With only scarce datasets available in the literature and experimental
techniques being laborious, a wide-ranging characterization of the
wetting properties of fuel cell materials remains out of reach. In this
situation, a model based treatment of wetting phenomena gains fore-
most importance. In this article, we present a model for the complex
wetting phenomena in CCLs. Our model extends the approach of
describing properties of the porous network of the CCL by distributions
of pore sizes and contact angles [5,8,17]. It accounts for the molecular
alignment of the ionomer film covering the Pt/C catalyst via the degree of
alignment, a descriptor proposed in our previous work [18]. The result is
a model that calculates the wetting behavior of the CCL, i.e., the WRC,
based on the ink composition, i.e., the Pt:C and I:C mass ratios, and
intrinsic material properties. We will demonstrate how this model
deepens the understanding of structure-property correlations and their
underlying causal relationships. Capabilities of the model will be
demonstrated by deriving design guidelines to tailor CCL materials.

2. Model and methodology

This work applies the structural picture of a conventional CCL, in
which the primary Pt/C particles aggregate and provide a certain vol-
ume fraction of primary pores (1-10 nm radius), encompassing both
micropores of the carbon and the inter-particle space inside the ag-
glomerates. Secondary pores (10-100 nm radius) form the space be-
tween the agglomerates [19]. The ionomer-phase is dispersed in this
structure, forming a thin, skin-like layer that partially covers the surface
of Pt/C agglomerates, thus forming part of the pore walls of the sec-
ondary pore network. The primary pores remain free of ionomer, as the
ionomer molecules are too big to penetrate them. Part of the ionomer
forms larger aggregates that do not contribute to the covering of the
secondary pore network. This picture of aggregated and dispersed ion-
omer is derived from the experimental observation that on the one hand,
the volume fraction of secondary pores decreases as more ionomer is
used in the catalyst layer ink [20], explaining the dispersion in the
secondary pores. On the other hand, there is no strict anti-correlation
between porosity and ionomer content, hinting that not all of the ion-
omer fills the secondary pores.

Our model of the wetting behavior of this CL structure consists of
three submodels, as depicted in Fig. 1: a composition submodel that
describes the volumetric composition of the CCL and the structure of the
ionomer film (Fig. 1(a)); an alignment submodel that describes the
alignment of the ionomer sidechains and the resulting wetting proper-
ties of the ionomer film (Fig. 1(b)); a statistical distribution submodel
that describes the distribution of pore sizes and their wetting properties,
which are then used to calculate the water retention curve (Fig. 1(c)).

2.1. Catalyst layer composition submodel

In the fist step, we quantify the CCLs volumetric composition and the
structure of the ionomer. The latter includes volume fraction of
dispersed and aggregated ionomer, ionomer coverage in the secondary
pores and ionomer film thickness.

The formation of the ionomer structure can be described as an in-
cremental assembly of the composite. A single ionomer molecule
floating in the ink could either attach to uncovered Pt/C surface, or
deposit on an existing ionomer film and thereby increase its thickness,
but not its coverage. Any ionomer not deposited as part of the ionomer
film forms large, dense aggregates embedded in the catalyst layer
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structure and is therefore not part of the porous network. Such aggre-
gates were repeatedly observed in microscopic images of CCLs [21-24].
Analogous to first-order adsorption kinetics, we describe the incre-
mental assembly of ionomer films by a set of two differential equations,

day
oo — (1 @)k , and )

dQfiee
L = —pky. (@)

Here, we introduce the dimensionless variable x as the ratio of dry
ionomer volume, Vo, to the volume of secondary pores in an ionomer-
free Pt/C catalyst layer, Vo,

Vion

xX=—
VZ,O

3)
with Vien = myc/pjon- Note that Vo and Vo, are volumes normalized to
the carbon loading. The ionomer coverage, a;n, is defined as the ratio of
the ionomer covered surface, A, to the total surface of the secondary
pores, Aa,

Aion

ion = —— - 4
Gion =", @

The ratio of remaining secondary pore volume, which is not displaced by
the ionomer film, to the secondary volume in an ionomer-free CCL is
denoted as

Vo s
Apree = ;—fo ©)

The first Eq. (1) describes the growth of ionomer coverage by ionomer
molecules adsorbing to free surface of the Pt/C support. The probability
of this adsorption process is proportional to the free surface fraction (1 —
Qion)- This introduces the dispersion parameter k4. Eq. (2) describes
ionomer attaching to the existing film. The amount of ionomer incre-
mentally depositing inside the secondary pore network, thus reducing
the free volume by d‘;f:e, is proportional to the volume of pores that is still
free. The respective constant of proportionality is labeled ky. Integration
of Egs. (1) and (2) results in

Qe = exp( — ky x), and 6)

i = 1 — exp( — ky x). V]

Assuming uniform thickness of the ionomer film, the film thickness t
can be calculated as the ratio of the film volume to the surface area
covered. Using Eqgs. (6) and (7), t can be calculated from

Vao (1 = Qree) _ Voo 1 —exp(—kvx)
T A L—exp(—kyx)’

‘= Vionfim
Ajon A Gign

®

where A, denotes the surface area of secondary pores provided by the
carbon support and is calculated from the pore size distribution (c.f. Eq.
(17)). We define the initial film thickness t, as the limit of t for x tending to
zero, i.e., considering the first bits of ionomer involved in structure
formation. This property is given by

Voo I —exp(—kvx)\ Voo kv
Ay 1—exp(—kax)) Ay ky'

(©)]

o=l
Eq. (9) links two process parameters, viz. ks and ky. Since ionomer
molecules are of finite size, t, is considered to be a constant for a given
material selection, for instance PFSA films on conventional carbon
supports, such as Ketjen Black or Vulcan. Taking t, and k4 as input pa-
rameters, ky is determined by Eq. (9). In the following, the initial film
thickness t; is taken as a measure of the length scale of a single layer of
ionomer molecules deposited.
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2.2. Alignment submodel

In the second step of model development, the wetting properties of
the ionomer film and those of ionomer-free surfaces are calculated. The
molecular alignment of sidechains and backbones inside the thin ion-
omer film determines the contact angle of the film. The alignment is
determined by the wetting properties of the substrate, on which the thin
film is deposited. If the substrate surface is hydrophilic, a thin water
layer and with this the ionomer sidechains are attracted to this surface,
leaving the backbones to form a hydrophobic outer surface towards to
the secondary pore space. Oppositely, a hydrophobic surface substrate
attracts the hydrophobic ionomer backbones, leaving the sidechains to
form a hydrophilic surface facing secondary pores [25]. Overall, this
ionomer alignment effect leads to an inversion of the substrate’s wetting
behaviour [2].

In our previous work [18], we developed a numerical descriptor for
the molecular structure of the ionomer, the degree of alignment, Ap,. This
concept constitutes the basis for the second submodel and is extended to
include the impact of ionomer film thickness and Pt:C ratio. The model
accounts for three aspects that determine the wetting properties in
secondary pores:

1. Molecular alignment of ionomer sidechains and backbone: the value
of Apa is defined to be in the range of 0 — 1 with Apy =0 corre-
sponding to ionomer backbones pointing away from the Pt/C surface
and thus facing secondary pores, and Aps =1 corresponding to
ionomer sidechains that point away from the Pt/C surface and are
exposed to secondary pores. Accordingly, Aps = 0 corresponds to the
contact angle of a hydrophobic ionomer surface, i.e., 9o = 120° and
Apa =1 corresponds to 0y = 30°. These contact angle values were
reported in the literature [26,27]. Via linear interpolation of cos(6),
any dimensionless value of Aps can be transformed into a contact
angle,

€08(Bion) = Apa(cos(Bpr) — cos(Oo)) + cos(Bro)- (10)

The linear superposition of partial contributions to the contact angle,
adapted in this work, has been in employed in other fields [28] and it
is justified by the linear superposition of the surface energies
involved at the triple phase boundary.

2. Decay of alignment over film thickness: molecular dynamics studies
revealed that the intensity of alignment equilibrates quickly over
film thickness t [25]. The initial value (Apa o), imposed by interac-
tion with the solid Pt/C, converges exponentially to the value for a
random mixture of sidechains/backbones, given by Apa e,

Aps = Appr o + (ADA.U - Arm,m)exp( —kpa (t —10)). an

Here, the value for Ap, ., is derived from the chemical structure of
a conventional PFSA ionomer, in which about ~ 1/3 of the ionomer
molecular volume is occupied by the sidechains (see Section 2.5).
Additionally, the shift by t, in the argument of the exponential
function to accounts for the thickness of the first ‘layer’ of ionomer
formed. Molecular dynamics studies showed that the propagation of
alignment weakens over a few such layers [25]. Therefore, the decay
constant kps is expected to lie in the range of 1/t; and will be
replaced with that value, to reduce the number of parameters.

3. Linear interpolation between surface area contributions with
different chemical nature: Different kind of surface functional
groups, bare carbon and platinum can be assigned the surface frac-
tion g; and the value Apy o that the type of surface would induce if it
made up the entire surface. Since the real Pt/C surface has a mixed
composition, the effective value for Aps ¢ can be obtained by linear
interpolation using the respective surface fractions a;, j = {C,Pt},
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Apap = ZADA.O.I a; (12)

In this work, platinum and carbon support are the only two surface
types considered. Furthermore, the model has to account for the
varying density of Pt nanoparticles on the Pt/C surface. The sum of
the surface fractions of platinum and carbon support equals 1. Thus,
the expression can be reduced to

Appo = Apac (1 - flp,) + Apap, dpi- 13)

To quantify the platinum coverage ap;, we assume hemispherical Pt
nanoparticles of radius rp, that are distributed evenly over the
available surface in primary and secondary pores. The platinum
coverage can then be calculated as follows,

— Abvano 1 3mpic

ap = ——— = . 14
o Apores  Apores 2PpTpi

2.3. Statistical distribution of pore size and contact angles

Having determined the wetting properties of distinct surface types, i.
e., bare Pt/C surface and ionomer film, their statistical distribution in-
side the CCL microstructure is modeled in the following. Firstly, the pore
structure is described using a pore size distribution. Secondly, an
analytical expression for the statistical distribution of contact angles is
derived for the different pore size domains.

2.3.1. Pore size distribution

To represent the pore size distribution (PSD) of the agglomerated
structure of the CCL, a log-normal distribution is written for each pore
domain (I = primary, 2 = secondary),

a5 1 (In(r) — ln(r},,,-))2 L
PR mﬁﬂexp( — gy with i € {1,2}. (15)

where S; is the saturation of pore domain i, normalized to the total
volume of the domain. The weighted sum of the distributions of the
domains yields the bimodal PSD,

5 m (¢%+ af,ﬂ,d,z%) with §, + ¢ = 1, a6
where the factors ¢, and ¢, refer to the volume fractions of primary or
secondary pores relative to the total pore volume in the ionomer-free Pt/
C material. To account for the ionomer content successively filling sec-
ondary pores, ¢, is multiplied by af.. (see composition submodel). The
combined pore size distribution expresses a saturation ranging from 0 to
1 and is therefore normalized by the factor 1/(¢; + &freeths)-

The respective surface areas for each pore size domain are evaluated
from the PSD via integration, assuming a cylindrical pore geometry with
Lpore = zrpore,

© 4 35,
Ai = ¢ Viores = 5 dr. 17
4z _/0 3r or " an

2.3.2. Contact angle distribution

The contact angle distribution (CAD) is derived by accounting for the
heterogeneous distribution of Pt nanoparticles and ionomer, and thus
local wetting properties, inside the CCL microstructure. In the following,
both ionomer and platinum are considered to be randomly distributed as
finite sized units over the pore network volume, whereas ionomer is only
present in the secondary pores. For platinum, the particle character is
obvious. For the ionomer, it can be rationalized by the macromolecular
nature and finite size of ionomer molecules. This means that the ionomer
film is considered to have uniform thickness but to exhibit a heteroge-
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neous coverage in secondary pores. Tomographic images that resolve
the spatial distribution of ionomer support this view [29]. Therefore this
work introduces a radius r,, to describe finite-size building blocks of
ionomer. Different from Pt nanoparticles, ionomer units are of irregular
shape. Here, we report a radius corresponding to a circular disk-shaped
ionomer patch with the same surface area as the irregular patch. This
approach to account for the finite-sized nature of ionomer units is
common in modeling works. For instance, coarse-grained molecular
dynamics [25] or particle models to computationally generate a CCL
microstructure [30] introduced an ionomer radius similar to this work.

To link the presence of platinum or ionomer inside a pore with its
wetting properties, we further assume that any particle deposited inside
a pore increases the surface coverage a; of the pore wall accordingly. A
single pore can be attributed an effective contact angle 6y, by surface-
averaging the respective cos(¢;) inside the pore,

08 (Gpore) = Zcos(ﬁj)aj. (18)

To capture the statistics of the heterogeneous distribution of particles
in the pore space, a classical Bernoulli process is considered, using the
following definitions:

1. The probability of finding a certain number, k, of particles per pore is
given by the binomial distribution B(n,k,p).

2. The number of trials in a Bernoulli process, n, represents the maximal
number of particles per pore.

3. The maximal number of particles per pore n is reached when the pore
wall is fully covered, i.e., n = k(a = 1).

4. The surface coverage is equivalent to the ratio of k to n,

a=-. (19)

5. The maximal number of particles to fit in the pore is a function of
pore radius and particle size. With the previous definition, n is
calculated from

A
"=

J

(20)

where the amount of surface taken by one particle A; is mf and the
surface area of a single pore Apyr is 4nr§

re» according to the
assumption of cylindrical pores with Lyore = 2pore-

6. The probability p of a trial in the Bernoulli process to be successful
must be equal to the average surface coverage a,

_pn

L. @D
n

a=

S

The De Moivre-Laplace theorem states that the binomial distribution
converges already at small numbers of trials (n > 5) to the normal
distribution N(k, y, o) [31]. The respective mean value, y,, and standard
deviation, oy, of the number of particles are related to the ones of the
binomial distribution,

H, = na and 22)
ol = na(l —a). (23)

For small pores the distribution has to collapse into a single peak atn =
0, i.e., for a particle-free pore, if k.« decreases to 1. The structural
image behind is that ionomer or platinum cannot enter pores which are
too small. For ionomer this applies for the primary pores of the carbon
support, whereas platinum reaches there but is excluded from pores with
radius < 1 nm. According to the Poisson limit theorem [31], the
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binomial distribution and the Poisson distribution equivalently describe
the probability density for large n. However, at small n only the Poisson
distribution allows to correctly calculate the probability that no particle
(k = 0) is deposited into the considered pore. The Poisson distribution
P, (k) exhibits the property that if the expected number of particles in the
pore 4 equals 0, the probability of the pore to be empty equals 1, which is
consistent with the structural image. Since A is equal to na, as introduced
for the normal distribution, it is substituted accordingly to calculate the
probability of a pore for being empty (k = 0),

Pra(k=0) =™, 24)

The probability defined by Eq. (24) will be denoted as P(n) and is
applied to interpolate between the broad normal distribution for large n
and the sharp peak of empty pores at k =0 for n < 1. A narrow
Gaussian peak with width 6,,;,. The combined distribution for both small
and large n is thus given by

o = PN (K, 0,6) + (1~ PN ks (). 1), 25)

where F denotes a fraction from a subset of pores with a given pore
radius, i.e., a given n, since n is only a function of pore radius (Eq. (20)).
For any given n, the integral of this distribution over all particle numbers
equals 1,

® OF

k=1 (26)

In order to evaluate wetting properties of the CCL, the distribution of
particles per pore k is transformed to an effective value of cos(0). To
calculate cos(0) from the surface contributions, we apply Egs. (18) and
(19), denoting the particles considered with j and the free, uncovered
surface of the pore with f,

cos(6) = cos(8)a; + (1 —a;)cos(6) = cos((?;)%-&- (1 —S) cos(df). (27)

Evaluation of the fraction of pores within a range of contact angles is
facilitated by integration of Eq. (25) in the boundaries of interest, where
Eq. (27) is applied to substitute k with cos(6),

k2 OF cos(62)=/(k2) F
oF (k)dk = / oidcos(ﬂ)

K Ok o:(:a;i o Z;Os(g) 28)
:/ (k(cos(8)))k (cos(8))dcos(8),
costo 1) Ok
with
K (cos(6)) = " 29

cos () — cos ()

Due to the heterogeneity of wetting properties that will be discussed in
the following, the variance of the particle number oy is transformed to
Ocos(0)- Substitution of the integral definition of the variance” results in

g |eos (6;) — cos(6) @

cos(0) —

(30)
n

2.3.3. Combined distribution of pore size and contact angle

The differential for the combined distributions of pore size and
contact angle dX is obtained by multiplication of the differentials dS and
dF,

dX,; = dSi (pore) AF; (o 0) (D)

502 = % (x- 1)%f(x)dx, given the probability density function f(x) with
mean value y
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with dS;(rpore) denoting the differential of the pore volume fraction over
pore size and dF;(Tpore, ) denoting the differential of the distribution of
contact angles in a subset of pores with a given pore radius. The indices
refer to pore domain (i = {1,2}) and type of distributed material (j =

{Pt, ion}). To describe the complete pore space of the CCL, dX is
composed of two contributions, accounting for primary and secondary
pores,

1

dXcep = ———
et D+ e,

(¢1dS1 dFp; + Aoy dS2dFion), (32)

where the weighted contributions and normalization analogues to Eq.
(16) have been employed. Ionomer is excluded from the primary pores.
Therefore, inside primary pores only the modulation of the contact angle
distribution caused by platinum has to be considered. In secondary
pores, ionomer is the particular species which that the contact angle
distribution. Here, the uncovered pore surface is represented by the
average Pt/C contact angle. The contact angle for ionomer is obtained
from the alignment submodel.

2.4. Evaluation of the water retention curve

The water retention curve correlates the fraction of flooded pore
volume X(pc) at a capillary pressure pc. Here, it is obtained from

" : Xccr
X(pc) 7/0 /4 Y(r,H,pc)Wdcos(ﬁ)dr, (33)

where Y represents the Heaviside function H that determines whether a
pore is flooded (Y = 1) or stays empty (Y = 0),
Y(r, 0, pc) = H(pc — pemin(r,0))  with (34)

2ycos(6)
Fa—

(35)

Pcmin = —

It is also possible to evaluate the saturation of the primary or secondary
pores seperately,

X, (pc) = / /( )(aii”’ >>y(r, 0, pc) dcos(0)dr and (36)

X, (pc) = / / <0S2> (aji)) Y(r, 0, pc) dcos(6) dr- 37)

As a criterion for the resistance to flooding, the volume fraction of sec-
ondary pores that are hydrophobic, Xy, will be a useful parameter. It
can be obtained by integration over hydrophobic pores in Eq. (37),

Xpo = / / ("S’> ( 03:1(9)) deos(6) dr. 38)

2.4.1. Analytical approximation for the water retention curve

To sidestep the relatively slow numerical integration necessary to
solve Eq. (33), an analytical sigmoid function Xgnq(pc) can be used to
approximate the WRC,

1

=X+ X
l+exp( (e P’)

Xana(Pc) (39)

The offset X; and the step height X, correspond to the fraction of pri-
mary and secondary pores, which are directly obtained from the
composition submodel,

[
X, = and (40)
: D1+ Upeethy
X, =1-X. (41)
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Fig. 2. (a) Deposition of ionomer in the secondary pore space of catalyst layer measured by Soboleva [20] and as calculated by the model. (b) Ionomer coverage and
thickness are also calculated in the latter and in good agreement with data from Ref. [20]. (c) Illustration of successive structure evolution of CL with increasing

ionomer loading.

The inflection point p, of the sigmoid is determined by the maximal

propability density, which occurs where both dS /dr and JF /dcos(6)

exhibit their respective maxima. This is, by definition of the distribution

functions, the case at @ = 0, and r = ry. The corresponding capillary

pressure is calculated by evaluating the Young-Laplace equation,
2ycos(6s)

pp=——"
)

(42)

The mean contact angle of secondary pores, 05, is calculated from the
ionomer surface coverage obtained in the composition submodel,

c08(6) = c08(Bion)tion + (1 — dig,,)cos(Gp,/c) and (43)

€08 (Bpyc) = cos(Bp)ap + (1 —ap)cos(6c). (44)

The width ¢, > of the sigmoid increases with greater standard deviation
of the contact angle distribution. Taking o..() from the statistical dis-
tribution submodel, 6,> can be obtained from the Young-Laplace-
Equation,

02 = |pc(ra, cos(6:) + Geos(0)) — Pe(r2, cos(6) — Geos(0))|

_ 2y(cos(62) + Geosio)) N 2y(c08(6:) — Oeos(o)| (45)
r r ‘
_ 4y0cos(o)
==

The standard deviation o) is a function of pore radius and has to be
evaluated for the particular value of r,. Finally, the descriptor for further
discussion, the fraction of hydrophobic secondary pores, Xpo, is
analytically calculated, using

Xana(pe =0) _ 1— 1
X, 1+exp(*(Pr*P2))

Op2

Xno=1— (46)

2.5. Model parameters

A CCL with a low surface area carbon (LSAC), such as Vulcan XC72,
will be considered the reference material for our parameter study. The
primary set of ink parameters include the Pt:C mass ratio, I:C mass ratio
and the dispersion parameter k,. I:C and Pt:C were set to 0.8 and 0.4,
representing a typical CCL ink composition. The value for k, is 4.5 and
was adapted from fitting to the composition dataset provided by Sobo-

leva (see Section 3.1). The parameters ¢, and ks had to be slightly
adapted when describing WRC data for the CCL materials characterized
by Gunterman [14] (see Section 3.1). The value of Vpyrs was adapted
from Ref. [20] and values for ¢,, r,; and ¢,; were obtained from fitting
the bimodal PSD to experimental data reported in Refs. [6,20].

The parametrization for the degree of alignment Aps needs clarifi-
cation since no comparable set of parameters was reported. The inter-
action of ionomer sidechains with metallic platinum is very strong, thus
Apape = 0 was assumed. A highly graphitized carbon would attract the
backbone due to the mild adhesive interaction between the hydrophobic
carbon and the hydrophobic backbone. However, functionalized car-
bons, such as Vulcan XC72, feature a significant amount of oxidic surf-
cae groups, altering their Aps to mildly attracting sidechains [32].

The degree of alignment in a film of infinite thickness, Apa o, is
estimated by the molecular volume of sidechains and ionomer in a
typical PFSA provided by Wescott et al. [33]. Applying the above
definition for Apa, a value of 0.37 was obtained for Ap, . According to
the definition of contact angles for the pure sidechain and backbone, this
results in a contact angle of 89.7°.

