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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) are a promising clean-energy
technology; however, poor performance and durability in low-cost cells limit widespread
adoption. Current literature is in agreement that some combination of kinetic and/or
species transport losses associated with Nafion thin films in PEMFC cathode catalyst
layers cause excessive losses. Even so, a path toward identifying and mitigating a specific
limiting process has remained unclear. Therefore, this work uses a combination of modeling
and experiments to further define and understand species transport mechanisms in
thin-film Nafion.

Models in this work incorporate experimentally informed, first of their kind,
structure-property relationships. These relationships predict how ionic conductivity and
oxygen diffusion are impacted by previously observed nano-structures in humidified
thin-film Nafion. Results from the models show good agreement with data from
low-Pt-loaded PEMFCs, and provide crucial insight to further understand limiting
phenomena. Furthermore, the models are used to predict improved PEMFC designs that
mitigate high transport losses. Additionally, experiments in this work characterize water
uptake and structures in carbon-supported Nafion thin films, promoting conclusions drawn
from the models.

This research has led to at least four significant research contributions. The first of
which is the derivation of experimentally informed thin-film Nafion structure-property
relationships. Incorporating these relationships into physics-based models provides
excellent agreement to experiments with low-Pt-loaded PEMFCs, without the need for
imperfect assumptions about species transport and effective domain geometries. The
second contribution involves exercising models to supply convincing evidence that, in

addition to flooding, proton transport in PEMFC cathode catalyst layers limits cell
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performance. The third novel contribution is predicting future low-cost PEMFC designs
that improve power densities by as much as 25%. Catalyst layers with Pt and ionomer
loadings concentrated near the membrane interface showed the most promise. The final
novel contribution is identifying thin-film Nafion structures — and their impact on
transport — near carbon interfaces. Carbon-supported Nafion thin films show less
interfacial structuring than Nafion at silicon interfaces. Despite this, results suggest water
uptake, and presumably species mobility, in Nafion majority layers is independent of the

support material.
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CHAPTER 1
INTRODUCTION

Research in this thesis focuses on proton exchange membrane fuel cells (PEMFCs) and
Na on thin Ims, both of which have been extensively studied in literature. Therefore, to
understand where this work ts in with the rest of the eld, it is important to review other
common questions and methods. Throughout this chapter, necessary motivation,
background, and summaries are provided to help set up the novel work discussed herein.
Since PEMFCs have been studied since the early 1960s, the literature review is not
exhaustive. Rather, it presents a more concise overview of information speci cally relevant

to the research contributions in this thesis.
1.1 Motivation

The transportation sector contributed the highest amount of U.S. greenhouse gas
emissions in 2018, accounting for 28% of the total [1]. To reduce these emissions, commonly
used internal combustion engines and fossil fuels must be replaced. Fuel cell electric
vehicles (FCEVs) and battery electric vehicles (BEVSs) are two leading candidates to make
this replacement. Although FCEVs are advantageous in categories including range, weight,
and refueling times, they lag behind BEVs in commercial popularity [2]. Challenges that
limit FCEV commercialization include an immature refueling infrastructure as well as
maintaining durability and performance metrics in low-cost fuel cells [3{7].

Several types of fuel cells are currently researched and developed. These are primarily
categorized by their electrolyte material, which plays a major role in determining the cell's
fuel type, required catalyst, operating temperature, and overall applications. When
considering automotive applications, a quick start up time and the ability to closely follow
a changing electric load become important factors. Proton exchange membrane fuel cells

(PEMFCs) use a polymer electrolyte to transport ions through the cell at relatively low



temperatures € 80 C) compared to other common types of fuel cells (e.g., solid oxide fuel
cells, which operate in the range of 500 to 100D). With their low operating temperatures,
PEMFCs provide both a quick start up time and load following response, making them
promising for transportation applications [8]. Understanding and addressing outstanding
challenges related to PEMFCs is therefore necessary to improve widespread adoption of
FCEVs.

PEMFC cost, durability, and performance are closely linked to the physiochemical
processes occurring near the electrode-electrolyte interface. Figure 1.1 shows half of a
PEMFC to illustrate the materials, structure, and physical processes within a typical cell.
The three separate layers sketched in the gure are the gas di usion layer (GDL), the
catalyst layer (CL), and the proton exchange membrane (PEM). The GDL is a porous
structure made up of a carbon ber cloth. It allows simultaneous transport of electrons
and gas-phase reactants and products between the CL and the cell exterior. The PEM
serves as the electrolyte, separating the two halves of the cell and providing proton
transport between them. In PEMFCs, Na on is commonly used as the PEM due to its
high conductivity and chemical stability in acidic environments. As sketched, only the
oxygen reduction reaction (ORR) is shown. This reaction takes place in the oxygen
electrode, called the cathode. On the other side of the PEM, protons and electrons are
produced by hydrogen oxidation reactions (HOR) in the anode (not shown).