3. Results and discussion
3.1. Model solution

3.1.1. Solution and parametrization of the composition submodel

First, we discuss the solution of the composition submodel and its
parametrization by fitting to data from Soboleva [20]. The data
extracted from Soboleva (see Appendix, Table 3) include sets of I:C
values for two different types of carbon (Ketjen Black, Vulcan XC72).
The measured volumes of secondary pores and dry ionomer per mass of
carbon as well as the ionomer coverage were used to compare the
experimental results with our model. The volumes were normalized with
the volume of secondary pores V; of a ionomer-free CCL, to compare
with the volume reduction factor ag,, = % and the dimensionless var-

mrc
Pion V20

omer coverage was normalized by its upper limit at high I:C ratios, to
obtain a quantity between O and 1. Using this normalization, the
following model functions were used to fit the model solution to the
data,

iable x =

(see Section 2.1, Egs. (3) and (6)). The measured ion-

(47)

Qe = eXp(— ky x) = exp( — kAlUV— pml‘f )and
20 Fion¥20

5
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Fig. 3. (a) Combined probability distribution of pores over contact angles and pore radius of LSAC reference case. (b) Illustration of pore domains in the CCL
microstructure. (c,d) Obtained water retention curves of LSAC reference case via analytical and numerical solution, plotted on different pressure scales.

m.c
Qion = 1 —exp( — kax) =1 exp( kA/’io,.VZ.U>7 (48)
where ky was replaced using Eq. (9), leaving t, and k, as free fitting
parameters. The initial film thickness t, was found to be 6.5 nm, which is
in good agreement with reported values of dry ionomer films [29,34].
The dispersion parameter k4 was found to have the same value of 4.5 for
both carbon materials (Ketjen Black, Vulcan XC72) examined by Sobo-
leva. This demonstrates that k4 is primarily determined by the CCL
fabrication process — and not by the materials used. As we will see in the
following, this dispersion parameter is of fundamental importance.
The results of the composition submodel are depicted in Fig. 2 (a)
and (b), together with the data from Soboleva [20] for Ketjen Black. The
model captures the experimentally observed behavior: ionomer fills the
secondary pores, but not all ionomer is used to replace pore volume. To
describe this behavior, the excess volume factor ., is used. It evaluates
the combined volume of ionomer and free pore space, normalized to
V2o,

— Vion + Varee

Vi (49)

ex

=X+ Appee- (50)
A value greater 1 expresses an increase in total CL volume, whereas a
value between 0 and 1 indicates a contraction of the CL structure. At
increasing I:C ratios (> 0.5), additional ionomer volume expands the
CCL volume compared to the ionomer-free structure. At small I:C,
around I:C ~ 0.3, the experimentally observed volume contraction is
captured by the model. This contraction might be a result of the ionomer
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binding the carbon particles closer together. Additionally, data for
ionomer coverage in Fig. 2(b) are in good agreement with the model.
The calculated ionomer film thickness is found in the experimentally
observed range from 7 to 15 nm [29,34,38]

The schematic illustration in Fig. 2(c) rationalizes three growth
stages that can be distinguished: at small I:C, the coverage grows
quickly, followed by a range for which film thickness growth is domi-
nant. Ultimately, at high I:C, thickness and coverage cannot grow
further and excess ionomer expands the total CCL volume.

3.1.2. Contact angle distribution and analytical WRC

The combined distribution of pore size and contact angle of the
reference LSAC material is depicted in Fig. 3 (a). The peak of secondary
pores (labeled with (2)) is located at = 90.5° and spreads over +1.5°.
Primary pores exhibit a wider contact angle distribution (peak (1))
expanding over the range from 20° to 60° with the maximum located at
Oprjc = 43.7°. The narrow peak C at pore radii <1 nm with sharply
defined contact angle 0c = 62° represents primary pores of the carbon
support that are to small to take up any platinum nanoparticles.

The isobaric lines indicate the flooding condition based on the
Young-Laplace equation for different liquid pressures. All pores to the
left of the line will flood, thus are integrated over in the WRC evaluation
and contribute to the saturation. While primary pores, labeled with (1),
are flooded under all relevant liquid pressures, the secondary pores will
start to flood for a certain pc. With regard to the analysis of water
management, primary pores can safely be excluded from further dis-
cussion. Given the boundaries of pore scale and contact angles they will
never become dry under any relevant operating conditions. This is
favorable for platinum utilization. Secondary pores instead might turn
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Table 1
Model parametrization, default value applies to reference material if not indicated otherwise.
LSAC reference case Gunterman commercial Gunterman experimental Refs.
Base ink parameters Pt:C 0.4 0.25 0.25 [14]
I.C 0.7 1 0.3
ka 4.5 4 Fitted, see 3.1
Pore size distribution Vipores 0.39 cm®/gc [20]
b 0.13 0.1 0.25 620
b, 0.87 0.9 0.75 16,20]
Tyl 3 nm
Tu2 80 nm
Or1 0.5
Or2 0.5
Degree of alignment Apac 0.25
Apape 0
Apa 0.37
Intrinsic contact angles Oc 62° 2]
Ope 10° [35]
0, 30°
Hi [26,27]
o 120° [36]
Particular dimensions to 6.5 nm Fitted, see 3.1
Tion 5 nm (301
Tpe 1.5 nm [371
Constants 7 at T=353 K 0.0637 J/m?
Pion 1.9 g/em®
P 21.45 g/em®
Pc 21 g/cm®
bl see Fig. A.1 in the appendix.
'11:1 iz Fig. 3 (c) and (d) depict the comparison of numerically and analyt-
esults. . . . . .
ically obtained WRCs. The numerical solution is not perfectly symmet-
G“ntefma"’ rical because the variance in contact angle scales with r,r.. However, the
experimental sigmoid interpolation by the analytical solution captures well the
LSAC reference Gunterman Gunterman essential features of the curve, such as inflection point, spread and step
case _ commercial experimental height. In the following, solely the analytical approximation was used
Ionomer dispersion quantities for th del soluti d " tudi
Vion 0.42 053 0.16 o / g or the model solution and parameter studies.
A, 6.57 6.87 5.67 m? / g
x 1.21 1.45 0.53 3.1.3. Comparison with experimental WRC data
ky 0.6 0.6 0.5 To compare the model with measured WRC data, two catalyst layer
Gion 0.99 0.999 0.878 materials from Gunterman [14], an experimental and a commercial CCL,
t 25.9 29.2 13.7 nm . s 1s
a 051 0.45 077 are used as references. Generally, the data available in literature are very
ce . . . . . . X .
e 172 1.90 1.30 scarce, especially because wetting properties and information on ma-
Tonomer alignment terials and fabrication process are needed. Some works report WRCs, but
Apao  0.127 0.169 0.215 a sufficient parametrization for the CCL ink parameters could not be
:”Aﬁ 0'3:? " 0.364 0319 extracted [13,39]. The modeling works of Pant et al. [12] and Zenyuk
urface wettin, roperties s . .
0 90.6° 8 prop 902 93.7° et al. [11] include measured WRCs, but further information on the exact
hon . . .
Opyc 437 50.4° 57.2° materials used was not provided. The thesis of Gunterman [14] is often
5 90.5° 90.1° 89.5° cited wherever data for wetting properties of CCL or GDL are of concern
Xno  0.94 0.79 0.32 and was found to be the only source providing both the required ink
WRC shape parameters (analytical) parameters and the corresponding WRCs of the CCLs.
X 0.23 0.18 0.30 . . . .
Xl 077 0.82 070 Pt:C and I:C ratios of the materials used by Gunterman are listed in
2 . . . . .
P2 1.3E404 3.2E403 1.5E104 Pa Table 1 and model results are reported in Table 2. Experimental WRC
Op2 4.8E+03 2.5E+03 2.0E+04 Pa data for the commercial and experimental CCL are plotted together with

out hydrophilic or hydrophobic depending on the CCL ink parameters.
They require detailed consideration to scrutinize the impact of material
choices on water management.

In the total WRC depicted in Fig. 3(c), the two major domains (1) and
(2) in the combined pore size and contact angle distribution result in two
steps. The first step marks the flooding of the primary pores and occurs
at liquid pressures with an order of magnitude exceeding tens of bars. In
contrast, pressures under operation of the fuel cell are +10%...10° Pa. In
this range, the larger step of the WRC occurs, which lies in the region of
secondary pores, as shown with higher resolution in Fig. 3(d). For a
higher resolution of the contact angle distribution in secondary pores,

the calculated WRC in Fig. 4. The parametrization was adjusted with
regard to ¢, , to match the step height in the WRC. It was lowered to 0.09
in the commercial CL and raised to 0.25 for the experimental sample.
This might be caused by some compaction or pressing of the CCL during
fabrication, or by better agglomeration. Slightly adapting the value of k,
for the experimental material to 4 further improved the quality of the fit.
This can be attributed to some deviations in the ink parameters from the
commercial case. However, the overall comparison with the dataset of
Gunterman resulted in good agreement and demonstrates the ability of
the model to calculate WRCs based on the CCL ink parameters in a
plausible manner. Deviations and phenomena not captured by the
model, such the WRC hysteresis, are mainly attributed to pore network
effects, such as trapping or snap-off during injection and withdrawal of
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Fig. 4. Comparison of model and measured WRC data from Gunterman [14] (a) of commercial CCL (b) and experimental CL material.
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Fig. 5. Single parameter variation of LSAC base case for (a) platinum concentration (Pt:C = 0.1, 0.2, 0.4, 0.6), (b) platinum concentration (Pt:C = 0.1, 0.2, 0.4, 0.6)
at lowered ionomer loading (I:C = 0.3), (c) variation of ionomer loading (I:C = 0.3, 0.5, 0.8, 1), (d) ionomer dispersion via variation of k4 = 1.5, 3, 4.5, 6. The dashed

curves show the base case.

liquid. These effects are beyond the scope of the presented model, as it
volume-averages the wetting properties of the CCL. Other methodolo-
gies, such as pore network models or direct simulations of liquid water
transport, resolve the pore-level effects and, therefore, allow calculating
the WRC hysteresis. However, such models often have to assume wetting
properties, as only sparse experimental data are available in the litera-
ture. Foreseeing possible applications of the presented model, it might
be used as a basis to parameterize the WRCs used in other models.
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3.2. Impact of catalyst composition on wetting behavior

The model was solved for a series of parameter variations in order to
understand how the microstructure of the CCL might be tweaked to meet
performance requirements for fuel cells. As a criterion for evaluating the
obtained WRCs, an increased hydrophobicity of secondary pores is
considered favorable to protect the cell against flooding.

The Pt:C ratio is the first parameter of interest regarding CCL ink
composition. In this study, the values for Pt:C represent the cases of low
(0.1), moderate (0.2) and high (0.4, 0.6) Pt density. The low Pt density
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case in Fig. 5(a) results in a WRC step partially located in the hydrophilic
regime, i.e., a significant liquid saturation is reached at p. = 0.
Increasing the Pt:C ratio shifts the WRC towards higher p,, i.e., a more
hydrophobic regime. For Pt:C > 0.6 the full WRC step occurs at positive
capillary pressures, indicating the hydrophobization of the ionomer film
in secondary pores by platinum. The sidechains of ionomer strongly
interact with platinum, resulting in an alignment of of the ionomer
structure where hydrophobic backbones arefacing secondary pores. This
trend is in line with experimental observations of Volfkovich et al. [2].

In order to rationalize the role of ionomer, a second Pt:C variation
with a reduced I:C ratio of 0.3 was conducted. The resulting WRCs in
Fig. 5(b) reveal that the amount of ionomer is not sufficient to cover
significant parts of the pore walls, leaving a significant fraction hydro-
philic Pt/C surface exposed. This results in a weak overall hydro-
phobization of secondary pores. However, the trend towards more
hydrophobic wetting behavior of the ionomer film with increasing Pt:C
persists. Furthermore, the WRCs spread extends for low I:C ratios (also
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to be seen in Fig. 5(c)) due to a much larger heterogeneity of wetting
properties at moderate ionomer coverage.

The variation of the I:C ratio spans from moderately low to moder-
ately high ionomer loadings (I:C = 0.3, 0.5, 0.8, 1). The respective WRCs
are shown in Fig. 5(c) and exhibit at first an increasing hydro-
phobization with increasing I:C ratio, shifting the WRC towards higher
values of p.. Around I:C = 0.5, this trend is reversed and higher I:C ratios
cause the WRC to exhibit a steeper step. The observed trend can be
explained by the ionomer film first growing quickly in coverage, turning
wetting properties of secondary pores more hydrophobic. When more
ionomer is added, the ionomer film starts growing in thickness, weak-
ening the hydrophobic alignment of backbone towards the secondary
pore space. The maximum in hydrophobicity at intermediate I:C ratio
was also reported in the experimental literature [40,41].

Varying the dispersion parameter ks from 1.5 to 6 in Fig. 5(d) results
in a very similar picture as seen for the I:C variation: first, an increase in
hydrophobicity is observed, followed by a collapse of hydrophobicity to
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a steeper step. The underlying picture is similar to the previous variation
of I:C, but now only the morphology of the ionomer film is affected, not
the I:C ratio. For low values (ks < 2) a thin ionomer film with poor
coverage forms and a larger amount of ionomer is aggregating inside the
CCL without contributing to film formation. Around k4 =~ 3 the disper-
sion of ionomer reaches an optimum with high coverage and the film
thickness not too high to impair wetting properties. Above ks > 5 the
ionomer is strongly adhering to the Pt/C structure during ink stage, thus
resulting in coverage of ~ 1 and high film thickness. The parameter ks
captures the tendency for the ionomer morphology of a certain ink
recipe, but it does not directly imply a specific choice of solvent or
material modifications. That makes it suitable to describe a wide range
of modification and might help quantify different approaches to tune
ionomer dispersion.

3.3. Design guidelines for favorable CCL wetting properties

Both the amount and the dispersion of ionomer are key parameters in
the application of ionomer. Whereas the concentration of platinum
nanoparticles primarily alters the molecular alignment and renders the
ionomer surface in the secondary pore space hydrophobic, an optimal
combination of coverage and thickness of the ionomer phase is required
to assure an overall hydrophobic secondary pore space. In order to
disentangle these dependencies and find design guidelines for the
combined adjustment of Pt:C, I:C and k4, a study exploring the combined
impact of these parameters was conducted.

To evaluate the wetting behaviour of CCLs, the hydrophobic fraction
of secondary pores Xy was chosen as a scalar metric. In Fig. 6(a), Xno
was mapped over a Pt:C and I:C range of 0 to 1.5. For each value of Pt:C a
minimal and maximal I:C ratio manifests where a high hydrophobic
fraction (Xpo > 0.8) is reached. Below and above the respective I:C
range, the wetting properties are mostly hydrophilic (Xgo < 0.2). The
window between lowest and highest possible I:C shrinks drastically
when lowering the Pt loading. Whereas the I:C window at Pt:C > 1 spans
from 0.3 to 1.3, a diluted catalyst (Pt:C < 0.1) cannot uphold X0 > 0.8
for any I:C.

The underlying structural causalities are illustrated in Fig. 6(c) and
(d) and can be categorized into three cases: in Case A, the ionomer film is
thin and highly hydrophobic, but does not gain sufficient coverage to
effectively render the CL hydrophobic; in Case B, the ionomer film is
slightly increased in thickness, but still moderately hydrophobic; ion-
omer coverage is high, thus the overall wetting properties become hy-
drophobic; exceeding this optimal condition by applying more ionomer
will lead to Case C, in which the film grows further in thickness and the
hydrophobic properties fade but are still sufficient to uphold a certain
hydrophobicity. A reduction of Pt:C ratio, as illustrated as Case C* in
Fig. 6(c), will cause the ionomer alignment to fade and the hydropho-
bicity to decay. Consequently, the overall wetting properties of the CCL
change from mostly hydrophobic to fully hydrophilic.

These insights consolidate an important principle for CCL design: the
lower the Pt:C ratio, the less room remains to maneuver with regard to
the I:C ratio. This is of particular importance when reducing the plat-
inum loading for cost efficient CCLs. If the morphology of the ionomer
film is inadequate, i.e., film coverage and thickness are not well
adjusted, hydrophilic wetting behavior and thus proneness to flooding
will result.

Following these insights, the two main parameters for tuning the
ionomer properties, I:C and k4, were evaluated in combination in Fig. 6
(b). With larger ka, a lower I:C ratio is required to obtain hydrophobic
wetting behavior. Also, the respective I:C window gets narrower at
higher k. For a low-dispersed ionomer (k4 = 3) any I:C in the range
from 0.5 to1.5 will result in a mostly hydrophobic CCL. Both range and
absolute values decrease at ks = 8, where the hydrophobic condition
occurs in the range of I:C from 0.2 to 0.7. Again, this manifests the
importance of balancing ionomer coverage and thickness. The previ-
ously discussed cases (A: too low coverage, B: coverage and thickness
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Fig. 7. Impact of modification of the chemical nature of the carbon surface, e.g.
by nitrogen incorporation on the wetting properties of the CCL.

balanced, C: to high coverage and/or film thickness) apply accordingly.

The potential to improve the performance of the CCL by adjusting
ionomer coverage and thickness was recognized in recent experimental
studies. Multiple works discussed the partial formation of highly
dispersed ionomer, as opposed to lumped aggregations [42-45].
Different attempts to alter the tendency of ionomer to spread in thin
films were tested. A variation of the ink solvent was found to be very
effective in several works [22,42,44,46,47]. A recent review on ink
parameter variations by Berlinger et al. [48] concluded that the I:C ratio
and the ink solvent are the key parameters for tuning catalyst layer
properties. The underlying interactions between ionomer & carbon
support and ionomer & solvent are critical for structure formation.
During the ink, stage the solvent alters the balance between polar and
dispersion interactions among ionomer molecules and between ionomer
and the Pt/C surface. Consequently the ionomer will exhibit a different
likelihood to either adhere to already aggregated ionomer or free Pt/C
surface.

Another approach to increase ionomer dispersion introduces nitro-
gen containing functional groups at the carbon support surface [45,49].
These positively charged aminic groups strengthen the interaction of
sidechains with the carbon surface and consequently disperse the ion-
omer as well as cause the sidechains to align towards the interface of
Pt/C surface and ionomer film. Molecular dynamics studies revealed
that also oxygen-containing groups, which are also abundant on com-
mon carbon support materials such as Vulcan Carbon, significantly alter
the sidechain alignment [50].

The impact of the sidechain alignment imposed by the carbon sup-
port, Apa ¢, on the WRCs are depicted in Fig. 7. The reference parame-
trization with Pt:C = 0.4 and Apac = 0.25 results in moderately
hydrophobic wetting behavior. As discussed above, lowering the Pt:C
ratio causes a shift towards the hydrophilic domain, increasing the
proneness to flooding. In order to increase the hydrophobicity of the
CCL, Apac can be lowered to 0.15 through carbon modification. This
pushes the WRCs of CCLs with low or moderate platinum density to a
more hydrophobic wetting behavior.

3.4. Wettability during CCL lifetime

The parameter study is completed by evaluating the impact of aging
of the fuel cell. Two major degradation mechanism contribute to the
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Fig. 8. Changes in wettability during aging caused by (a) carbon corrosion, i.e., a loss of carbon support structure and (b) platinum particle growth.

decay of performance over the lifetime of the cell: carbon corrosion and
platinum coarsening.

Carbon corrosion was incorporated by the assumption that the car-
bon support shrinks in mass. This results in a shift of the I:C and Pt:C
ratios to higher values, according to

My.Caged = e and 1)
1 = fctoss
Mpp.c
MprC.aged = % , (52)
—Jcioss

where f¢ o5 is the fraction of carbon mass lost. The impact on the wetting
behavior caused by a loss of carbon mass by 0%, 25% and 50% is
illustrated in Fig. 8. The WRCs show a shift of the WRC towards a steep,
moderately hydrophilic step. The step height, i.e., the secondary pore
volume, is reduced significantly. This behavior is similar to the scenario
where the I:C ratio is increased. Indeed, the underlying structural picture
is the same: more ionomer per Pt/C surface results in larger ionomer
coverage and thickness, ultimately causing a decay of the hydropho-
bicity in secondary pores. Measurements by Fang et al. confirm this
decay of hydrophobicity [51].

Concurrent to the primary effect of the ionomer, the amount of
platinum nanoparticles remained constant, but covers a reduced carbon
surface. This increases platinum coverage and consequently intensifies
the interaction of ionomer sidechains with the Pt/C surface. The in-
crease in hydrophobicity due to this effect is small and masked by the
primary effect of ionomer thickness. This secondary effect on ionomer
alignment can be evaluated separately if solely platinum coarsening is
considered, as it also occurs in the Pt degradation mechanisms.

In order to simulate coagulation and Ostwald ripening of the Pt
catalyst, the radius of the Pt nanoparticles was increased by a growth
factor f; growth, With Tpraged = (1 + fr growen)Tpr, While the Pt:C ratio was
held constant. The resulting trends for increasing rp; by frgown =
{100%, 200%} in Fig. 8(b) shows that the WRC is shifted into the hy-
drophilic regime the larger the Pt particles grow. Similar to lowering the
Pt:C ratio (cf. Fig. 5, a reduced platinum coverage due to larger particles
results in a weaker ionomer alignment, thus a decay in hydrophobicity.

An experimental study also found the chemical nature of the carbon
support to change during accelerated stress test. When carbon corrodes,
oxygen containing functional groups form on its surface [52]. This third
effect can impact the degree of alignment of the ionomer (as shown in
Fig. 7) in a way that it maintains some hydrophobicity. However, the
extend of this effect is small and was found to be reversible by recovery
protocols [52].

3.5. Towards tailored wetting properties of cathode catalyst layers

The proposed model might be used by material scientists and
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engineers to adjust the wetting properties of the CCL to achieve maximal
fuel cell performance. For a specific application, the optimal shape of the
WRC (i.e., inflection point and spread of the major step) will hinge on
the design of other diffusion media and the overall operation strategy of
the fuel cell. Especially the function with the adjacent gas diffusion layer
has to be tuned carefully: at the CCL/GDL boundary capillary pressure
and liquid saturation have be paired in a way that water crosses over the
boundary effciently. Our model can possibly be incorporated into
existing macro-homogeneous fuel cell models describing water trans-
port and liquid water saturation via a water retention curves [11,12].

A particularly interesting goal for such optimizations is the reduction
of the Pt loading. Muzaffar et al. defined two limiting scenarios to reduce
the Pt loading: reducing the CCL thickness at fixed composition; or up-
holding the thickness but reducing the Pt:C ratio [53]. For thickness
reduction, they conjectured that since the volumetric water production
in the catalyst increases, while at the same time the vaporization
capability decreases, more water needs to leave the CCL in liquid form.
This leads to a tipping of the water balance, with flooding occuring in
both CCL and adjacent porous transport media [11,17,53]. Our work
complements these studies by a model-based analysis of the second
limit, the lowering the Pt loading via reducing the Pt:C ratio. Here, the
tip-over of the water balance is caused by the decreased coverage of the
carbon support surface with platinum particles, which results in a more
hydrophilic orientation of ionomer towards the secondary pore space.

Considering conventional CCLs only from the perspective of layer
thickness and Pt:C ratio restricts the possibilities of further reduction of
Pt loading. As our model implies, multiple levers exist to potentially
push the limits of Pt loading (see Section 3.3). In accordance with cur-
rent experimental developments, we see large potential in tweaking the
ionomer dispersion during the fabrication process [22,42,44,46,47] or
manipulating of the chemical nature of the carbon surface [45,49], to
name just two further possibilities.

However, the detailed interaction of ionomer and Pt/C is more
complex as implemented in this work. For instance, the role of hydration
of the ionomer/Pt interface or the potential dependence of this inter-
action have been neglected. These aspects certainly contribute to the
wetting properties of the ionomer film but the mechanisms and extend of
such influences remain speculative. Regarding hydration effects, results
from MD simulations indicate that the principal effect of sidechain
alignment dominates the molecular structure, but the formation of mi-
celles or layered structures depends on the humidity conditions [54].
Thin film effects were already experimentally studied in the past, but
many insights rely on support materials not used in fuel cell technology
[55]. Future experimental and theoretical works are necessary to clarify
and consolidate the understanding of the complex interactions between
the ionomer film and the substrate or catalyst.
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Table 3 instance by the choice of the ink solvent; and, secondly, the intrinsic
Data extracted from Soboleva [20] for Ketjen Black based CL material. interaction between carbon surface and ionomer can be altered by
LC v/ Upee = Va/ Voo X = Vion/Vao Qion modifying the carbon support.
mdgg! Further, the model provides an estimate how wetting properties will
change when the catalyst layer degrades by carbon corrosion or plat-
0.00 0.68 1.00 0.00 0.00 ) o . . .
0.10 0.59 0.87 0.07 0.06 inum coarsening: in both cases, the wetting properties will become more
0.20 0.48 0.71 0.15 0.55 hydrophilic and impair efficient water management towards the end of
0.78 0.34 0.50 0.60 0.96 the fuel cell lifetime.
1.82 0.08 0.12 1.40 1.00

The identified approaches for optimizing the CCL wetting properties
are in line with current developments in the experimental literature,
such as solvent variation and carbon modification by functional groups.
The trends in these works are in agreement with the insights of the
present study regarding the optimized design of the catalyst micro-
structure. For future development, the model might help to define new
directions for both interface and pore level modeling and simulation,
and experimental characterization.

Looking at the larger context of fuel cell modeling, this work con-
tributes to bridging composition to microstructure to macroscopic
catalyst layer properties. Embedded into holistic optimization routines
the proposed structure-based model enables tailored design of catalyst
layer properties by devising optimized ink recipes.

4. Summary and conclusion

The wetting properties of the porous network in fuel cell catalyst
layers are the key to improving the operation of polymer electrolyte fuel
cells. In order to derive quantitative relationships between catalyst
composition, structural features and resulting properties, the role of the
ionomer thin film covering the Pt/C catalyst needs to be understood.
Especially, the experimentally observed inversion phenomenon of ion-
omer films altering the wetting properties of the Pt/C support needs to
be taken into account.

This work provides a quantitative model that bridges the gap be-
tween catalyst ink parameters, electrode structure and macroscopic

properties. Firstly, a composition model was developed by rationalizing CRediT authorship contribution statement

the structure formation during ink stage in catalyst layer fabrication.
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Appendix A

Data used to fit ks and t, parameter

The volume of secondary pores was measured by Soboleva [20] using nitrogen sorption and extracting the pore size distribution. The condensed
volume attributed to the secondary pores is reported here. The value of the ionomer-free material was taken as the reference volume V, . The trends
for the Vulcan-based catalyst layers are similar, but did not contain enough data points. Thus only the Ketjen Black data set is used in this work, which
is a high surface area carbon and has a different pore size distribution than Vulcan. Ketjen Black features smaller secondary pores (r,2 = 30 nm), a
larger fraction of primary pores (¢; = 0.21), and a higher total pore volume (Vpores = 0.86 cm®/gc). Evaluating the resulting surface area from the
pore size distribution yields A, = 34 m?/gc. This parametrization was used to fit the composition model and create Fig. 2.

To estimate the ionomer coverage, we follow the analysis of Soboleva, which compares the double layer capacitance under dry vs. wet conditions.
The ratio is considered a measure for the surface fraction covered by ionomer. At high I:C ratios, this ratio reaches ~ 60%. At such a CL composition all
secondary pore surface is covered by ionomer. Thus, the remaining surface is attributed to the primary pores. To match the normalization convention
of this work, which discusses ionomer coverage for the secondary pores only, the value for ionomer coverage at I:C = 1.82 was set to be the reference
for ajon, = 1.

Contact angle distribution at 20 nm
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Fig. A.1. Contact angle distribution of the secondary pores, reported for r,,. = 20 nm and variations of (a) platinum density (Pt:C = 0.1, 0.2, 0.4, 0.6), (b) platinum
density (Pt:C = 0.1, 0.2, 0.4, 0.6) and at I:C = 0.3, (c) ionomer loading (I:C = 0.3, 0.5, 0.8, 1), and (d) ionomer dispersion via k4 = 1.5, 3, 4.5, 6.
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Efforts in design and optimization of catalyst layers for polymer electrolyte fuel cells hinge on
mathematical models that link electrode composition and microstructure with effective physico-
chemical properties. A pivotal property of these layers and the focus of this work is the proton
conductivity, which is largely determined by the morphology of the ionomer. However, available
relations between catalyst layer composition and proton conductivity are often adopted from general
theories for random heterogeneous media and ignore specific features of the microstructure, e.g.,
agglomerates, film-like structures, or the hierarchical porous network. To establish a comprehensive
understanding of the peculiar structure-property relations, we generated synthetic volumetric
images of the catalyst layer microstructure. In a mesoscopic volume element, we modeled the
electrolyte phase and calculated the proton conductivity using numerical tools. Varying the ionomer
morphology in terms of ionomer film coverage and thickness revealed two limiting cases: the ionomer
can either form a thin film with high coverage on the catalyst agglomerates; or the ionomer exists

as voluminous chunks that connect across the inter-agglomerate space. Both cases were modeled
analytically, adapting relations from percolation theory. Based on the simulated data, a novel relation
is proposed, which links the catalyst layer microstructure to the proton conductivity over a wide
range of morphologies. The presented analytical approach is a versatile tool for the interpretation

of experimental trends and it provides valuable guidance for catalyst layer design. The proposed
model was used to analyze the formation of the catalyst layer microstructure during the ink stage. A
parameter study of the initial ionomer film thickness and the ionomer dispersion parameter revealed
that the ionomer morphology should be tweaked towards well-defined films with high coverage of
catalyst agglomerates. These implications match current efforts in the experimental literature and
they may thus provide direction in electrode materials research for polymer electrolyte fuel cells.

Polymer electrolyte fuel cells (PEFCs) will be a key technology of a future sustainable energy ecosystem. At the
brink of commercialization, further advances in performance and durability are needed'. A major proportion of
irreversible performance losses originate in transport processes in the gas diffusion electrodes. This applies to all
species involved in the overall fuel conversion, namely oxygen, hydrogen, protons, and electrons as well as water
in liquid and vapor state. In earlier stages of fuel cell development, proton conductivity was not as critical as it is
in today’s high-performing cells. The introduction of perfluorosulfonic acid (PFSA) polymers, such as Nafion,
as highly charged electrolytes in the late 1980s*, alleviated the problem of proton supply in the cathode catalyst
layer (CCL). However, during the last two decades large improvements of water management, oxygen supply and
membrane resistance finally cleared the path to higher current densities and higher specific power output. With
this progress, the proton conductivity in the catalyst layer emerged again as a crucial performance bottleneck®.

The ionomer content in the catalyst layer is a key optimization parameter: on the one hand, increasing the
ionomer content increases the proton conductivity; on the other hand, excessive amounts of ionomer will
block the pore space and thus impair gas transport®. Finding the optimal ionomer content has thus been the
subject of several modelling studies®” and experimental efforts''~'>. An optimal ionomer volume fraction of
~ 30...40% has been reported in the literature”®!> 124, though the exact value can vary significantly, with a range
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from 13 to 40% found in commercially available catalyst layers'*!". These differences might have their origin in

the varying microstructure of the CCL'®. The optimal ionomer content also depends on operation conditions,
catalyst layer thickness and Pt loading'’. The ionomer content (in relation to Pt/C content) controls the interplay
of transport (oxygen, water, and protons) and reaction, and thus can be tuned to optimize this interplay®'’. How-
ever, the relation between CCL microstructure and proton conductivity is not yet fully understood. Therefore,
this work puts a primary focus on ionomer coverage and film thickness in the agglomerated CCL microstructure,
which seem to be key parameters shaping proton conductivity. Molecular level structural features matter in this
context, as water layer formation and structural ordering could both enhance or impair the proton mobility'”'

In conventional CCLs, Pt/C catalyst particles aggregate and are partially covered by a thin ionomer film with
~ 5...15 nm thickness'*?. Closer examination of this agglomerate structure and of the ionomer morphology
revealed that typically the ionomer film is unevenly distributed*'-*, i.e., its coverage and thickness can vary sig-
nificantly. Additionally, large ionomer aggregates that are not part of the thin film have been observed**-?. These
variations in ionomer morphology largely impact the percolation behavior of the ionomer network and thus the
proton conductivity of the CCL, as well as the volume fraction and network properties of gas-filled pores needed
for oxygen supply?’~?°. The ionomer morphology in the CCL is not only determined by the composition of the
ink, but also by Pt loading, type of carbon support, type of ionomer, ink solvent and processing parameters like
processing times and thermal treatments'®*%3!.

The understanding of how the ionomer morphology can be tuned and which structures yield an optimal
performance remains a subject of ongoing experimental efforts***2-3. At present, fuel cell developers have to
optimize the CCL composition and fabrication process individually for every material combination and fuel cell
application. Models that correlate the aforementioned variations in microstructure with transport properties
and performance could provide much-needed guidance in this process'**.

Analytical relations between proton conductivity and CCL composition.  Structure- and compo-
sition-dependent expressions for the proton conductivity of the CCL often employ semi-empirical power-law
relations such as the Bruggeman relation or they are derived from percolation theory. The Bruggeman relation,
proposed in 1935°7%, is widely adopted for transport properties in heterogeneous media and provides a satisfy-
ing fit to experimental data in specific applications, e.g., gas diffusion in porous media®, thermal conductivity of
composite materials*, or magnetic permeability of ferromagnetic composites*’. It expresses the relative reduc-
tion of a transport coefficient in the medium compared to the known bulk value through a simple power law.
The semi-empirical relation proposed by Bruggeman implies an exponent of 1.5. This value was also adopted in
modeling works for the proton conductivity in PEFC catalyst layers®**> 4. Other works suggested values of 1.0*
or 2.0">%, Jeaving the value up to debate and revealing the lack of generality of the approach.

The original approach taken by Bruggeman®”* to derive a volume-averaged transport coefficient originally
assumed a spherical geometry of primary particles forming the the conductive phase. Hashin and Shtrikman
extended Bruggeman’s approach to spherical particles covered by a uniform, conductive film*. Das et al.* applied
the coated sphere model of Hashin and Shtrikman to PEFC catalyst layers by introducing a second coating, which
represents the pore space between agglomerates, and introduced a dependence on the void fraction in the CL
material. Since the approach of Das et al. describes the upper limit of proton conductivity, an additional empiric
factor was introduced to account for a potentially lowered conductivity due to effects of ionomer geometry and
agglomerate shape, i.e., the proposed correlation could not analytically resolve the dependence on ionomer
morphology.

Percolation theory offers another approach to relate the proton conductivity with ionomer content®’. The
mathematical fundamentals of percolation theory were originally derived by Broadbent and Hammersley in
1957* and form a sound statistical-physical basis to describe transport properties in heterogeneous media®>*'.
Above the percolation threshold, the dependence of proton conductivity on ionomer volume fraction is given by
a power-law, with a critical power-law exponent that depends solely on the dimension of the percolating system
(~ 2 in the 3D case), whereas the percolation threshold depends on the the lattice structure or morphology of
the continuous phase. In contrast to the Bruggeman relation, percolation theory provides a direct connection
between relevant parameters, i.e., critical exponent and percolation threshold, and the microstructure of the
material of interest. Eikerling et al.® suggested to use an ionomer volume fraction of 0.1...0.2 for the percola-
tion threshold of ionomer in catalyst layers, indicating a high level of connectedness in the ionomer network.
Additionally, percolation theory enables the prediction of other structural features, such as the interfacial area
of different phases or the relative utilization of a randomly connected phase'®.

A different approach was taken by Liu et al.>> who derived a relation assuming spherical, cubically packed
catalyst particles that are all fully covered by an ionomer film of uniform thickness. To fit the model prediction
to their dataset, the authors introduced an adsorbed ionomer volume of I:C = 0.3 and a roughness factor (rf)
of 1.6. The proposed relation describes the singular dataset considered in their work well, but was of limited
applicability to other CCL material combinations. Additionally, the proton conductivity does not converge to the
value of bulk ionomer upon increasing the ionomer content. However, as common in the literature, Liu et al.>
assumed the proton conductivity of the polymer electrolyte membrane to approximate the value of bulk ionomer.

From comparing the experimental findings with available relations for proton conductivity, a clear shortcom-
ing can be identified. Whereas both the Bruggeman relation and percolation theory treat the CCL as an ideal
random medium and do not address partial order in the ionomer morphology, the geometry-based relation
proposed by Liu et al. cannot fully capture variations in the ionomer morphology. To bridge this gap and reveal
essential structural elements in ionomer morphology, the CCL microstructure can be studied using pore-scale
simulations.
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Image-supported modeling: assisting the analysis of ionomer morphology. The simulation of
material microstructures dates back to the 1970s and 1980s when Joshi*® and Quilibier™ pioneered the funda-
mentals of Gaussian processes for stochastic image generation. These early works already outlined the potential
of simulations on generated 3D material images to extract transport properties. Stochastic image generation has
been applied to PEFC catalyst layers, where multiple works have focused on gas and/or vapor transport through
the pore space®~*. In the following, we will briefly review works that include simulation of proton conductivity
of the electrolyte phase.

Sui et al.** employed a catalyst layer imitation consisting of spherical carbon particles that were randomly
placed and fully coated by an ionomer film of uniform thickness. Since the authors aimed to optimize the CCL
composition, the single parameter of interest was the ionomer volume fraction of the CCL. Variations of ionomer
morphology were not addressed. Nonetheless, this pioneering work demonstrated how relations derived from
pore scale simulations can form the basis for cell optimization with basic electrode models.

In the time between 2008 and 2012, multiple works developed more sophisticated simulation approaches of
proton transport properties. Hattori et al.*! used randomly placed carbon particles and varied the microscopic
ionomer thickness and coverage by allowing randomness in the distribution of the ionomer film. They did not
evaluate the proton conductivity but calculated the polarisation curve directly through simulation of reactive
transport in the 3D model system. From studying variations in ionomer distribution, uniform films with high
coverage were found to be most favorable to yield high cell performance. This was rationalized by a favorable
connectivity of the electrolyte phase and a high catalyst utilization.

Kim and Pitsch® aimed to refine stochastic structure generation and proposed a sphere-based annealing
method, which built on a Gaussian field and used two-point correlation functions from experimental CCL
images. They found the conductivity to follow a power law with an exponent of 2. Below an ionomer volume frac-
tion of 0.25, simulation results were seen to deviate from the power law. However, the authors did not interpret
these results in terms of a percolation threshold.

To describe the incremental self-assembly of the CCL structure during ink stage, Siddique et al.® pro-
posed an alternative technique for image generation. At first, random seeds were placed in a volume of
200 nm x 100 nm x 100 nm with 2 nm resolution. Carbon particles agglomerated around the seed points.
Subsequently, ionomer was iteratively aggregated around seeds on the carbon particles surfaces. A variation of
the I:C ratio revealed a dramatic discrepancy between the Bruggeman relation and simulation results, but the
results closely matched the percolation law with percolation threshold of 0.2.

Lange et al.** developed an algorithm based on randomly placed spheres and widely varying geometric
parameters, such as particle radius and overlap tolerance. Bigger particles and larger overlap, i.e., less tortuous
geometries with less curvature of the ionomer film, led to an increased proton conductivity. Thus, the curvature
and roughness of agglomerates must be considered as a source of error when running simulations of transport
in thin films. In a follow-up work, Lange et al.%® considered several reconstruction algorithms that did not reveal
a significant impact on effective transport properties in most cases. In contrast, the results showed a significant
dependence on the assumptions about the ionomer morphology, i.e., whether ionomer uniformly covers catalyst
agglomerates or randomly aggregates throughout the catalyst layer.

More recently, Inoue et al.® modeled the aggregation of primary carbon particles using an algorithm that
emulates particle attraction and repulsion. Two distinct ionomer morphologies were simulated: carbon aggregates
coated with ionomer of uniform thickness and partial coverage; and heterogeneously distributed ionomer, where
the ionomer resembled a wetting liquid that formed menisci with uniform curvature. Both cases exhibited a
power-law behavior at low I:C ratios < 0.5 with an exponent of 1.8. In the case of uniform curvature, a different
power-law was observed with an exponent of 3 at I:C > 0.5, which was linked to inter-agglomerate bridging of
the ionomer phase. Since ionomer coverage evolved over I:C ratio in a non-linear manner, the impact of different
ionomer film thickness, coverage and content could not be fully disentangled.

The question arises whether the ionomer structure can be resolved through reconstruction from experimental
tomographic images. Lange et al. demonstrated that a resolution of 2 nm in a cubic volume of (200 nm)? gives
accurate results for finite-element steady-state proton transport simulations at reasonable computational costs®*”.
3D imaging techniques like nano-CT?"%® and FIB-SEM®>*76*70 reach a resolution of 10 to 100 nm, which is suf-
ficient for visualizing the ionomer morphology on the agglomerate level, but cannot reliably resolve finer details,
such as ionomer film thickness. Additionally, carbon and ionomer have similar densities, thus only a binary image
resolving solid and void space can be obtained. However, exchanging the protons of the sulfonic headgroups with
Cs™ ions creates sufficient contrast to resolve the ionomer within the CCL. Using this technique, Komini Babu
etal.?! reported images from CCLs with three different ionomer loadings (35 wt%, 50 wt%, 60 wt%) and observed
changes in ionomer morphology that affected the proton conductivity in simulations and the cell performance
in experiments. Images that resolved voxels of 16 nm? were used to run simulations of proton transport, partially
resolving the fine structure of agglomerates and thin films. At the lowest ionomer content, poorly connected
aggregates formed, whereas a thick uniform film on the catalyst aggregates formed with increasing amount of
ionomer. In a recent study, Goswami et al.”! applied a similar approach to PEFC catalyst layers degraded by
carbon corrosion, extending the perspective on ionomer morphology to be subject to changes during the cell
life-cycle, which consequently might evoke changes in proton conductivity during operation.

Simulations based on experimentally obtained images allow studying only a few points in the parameter space
of ionomer morphology. Works discussed above have demonstrated that generating synthetic 3D images provides
an alternative pathway to investigating the ionomer morphology since a wide range of structural parameters
can be simulated. However, a systematic study on the relation between ionomer structure and proton transport
could not be found in the literature.

In this work, we have developed analytical relations between ionomer morphology and proton transport
properties in CCLs. To first understand how the CCL microstructure affects proton transport, we have applied
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stochastic image generation for a wide range of ionomer coverage and film thickness and simulated the effec-
tive proton conductivity. Subsequently, the complexity of simulation results has been reduced by resorting to
percolation theory to yield analytical relations between decisive structural features in ionomer morphology and
the effective proton conductivity of the CCL.

Model and methodology

This work describes the structure of a conventional CCL, in which primary Pt/C particles aggregate and are par-
tially covered by a skin-like ionomer film. The coverage and thickness of the ionomer film can vary significantly,
albeit being accessible in experiment’>”?, rendering them suitable parameters for modelling works.

The model distinguishes two pore size domains, following the classification from previous modeling works®
107475 The carbon support contains a certain volume fraction of primary pores (1 to 10 nm diameter), whereas
secondary pores (10 to 100 nm diameter) form the space between agglomerates’®. The ionomer is deposited at the
agglomerate interface in secondary pores and is assumed to be excluded from primary pores since the ionomer
macromolecules are too big to enter.

Correlations between the proton conductivity and the ionomer morphology have been established in two
steps (see Fig. 1). First, a 3D image of the CCL structure has been generated based on a synthetic binary image.
The phases of ionomer, carbon and pore space have been stochastically reconstructed. The ionomer morphology
depends on ionomer coverage and thickness. Next, a steady-state finite-element simulation of proton conductiv-
ity within the ionomer phase has been conducted and percolation properties have been evaluated. We have used
PoreSpy, an open source software package for Python”, to run image generation, manipulation, evaluation
and conductivity simulation. All functions and routines referred to in the following are included in PoreSpy
unless denoted otherwise. To support the analysis of the simulation results, we have used a composition model
for the CCL from our previous work”®.

CCL image generation. Image generation begins by creating a binary image that distinguishes between
a condensed agglomerate phase, which lumps together carbon, catalyst, primary pores and ionomer, and the
secondary pore space. In an operational catalyst layer, water will condense in primary pores. Depending on the
operational conditions, the secondary pores can be flooded as well. Water renders the catalyst layer active in the
first place, as it serves as reaction medium and proton shuttle. The ionomer also absorbs water, which mobilizes
protons provided by the ionomer, thus enabling a high proton conductivity. Therefore, we consider the ionomer
phase to include water. Bulk-like liquid water condensed in primary and the secondary pores is not resolved,
since it only marginally contributes to the proton conductivity as the proton concentration is several orders of
magnitude lower compared to the ionomer electrolyte phase”.

Cubic volume elements were used with a length conversion factor of 1 vx = (2 nm)?, adopting the proposed
resolution from Lange et al.*%, which was found to give numerically convergent results also in this work (see
Fig. S1 in the supplementary material). Binary tomographic images of CCL materials reported in the literature
resemble random heterogeneous media in which the local thickness of the solid phase exhibits a Gaussian size
distribution”*"#!, with no additional stochastic features. Therefore, our work has employed as well as simple
Gaussian field without further features, such as 2-point-correlations. Further, Lange et al.***>*, demonstrated
that the choice of reconstruction algorithm has a limited impact on simulation results, if essential structural
features of the CL structure are correctly captured (agglomerated Pt/C particles, ionomer film formation). For this
purpose, PoreSpy is the most suitable tool as it allows close control of generated geometries. The reconstruction

(I1) Simulation of

(I) Catalyst layer effective proton

reconstruction conductivity o
CL
OPEM
Structure-based o ;
model framework fim T :
thickness I_E thin film i + pore size q

Structure = - [ o0 -8 Rccalsa | distribution
f(I:C, ink solvent, etc.) mﬁ Objective: Understand

- structure-property relations
ionomer volume

coverage a;,, Fractions x;

Figure 1. The image generation workflow of the model builds on binary tomografic images, which are
combined with information from a structure based model’®. Calculation of proton conductivity is performed
subsequently with the objective to understand underlying structure-property relation of the CCL material.
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algorithm presented in the following employs the structural picture of CCL microstructure as supported by the
experimental literature!*”¢, consisting of the following assumptions:

Carbon support and ionomer form an agglomerates structure.

Ionomer does not enter the intra-agglomerate pore space.

Ionomer forms a thin film of uniform thickness.

The spatial distribution of the solid structure is a Gaussian field, i.e., has no local ordering.

Ionomer is randomly distributed in finite-sized building blocks (of ‘patches’) on the agglomerate surface.

MR e

Transferring this understanding of CCL microstructure to this work, the PoreSpy software has been used to
generate images of agglomerated structures by applying a Gaussian blur filter to a random noise field. This step
has been followed by applying a direct threshold to obtain a desired volume fraction of agglomerates x4g,. The
resulting ‘agglomerate phase’ served as a template for the reconstruction of the agglomerated structure. This
procedure has been implemented as the b1 obs function in PoreSpy. The standard deviation o}, for the kernel
of the Gaussian filter was adjusted to match the desired average agglomerate size r g, which is controlled by the
input parameter B in the blobs function,

L
= — d
op 108 an (1)
L

B= .
40 rag (1 —In(1 — xgg0))

()

The obtained images were smoothed using binary opening from the scipy.ndimage package and a
sphere with with a radius of 3 vx as structural element. An exemplary image is depicted in Fig. 2(1).

To reconstruct the internal structure of agglomerates, spherical carbon particles with radius 7,40, have been
placed inside the agglomerate phase (see Fig. 2(2)). The routine pseudo_electrostatic packing has
been used to fill the agglomerate space with carbon particles. This packing algorithm mimics the effect of an
electrostatic field pulling particles to the inside of the agglomerate phase. Running an Euclidean distance trans-
form over the agglomerate phase returns a scalar value for each voxel that is interpreted as a measure for the ‘field
strength’ Carbon particles have been iteratively placed at the point of maximum field strength that is not occupied
by other particles. For further details of the algorithm we refer the reader to the documentation of PoreSpy””.
Carbon particles were allowed to overlap by a third of the carbon particle radius and protrude into the second-
ary pore space by half of their radius. This procedure of reconstructing the carbon particles was adopted from
a preceding work of Sadeghi et al.®. To reconstruct the primary pore space, the space between carbon particles
was filtered for pore size using 1ocal thickness and applying a threshold r1. Pores below that threshold are
defined as primary pores and lie entirely inside the agglomerate phase (see Fig. 2(3)). All remaining void space
between the agglomerates is defined as secondary pore space. In the following, the combined phase of carbon
particles and primary pores replaces the agglomerate phase, rejecting the template agglomerate phase from the
image. This distinction of primary and secondary pores in the phase image serves to identify the deposition spots
of ionomer on the interface of agglomerate and secondary pore space.

The deposition of ionomer on the outer surface of agglomerates employs mathematical morphology opera-
tions for binary images provided by the sciPy package®. A binary dilation of one voxel has been applied to
the agglomerate phase, defining the agglomerate surface. From the resulting set of voxels, a random position
was picked to place a piece of ionomer. An ionomer patch was generated from the binary product of a sphere
with radius 7, and the set of voxels identifying the agglomerate surface. An ionomer ‘patch’ was then created
by running another binary dilation on the ionomer film thickness t;,, on the picked subset marking the ionomer
surface element to be covered with ionomer. The resulting building block of ionomer was added to the ionomer
phase. The result is exemplary illustrated in Fig. 2(4). Through summation of the voxels in the intersection of the
ionomer phase and the voxels identifying the agglomerate surface, the ionomer coverage aj,,, has been estimated.
It is defined as the ratio of surface area covered by ionomer to the agglomerate surface,

P Acovered @)
won — .
Agge
The process has been repeated until a predetermined ionomer coverage was reached.
The final image was checked for consistency by evaluating the volume fraction of each phase and the size
distribution of pores, agglomerates and ionomer. The volume fractions have been calculated as the ratio of the
sum of the voxels in one phase to the total voxel count of the image,

vy

Xi = 3

4

The size distributions of pores, ionomer and agglomerate were obtained from running the function local
thickness on each phase which assigns each voxel the value of the largest sphere that could fit in the local
pore that includes the voxel. The function pore size distribution returns the histogram data for the
distribution of pore sizes, ionomer film thicknesses and agglomerate sizes. Finally, the image was saved toa . vtk
file and visualized in ParaView. All parameters used for the image generation workflow are listed in Table 1.
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A binary image with 100° voxels (7 voxel = (2 nm)?) is created Carbon particles are added through pseudo-electrostatic
using the ‘blobs’ generator from PoreSpy that employs packing, whereas the binary agglomerate phase serves
Gaussian filtering of random noise. Next, a direct threshold is as a template and is discarded in the following.

applied, yielding the agglomerate phase.

The pore size is evaluated in the void space and pores <r; are lonomer is distributed on the agglomerate surface based
labeled as primary pores. They are combined with carbon on the morphology parameters for film coverage a;,n
particles to represent the agglomerated support structure. and thickness t;op-

Figure 2. The workflow for image generation follows four steps: (1) generation of a binary image, based on
tomographic data, (2 + 3) reconstruction of the agglomerate structure, resolving carbon particles and primary
pores, and (4) deposition of ionomer onto the agglomerate surface.

Ionomer coverage and ionomer film thickness are the most sensitive parameters and are of primary interest
in this work. All other parameters were tested for their sensitivity as well, as reported in Fig. S2 in the supple-
mentary material.

Calculation of proton conductivity. The proton conductivity of the obtained CCL images has been eval-
uated by solving the following steady-state equation in voxel domains occupied by ionomer,

V- (=0imm V) = 0. (5)

The function tortuosity fd was used to compute the proton conductivity through the ionomer phase using
a finite difference approach, similar to the widely used TauFactor software®. The function operates by apply-
ing boundary conditions automatically for a specified direction, i.e., proton flux enters the volume through one
face of the cube and leaves through the opposite face. At the inlet and outlet face of the cube a constant potential
and all other faces a zero-flux condition was applied,

Gin = const., ¢our = const. with @iy > oy and 6)

ny - V¢ = 0 at all other faces. (7)

The function returns the relative conductivity g,
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Parameter | Value | Unit
L 200 nm
Xagg 0.5 -
Tagg 20 nm
Tcarbon 10 nm
r 6 nm
Tion 10 nm
Aion 0.5 -
tion 10 nm

Table 1. Base case parameters for stochastical CCL image generation.

ocL

§= (8)

s
OPEM

which is normalized to the conductivity of the polymer electrolyte membrane, opgar, a known property**2 By
using a dimensionless proton conductivity, this work aligns with previous works*** and allows comparing differ-
ent operating conditions and ionomers with different molecular structure, ion exchange capacity or molecular
weight.

CCL composition model. To discuss the evolution of ionomer morphology over a range of I:C ratios,
we applied the composition model developed previously in Ref.”%. It accounts for the dependence of ionomer
morphology on ink and process parameters via the initial film thickness, fy, and a dispersion parameter, k4. The
relations for ionomer film coverage and thickness are

dion = 1 — exp (—kAx) and (9)
Va0 1 — exp(—ky x)

tion = —2 = V7,
on Ay 1 —exp(—ky x) (10)

where x denotes the dimensionless ionomer volume per secondary pore volume in an ionomer-free reference
sample,

_ mrc 1
Pion V2,0 (1)
and ky depends on g and the secondary pore space geometry via A, and V5,
A
ky = toka—. (12)

V2,0

As the ionomer film partially occupies the secondary pore space, the remaining ‘free’ secondary pore volume
is obtained as
Vafree = Va0 (1 — exp(—ky x)). (13)
The volume of the ionomer film is given by
Vion = iﬂionfiaw (14)
Va0

The difference between film volume and total ionomer volume used to fabricate the CL,

mj.c

Vex = = Viim» (15)

Pion
constitutes ‘excess’ ionomer, which forms large aggregates. Volume fractions are defined as follows to perform
the analysis of the CL composition,

Xi with i € {2, agg, ion, ex}. (16)

2 Vi
Here, the agglomerate volume is a sum over carbon and primary pores,
Vagg = 1/Pcarbon + V1. 17)

The fraction of total ionomer volume Xj,, tozq1 is given as the sum of ionomer film volume and excess ionomer
volume,
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Xion,total = Xion + Xex- (18)

Table 2 lists values used for the parametrization of the composition model are listed.

Extraction of reference data from the literature. We collected literature data for proton conductiv-
ity of CLs from various sources listed in Table 3. If reported, the respective value of opgy was adopted as the
reference value for the dimensionless proton conductivity g. If not reported, the proposed correlation for PEM
conductivity from Gerling et al. * was applied to obtain the value of opgas for the respective operating conditions,
i.e., relative humidity and temperature, used in a particular literature source,

7.0kJ mol™!
Rpey = 1.2 RH 144 exp LiT [m cm?] and
18 pm
OPEM = .
Rppm

Liu et al. > demonstrated that for a correct description of the dependence of g on Xjo,, the water uptake
and the swelling of ionomer need to be taken into account. Thus, if not already done in the respective source,
we calculated the wet ionomer volume fraction x;o, from the data for the dry ionomer volume fraction Xjop,dry,
using the correlations proposed by Liu et al.*?,

, , T —303K s )
A= |140.2325 RH* ————— | (1422 RH> — 18.92 RH* + 13.41 RH) (19)
Pion,dry My
Xion = Xi 1+ ————— ),
ion ion,dry ( ow EW (20)

where pw and pjon,4ry denote the densities of water (~ 1 g cm~3) and dry ionomer (~ 2 gcm™~%), and My is the
molecular weight of water (= 18 gmol™!). For the EW the reported value of the ionomer value was applied. If
not reported, EW = 1000 g mol™" was assumed.

In some references, only the I:C ratio was reported. In such cases, the ionomer volume fraction was estimated
from other CCL data, e.g., CCL thickness, mass loading and densities of ionomer and carbon or the CCL porosity.

Parameter | Value Unit

Vao 0.8 cm® /g,
Vi 0.2 cm®/g..,
Ay 20 m?/g .,
to {4,6,8} | nm

ka {2,3,5) |-

Pion 2 g/cm’
Pearbon 2 glem®

Table 2. Parameters to predict the ionomer morphology as a fuction of ionomer content. The parameters t,
and ky allow analyzing the impact of ink processing.

Method to measure Reference value for Ionomer content

Reference occL Obulk information Relative humidity RH | Temperature T Tonomer used

Liu etal. EIS Provided as ¢ AS Xion 35%,50%,75%, 122% | 80 °C g?oﬁgfv‘vwso EW, Nafion
Yakovlev et al.'? EIS 120 mS cm™}, estimated | As I:C 100% 60 °C Nafion 1100 EW

Boyer et al.* DC 100 mS ecm™, provided | As Xion 100% 50 °C Nafion 960 EW

Suzuki et al.® EIS 89 mS cm!, estimated | As Xion 100% Room temperature Nafion, no EW reported
Du et al.¥’ DC 300 mS cm™!, provided | As xjo, 100% 80°C Nafion, no EW reported
Modestov et al.” EIS 7 mS cm™!, provided AsI:C 100% ?;j)znsl £ecmperature, Nafion, no EW reported
&‘;‘I;;f;i{:;}g EIS 120 mS cm™, provided | As Xion Flooded 40°C Nafion, no EW reported

Table 3. Sources in literature for experimental data correlating CCL proton conductivity with ionomer
content.
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Typically, the proton conductivity can be determined from electrochemical impedance spectroscopy (EIS)
measurements. The CCL proton conductivity is extracted from EIS spectra by fitting a transmission line model or
equivalent circuit model. However, some sources obtained the proton conductivity through DC measurements.
These different methods can give diverging results under low humidity conditions. Qi et al.*® proposed that AC
measurements, such as EIS, include more tortuous and dead-ended pathways. Under humid conditions, the
discrepancy is diminished as condensated water provides bridging pathways that lower the apparent tortuosity.
High humidity was considered in all data reported here, thus a divergence between AC and DC methods is not
suspected in the dataset.

Results

In the following, firstly, we review various sets of literature data and discuss the observed trends. Secondly, we
present a parameter study to understand these trends and identify the essential structural elements that determine
the proton conductivity. Thirdly, we derive a modified approach based on percolation theory that accounts for
insights from simulations of proton conductivity. In the fourth step, implications of our results for CCL fabrica-
tion and the prospects of the approach to guide the design of CCLs with tailored properties will be discussed.

Literature data and classical relations for proton transport. The selected datasets for ionomer con-
tent x;o, and relative conductivity g are plotted in Fig. 3, together with relations proposed in the literature. The
Bruggeman relation with an exponent of @ = 1 roughly fits the data from Boyer et al.*, which also sets the limit
for the highest reported values of relative conductivity. Assuming that the proton conductivity of the CCL should
not be higher than opgy, values appearing significantly above this limit should not be possible. Other datasets
(Suzuki et al.*¢, Yakovlev et al.', Havrédnek and Wipperman®, Du et al.*’) scatter around a classical Bruggeman
relation with @ = 1.5.

a) 1.0
@ Percolation theory
2
Xion — Xc
=H(Xijon —X) | ———
os 9= HCion c)< = )
Xc=03
—== Xxc=01
0.6
Bruggeman relation
>
0.4 g = (Xion)®
— a=15
=== a=10
0.2 . .
Hashin and Shtrikman coated sphere model (Das et al.)
_ (2%ion ) (2(xvoia=1)
0.0 9= (3—1,-0") ( 2+Xyoid )
Xyoia= 0
=== Xpoa= 0.5
(b) 0.4
Film model (Liu et al.)
3rf 127f )
—g= In{1+
0.3 97 (@O - T Ovan) “( @0 = U:Ovas
1:C)y = 0’_‘;"7"9 , (1:C)yap=03,7f = 1.6
© 0.2 Experimental data
» Liuetal
A Boyeretal.
v Yakovlev et al.
0.1 *  Havranek & Wipperman
¢ Duetal
e Suzuki et al.
0.0 + Modestov et al.
Figure 3. Comparison of literature data'>***27%86-8 for proton conductivity and available relations for
heterogeneous random media (Bruggeman relation, percolation theory, Hashin and Shtrikman coated sphere
model proposed by Das et al.*® and spherical film model proposed by Liu et al.>?). Please note that the original
equation provided in Ref.*® has been rearranged for the sake of clarity.
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Datasets of Liu et al.*2, Havranek and Wipperman®, and Modestov et al.” are compatible with a percolation
threshold of x, ~ 0.1. The dataset from Modestov et al.” follows a percolation law with this percolation thresh-
old and a critical exponent of 2. The thin-film model of Liu et al.>* describes their own dataset well. However,
the model is physically inconsistent since it predicts relative conductivities g > 1for x;o, — 1, where as g must
approach 1 from below.

Opverall, the cited literature data do not exhibit a unique relation between g and x;,,. The reason might be
difference in fabrication approaches and conditions that result in different ionomer morphologies.

Simulation results. To unravel the relations between proton conductivity and ionomer content, we have
conducted a parameter study for ionomer coverage a;,, and film thickness t;,,. The results for g are plotted over
Xion in Fig. 4a. The highest values for g are obtained for morphologies with large ionomer coverage, aj,, > 0.8.
In this case, g scales almost linearly in both ¢ and x;,, for small ionomer contents. Extrapolation towards
Xion = 0 indicates a vanishing percolation threshold. Please note that our simulations could not cover the range
0 nm < tj,, < 4 nm due to the limited resolution of the generated images. A film represented by only one voxel
in thickness would disconnect on the curved surface of the agglomerates and would give a non-physical numeri-
cal fragment. Additionally, films thinner than 5 nm have been rarely observed in literature. Hence, the resolution
chosen in this work (2 vx or 4 nm) can be considered adequate.

A different picture emerges for scenarios where a;o, < 0.5. A percolation threshold is evident around
Xion ~ 0.15. Below this threshold, the simulation results indicate very low proton conductivity. Where the thresh-
old is exceeded, the conductivity scales with a power-law behavior with exponent o & 2. The intermediate cases
of moderate ionomer coverage interpolate between the limiting cases of high and low ionomer coverage.

The underlying structural pictures explaining the simulation results are illustrated in Fig. 4b (A)-(D). In
the case of a thin film (A), percolation on the agglomerate surface governs proton conductivity. Oppositely, at
low coverage and high thickness, randomly placed coarse ionomer pieces connect (B), leading to a situation
that resembles 3D continuum percolation. The intermediate cases (C) have a moderate ionomer coverage, thus
percolation on the agglomerate surface plays a role, but also some random connectivity of ionomer across the
inter-agglomerate space occurs. All three cases converge with increasing amount of ionomer into case (D). If
all volume not already occupied by Pt/C agglomerates is filled with ionomer no variation in the morphology is
possible, hence g converges into a single value, as observed in the simulation results.

To analyse the impact of the support structure, in Fig. 5a the volume fraction of the agglomerate, x,g,, was
varied between 0.1 and 0.9, while the ionomer film thickness was held constant at t;,, = 10 nm. The simula-
tion was repeated for ajo, = {0.4, 0.6, 0.7, 0.9}. For x4g, = 0.3 ... 0.7, secondary pore space is mostly open, i.e.,
pathways reaching through the whole CL exist. In the same range, the agglomerate phase is continuous as well,
as illustrated in Fig. 5c. If both phases provide continuous pathways, then the surface of the agglomerate-pore

(a)0.175‘ 09X X X %X %X % % % & @&
0.8xXx X x X x % & 8 & @
0.150 507 x x x x x % % 8 8@
sO.Gxxxxxxat..
BIZ5E 05X X X X % % % & 8 &
a 04 x X X X % % % & 8 &
mO.lOO 4 6 810121416 18 20 24
0.075F t/nm
0.050F g+(Aion < 0.3) - g+ (@ion=0.7)
g+ (aion=0.4) - g+ (Qion=0.8)
el 9+(@ion=0.5) - 9+ (@ion=0.9)
0.000F - ] ‘ ‘ |7 9+ (aion=0.6) —— g (an=1)
0.0 0.1 0.2 0.3 0.4
Xion
(b)

A: Thin film B: inter-agglomerate C: Intermediate case D: High ionomer content
percolation

Figure 4. (a) Simulation results from variation of ionomer coverage a;,, and thickness ¢. The agglomerate
volume fraction was held constant (x,g = 0.5). The proposed relation based on percolation theory is plotted as
well. (b) Four cases of ionomer morphology can be identified and their structural images are illustrated.
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Figure 5. (a) Simulation results of proton conductivity for the variation of x,g; and ionomer coverage aion.
Tonomer film thickness was held constant (+ = 10 nm). (b) The observed trend can be described using Eq. (23)
for the percolation interfacial surface area between agglomerates and secondary pores. (c) The underlying
structural images are illustrated.

interface is also well-connected and allows pathways for proton conductivity across the CL. Note that a structure
with x,¢, < 0.3 would be physically unstable, since agglomerates would be largely disconnected.

When x4, exceeds 0.7, secondary pores become closed and disconnected and the proton conductivity declines
steeply. Between these two boundaries, g exhibits a maximum, whose height increases with aj,, above ~ 0.4.
Below that value, no closed path for proton transport is formed by the ionomer film deposited on the agglomer-
ate-pore interface. This implies two requirements for high high proton conductivity: not only the agglomerate-
pore interface must provide a well-connected network; also the ionomer coverage must be sufficiently high for
the ionomer to percolate.

Analytical relations for proton conductivity. The previous discussion has shown that the proton con-
ductivity depends on the surface density of agglomerate/pore interface per CCL volume. This finding allows
to derive a first analytical approach to describe the simulation results. The percolation theory approach for the
interface density I(x4, x) in a binary mixture can reproduce the trend in x,g (see Fig. 5b),

I(xa,xB) = xaP(x4)xpP(xp), (21)

where x4 and xp denote the percolating phases in an binary continuum and P(x) the percolation probability,
represented by a sigmoid function,

1
1+ exp (M) (22)

withb = 0.01and x, = 0.3. As the conductivity scales with the interfacial surface area between agglomerate and
the complementary phase of pores and ionomer, we replace x4 with x,g,. Thus, x5 becomes 1 — x4, yielding

P(x) =

8film ~ I(xugg) = xuggp(xagg)(l - xugg)P(l - xagg)~ (23)

Further, simulation results indicate that for thin films g scales with a power-law in ionomer coverage. Therefore,
a percolation law for conductivity as a function of ionomer coverage ajo,, is applied,
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2
Qion — 4
&fitm ~ H(aion — ac) <M> . (24)
Here, H represents the Heaviside step function and a, the percolation threshold. A linear scaling of g with film
thickness has been observed in simulations,
&fitm ™~ tion- (25)
Combining Egs. (23), (24) and (25) yields an analytical relation for the proton conductivity in thin films,

A Gion — ¢ \ 2
8film = Tagg Va(i*gf I(xagg)H(aian —ac) ( 1lon_ P E) tions (26)
(4

Aggg . . .
where 7 is a scaling factor that accounts for the total agglomerate surface per CCL volume. It has the units of
an inverse length and depends on agglomerate size. The simulation results for thin films revealed that the surface
to volume ratio of a cylindrical geometry can be applied,

Augg — i ©7)
Ver Tagg

Of course, the agglomerate phase has no cylindrical geometry. However, when the local thickness is evaluated
by finding the largest sphere to fit, one could span an approximately circular perimeter and apply a differential
cylindrical volume element with V = 772, dL and A = 27 ragedL.

If the ionomer film is sufficiently thin, x;,, can be calculated from t;o, and ajon,

A
Xion = 1" (-xagg) VLCgfﬂi(m tion
5 (28)
=TI (xugg) —diontion-
Tage
Here I* (x4g,) indicates the same interfacial factor as I (x4g) in Eq. (23), but includes the non-percolating interfa-
cial area. Thus, the factors P(x) and P(1 — x) are dropped. Still, I* ~ I in x,g = 0.3...0.7. Anyway, values outside
this range are not of relevance. In a CL with x4, < 0.3 the mechanical suppport collapses, thus such a CL is
unphysical; at x4g, > 0.7 the pore volume closes and does not provide percolation pathyways.

The additional factor 744 in Eq. (26) accounts for the tortuosity of the curved ag§lomerate surface. Assum-
ing a spherical curvature of the smoothed Gaussian field used in this work, 7,¢; = - was chosen and matches
the simulation results.

When Egs. (26) and (28) are combined, the factors I(x)
solely depends on x;,, and a;oy,

T
Aagg o . .
Ver cancel out, yielding an expression for gfii, which

Aion — Ac ) z Xion (29)

1
8film = ;,H(aion - ac)( 1—a,

Aion '
In scenario (C) of Fig. 4, a thin film does not form and connectivity establishes across the inter-agglomerate
space. The volume fraction of the inter-agglomerate space is defined as x = 1 — x4g,. An adapted percolation
law can be applied, accounting for the connectivity of ionomer in the secondary pore space,

2
xion/XZ — Xc >

1—x. (30)

& ~ H(Xion/x2 — xc)(

In Eq. (30) the ionomer volume fraction in the inter-agglomerate space is decisive for establishing percolating
pathways. Further, g, scales with the connectivity of the inter-agglomerate space,

2
X2 — Xc¢
@~Hm—n%i——>, (1)
1—x.

where the inter-agglomerate volume fraction x; is used to describe percolation across the catalyst layer volume.
Merging Eq. (30) with Eq. (31) yields the analytical expression for g» as a function of x;o, and x,,

X _ 2 _ 2
m=HWWm7n(@ﬂﬂ—ﬁ>Hmf&(“ ”>. (32)

1—x. 1—x.

If Xjon — X3, i.e., all secondary pore volume is replaced by ionomer, Eq. (32) converges to a percolation law for
random 3D media.

The expressions for gf,m and g» describe the limiting cases where solely thin films on the agglomerates or
inter-agglomerate connections control the conductivity. However, for the majority of ionomer morphologies, an
intermediate behavior will occur, i.e., the contributions from the thin film and inter-agglomerate percolation will
superpose in a random network type fashion. Thus, the effective conductivity can be anything between a series
of resistors and a parallel circuit. The highest proton conductivity conceivable, g4, is the sum of both contribu-
tions, assuming ideal parallel proton transport pathways,
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&+ = &fim + &2 (33)

This expression is plotted in Fig. 4 together with the simulation results. The linear dependence for thin films with
high coverage can be clearly distinguished. The threshold behavior at low ionomer coverage is well captured. The
extend and slope of the linear range in x;,, scale with a;,, and provide a transition for the full spectra of ionomer
morphologies studied in the simulation.

In Fig. 6, g+ was plotted for moderate and high ionomer coverage, a;,, = 0.6 and 1.0, together with datasets
from the literature. The proposed analytical solution for g cannot capture the literature data. The deviation is
especially large for datasets with high conductivities and a linear trend over x;o,, €.g., from Boyer et al., indicating
that the conductivity of the ionomer thin film is underestimated by the model. As discussed above, agglomerate
roughness largely affects proton conductivity. The roughness and curvature in real catalyst layer materials might
be significantly lower than in simulations due to water uptake or ionomer swelling®® that effectively reduces the
tortuosity of the proton conducting pathways. Further, experimental work indicated that the assumption of
Zion ~ gpulk might not be true for thin ionomer films. Experimental works reported a lower proton conductivity of
PFSA thin films on SiO, substrates®”*° and attributed the impaired proton mobility to the lack of phase-separated
water”!. However, on Pt substrates a well defined water layer at the Pt/ionomer interface forms®>*, which boosts
conductivity by one order of magnitude compared to SiO, substrates®. Hence, it might be the case that the thin
film conductivity in catalyst layers is even higher than the ionomer bulk conductivity. A recent modeling study
from the literature evaluated different conceivable molecular structure regimes that might establish on real Pt/C
catalyst substrates and found a significant impact on the resulting proton conductivity of the CCL". However,
both the effects of tortuosity and distinct ionomer conductivity cannot be quantified reliably. Setting 7,4, = 1in
Eq. (26) yields good agreement with the full range of experimental data, hinting that the thin film conductivity
in polymer-based catalyst layers is effectively increased by a factor of & 3.

The comparison of the corrected relation g+ with literature data illustrates how distinct ionomer morpholo-
gies can explain different trends in proton conductivity and their dependence on structural parameters, such as
aion. Single datasets are well captured by the model and can be linked to different scenarios of ionomer morphol-
ogy. For instance, the dataset of Boyer et al.** closely follows g, (@i, = 1). Thus, the observed linearity of g in xiox
can be explained by a thin film morphology present in the CCL material studied. The datasets of Yakovlev et al.'?,
Suzuki et al.*® and Du et al.*’ align along the relation for the intermediate morphology of moderate ionomer
coverage. Some data, e.g., from Modestov et al.”?, closely follow the relation for low ionomer coverage. Only the
dataset of Liu et al.”> seems to be difficult to capture by any relation. It is possible that the ionomer morphology
largely changes as ionomer content increases, i.e., the ionomer coverage might be a function of x;,,.

If the approximation g is applied to structures with high ionomer content, i.e., xj,, > 0.5, it might overesti-
mate the proton conductivity. The two pathways for proton conductivity (ionomer thin film and inter-agglom-
erate percolation) are not separated anymore because the ionomer thin film and larger ionomer pieces in the
inter-agglomerate space increasingly overlap. This renders the assumption of two parallel pathways for proton
transport invalid, thus the effective conductivity will be lower. However, the proposed approximation accurately
describes the simulation results over the catalyst layer composition in the range of technical relevance.

Adjusting CCL fabrication parameters to tailor proton conductivity. The question arises how
ionomer coverage and film thickness depend on the I:C ratio and how the ionomer structure might be tuned
during CCL fabrication. Therefore, we have employed a composition model and aimed at providing various

0.6
* Liuetal
4 Boyeretal.
0.5 v Yakovlev et al.
*  Havrédnek & Wipperman
* Duetal
04 ®  Suzuki et al.
+ Modestov et al.
> 0.3 — g+,Qion= 1.0
S g+:alon:0~5

0.2 — g+:a|on:1~0 [*]

Y ¢ P Qion= 0.5 [*]
—= g

* correction for distinct thin film
conductivity and roughness effects

Figure 6. Comparison of literature data for proton conductivity and proposed relations. As a correction for
distinct thin film conductivity and roughness effects, the factor % was dropped in g
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references to practical approaches (ionomer content, ionomer dispersion by solvent, carbon surface modifica-
tions), which implement the specific modifications of the CCL microstructure.

Experimental studies varying the ionomer content reported that the ionomer coverage increases sharply
upon initially adding of ionomer. Subsequently, a growth in film thickness follows’**. At high ionomer contents,
excess ionomer aggregates can form that do not contribute to the ionomer film**-*. How this resulting ionomer
structure can be controlled by ink and process parameters, such as the solvent used, is complex and subject to
ongoing research®’!. The interactions between Pt/C surface, ionomer and solvent control the self-assembly
process during ink stage and largely determine the resulting ionomer morphology. The evolution of a;,, and
tion with the I:C ratio can be captured by the composition model developed in Ref.”® and allows to discuss the
impact of basic ink parameters.

To link structure formation during ink stage and proton conductivity in the resulting catalyst layer, in Fig. 7
multiple cases for the ink parameters k4 and £, that we have studied over an I:C range from 0 to 1.5. The proton
conductivity predicted by the expression for g, using the correction discussed above, is plotted together with
the literature data from Boyer et al.*, Du et al.¥”, and Modestov et al.””. The analysis of the ionomer coverage and
film thickness (Fig 7b), and volumetric composition of the catalyst layer (Fig. 7c) reveals how the microstructure
evolves over increasing I:C ratio in different scenarios. The dataset from Boyer et al. can be described choosing
the values k4 = 5and tp = 8 nm, i.e., the ionomer adsorbs well on the agglomerate surface and the resulting
film is rather thick (>15 nm at I:C >0.6). Two effects contribute to the high proton conductivity in this case: the
effective percolation threshold of g is lowered, as ionomer coverage increases sharply at low I:C ratios; and the
higher film thickness further enhances conductivity, because the proton conductivity increases proportionally
with ionomer film thickness.

Reducing ionomer dispersion and initial film thickness (k4 = 2 and fy = 4 nm) results in a significantly
impaired proton conductivity, as reported in the dataset of Modestov et al. Sufficient ionomer coverage is estab-
lished only at rather high I:C ratios (a;o, > 0.5at :C> 0.5) and the resulting film thickness is low, < 8 nm for the
full range of I:C studied. In such a scenario, a major fraction of the ionomer is not dispersed in the ionomer film,
but forms larger aggregates, which do not contribute to proton conductivity. As only little ionomer is deposited
as part of the thin film in the secondary pore space, more pore volume remains free (see Xy e in Fig 7c).

In intermediate scenarios as for the dataset of Due et al., in which either k4 or ty is high, or both parameters
are moderate (e.g., ka4 = 3 and ty = 6 nm), the volumetric compositions of the catalyst layers are quite similar,
because the ionomer film volume is proportional to the product of aj,, and t;,,. However, the proton conductivity
varies significantly. Here, the case of a stronger ionomer-carbon interaction (k4 = 5) and low initial film thick-
ness (o = 4 nm) results in proton conductivities twice as high as in the opposite case (k4 = 2and ty = 8 nm).
The gain in proton conductivity from higher ionomer coverage clearly exceeds the gain due to increasing film
thickness. This implies measures to adjust the ink formulation or interaction of ionomer with the Pt/C catalyst

(a) 0.25
"""" ka=2.0 tp=4.0nm
0.20 ---- ka=12.0 ty=8.0nm
TR kA = 3.0 to = 6.0 nm
0.15 sees ky=5.0 to=4.0nm
S ka=5.0 tp=28.0nm
0.10 Ao Boyeretal.
e Duetal.
0.05 + Modestov et al.
0.00
(b) 1.0
0.5
0.8
0.4
0.6
= 0.3
S

0.0 0.0

I:C

Figure 7. (a) Evolution of proton conductivity over I:C ratio, depending on the ink parameters k4 and t,. (b)
Ionomer coverage and thickness emerge differently for varying ink parameters. Please note that curves of a;oy,
calculated from equal values of k4 always coincide. (c) Depending on the ink parameters, also the trajectory
of volumetric composition over I:C ratio, e.g., the volume faction of the pore network or aggregates of excess
ionomer, is altered.
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that foster a thinner film with higher coverage. Efforts in the experimental literature match these findings, such
as adjusting solvent composition®**2** or doping the carbon support with nitrogen containing groups®*® to
achieve a higher dispersion of ionomer.

Conclusion

Polymer electrolyte fuel cells must be designed and optimized to meet the demands of power output and durabil-
ity. The key to achieving this goal lies in the cathode catalyst layer (CCL) and its microstructure. To this end, we
have reviewed modeling approaches for CCL design. We have identified the crucial gap that available relations
between composition and proton conductivity in the catalyst layer, such as the Bruggeman relation or percola-
tion theory, neglect specific structural features of the ionomer morphology within the CCL microstructure.

In this work, we have used direct numerical simulations studying the impact of ionomer morphology on pro-
ton conductivity. In the past, image-based pore scale simulations focused on gas and liquid transport, but rarely
discussed proton conductivity. However, stochastic image generation was found to be a versatile technique to
study the impact of different ionomer morphologies. Adopting this approach, we have employed virtual structure
generation to generate synthetic binary images that mimic tomographic data, followed by stochastic reconstruc-
tion of carbon and ionomer phases. Proton conductivity has been simulated over a wide range of structure
parameters in terms of ionomer coverage and film thickness. Two distinct limiting structural regimes could be
identified: ionomer can either form a thin film on the catalyst agglomerate surface, where the connectivity of the
ionomer coverage dominates the observed trends; or the ionomer forms pieces with substantial thickness that
only partially cover the Pt/C agglomerates but connect across the inter-agglomerate space.

Building on these insights from simulation results, a new analytical relation between ionomer morphology
and proton conduction was derived from percolation theory. This relation was found to be in close agreement
with simulation results and it directly links structural metrics of ionomer coverage and thickness with the proton
conductivity. It can capture both limiting cases and reliably interpolates intermediate morphologies. Trends in
the literature from multiple sources could be captured. The differences in experimental trends could be linked
to variations of ionomer morphology.

To provide guidance for purposeful CCL design and fabrication, structure formation during ink stage has
been addressed using a composition model from a previous work. Ionomer morphology and proton transport
have been studied over a range of ink parameters, including the I:C ratio, initial ionomer film thickness, and the
ionomer dispersion parameter. From this analysis, measures to optimize proton conductivity have been derived
and were found in agreement with current experimental literature.

This work demonstrates how profound quantitative modeling and understanding of the relation between
CCL microstructure and effective properties can guide the interpretation of experimental data and provide a
framework for tailored fuel cell design.

Data availability
The authors declare that the results and data to reproduce the methods and results are reported in full in the
article.
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Liquid water plays a crucial role in low-temperature polymer electrolyte fuel cells (PEFCs). It serves as
electrochemical reaction medium and proton solvent in the cathode catalyst layer (CCL) and is thus crucial
for high proton conductivity and optimal Pt utilization [1]. From experimental studies, it is known that the
Pt utilization depends strongly on relative humidity, ionomer loading and Pt loading [2,3,4]. To date,
structure-based models insufficiently account for these effects [4,5,6]. The basic structural unit of a
conventional catalyst layer is the primary carbon particle (50-100 nm diameter) that supports Pt
nanoparticles (~2-10 nm diameter) on its outer surface and in its internal nanopores [7]. The ratio of
external/internal deposition of the Pt nanoparticles depends on catalyst synthesis route, carbon type, Pt
nanoparticle size, and Pt:C mass ratio [4,7]. Primary Pt/C particles assemble into agglomerates, which are
partially covered by a skin-type ionomer film (~5-10 nm thickness). Pt utilization is facilitated by contact
with liquid water that exists at the ionomer film or in agglomerate pores, as illustrated in Figure 1 [2,3].
The proposed model framework provides structural descriptors to quantitatively capture the CCL
microstructure, such as ionomer coverage and pore size distribution. Besides water vapor, the model
distinguishes three states of condensed water in the CCL: liquid water in capillaries, water adsorbed at Pt
and carbon surfaces, and water absorbed in the ionomer film. Based on the humidity-dependent water
uptake of the CCL, the model calculates the probability for the existence of a percolating proton transport
pathway in the agglomerated structure. Using the model, we will scrutinize how dilution of the Pt loading,
i.e., reduction of the Pt:C ratio, causes a decline of Pt utilization (see Fig 2). This analysis reveals the impact
of microstructural features on the overall fuel cell Pt utilization behavior. Model-derived guidelines for the
fine-tuning of the CCL design in view of achieving an optimal Pt utilization will be presented and discussed.
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Nomenclature

Index 7 indicates the material species (carb., Pt, ion., pores), or the sum over all species
(X); and j denotes the location of the species in either primary (index 1) or secondary
(index 2) pore size domain, or species from both domains combined (index ¥).

Latin symbols

Symbol  Description Unit

Acarb..j surface area of carbon support exposed to pore size domain j m?

Apy surface area of a single Pt nanoparticle nm?

A surface area occupied by a single sorption site of water on Pt 9
W surfaces i

b width parameter of the sigmoid function -

Cij concentration of sorption sites of type i in pore size domain j mol/cm?

mass specific concentration of functional groups on carbon sup-

Csurf port surface mol/g

H Heaviside step function -

B equivalent weight, i.e., ionomer mass per amount of sulfonic acid ¢ /mol

group

Kr; Langmuir-type sorption constant 1/Pa

Kg,; secondary sorption constant -

n; number of adsorbed layers of water molecules -

mpy mass of a single Pt nanoparticle g

Ny Avogadro number 1/mol

P partial pressure of water Pa

P sigmoid function mimicking percolation-type behavior -

r pore radius nm

T py radius of Pt nanoparticles nm

R universal gas constant J/(mol K)

RH relative humidity -

S(©) critical saturation level for the percolation threshold -

Sij liquid saturation level of pore domain j contributed by species ¢ -

T temperature K

Vinw molar volume of water cm? /mol

Wi ; water uptake per carbon support mass g/mol

T volume fraction of species 7 in pore size domain j -

Xpy Pt utilization of the catalyst layer -

Y water uptake reduction factor of ionomer -
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Greek symbols

Symbol Description Unit
Yw surface free energy of water J/m?
A number of water molecules adsorbed per sorption site of type ¢ -

®ptj fraction of Pt nanoparticles assigned to pore size domain j -

i mass density of material 4 g/cm?
0 contact angle of pore walls °
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1 — Introduction

Fuel cells rendered active: the role of water for Pt utilization

Liquid water plays a crucial role in proton exchange membrane fuel cells (PEMFCs). It
acts as the proton conductive medium in the catalyst layer (CL) and connects the Plat-
inum catalyst via a spanning network. Thus, it is pivotal for high proton conductivity and
optimal catalyst utilization [243]. The Pt utilization, i.e., the ratio of active catalyst par-
ticles connected to the proton supply network to the total amount of Platinum in the CL,
correlates with the amount of water taken up by the CL material when exposed to a water
containing atmosphere [78] 152 242]. Since the gas phase in operating PEM fuel cells
carries high amounts of water vapor generated from the hydrogen fuel conversion, data on
water uptake and Pt utilization obtained at varying humidity conditions obtained ex situ
provide key conclusions on CL behavior for in operando conditions. From experimental
studies, it is known that the Pt utilization depends strongly on relative humidity (RH),
ionomer loading and Pt loading [78], 152 242]. Especially low-Pt-loaded CLs exhibit a
peculiar behavior: Pt utilization drops significantly at moderate RH for such CLs (see
Fig. (a)). Since current development efforts to reach cost-targets for commercial fuel
cells strive to reduce Pt loading, this phenomenon requires special attention.

Water uptake and Pt utilization are determined and shaped by structural features of
the CL microstructure [94) 107, 132]. The basic structural unit of a conventional catalyst
layer is the primary carbon particle (50...100 nm diameter) that supports Pt nanoparticles
(2..10nm diameter). In the common understanding, Pt/C catalyst particles aggregate as
ionomer-free agglomerates, whereas the ionomer forms a thin film on these agglomerates
(5...15nm thickness). Pores within the agglomerates are called primary pores (1..10nm
diameter). The inter-agglomerate space contributes a second pore-size domain with a
radii length scale similar to the size of Pt/C particles and is referred to as secondary
pores. An illustration of the CL structure is depicted in Fig. (b).

Within this complex structure, Pt utilization is facilitated by contact with liquid
water that is absorbed by the ionomer film or condensed in the pore space [94] [107].
Additionally, a recent work of Chowdhury et al. suggests that a continuous connection to
the proton conductive network might also be established via water films adsorbed onto
Pt nanoparticles [119]. This hypothesis was derived from the finding that models for Pt
utilization the literature only account for capillary condensation, i.e., Pt nanoparticles
only count as utilized if the according pore is fully flooded [119, 132]. However, these
models do not consistently describe Pt utilization as observed in experimental works
(Fig. (a)). As illustrated in Fig. (c), the conjectured water film might not be
sufficient to span over the distance between individual Pt nanoparticles in low-Pt-loaded
CL materials, explaining the observed distinct drop in Pt utilization. The formation of
adsorbed water films was already proposed by Mashio et al. [94], who deconvoluted water
uptake in a model-based analysis by employing a sorption formalism additionally to the
capillary condensation. In this work, the approaches of Chowdhury et al. and Mashio et
al. are followed up by extending the parametrization of water uptake to be fully structure-
based, i.e., will be derived from ink stage parameters of the CL. Subsequently, the distinct
contributions for Pt utilization from different types of water can be deconvoluted and the
mechanism of Pt utilization scrutinized further.
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Fig. 4.1: (a) Platinum utilization follows different trends for low or high Pt loading as found
experimentally by Padgett et al. [78], Shinozaki et al. [242] and Soboleva [107]. Mod-
els from the literature [119, 132] only account for capillary condensation to describe
Pt utilization and cannot capture the experimentally observed behavior in all cases.
(b) The catalyst layer features a complex agglomerated structure with multiple
species adsorbing water from a partially saturated atmosphere. (c) Water adsorbed
in thin films on Pt nanoparticles is conjectured to contribute to Pt utilization and be
the root cause for distinct trends for different Pt loading.
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2 — Model and methodology

Given the comprehensive picture of CL microstructure and available formalism for water
uptake by different species of the CL material, this work proposes a modeling approach
to combine both to a structure-based model for water uptake and Pt utilization, as out-
lined in Fig. 4.2 First, structural parameters and composition of the CL. material in dry
state as obtained from fabrication must be calculated from ink parameters (Fig. 4.2 (a)).
A previously developed composition and wettability model [244] derives the volumetric
composition of the layer and statistical metrics of the agglomerated structure, e.g., the
pore size distribution, and wetting properties of the pore walls in primary and secondary
pores. These parameters provide a complete description of the confinement of water,
which adsorbs and condenses on different locations of the CL structure. As illustrated
in Fig. 4.2 (b), the model distinguishes three types of water in the CL: liquid water in
capillaries, water adsorbed at Pt and carbon surfaces, and water absorbed by ionomer.
Applying this distinction, the amount of water present in the CL can be mapped onto
the different pore size domains (Fig. 4.2| (¢)). From the local saturation of pore space,
a description of network strength and connectivity of the liquid water phase can be cal-
culated, which determines Pt utilization. Here, approaches based on percolation theory
provide the mathematical foundation to rationalize the probability for the existence of
a continuous proton transport pathway in the agglomerated structure. Eikerling and
Kornyshev already introduced percolation theory to correlate the composition of a CL
with its properties [51], 151]. However, ionomer inside the CL was considered the only
percolating agent relevant for Pt utilization. More novel experimental works indicate that
water acts as a percolating agent, too [94], [129]. Therefore, the percolation-based approach
by Eikerling and Kornyshev will be adapted to account for the saturation of pore space
by liquid water.

(a) (b) (c)

confinement / state of water _ effective Pt
dry structure X = utilization network

recipe
catalyst layer
»

&
OF e

&
\
=

Fig. 4.2: Platinum utilization can be modeled in three steps: (a) first, descriptors of the
CL microstructure are calculated from ink parameters; (b) second, water uptake by
sorption and capillary condensation for each materials species is calculated; (c) and
are finally mapped onto the CL structure to describe effective connecting pathways
for proton transport.
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Catalyst layer composition and concentration of sorption sites

A previously developed composition model is employed to derive the volume fractions and
exposed surface areas of Platinum, carbon support, ionomer, and primary and secondary
pores of the CL material in the dry state. The according input parameters characterize
the ink composition in terms of Pt:C and I:C mass ratios, the total available pore volume
provided by the bare support structure Vj, the ionomer dispersion parameter k4 and t,
and radii of the pore size distribution. The composition model mimics the agglomeration
process of Pt/C particles and film formation of ionomer solvated in the ink. Details of
the model have been published in Ref. [244].

As a metric to rationalize the water uptake capacities of each materials species (i.e., Pt,
ionomer, carbon) the concentration of sorption sites, denoted as ¢; ; with units mol/cm?,
is adapted from Mashio et al. [94]. In the following, variables are specified with two in-
dices: 7 is indicating the material species (indices carb., Pt, ion., pores), or the sum over
all species (index X); and j denotes the location of the species in either primary (index
1) or secondary (index 2) pores, or species from both domains are counted (index ).
Since ionomer is present in secondary pores only, the second index is dropped there. The
volume factions of each materials species x; ; is provided by the composition model and
marks the starting point for the calculation of ¢; ;.

For Platinum, the number of sorption sites is proportional to the specific surface area
of Pt nanoparticles, which is calculated as

3

)
PPtT Pt

[Apt/mpt] = (41)
assuming spherical particles with a fixed radius rp;. The surface area of a single sorp-
tion site for water Ay and the volume fraction of Platinum xp,; determine the effective
concentration of sorption sites,

Cptj = T pt,j [APt/mPt] (4-2)

AwNa
The constants pp; and N4 denote the mass density of metallic Platinum and the Avogadro
number. The distribution of Pt nanoparticles over primary and secondary pores is a
property of the Pt/C catalyst which can be tuned via the Pt deposition method during
synthesis [71] and introduces an additional parameter to the model, ¢p; 1, which splits
the total population of Pt nanoparticles accordingly,

Tpi1 = Qpr1Tpey and (4.3)

Tpto = (1 — ¢pr1)Tpr . (4.4)

Deviating from the model of Mashio et al., water sorption on graphitic surfaces of the
carbon supports is not accounted for since its contribution to water uptake is negligible. In
contrast, functional surface groups on the carbon support provide a significant capacity for

water uptake. Their concentration cg,,s. is specific to the carbon support. The resulting
concentration of sorption sites in the CL material is calculated as

Cearb.,x = mcarb.,ECsurf.pcarb.- (45)
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Assuming functional groups to be uniformly distributed over the carbon surface, the split
over the pore size domains follows the ratio of surface areas attributed to primary and
secondary pores,

Acar )
= bl (4.6)

Cearb.,j = A ) Z'
carb.,

The values of the according surface areas A, ; are obtained from integration of the pore
size distribution, which is facilized by the composition model, too (see Ref. [244]).

For ionomer, the water uptake capabilities directly scales with the number of sulfonic
acid groups per ionomer mass, commonly expressed as the inverse ratio called equivalent
weight, EW . Each sulfonic acid group is assumed to provide three water sorption sitesﬂ
Thus, ¢;,,. is calculated as

Pion.
ion. = 3 Tion. . 4.7
¢ i W (4.7)

Water sorption isotherms

Following Mashio et al., a multilayer sorption formalism equivalent to a Brunauer-Emmet-
Teller theory [245] with a limited number of layers of water molecules adsorbed (n;) is
used to describe the water sorption isotherms of Platinum, carbon, and ionomer. The
number of water molecules per sorption site A; as function of relative humidity RH is
calculated as

Kpi> i, k(Kg;RH)*

(RH) = = : . 4.
M) = K, S (K RE)F (4:8)

Parametrization of the Langmuir-type sorption constants K ,; and secondary sorption
constants Kg; are adapted from Mashio et al. and are valid for 80°C. Accordingly, relative
humidity RH is defined for this temperature by the partial pressure of water py,

bw

RH = —
Pwsoc

(4.9)

The resulting isotherms for Platinum, carbon support and ionomer are calculated using
the parametrization from Tab. [4.3|and are depicted in Fig. |4.3|(a). The volume fraction of
water from sorption processes at a given RH is ultimately the product of water molecules
per sorption site and the concentration of according sorption sites,

mVV,i,j = )\z‘Ci,jMW/PW- (410)

I This important information is not provided explicitly in the original manuscript of Mashio et al. but
can be reconstructed from the reported water uptake data.
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(c)

Fig. 4.3:

Tab. 4.3:

(d)

(e

Pt-ionomer interaction low RH high RH
reduced water uptake adsorbed films condensed water fills pore

(a) Sorption isotherms as number of water molecules per sorption site for Platinum,
carbon support and ionomer. (b) Water uptake in terms of liquid saturation of
primary pores due to capillary condensation for bare carbon support, half of the pore
walls covered with Pt nanoparticles, and fully Pt-covered pore walls. Conditions of
80°C and 1 bar apply. (c) Water uptake of ionomer thin films can be diminished by
the strong interaction of ionomer sidechains and Pt nanoparticles. (d) When primary
pores flood due to capillary condensation, the water from adsorbed films is replaced
by bulk liquid water, i.e., must not be accounted for twice in the summation of water
uptake.

Constants and sorption parameters adapted from Ref. [04]. Where values were
adjusted and deviate from the original values provided by Mashio et al., the original
value is written in ().

Constants Sorption parameters
Dearb. 2.0 g/cm? 1= carb. Pt ion.
PPt 21.45 g/cm? Kr; 3E6 1E-3 3.3E4 Pa'l
Pion. 2.1 g/cm? Kg; 1.7 1.2 0.8
pw 0.971 g/cm? N; 4 (10) 2 10
Ny 6.022E23 1/mol
Aw 0.04 nm? Courf. 7.3  mmol/geap.
My, 18.015 g/mol EW 1000 gion. /mol
Vinw 18.74 cm?/mol
YW 0.062 J/m?
p%,’sooc 473 mbar
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Due to strong interaction of ionomer sidechains with Pt/C surface, water uptake was
reported to diminish significantly in thin ionomer films [246]. As illustrated in Fig.[4.3|(c),
water uptake is constricted at the interface of ionomer and Pt/C surface and the capacity
for water uptake lowers significantly. Therefore, a reduction factor Y is used,

A/

on

=Y Ajon. (4.11)

Mashio et al. [94] reported Y = 0.8 on bare carbon support, and Y = 0.4 for a catalyst
material with Pt:C = 0.46. Experimental data from Kusoglu et al. [247] indicates similar
values on various substrates (Y = 0.3...0.5). In the model, this reduction of water uptake
is implemented as a function of Pt coverage of the carbon surface (ap;2, obtained from
composition model), on which the ionomer deposits,

v {0.8 ~2aps 0<apa <03 (412)

102 apya > 0.3

To provide a comparable measure for different CL materials, water uptake is expressed
as liquid saturation of the pore space (S;;). In the experimental literature water uptake
is commonly reported in terms of mass of water per mass of carbon support (W, ;). Both
values can be directly calculated from zy; ;,

SiJ' = M and (413)

xpores,j

Pw

Learb. Pearbd.

Capillary condensation

Liquid water can condense spontaneously in constrained geometries, such as pores, even
at RH < 1.0. This phenomenon is referred to as capillary condensation. The critical
radius of a pore to be flooded at given RH is determined by the Kelvin equation,

YW Vi, w €08 0

The wetting properties in terms of contact angle 6 mainly control the onset of flooding
since the free surface energy vy and molar volume V,,, i of water are constants for a given
temperature. The partial flooding due to capillary condensation of a set of pores with a
continuous range of sizes and wetting properties can be captured analogously to flooding
via capillary pressure (see wettability model in Ref. [244]). The combined pore size and

contact angle distribution (%) is integrated to obtain the liquid saturation Scsnq. ; for a
given RH,

rmaz L 526 Y Vonw cos 0
o (RH) = J gy (W Ymw cost
Seond.i(FH) / . 87’80H< rRT

Tmin

- 111(RH)> dcos(6)dr. (4.16)
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The Heaviside step function H evaluates the Kelvin equation and determines whether a
pore is counted as flooded or empty. Here, the model completely relies on the structure-
based model developed in Ref. [244] and does not use the correlations proposed by Mashio
et al.

When calculating the total saturation, i.e., combining water uptake from the distinct
materials species, the replacement of water films in a pore by condensed bulk water must
be accounted for (see Fig. [4.3|(d)). Otherwise, water uptake would be overestimated and
unphysical saturation >1 could be the result. Thus, Sy ; and Sy 5 are determined as

SE,I - (]- - Scond.,l)(SPt,l + Scarbql) + Scond.,l (417)
SE,Z - (1 - Scond.,2)(SPt,2 + Scarb.,Z + Sion.) + Scond.,Q- (418)

The saturation of the CL material S¢y, is calculated from contributions from primary and
secondary pores, using the pore volume fractions zpocs; as weights in the summation,

Lpores,1 Tpores,2 .
Scr = 52’1 P + Sz)g—p with (419)
Tpores,% Tpores,x
xpm"es,E = xpores,l + xpores,Q- (420)
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Literature data of reference materials

The experimental literature was scanned for sources that provide data on water uptake
and/or Pt utilization together with essential information on the CL material used, i.e,
Pt:C and I.C, the radii of Pt nanoparticles and the fraction of Pt nanoparticles located
inside primary pores (see Tab. . All selected works used Ketjen Black, a high surface
area carbon, as support material.

Mashio et al. and Soboleva [107] even studied an identical Pt/C material from the
same supplier. Also, the ionomer used was identical in all sources. The dataset of Mashio
et al. is especially valuable for its water uptake data of the single materials (bare carbon,
ionomer-free Pt/C catalyst, complete CL with varying I:C), allowing to check whether the
model consistently describes catalyst layer materials with varying composition. The work
of Soboleva [107] is the only source providing both water uptake and Pt utilization data as
a function of RH for the same material but water uptake was measured at room temper-
ature. T Therefore, a cross-comparison with the dataset of Mashio et al. is required. The
datasets reported by Padgett et al. [78] and Shinozaki et al. [242] add more points to the
parameter space with regard to Pt loading. Especially the properties of the low-Pt-loaded
material with Pt:C=0.1 from Padgett et al. are of particular interest in this work since
it exhibits a distinct correlation between relative humidity and Pt utilization.

The parametrization of the composition model was the same for all materials since it
was developed using data from Soboleva, thus apply to all CLs based on Ketjen black and
were adapted without changes from Ref. [244].

Tab. 4.4: Catalyst layer properties and available datasets on water uptake and Pt utilization
from different sources found in the experimental literature.

Source Material Pt:C I.C TPt ¢pin W(RH) Xpi(RH)
data data
Padgett et al. [78] CCL 0.1 095 14nm 0.7 no yes
CCL 0.5 095 2.0nm 0.8 no yes
Mashio et al. [94] Ketjen Black n.a. n.a. n.a. n.a. yes no
(carbon support)
Pt/C catalyst 0.46 n.a. 25nm 0.6 yes no
(ionomer free)
CCL 0.46 0.7 25nm 0.6 yes no
CCL 046 0.9 25nm 0.6 yes no
CCL 046 13 25nm 0.6 yes no
Soboleva [107] Pt/C catalyst 0.46 n.a. 25nm 0.6 yes no
(ionomer free)
CCL 046 0.1 25nm 0.6 yes yes
CCL 0.46 078 25nm 0.6 yes yes
CCL 0.46 1.5 25nm 0.6 yes yes
Shinozaki et al. [242] CCL 0.6 075 1.5nm 0.6 no yes
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3 — Results and discussion

Describing water uptake in dependence of CL composition

In order to ensure a consistent parametrization of the model and check its capabilities of
handling CL materials with varying composition, experimental water uptake data from
Mashio et al. [94] and Soboleva [107] are compared with the according model results. The
specifications of the materials are listed in Tab.

Water uptake data of ionomer-free materials are plotted in Fig. (a). The total
water uptake follows a monotonous trend, rising from 0gw/gc to 0.2gw/gc in the RH
range from 0 to 0.8. Beyond RH > 0.9 water uptake sharply increases to ~0.5gw/gc,
as capillary condensation in the free pore volume sets on. If Platinum is added to the
carbon support, additional water uptake of 0.05 gw/gc can be observed, which establishes
at already low relative humidity (RH < 0.2). The model matches the experimental data
for both the bare carbon support material and the Pt/C catalyst powder with Pt:C = 0.46.
Please note the model results for Mashio et al. and Soboleva for Pt/C are identical due
to same catalyst used.

If ionomer is included, i.e., assembling an actual functional CL material, water uptake
further increases to up to 0.3gw/gc at RH = 0.8. The overall trend persists, only the
final raise due to capillary condensation is diminished since a significant fraction of pore
volume is occupied by ionomer (see Fig. (b) and (c)). The more ionomer is included
in the CL material, the larger the overall water uptake. This trend is well captured by
the model, although the exact values do not match as accurate as for the ionomer-free
materials. The complicated interactions of ionomer with the solid surfaces of Pt and
carbon, and thin film effects are suspected to be the cause for the deviation, as they are
only covered by the model in a basic manner.

Furthermore, the dataset from Soboleva exhibits a pronounced water uptake, com-
pared to dataset from Mashio et al. At RH = 0.8 values increase from 0.3...0.4 gw/gc to
0.35...0.6 gw/gc. This significant mismatch is attributed to the cold conditions applied by
Soboleva. At lower temperature, water uptake of the ionomer increases. The model does
not include a temperature dependency, thus, it cannot replicate the dataset measured at
25°Cbut returns reliable results for 80°C.

Deconvoluting water uptake of PEMFC catalyst layers

Using the proposed model approach, water uptake can be deconvoluted and attributed
to the distinct contributions from Platinum, carbon, ionomer and capillary condensation
in primary and secondary pores. In the following, a CL made of Ketjen Black carbon
support with Pt:C =0.5 and [.C = 1.0 serves as reference material.

Figure (a) depicts the evolution of saturation as function of relative humidity. At
low relative humidity (RH < 0.2) only small amounts of water are adsorbed predomi-
nately at Platinum nanoparticles and by ionomer. Saturation does not exceed 0.1, i.e.,
most of the void pore space is not filled with water. Water uptake gradually increases
from moderate to high relative humidity (RH = 0.2...0.8) and is mainly contributed
by functional groups on the carbon supports surface and further increasing absorption
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Fig. 4.4: Water uptake data (model and experiment) as a function of relative humidity for:
(a) ionomer-free Ketjen Black carbon support with and without Pt-loading
(Pt:C=0.46), (b) CL material with I:C={0.7,0.9, 1.3} measured at 80°C, and (c)
CL material with I:C=1{0.1,0.8,1.5} measured at 25°C. Experimental data provided
from Mashio et al. (Ref. [94]) and Soboleva (Ref. [107]).
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of water by ionomer. Capillary condensation sets on at RH = 0.7 for primary pores,
followed by secondary pores at RH ~ 0.95. At RH > 0.8, capillary condensations poses
the predominate contribution to water uptake.

The major fraction of primary pore volume is flooded (Sx; > 0.5) above RH > 0.6
and exceeds Sy; > 0.9 for RH > 0.8 (see Fig. (b)). In operative PEM fuel cells,
where water is abundantly generated from fuel conversion and dry conditions, i.e., RH >
0.5, are rarely encountered, primary pores can be considered well flooded. Therefore,
the Pt catalyst can be considered to be fully utilized for the operative RH range, which
is in agreement for most datasets found in the literature (see Fig. (a)). It shall be
emphasized that capillary condensation is not the only contributor as assumed in the
literature [132]. In fact, the picture can be refined in a way that especially at low-to-
moderate relative humidity water uptake by the sorption onto the carbon support surface
and the Pt nanoparticles is pivotal to accumulate enough water to form a continuous
proton supply path.

The liquid saturation in secondary pores stays well below 0.3 for all conditions with
RH < 0.9 (see Fig. (c)). Due to the larger pore radii compared to primary pores,
only a minor fraction of carbon support surface is exposed to the secondary pore space.
Thus, its contribution is limited to Segrp2 < 0.2. Ionomer and Platinum increase the
liquid saturation by another 0.1, each. Flooding due to capillary condensation occurs
around RH =~ 1. Due to the mixed wetting behavior of the ionomer film, only half of
the pores flood at RH = 1. This behavior is considered favorable for high-performance
fuel cells, as enough pore space remains free to ensure effective oxygen supply.

Pt utilization in primary pores at reduced Pt loading

The peculiar behavior of low-Pt-loaded CL materials regarding catalyst utilization at
moderate humidity conditions as discussed in the introductory section, will be analyzed
in the following. The literature dataset provided by Padgett et al. [78] (see Fig. (a))
allows first conclusions on the underlying water uptake and its link to Pt utilization. It
features two CL material samples with distinct Pt loading and Pt utilization behavior:
at Pt:C=0.5, the experimentally observed Pt utilization (Xp;) sharply increases from
partial (Xp; =~ 0.3) to full utilization (Xp; ~ 1) in the RH range from 0 to 0.4; instead,
for Pt:C=0.1 the Pt utilization remains almost constant (Xp; ~ 0.3) at RH < 0.5 and
rises to full utilization within the range of RH =0.5...1.0.

Additionally, Padgett et al. provided experimental data on the fraction of Pt particles
located inside the primary and secondary pore space. Using cryo-tomography in a scan-
ning transmission electron microscope, the fraction of Pt particles exposed to secondary
pore space was determined and found to coincide with the catalyst utilization at dry
conditions, i.e, RH ~ 0.1, [78]. Under such conditions, the primary pores fall dry, thus,
only Pt particles exposed to the secondary pore space can be utilized by ionomer, which
covers the Pt/C agglomerates surface, thereby providing a connection to the proton sup-
ply network. Based on these findings, Pt utilization in secondary pores is assumed to be
independent from humidity conditions — which implies that all RH-dependent behavior
must have its root cause in the primary pore space.
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Fig. 4.5: Contributions to water uptake by Platinum, ionomer, carbon support and capillary
condensation calculated by the model for a reference material (Ketjen Black high
surface carbon, Pt:C=0.5, and I:C=1.0) in terms of liquid saturation level of (a)
the complete catalyst layer, (b) in primary pores and (c) secondary pores.
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To unravel the correlation between liquid saturation levels and resulting Pt utilization
inside primary pores, the water uptake model developed in this work can be employed.
Model results for the corresponding two CL materials from the Padgett-dataset are plot-
ted in Fig .6 (b) and (c). The onset and contributions to water uptake from the different
water-adsorbing surface species involved and capillary condensation can be well distin-
guished for both samples. For Pt:C =0.1, only minor contributions to water uptake from
sorption at Pt nanoparticles is found (Spi; < 0.1), whereas water sorption on the carbon
surface bears the major fraction of water uptake, which raises monotonously from 0 to 1
over the full RH range. Capillary condensation sets on at RH > 0.8. However, at this
point, the primary pore space is almost fully saturated, i.e., Sy > 0.8. With higher Pt
loading (sample with Pt:C =0.5), the onset of capillary condensation is shifted to occur at
RH > 0.6, due to higher surface coverage with hydrophilic Pt nanoparticles, which lower
the effective contact angle of primary pores (see wettability model in Ref. [244]). With
higher Pt-loading the water sorption at Pt nanoparticles contributes a significant share
(Spea ~ 0.2) to the liquid saturation level and is established already at dry conditions at
RH =0...0.1. Water uptake by the carbon surface remains unchanged by the variation in
Pt loading.

In the relevant RH range between 0.3 and 0.7, in which the distinct trends in X p;(RH)
for the two different Pt loading occur, the total liquid saturation level is solely altered by
the contribution from sorption at Pt nanoparticles. Furthermore, the sharp rise in Xp;
over increasing RH occurs when Sy ; is calculated by the model to increase from 0.2 to
0.5. This threshold behavior resembles percolation phenomena in random media. Thus,
water that partially and randomly fills the primary pore space, can be modeled to behave
like the percolating phase. Therefore, an approach based on percolation theory is tested
for its capabilities to reproduce the experimentally observed behavior, i.e., to describe
Pt utilization as a function of relative humidity. The proposed analytical correlation is
composed by a RH-independent offset attributed to Pt particles exposed to the secondary
pore space and the utilized fraction of Pt particles inside the primary pores as function
of Sy 1, which, in turn, is a function of RH,

Xpi(RH) = (1 — ¢pt1) + dpe1 P(Se1(RH)). (4.21)

The threshold-behavior is captured by the sigmoid function P(S), which describes the
likelihood of establishing a continuous proton-conductive pathway in the primary pore
space occupied by water,

1
e (9

(4.22)

The parameter b controls the width of the sigmoids step and was set to 0.1 to match the
experimentally observed RH-span for the sharp raise in Xp;. The percolation threshold
S(©) was assumed to be 0.3, corresponding to an ideally random percolating medium with
three dimensions.

The direct comparison of the percolation model with the experimental data (see

Fig. (a)) shows not an exact match, but a clear offset, for both the low and high
Pt-loaded material. For Pt:C=0.5 the raise of Pt utilization with increasing relative
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Fig. 4.6: (a) Comparison of Pt utilization data provided by Padgett et al. in Ref. [78] and
the according model results obtained using a percolation-based approach. The water
uptake calculated by the model in terms of liquid saturation level in primary pores
reveals the distinct contribution of water sorption by Pt nanoparticles for the two

material samples with (b) Pt:C=0.1) and (c) Pt:C=0.5.
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humidity is predicted to occur at RH values larger by 0.2 than the experimental data.
Conversely, for Pt:C=0.1, the step in Pt utilization is calculated to occur at significantly
smaller value than indicated by the experimental data. This result can be interpreted
in a way that the percolation-based approach describing a random media might not be
sensitive enough to differentiate the essential mechanism of Pt utilization by adsorbing
water. Instead, details on the geometry and location of Pt particles and primary pores
might be decisive. For instance, if a continuous pathway can be established by overlapping
water films, as hypothesized by Chowdhury et al. [I19], then the effective distance be-
tween Pt nanoparticles and their distribution inside the agglomerate might play a crucial
role — and might be altered significantly by varying Pt:C ratio. Such details of the CL
microstructure fall in the sub-agglomerate scale and cannot be captured by the statistical
descriptors developed in this work. Nonetheless, the fundamental trends in Xp,(RH)
could be reproduced using a basic percolation-type approach.

Together with the results from the deconvolution of water uptake, it can be concluded
that water sorption at Pt nanoparticles located in primary pores is the most plausible
origin for the distinct Pt utilization in PEM fuel cell catalyst layers — and not the altered
wetting behavior of the pore walls and the thereby shifted onset of capillary condensation.
However, further details on how and under which circumstances these changes in water
uptake induced by varying Pt:C ratios trigger the distinct trends in Pt utilization cannot
be scrutinized and are left for future research.
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4 — Conclusion

Liquid water plays a crucial role in proton-exchange membrane fuel cells as it utilizes Plat-
inum nanoparticles in the catalyst layer to partake in the electrochemical fuel conversion.
The establishment of a well-connected proton supply pathway was found to correlate with
water uptake from a partially vapor-saturated atmosphere. Here, low-Pt-loaded catalyst
materials exhibit a peculiar behavior of a significantly lowered Platinum utilization at
low-to-moderate humidity conditions, which deserves special attentions with regard to
ongoing efforts to reduce Platinum loading for future commercial fuel cell devices.

In order to investigate this relationship, a model has been developed to deconvolute
the distribution of water inside the catalyst layer microstructure. A literature model was
adapted and generalized by a fully structure-based parametrization. The model approach
builds on the distinction of contributions from adsorbed water on Platinum, carbon sup-
port and ionomer, and condensed water in the pore space. Experimental data from the
literature that correlate water uptake and with relative humidity could be successfully re-
produced by the model. The model results allowed to scrutinize the relevant contributors
to water uptake for different humidity conditions and catalyst layer compositions.

The analysis of water uptake indicated that Pt utilization inside the primary pores
of the agglomerated microstructure of the catalyst layer is facilitated through adsorbed
water at Pt nanoparticles. An approach applying percolation theory to the liquid sat-
uration level of primary pore space was proposed to analytically link Pt utilization and
relative humidity. The model results could capture the essential trends but exhibited a
significantly lower sensitivity regarding the Pt-loading. Therefore, the underlying mech-
anism and relations of Pt utilization by adsorbed water are conjectured to be controlled
by structural details on the sub-agglomerate scale, e.g., the inter-particle distance of Pt
nanoparticles, which remain subject to future research.
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5 Summary and discussion of results

The results from the publications cumulated in this work are summarized in the following
sections, including insights to structure formation during ink stage , crucial relations
between wetting behavior and catalyst layer microstructure , the impact of ionomer
morphology on proton conductivity (5.3)), and a model-based analysis of Platinum utiliza-
tion . The discussion will contextualize the structure-based models developed and
their essential results with regard to requirements of holistic catalyst layer design intro-
duced in section [3.1] Derived guidelines for purposeful catalyst layer design and future
research approaches for both experimental and theoretical works are elaborated on in

sections 0.5 and [5.6l

5.1 Structure formation during ink stage

A composition model was developed to rationalize the structure formation during ink
stage in catalyst layer fabrication. Thereby, the model introduced a common framework
of metrics that describe the agglomerated CL microstructure, including pore size dis-
tribution, ionomer coverage and ionomer film thickness. The details of the model were
documented in [publication TIl The composition model was used in [publication II] and [pub-]
to link catalyst layer properties with ink parameters and derive approaches to
tune the catalyst layer to desired properties.

The composition model describes the formation of the ionomer structure as an incre-
mental assembly of the composite. lonomer mobilized in the ink solvent can either attach
to uncovered Pt/C surface, or deposit on an existing ionomer film and thereby contribute
to film thickness growth. Any ionomer not deposited as part of the ionomer film forms
large, dense aggregates embedded in the catalyst layer structure and is therefore consid-
ered not to be part of the porous network. The incremental assembly of ionomer films was
analytically described by a set of two differential equations. The solution of the model
introduces a novel dispersion parameter k4, which captures the tendency of ionomer to
form thin films or to aggregate. The second key parameter is the initial film thickness
to, which serves as a measure for the length scale of the first layer of ionomer molecules
deposited on the Pt/C surface. Additionally, parameters quantifying the pore size distri-
bution of the carbon support and the I:C ratio must be provided as model input. The
model output provides the ionomer film geometry, the volumetric composition and pore
size distribution of the resulting catalyst layer microstructure.

By analyzing experimental data from the literature using the composition model, three
growth stages can be distinguished: initially, the coverage growth of ionomer film dom-
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inates and an ionomer film covering most of the agglomerate’s surface emerges rapidly;
once the film is established, a phase where the film grows mainly in thickness follows; ulti-
mately, thickness and coverage cannot grow further and excess ionomer not incorporated
in the ionomer film expands the total catalyst layer volume. For a typical ink formulation
extracted from the literature (k4 = 4.5 and ¢y = 6.5 nm, using a high surface area carbon
support), at increasing I:C ratios (> 0.5), additional ionomer volume expands the cata-
lyst layer volume compared to the ionomer free structure. At small I:C ratio (= 0.3), a
volume contraction occurs, which is also observed in experimental data. This contraction
is conjectured to be caused by ionomer binding the carbon particles closer together. The
evolution of microstructure matches the experimentally observed behavior in the litera-
ture: ionomer fills the secondary pores but not all ionomer is used to replace pore volume.
Literature data for ionomer coverage are found to be in good agreement with the model
as well. Also, the calculated ionomer film thickness matches the experimentally observed
range of 5...15nm.

Systematic parameter studies conducted in [publication Il and [publication 111} showed
how ionomer coverage and thickness emerge differently for varying ink parameters. If
both ionomer dispersion and initial film thickness are reduced (k4 = 2 and to = 4nm),
ionomer coverage is established only at rather high I:C ratios (a;o, > 0.5 at I:C > 0.5) and
the resulting film thickness stays low (< 8 nm) for any given I:C ratio. Thus, only little
ionomer is deposited as part of the thin film in the secondary pore space and more pore
volume remains free. Excess ionomer becomes the major fraction of ionomer that forms
a significant amount of larger aggregates. In contrary, for values k4 = 5 and ¢ty = 8 nm,
representing ionomer that adsorbs well on the agglomerate surface, the resulting film is
rather thick (> 15nm at :C > 0.6). In this scenario, ionomer coverage increases sharply
at low [:C ratios and aggregation outside the ionomer film is suppressed.

A higher degree of complexity of the structure formation process might be imple-
mented in future works. Details on structure formation during ink stage remain subject
to ongoing investigation in the experimental literature, too. The common understand-
ing suggests that the solvent used during ink stage alters the balance between polar and
dispersion interactions among ionomer molecules and between the ionomer and the Pt/C
surface. Accordingly, varying the ink solvent or manipulating the chemical nature of the
carbon surface has been found to be very effective in the literature. Ongoing experimental
developments suggest that there is great potential for tweaking ionomer dispersion during
the fabrication process. By focusing on the interactions between ionomer and catalyst,
and also between ionomer and ink solvent, the model provides actual guidance on how
to tune the catalyst layer microstructure. In the future, systematic studies are needed
to understand how k4 and t, are constituted and affected by various processing param-
eters during catalyst fabrication. Here, the proposed composition model can serve as an
analysis tool for experimental research.
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5.2 Relations between wetting behavior and
catalyst layer microstructure

The development of a modeling approach that captures the heterogeneous and complex
wetting behavior of PEM fuel cell catalyst layers required a combination of two sub-
models: firstly, a novel analytical approach to link the molecular alignment inside ionomer
thin films with the films wetting properties was carved out from a comprehensive review

of the literature in secondly, the distribution of surface species and their
respective wetting properties over the catalyst layer’s pore network were modeled using a

statistical approach that is documented in [publication TI|

As a key feature, the developed model describes the role of ionomer for catalyst layer
wetting properties. The alignment of ionomer molecules at the catalyst-ionomer inter-
face determines the exhibition of hydrophilic or hydrophobic properties. The following
mechanism was proposed in the literature: Platinum strongly interacts with the ionomer
sidechains, imposing an alignment that leaves the hydrophobic backbone exposed to the
outer surface of the ionomer film. In contrary, a hydrophobic carbon surface causes
the ionomer sidechains to orient away from the ionomer-carbon interface, rendering the
ionomer film hydrophilic. This work collected supporting data from the theoretical and
experimental literature in [publication 1| including molecular dynamics studies, surface
probing of CL materials with microdroplets, macroscopic water retention measurements,
and microscopic and spectroscopic methods. Based on the literature reviewed, this work
proposes a novel descriptor, the ionomer’s degree of alignment Ap,4 that correlates the
orientation of ionomer molecules with the resulting contact angle of the ionomer film ex-
hibited to the secondary pore network. The dimensionless value of Ap 4 is defined to be in
the range of 0...1 and corresponds to the full scale of ionomer contact angles observed in
the literature, reaching from hydrophobic (0 = 120° for Ap4 = 0) to hydrophilic (0 = 30°
for Aps = 1) properties.

By applying a model-based analysis employing the proposed correlations, the bound-
ary conditions for the effective exhibition of hydrophobic properties were estimated in
publication Il Platinum nanoparticles should constitute a minimum of around 50% of the
surface fraction in secondary pores to render the ionomer film hydrophobic, i.e., O > 90°.
Additionally, ionomer coverage must also be high. Given an optimal alignment, i.e., a
maximized hydrophobicity of the ionomer thin film, still a minimum of 70% ionomer cover-
age on the secondary pore space surface area is required to uphold hydrophobic properties.
Given this crucial role of the Platinum-ionomer interaction and a high ionomer coverage,
an explanation for the occurrence of severe oxygen transport losses when reducing Plat-
inum loading of the catalyst layer can be derived: lowering the Platinum loading while
keeping the CCL thickness constant can cause an inversion of the wetting behavior of
the Pt/C/ionomer composite due to the reorientation of the ionomer. This hypothesis
is consistent with a previous work from the literature where the scenarios of achieving
a Platinum loading reduction were considered, corresponding to constant composition or
constant thickness. For the constant composition scenario, trimming the platinum load-
ing translates to a reduction in catalyst layer thickness. This consequently reduces the
vaporization capability and thereby shifts the tipping point for flooding to lower current
densities. This work completes the larger picture of the water balance tipping over when
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lowering the platinum loading: in any case, regardless of whether a low Platinum loading
is achieved by thickness reduction or by dilution, the water balance of the cell is disrupted
and the porous layers will flood. This hurdle is especially critical for current research ef-
forts that aim to further reduce Platinum loading. Publications [[] and [[I] both discuss
altering the carbons chemical nature so ionomer aligns hydrophobically as a suitable mit-
igation strategy to overcome limitations reducing the Platinum loading. Experimental
materials were identified in the literature that might have the potential to employ such
an approach, namely Nitrogen doping of the carbon support.

To relate wetting properties to actual performance of cathode catalyst layers, water
retention curves have been identified as the most suitable descriptor for this purpose in
the literature. In [publication II} a complementary model has been developed that resolves
the experimental limitations of measuring a large number of water retention curves. The
water retention curve is calculated from the statistical distribution of surface species with
distinct wetting properties (e.g., Platinum nanoparticles and ionomer) inside the catalyst
layers porous network. Employing the metrics established by the composition model from
[publication II} information on pore network geometry (specifically, the pore size distri-
bution) is utilized as model input parameter. The contact angle distribution and water
retention curve of the catalyst layer were simplified to closed-form analytic expressions,
fostering the direct implementation of the model in computationally expensive optimiza-
tion routines for holistic fuel cell design.

Evaluation of the model confirmed that the primary pores never fall dry under any
relevant operating conditions. However, the secondary pores instead might turn out
hydrophilic or hydrophobic depending on the catalyst layers ink parameters. To scrutinize
the impact of material choices on water management a systematic parameter study has

been conducted in [publication Il

The reference catalyst layer material for the parameter study (Pt:C=0.4 and low
surface area carbon) exhibits a maximum in hydrophobicity at an I:C ratio of around 0.5.
This trend can be explained by the ionomer film initially growing rapidly in coverage,
leading to increasingly hydrophobic wetting properties. With more ionomer added, the
ionomer film begins to grow in thickness, which weakens the hydrophobic alignment of
the backbone towards the secondary pore space. This maximum in hydrophobicity at an
intermediate [:C ratio has also been reported in experimental literature. If the I:C ratio
falls below 0.3, the ionomer coverage will not be sufficient to cover significant parts of
the pore walls, leaving the intrinsic hydrophilicity of the Pt/C surface exposed, and the
catalyst layer remains overall hydrophilic for any Pt:C ratio.

Variation of the dispersion parameter k4 from 1.5 to 6 resulted in a similar trend to the
[.C variation. Initially, hydrophobicity increases, followed by a collapse of hydrophobic
wetting behavior. The underlying picture is similar to that of I:C variation, with only
the morphology of the ionomer film being affected. For low values of k4 (ks < 2), a
thin ionomer film with poor coverage forms, and a larger amount of ionomer aggregates
inside the catalyst layer without contributing to film formation. At k4 ~ 3, the ionomer
dispersion reaches an optimum of high coverage and film thickness that is not too high
to impair wetting properties. Above k4 > 5, the ionomer strongly adheres to the Pt/C
structure during the ink stage, resulting in coverage of close to 100% and an increasing
film thickness.
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Based on this understanding, the two main parameters for tuning the ionomer prop-
erties, [:C and k4, were evaluated in combination. A higher value of k4 requires a lower
I:C ratio to achieve hydrophobic wetting behavior. Also, the I:C window becomes nar-
rower at higher k4. For a low-dispersed ionomer (k4 = 3), any I:C in the range of 0.5 to
1.5 will result in a mostly hydrophobic catalyst layer. At k4 = 8, the range where the
hydrophobic condition occurs is lowered to I:C = 0.2...0.7.

With regard to the previously identified tip-over of water balance, the Pt:C ratio was
studied in combination with an I:C variation. The window between lowest and highest
possible I:C that ensures hydrophobic properties shrinks dramatically when lowering the
Pt:C ratio. Whereas the [:C window at Pt:C > 1 reaches from 0.3 to 1.3, a diluted catalyst
(Pt:C < 0.1) cannot be turned effectively hydrophobic for any I:C.

In another study in [publication II] the model was employed to evaluate durability of
wetting properties with regard to goals in current fuel cell research. Carbon corrosion
can be addressed by assuming that the carbon support shrinks in mass. Increasing the
ionomer content per Pt/C surface by shifting the I:C ratio leads to larger ionomer coverage
and thickness, ultimately resulting in a decrease in hydrophobicity. Additionally, if the
Pt particles grow due to coangulation and redeposition, the wetting behavior shifts into
the hydrophilic regime. These trends over prolonged cell degradation are confirmed by
experimental studies in the literature, observing an increased hydrophilic wetting behavior
after accelerated stress tests.

In future works, the wettability model proposed in this work, especially the novel
approach of the degree of alignment can be refined further by including factors such as
Platinum /ionomer interface hydration and the potential dependence of this interaction on
electric potential. While these factors contribute to ionomer film wetting properties, their
exact mechanisms and extent of influence are speculative. Molecular dynamics simulations
in the literature suggest that sidechain alignment dominates molecular structure, while the
secondary formation of micelles and layered structures of ionomer molecules depends on
humidity conditions. Further experimental and theoretical studies are necessary to better
understand the complex interactions between ionomer film and substrate or catalyst in
order to improve models for structure-property relations.
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5.3 Impact of ionomer morphology on proton
conductivity

The structure-property relationship between ionomer morphology and proton conductivity
is subject to [publication IIlIl The literature provides numerous dataset that correlate pro-
ton conductivity with catalyst layer composition. However, available analytical relations
are adopted from general theories for random heterogeneous media and ignore essential
details of the catalyst layer microstructure, such as film-like structures of ionomer, or the
hierarchical porous network inside the agglomerates structure.

To disentangle the underlying dependencies between structural parameters and effec-
tive proton conductivity, this work proceeded in two steps. Firstly, synthetic volumetric
images of the catalyst layer microstructure were generated in a mesoscopic volume element
and proton conductivity via the electrolyte phase was calculated using numerical tools.
The algorithm for structure generation utilized the geometric information provided by the

composition model previously developed in[publication I1} Secondly, the model complexity
was reduced by coining insights from simulation results to mathematical expressions.

Two limiting cases have been identified in systematic parameter studies varying the
geometry of the ionomer thin film covering the catalyst particles. Either a thin film
with high coverage on the catalyst agglomerates is formed; or the ionomer aggregates as
voluminous chunks that connect across the inter-agglomerate space. Adapting relations
from percolation theory, both cases were modeled in closed-from expressions, providing
the model with a solid theoretical basis and trimming computational complexity to a
minimum.

Regarding the quantitative results of the parameter study of ionomer coverage a;,, and
film thickness t;,,, highest values for proton conductivity ¢ are obtained for morphologies
with large ionomer coverage ()a;,, > 0.8). In this scenario, g scales almost linearly with
the ionomer volume fraction z;,, in the catalyst layer. Extrapolation towards x;,, = 0
indicates a vanishing percolation threshold. For scenarios where a;,, < 0.5, a percolation
threshold is evident around z;,, ~ 0.15. Where the threshold is exceeded, the conductiv-
ity scales with a power-law behavior with a &~ 2. Further analysis of simulation results
revealed that any intermediate cases of moderate ionomer coverage can be interpolated
from superposition of the two limiting cases of high and low ionomer coverage.

Since increasing the coverage of ionomer has a greater effect on proton conductivity
compared to increasing film thickness, ink formulation or interaction of ionomer with
Pt/C catalyst should be tweaked towards well-defined films with high coverage of cata-
lyst agglomerates in order to boost proton conductivity. Linking these requirements to
composition model parameters, k4 > 3 and t; > 6.0 nm should be chosen.

The various datasets from the experimental literature collected in [publication 1] that
correlated ionomer content in the catalyst layer with proton conductivity were analyzed
using the proposed analytical correlations. The presented approach was found to be
a versatile tool for the interpretation of experimental trends. The comparison of the
results from the model with experimental literature data illustrates how distinct ionomer
morphologies can explain different trends in proton conductivity. The single datasets are
well captured by the model and were linked to different scenarios of ionomer morphology.
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Furthermore, the comparison of literature data with the model revealed a discrepancy
regarding the intrinsic conductivity of the ionomer film. In fact, it was estimated that
the thin film conductivity in polymer electrode catalyst layers is effectively increased by
a factor of ~ 3, whereas the model assumes equal proton conductivity for the ionomer
thin films and the bulk ionomer. This assumption might not be true since structural
reorganization within the thin films could alter the proton conductivity. Proton mobility
has been reported to be impaired or enhanced in PFSA thin films, depending on the
solid substrate used. On Platinum substrates, a well-defined water layer forms at the
Pt/ionomer interface, increasing the conductivity by an order of magnitude compared
to silica substrates. As a result, the thin film conductivity in catalyst layers may differ
significantly from the bulk ionomer conductivity. In addition, the roughness and curvature
of the agglomerate surface in real catalyst layer materials might be significantly lower than
those in the simulations due to water uptake or ionomer swelling, which effectively reduces
the tortuosity of the proton conducting pathways. However, both the effects of tortuosity
and the pronounced ionomer conductivity could not be reliably quantified in this work
and need further research.

5.4 Model-based analysis of Platinum utilization

Focusing on water as a vital component in PEM fuel cell catalyst layers, a model has been
developed to deconvolute the distribution of water inside the catalyst layer microstruc-
ture, i.e., adsorbed water films on Platinum and carbon surfaces, water absorbed by the
ionomer, and condensed liquid water in the volume of the porous network. In order to
obtain a comprehensive understanding of Platinum utilization by water present inside
the catalyst layer, experimental data from the literature that correlate water uptake and
Platinum utilization were analyzed. Details of the modeling approach are documented in

section 4.4

As starting point, a literature model was adapted so that parameters quantifying the
concentration of sorption sites inside the catalyst layer could be coupled to the composi-
tion model from [publication 1l For water uptake at Platinum nanoparticles and carbon
surfaces, and in the ionomer electrolyte phase, sorption isotherms from the literature were
used. The calculation of capillary condensation was modified to employ the Kelvin equa-
tion, taking contact angle and pore size distribution provided by the wettability model
proposed in [publication | as input parameters. In fact, this need for a structure-based
parametrization of wetting properties preceded the development of the wettability model
in publication 1

In the literature it been assumed that Platinum is rendered active, i.e., utilized for
electrochemical conversion, if wetted by liquid water. Another, complementary hypoth-
esis proposed utilization via cross-linking adsorbed water films around sorption sites at
Platinum nanoparticles or functional groups on the carbon supports surface. Peculiarly,
Platinum utilization follows fundamentally different trends for low or high Pt:C ratios. In
this work, it was suspected that the first or second hypothesis applies as a mechanism for
Platinum utilization depending on wetting behavior of the catalyst layer and concentra-
tion of sorption sites. To test this conjecture, the water uptake model was parameterized
using, where possible, parameters from the literature and was corroborated with exper-
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imental water uptake data from different sources from the literature for bare carbon
support, ionomer-free catalyst material with Pt:C = 0.1 and Pt:C = 0.5, Platinum-free
composite material with I:C = 1.0, and a complete catalyst layer composite material.

As a result from this model-based analysis, water uptake from the vapor phase could
be successfully deconvoluted and attributed to the distinct contributions from Platinum,
carbon, ionomer and capillary condensation. At low relative humidity (RH < 0.2) only
small amounts of water are adsorbed predominately at Platinum nanoparticles and by
ionomer. Water uptake at functional groups on the carbon supports surface contributes
a minor fraction of total water uptake gradually from moderate to high relative humidity
(RH = 0.2..1). At RH > 0.8, ionomer and primary capillary condensation bear the
major fraction of water uptake, followed by the onset of capillary condensation in the
secondary pores at RH > 0.95.

A first attempt to scrutinize the details of Platinum utilization applied an analyti-
cal expression derived from percolation theory, in which the liquid saturation in primary
pores of the catalyst layer was taken as a measure for occupation with proton-conductive
phase. The percolation-type approach could reproduce the general trend but displayed a
significant mismatch regarding the onset of Platinum utilization with increasing RH. The
used analytical approach was found not to be sensitive enough to account for essential de-
tails of Platinum particle geometry and distribution on the sub-agglomerate level — which
might vary drastically when the Platinum loading is altered. Therefore, the development
of a model with higher resolution was subject to student research projects that were su-
pervised during this work. The most promising approach employed a graph-based model
and was first tested by participants of the CAMMP week Pro 2021 seminar at RWTH
Aachen University [248] and was followed up by master student Vera Hauser in a seminar
project [249]. The students’ approach spatially resolved the details of proton pathways
inside the catalyst layer on the pore scale and demonstrated that apparently not all rele-
vant mechanisms for Platinum utilization are covered by the current understanding in the
literature. Nonetheless, some fundamental trends could be captured and rationalized by
the underlying structural features described by the graph-based microstructure model.

Since in operational fuel cells liquid water is abundant, a complete understanding of
Platinum utilization is considered only moderately critical for developing commercial fuel
cells and is left to future fundamental research.

5.5 Purposeful design of PEMFC catalyst layers

The models for catalyst layer wetting behavior and proton conductivity were evaluated
in publication [[I] and [[T]] with regard to potential improvements of fuel cell performance
to meet the PEM fuel cell development goals introduced in section [I.7] A special focus
was put on increasing power density and efficiency while reducing Platinum loading to
further reduce the nominal costs per power output. The derived guidelines for future
development of catalyst layer materials are summarized in the following — together with
implications for future materials research.

Regarding wetting behavior of the catalyst layer, the design principles devised here

aim to increase the hydrophobicity of the catalyst layer material to ensure a sufficient
resistance against flooding under increasing current densities:
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1. A high ionomer coverage on the catalyst agglomerate is pivotal to establish any
hydrophobicity at all. Thus, a,,, should always be significantly larger than 70%,
preferably even close to 100%.

2. Since the magnitude of ionomer alignment quickly decays over ionomer film thick-
ness, it must not be too thick, i.e., it should be adjusted to remain as close as
possible to the initial film thickness ;.

3. Tonomer coverage and film thickness emerge alongside with increasing with I:C ratio.
Therefore, the ink parameters ky, tg, and [:C must be well adjusted to match each
other. The optimal set of ink parameters will also depend on the total surface area ot
the Pt/C catalyst to be covered, i.e., is affected by the choice of low or high surface
area carbons as support materials. Generally, a higher value of k4 requires a lower
I.C ratio to achieve hydrophobic wetting behavior, and vice versa. Furthermore, the
I[.C window where the hydrophobic condition occurs becomes narrower at higher k4.
For the low surface area carbon reference material discussed in [publication [l} the
tolerated range is I:C = 0.3...1.3 at k4, = 4.5.

4. Catalyst layers with a strongly diluted Platinum concentration, i.e., Pt:C < 0.1 re-
quire special attention: using state-of-the-art carbon support materials, a hydropho-
bic wetting behavior can be hardly achieved. Generally, the lower the Pt:C ratio,
the less room remains to maneuver with regard to the I:C ratio. This is of particular
importance when reducing Platinum loading for cost efficient catalyst layers. This
work devised the approach to direct innovation towards chemically modified car-
bons to counteract the tipping water balance encountered when reducing Platinum
loading.

5. Where aging cannot be mitigated, fuel cell developers should include an adequate
safety margin in hydrophobicity since degradation of the cell by carbon corrosion or
coarsening and dissolution of the Pt nanoparticles can cause the wetting behavior
to invert from hydrophobic to hydrophilic properties.

The following design guidelines apply with regard to the objective to enhance proton
conductivity for high-power-density PEM fuel cells:

6. A high ionomer coverage close to 100% is the primary lever to maximize proton
conductivity. Aggregated ionomer morphologies should be avoided. A well-defined
film is the primary objective of an optimized ink formulation. Therefore, for common
I.C ratios, k4 > 3 should be chosen.

7. Secondly, proton conductivity scales linearly with ionomer film thickness and there-
fore should be increased as far possible. In order to not fall behind the proton
conductivity of state-of-the-art catalyst layers, ¢;,, > 6.0 nm should be chosen.

Ideally, these guidelines are all realized in a purposefully designed catalyst layer material.
Regarding the ionomer coverage and the requirement of a well dispersed films, the objec-
tives for high hydrophobicity and high proton conductivity do not conflict. To provide
enough ionomer to establish sufficient ionomer coverage, will result in a minimal ionomer
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content for most materials in the range of I:C=0.3...0.5, depending on the exact catalyst
material, type of ionomer used, and fabrication parameters. Moderate to high values of
the ionomer dispersion parameter (k4 > 4) can be realized in this window. Adjusting the
film thickness will need a compromise between the requirement of a low film thickness from
wetting properties requirements, and a high film thickness for proton conductivity. Given
the ranges for I:C and k4, the middle ground will be most likely around t;,, ~ 10nm.
This implies values < 10nm for to. Here, any value between 5nm and 10nm will fulfill
the above requirements.

At this point, it shall be noted that the above set of parameters is not to be applied
universally. In practice, catalyst layer properties must be properly integrated into the
transport properties of neighboring layers and the cells operation conditions. Here, the
proposed modeling framework of this work provides the toolset to conduct a directed,
purposeful choice of materials and ink parameters to obtain a catalyst layer with desired
properties.

The approach to tune the ionomer morphology was found to be in line with exper-
imental works in the literature, where the choice and composition of the ink solvent is
proven to affect ionomer dispersion and film formation. Additionally, numerous litera-
ture works implied that also processing time, agitation and dispersion techniques (e.g.,
ultra-sonication), stirring, milling, subsequent thermal treatment, etc. all affect the final
ionomer morphology obtained. Further tailoring of catalyst layer materials can involve
modifying the chemical nature or morphology of the carbon support material. Here, the
role of carbon modification is two-fold: an altered interaction with ionomer molecules can
possibly enhance dispersion, and strengthen hydrophobic alignment. Among the experi-
mental works reviewed in this work, Nitrogen doping was found to be the most promising
approach.

The above stated design principles and practical approaches collected in this work
demonstrate how fuel cell developers can customize the catalyst layer structure by inten-
tionally adjusting its microstructural features during fabrication. Being more cost- and
time-efficient than empirical screening of materials, the model supports an optimal design
of experiment and thereby fosters rapid fulfillment of development goals for commercial
fuel cell devices. Furthermore, quantitative modeling can serve to interpret experimental
data since it provides a fundamental understanding of observed trends and might suggests
directions for future materials improvements. Ultimately, the proposed model contributes
to holistic optimization of catalyst layer properties under an integrated perspective within
the complete fuel cell device. The provided unified framework to correlate ink parameters
with catalyst layer structure, and, subsequently, structure with properties and perfor-
mance, lays the foundation for future modeling works. Structure-property relationships
subject to follow-up research will be discussed in the final section of this chapter.
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5.6 Future research to enable holistic PEM fuel cell
design

The presented models provided numereos novel insights as discussed in the previous sec-
tion — and also sparked new questions arising in the realm of structure-based modeling of
PEMFC catalayst layers.

The proposed model for incremental self-assembly and ionomer aggregation lumps all
details on the solvent properties, ionomer-carbon interactions, etc., in the key parame-
ters k4 and ty. In order to gain deeper understanding on how to adjust ink parameters,
such as the choice of solvent, these parameters could be derived from molecular proper-
ties. Effective quantities, e.g., the solvent’s dielectric constant [97], that modulate the
relevant interactions could link molecular solvent structure and resulting effects for the
agglomeration process.

In fact, the experimental database on tested ink parameters and solvents used is
already highly extensive — and keeps growing [I13]. Systematically collecting different
solvent compositions (together with other fabrication parameters) and link them to k4
and t; empirically might also contribute to support the choice of solvent for fuel cell
developers.

The increased proton conductivity of ionomer thin films hypotized in this work should
be further corroborated by both experimental and theoretical works. The experimental
literature already provides indications for various substrates but not for catalyst materials
as used in real devices. Methodologically, proton mobility in ionomer thin films could be
evaluated theoretically by MD studies. In agreement to this work, a past study already
indicated increased proton mobility [250] in supported Nafion® films. However, the root
cause for this phenomenon requires further investigation.

The mechanism for Platinum utilization is well understood for the flooded condition
of the pore space and high Platinum loading. However, this work carved out a gap in the
theory for Pt utilization in low-Pt-loaded catalyst layers. As conjectured in this work,
the highly RH-sensitive Pt utilization might be explained by an ultra-thin water film
and/or changes in the structural details on the sub-agglomerate scale but requires further
fundamental theoretical and experimental investigation.

Holistic fuel cell design must not solely address wetting properties, proton conductivity,
and Platinum utilization. A fully integrated fuel cell design requires modeling of other
essential phenomena and catalyst layer properties that were not in the scope of this work.
The following phenomena should also be included to cover all relevant processes and
potential sources of voltage losses in high-performance fuel cell devices.

At present, all kind of mass transfer phenomena, including gas diffusion and liquid per-
meation, and phase transitions of water, can be modeled with satisfying results in MHMs
for isothermal conditions [I65]. On the mesoscale, comprehensive studies of fluid flow
by DNS, LBM and PNMs investigated transport properties of the catalyst layer porous
structure [190, 204, 251H253]. Thus, accurate models for mesoscale and macroscale exist.
Hence, future efforts should focus on extending and close the cause-effect relation to ink
parameters and intensify bridging between the modeling scales. With regard to multiscale
modeling, different approaches in the literature discussed the concept of effectiveness fac-

139



5 SUMMARY AND DISCUSSION OF RESULTS

tors [110], 164}, 213], i.e., descriptors accounting for the ratio of ideal to effectively realized
reaction rate of the catalyst layer. Future works could merge the insights on the vary-
ing heterogeneous reactions conditions from pore scale models [69, 254] with statistical
descriptors to calculate averaged reaction rates, similar to how this work treated the het-
erogeneities in wetting properties.

Recent insights from the experimental literature indicate that water transport is sig-
nificantly controlled by temperature differences across the cell [255], with even minor
thermal gradients trigger intense coupled heat-mass-transfer. Therefore, wetting behav-
ior and thermal management could face intensified joint discussion in future modeling
works and the role of CL wetting properties might be revised as novel measurement tech-
niques to determine the water balance in operando emerge [256].

Once all parameters required for extensive macroscale simulation of the fuel cell de-
vice are integrated via structure-based models, the complete modeling chain from ink
parameters to device performance can be demonstrated. If successful, this could proof
and eventually realize the concept of model-driven holistic cell design. The ultimate proof
might deliver an joint experimental and modeling work, in which a material is designed by
the model, and experimentally synthesized and characterized. In the past, optimization
routines for single aspects, e.g., for graded catalyst layers [257] or optimized flow-field ge-
ometry [258], have successfully facilitated such model-driven CCL design. The next stage
of optimization might include multiple components, and each with multiple properties, at
once, with each property tailored to match the overall-optimal cell design.

On the bigger picture, modeling approaches keep evolving as novel and fundamentally
disruptive methods arise. Recently, powerful stochastical algorithms from the field of
machine learning and data-driven models gained prominent attention across all scientific
disciplines. The ability to analyze large amounts of complex data, identify patterns and
relationships, and learn from past experiences to make more accurate predictions and
generate insights, renders them intriguing approaches for PEMFC modeling, too. Recent
trends discuss a combination of physical theory and learning algorithms to merge the
distinct advantages of both [259]. So called hybrid models might be the next stage of
highly integrated model approaches. From the experimental side, automated labs and
self-learning machines might join this trend in the future [260].
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At present, proton exchange membrane fuel cells provide are a mature technology for com-
pact, robust and durable energy converters with high specific power output. However, the
ongoing transition to a decarbonized energy system requires them to make the leap into
broad commercialization. Thus, ambitious developments in terms of durability, costs and
power efficiency must be met by fuel cell developers. This work strove to guide and accel-
erate these efforts by providing a structure-based model to enable purposefully tailored
materials and holistic cell design, which fosters further improvement and optimization of
fuel cell devices. In the scope of this work, physical relations between fabrication proce-
dures, catalyst layer composition, microstructure, effective properties, and performance
were established and captured by analytical models, which allowed a thorough traceability
of propagation of cause-effect relations from micro- to macroscale.

As a particular challenge, the Platinum loading of the cathode catalyst layer must be
brought down significantly since Platinum, and thereby the catalyst layers, remain the
major cost driver of proton exchange membrane fuel cells. Since no suitable replacement
for Platinum as catalyst material is currently in reach, the necessary reduction is without
alternative but faces a severe hurdle: low-Pt-loaded notoriously suffer from unexpected,
over-proportional performance losses. In the literature, a distorted water balance has
been conjectured to be responsible. However, the root cause of this phenomenon is only
partially understood. Therefore, this work directed particular attention to possible ex-
planations provided by the developed models.

Providing the starting point to evaluate the full scope of ink-to-structure-to-property
relations, a composition model was developed that describes the formation of the ionomer
structure as an incremental assembly of the composite during ink stage. The self-assembly
processes of ionomer and Pt/C particles mobilized in the ink solvent were captured by or-
dinary differential equations. From the model solution, key parameters of the ink process,
which are the ionomer dispersion parameter and the initial film thickness, were identified.
As a primary outcome, the model calculates the ionomer film geometry, the volumetric
composition and pore size distribution of the catalyst layer microstructure. The results
were found to be in close agreement with experimental data and revealed three stages of
structure formation: initially, the ionomer grows predominately in coverage, establishing
a typical thin film on the Pt/C agglomerates’ surfaces; successively, more ionomer adds
to the film, increasing its thickness; ultimately, when thickness and coverage growth reach
their limits, excess ionomer not incorporated in the ionomer film forms dense aggregates
and expands the total catalyst layer volume. From these insights, this work devised pur-
poseful measures to alter the balance between polar and dispersion interactions among
ionomer molecules and between the ionomer and the Pt/C surface. Here, varying the ink
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solvent composition and modifications of the surface chemistry of carbon support were
identified to be viable approaches in the experimental literature.

As the next step along the cause-effect chain from microstructure to macroscopic prop-
erties, the heterogeneous and complex wetting behavior of the catalyst layer was modeled.
This work proceeded by a combination of two sub-models. For the molecular scale, a novel
analytical approach was developed to link the molecular alignment inside ionomer thin
films with the films’ wetting properties. Here, a novel descriptor, the ionomer’s degree of
alignment, was derived from an extensive literature review of theoretical and experimental
works. Its value correlates the orientation of ionomer molecules with the resulting contact
angle of the ionomer film exhibited to the secondary pore network. Subsequently, a sta-
tistical modeling approach captured the distribution of surface types encountered in the
CCL material and their respective wetting properties over the mesoscale pore network,
and eventually integrated them to water retention curves. The contact angle distribution
and water retention curve of the catalyst layer could be simplified to closed-form analytic
expressions, which enable the direct implementation of the model in computationally
expensive optimization routines for holistic fuel cell design.

A first study conducted with the wettability model derived an explanation for the oc-
currence of severe oxygen transport losses when reducing Platinum loading of the catalyst
layer. Lowering the Platinum loading while keeping the catalyst layer thickness constant
can cause an inversion of the wetting behavior of the catalyst layer caused by a reorienta-
tion effect within the ionomer thin films. On highly Pt-loaded carbon surfaces, Platinum
strongly interacts with the ionomer sidechains, imposing an alignment that leaves the
hydrophobic backbone exposed to the outer surface of the ionomer film. Conversely, a
hydrophobic carbon surface carrying only little Platinum causes the ionomer sidechains
to orient away from the ionomer-carbon interface, rendering the ionomer film hydrophilic.
This mechanism completes the bigger picture on performance losses in low-Pt-loaded cells:
regardless of whether a low Platinum loading is achieved by thickness reduction or by di-
lution, the water balance of the cell will be severely distorted, resulting in the observed
flooding phenomena.

A systematic parameter study was conducted to evaluate the impact of material choices
on water management and evaluate the boundary conditions for the effective exhibition
of hydrophobic properties for the catalyst layer. Two key parameters, which are defined
by the ink stage, namely the ionomer dispersion parameter and ionomer-to-carbon ratio,
must be adjusted in combination in a way that the dispersion tendency matches the
amount of ionomer to ensure well-defined film formation. To overcome the limitations of
reducing the Platinum loading, this work proposed altering the carbon’s chemical nature
to stabilize the hydrophobic alignment condition. Experimental materials were identified
in the literature that might have the potential to employ such an approach, namely
Nitrogen doping of the carbon support.

Finally, the wettability model was employed to evaluate the durability of wetting prop-
erties. For both carbon corrosion and coarsening of Platinum nanoparticles, the model
predicts a decay of hydrophobicity over prolonged cell degradation, which was found to
be confirmed by experimental studies in the literature.
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Including catalyst activation by water to the scope of this work, the calculated wet-
ting properties were used to set up a water uptake model to deconvolute the distribution
of water inside the catalyst layer microstructure. Here, models in the literature were
found to only cover capillary condensation. This work extended this approach by in-
cluding adsorbed water films on Platinum and carbon surfaces, and water absorbed by
the ionomer. FExperimental data from the literature that correlated water uptake and
Platinum utilization were analyzed in order to decipher the individual contributions to
Platinum utilization by water. As a peculiarity, Platinum utilization follows fundamen-
tally different trends for low or high Platinum concentration. The common understanding
in the literature considers a Platinum particle active, thus utilized, if wetted by liquid
water. Another, complementary hypothesis proposed that connection to the proton con-
ducting network could also be facilitated by adsorbed water films around sorption sites at
Platinum nanoparticles or functional groups on the carbon support’s surface. This work
conjectured that the first or second scenarios applies depending on wetting behavior of
the catalyst layer and concentration of sorption sites, which is primarily determined by
the Platinum-to-carbon ratio.

Using the developed model, water uptake from the vapor phase could be successfully
deconvoluted and attributed to the distinct contributions from Platinum, carbon, ionomer
and capillary condensation. As an attempt to scrutinize the details of Platinum utilization,
an analytical approach employing percolation theory was tested but could not be brought
to full agreement with experimental data for Platinum utilization in low-Pt-loaded cells.
Apparently, not all relevant mechanisms were covered by the model. Nonetheless, the
fundamental trends for platinum utilization could be captured and rationalized by the
underlying structural features.

Building on the composition model, this work further resolved details of ionomer mor-
phology to study their impact on proton transport. Variations in the spatial distribution
and geometry of ionomer thin film have been reported in the recent literature and were
suspected to be root cause for diverging properties of different catalyst layer with iden-
tical ionomer content. Therefore, this work conducted a direct numerical simulation of
proton transport, which employed virtual structure generation to obtain synthetic binary
images of the electrolyte phase distribution in the agglomerated catalyst layer structure
microstructure. In a systematic study, proton conductivity was calculated over a wide
range of structure parameters in terms of ionomer coverage and film thickness.

The simulation results converged into two limiting structural scenarios: ionomer can
either form a thin, well-defined and closed film on the catalyst agglomerate surface; or the
ionomer forms aggregates with substantial thickness that only partially cover the Pt/C
surfaces and connect across the inter-agglomerate space. These two limiting cases were
modeled analytically by adapting expressions from percolation theory. The proposed
analytical model accurately describes the limiting cases and also reliably interpolates
intermediate morphological scenarios.

Literature data from multiple sources were analyzed using the developed model. Dis-
tinct trends of ionomer content and proton conductivity were linked to variations of
ionomer morphology. Coupling the proton transport model with the composition model,
ionomer morphology and proton transport were jointly studied over a range of ink pa-
rameters, including the ionomer-to-carbon ratio, initial ionomer film thickness, and the
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ionomer dispersion parameter. From this analysis, measures to optimize proton conductiv-
ity were derived and found in agreement with current efforts in the experimental literature.

The cumulated insights from the different models and studies conducted in this work
were collected and consolidated in design principles that ensure both a high resistance
to flooding and high proton connectivity. This covers microstructural features that are
essential to obtain the desired properties, together with concrete ink parameter ranges
recommended to ensure during fabrication. However, it was also pointed out by this work
that the mere combination of conventional base materials encounters certain limitation
in upholding a favorable, i.e., predominately hydrophobic, wetting behavior and devised
disruptive strategies, which can be implemented in the form of novel carbon support ma-
terials.

In conclusion, this work demonstrated how profound quantitative modeling and un-
derstanding of the complex relation between the catalyst layer’s microstructure and its
effective properties can support the interpretation of experimental data and guide the de-
sign of experiments. Thereby, it will foster directed modifications and adjustments of the
microstructure, eventually enabling the creation of materials with purposefully tailored
properties. Further, it defined future directions for both theoretical and experimental
research in the realm of molecular-, pore- and agglomerate scale phenomena.

Overall, the structure-based models developed in this work contributed to bridging
the gaps between fabrication parameters, details of the microstructure, and macroscopic
performance-decisive properties of catalyst layers in proton exchange membrane fuel cell
— and thereby provided valuable support for the ongoing development efforts for econom-
ically viable, efficient and durable fuel cells.
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8 Appendix

In the following, all tables and figures are listed that are not part of one of the published

articles constituting this thesis.
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| temperature cells. Data collected from Refs. [54557]. |. . . . . . . ... .. 17

4.3 Constants and sorption parameters adapted from Ref. [94]. Where values |
[ were adjusted and deviate from the original values provided by Mashio et |
| al., the original value is written in ( ). |
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[4.4 Catalyst layer properties and available datasets on water uptake and Pt |
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P 120
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8.2 List of figures

[I.1 ~ Cross-sectoral network of hydrogen production, storage and usage in a
future hydrogen economy, as projected by the German government [22].
The national hydrogen strategy foresees a common hydrogen infrastruc-
ture mainly relying on imported hydrogen or hydrogen carriers — but also
features locally produced hydrogen from wind and solar power.|. . . . . . . 4
[[.2 (a) The first documented set-up of an hydrogen fuel cell, published by
William Grove in 1842. The experiment includes a series ot electrically
connected gas cylinders filled alternately with oxygen or hydrogen. Each
cylinder features a Platinum wire, and both gas and the wire were in direct
contact with an sulfuric acid bath. The generated over-voltage of four such
double-cells was sufficient to run a water electrolyzer connected to the set-
up, demonstrating the electrochemical reversibility of water formation and
splitting reactions. Illustration reproduced from Ref. [28], with permission
from Elsevier
| (b) Blue prints of the fuel cell designed by Mond and Langer intended |
[ for power generation. The stacked, planar design of electrodes, separator |
and gas supply 1s clearly visible and still in place in state-of-are fuel cells. |
Reproduced from Ref. [29], with permission from The Royal Society] . .. 6
(1.3 (a) Single fuel cell unit as used in the NASA Apollo missions’ service |
[ modules. Image reproduced under creative commons licence CC BY-5A 3.0 |
from Ref. [39].
(b) The first vehicle equipped with a fuel cell was the D12 tractor build
by Harry Ihrig at Allis Chalmer company. Image provided by the National
| Museum of American History [40[). . . . . . ... ... ... ... ... .. 9
(1.4 Basic layout of a state-of-the-art PEM tuel cell. Essential processes include
(1) electrochemical conversion reactions at the catalyst layers, (2) proton
migration across the membrane, (3) electron conduction between reaction
sites and the outside of the cell, (4) gas supply of fuel and oxygen, and (5)
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[2.1 Structure of a PEM fuel cell cathode catalyst layer: (a) experimental SEM-
EDX image provided in Ref. m (with permission from Elsevier), resolving
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Platinum nanoparticles (also visible as spots of high contrast), and Florine
(part of the ionomer); and (b) illustration of the according micro-structural
picture featuring agglomerated Pt/C catalyst particles, ionomer film, and
[ condensed water in the porous network.|. . . . . . . .. ... ... L. 26
[2.2  Multiscale structure in a catalyst layer and according modeling techniques:
on atomistic scale Platinum nanoparticles facilitate the oxygen reduction
reaction; at the next level, water filled pores provided by the carbon sup-
port are decorated with catalyst nanoparticles; at agglomerate scale, Pt/C
catalyst particles aggregate and are covered by an ionomer film:; on macro-
scopic cell level materials are considered homogeneous; ultimately, the cell
must be integrated into a device and complete fuel cell system. | . . . . . . 36
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B

Iterative design cycle of novel materials for PEMFC catalyst layers: CL

materials are synthesized, characterized, and tested in an experimental

approach. Feedback from these tests is used to adjust the material recipe in

each iteration. Models for the CL. microstructure and the cell performance

on the device level can be integrated in order to guide and accelerate the

PIOCESS.| . . v o o e e

B2

Scope of this work and aspects of microstructure modeled: (a) structure

formation during ink stage, (b) proton transport and how it is affected by

ionomer morphology, (c) the molecular origin of mixed wetting behavior,

and (d) catalyst utilization by liquid and adsorbed water inside the catalyst

layer microstructure.| . . . . . . . ...

Il

(a) Platinum utilization follows different trends for low or high Pt loading

as found experimentally by Padgett et al. ?S, Shinozaki et al. [247]

and Soboleva [107]. Models from the literature [119, 132] only account for

capillary condensation to describe Pt utilization and cannot capture the

experimentally observed behavior in all cases.

(b) The catalyst layer features a complex agglomerated structure with

multiple species adsorbing water from a partially saturated atmosphere.

(c) Water adsorbed in thin films on Pt nanoparticles is conjectured to

| ] ST TTo 1] o T |

different Pt loading.|. . . . . . . . . .. ...

113

i2

Platinum utilization can be modeled in three steps: (a) first, descriptors

of the CL microstructure are calculated from ink parameters; (b) second,

water uptake by sorption and capillary condensation tor each materials

species is calculated; (c) and are finally mapped onto the CL structure to

describe effective connecting pathways for proton transport] . . . . . . ..

i3

(a) Sorption isotherms as number of water molecules per sorption site for

Platinum, carbon support and ionomer. (b) Water uptake in terms of

liquid saturation of primary pores due to capillary condensation for bare

carbon support, halt of the pore walls covered with Pt nanoparticles, and

fully Pt-covered pore walls. Conditions of 80°C and 1 bar apply. (c) Water

uptake of ionomer thin films can be diminished by the strong interaction of

ionomer sidechains and Pt nanoparticles. (d) When primary pores flood

due to capillary condensation, the water from adsorbed films is replaced by

bulk liquid water, 1.e., must not be accounted for twice in the summation

of water uptake. | . . . . . ...

!

Water uptake data (model and experiment) as a function of relative hu-

midity for:

(a) ionomer-free Ketjen Black carbon support with and without Pt-loading

(Pt:C=0.46), (b) CL material with :C={0.7,0.9, 1.3} measured at 80°C,

and (c) CL material with [:C=1{0.1,0.8, 1.5} measured at 25°C. Experimen-

tal data provided from Mashio et al. (Ref. [94]) and Soboleva (Ref. [107])]
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5

Contributions to water uptake by Platinum, ionomer, carbon support and

capillary condensation calculated by the model for a reference material

(Ketjen Black high surface carbon, Pt:C=0.5, and I:C=1.0) in terms of

liquid saturation level of (a) the complete catalyst layer, (b) in primary

pores and (c) secondary pores.| . . . .. ... ... 124
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(a) Comparison of Pt utilization data provided by Padgett et al. in Ref. [78]

and the according model results obtained using a percolation-based ap-

proach. The water uptake calculated by the model in terms of liquid satu-

ration level in primary pores reveals the distinct contribution ot water sorp-

tion by Pt nanoparticles for the two material samples with (b) Pt:C=0.1)
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