The CL is arguably the most complex region in a PEMFC. Within the CL, necessary
charge transfer reactions take place. These reactions require regions where carbon, Na on,
and Pt are in close physical proximity. The enlarged view of the CL shown in Figure 1.1
illustrates the speci ¢ purpose of each material. The Pt acts as a catalyst where protons,
electrons, and absorbed oxygen come together to produce water. In order to reach the Pt
catalyst, species transport takes place through the remaining materials. Electrons are
shuttled through percolated carbon particles bound together by thin sheets of Na on

ionomer. In addition to binding together the Pt-covered carbon particles, protons are



carried into the CL through the thin- Im Na on. Air supplied to the cathode provides the
oxygen. After di using through the GDL, the oxygen dissolves into water absorbed in the
Na on ionomer. Once dissolved, the oxygen moves through interconnected hydrated
regions of the Na on Im to reach the Pt surface. Excess water produced by the ORR
moves away from the Pt surface, through the Na on Im, where it can ow back to the

GDL and exit the cell.

Figure 1.1 lllustration of a PEMFC cathode. Species transport occurs in all domains: the
gas di usion layer (GDL), catalyst layer (CL), and proton exchange membrane (PEM).
However, literature presents convincing evidence that resistances in the thin- Im Na on
ionomer is the source of overall performance limitations in low-Pt-loaded cells. Note that
this gure was inspired by Weberet al. [9].

Some of the major limitations for PEMFC commercialization relate to an inability to
reduce cost while maintaining high e ciency. The high manufacturing cost is largely
associated with the cost of the Pt catalyst, most of which is used in the cathode. At
present, state-of-the-art FCEVs use about 30g Pt per vehicle [10], accounting for roughly
half of the power-normalized PEMFC stack cost [11]. The precious metal catalyst is

required to promote the sluggish ORR in the cathode. Attempts to lower PEMFC costs by



reducing [12{14] or eliminating [15, 16] Pt show reduced performanbeyondwhat is
expected due to the loss of catalyst surface area. Recent work suggests that the additional
losses are associated with an increased transport resistance in the nano-thin Ims of CL
Na on [17{21]; however, the speci c cause of this resistance remains unknown [19, 21, 22].
The total resistance is convoluted by the combination of interfacial and internal resistances
for each species (i.e., protons, oxygen, water), as shown in Figure 1.1. Improving cell
performance is limited by the poor fundamental understanding of how to separate these
resistances and identify a speci c limiting process. As described below, transport in

thin- Im Na on is directly related to phase domains within the polymer, and their
morphology and structure. These structure-property relationships have been incredibly

di cult to identify and quantify in the heterogeneous CL, impeding e orts to optimize the
design of this layer.

The primary goal of the present thesis is to couple thin- Im Na on structures to species
transport in PEMFC cathode catalyst layers (CCLs). Enhancing our understanding of
species transport in thin- Im Na on requires multiple techniques. Therefore, in this thesis,
both experimental and modeling approaches are employed. One main objective of the
modeling work is to serve as a design tool, proposing solutions to current cell limitations.
To accomplish this, the model must accurately represent the physics of the system it
simulates. Detailed physics-based models o er opportunities to investigate complex
physiochemical phenomena by resolving localized state variablesyondthe capabilities of
current experiments. The modeling work herein stands out from other models in literature
due to the implementation of structure-property relationships for the CCL Na on.
Therefore, a key objective of the experiments is to characterize thin- Im Na on structures
at carbon interfaces. Carbon-Na on interfaces are dominant over Pt-Na on interfaces in
low-cost cells. Consequently, investigating Na on structures near carbon holds particular
valuable. If PEMFCs are ever expected to be widely adopted, performance and durability

concerns must be addressed for low-Pt-loaded cells.



1.2 Background

The questions investigated in this work cover only a small portion of PEMFC research.
Although a full review of previous literature is outside the scope of this thesis, it is
important to acknowledge meaningful contributions that took place over the last few
decades. Understanding the broader eld emphasizes exactly where this work ts in.
Additionally, without reviewing the connections between this work and the literature it
builds upon, it is more challenging to comprehend the novel contributions in the following

chapters.
1.2.1 PEMFC Field of Research

Using hydrogen as a fuel, PEMFCs directly convert chemical energy into electrical
energy. Figure 1.2 illustrates how this process takes place for a single cell. In the anode,
supplied hydrogen fuel reacts with Pt catalysts, producing protons and electrons. The
protons are transported through the PEM from the anode to the cathode. Meanwhile,
electrons pass through percolated carbon particles, traveling through an external circuit to
provide electric work. Upon reaching the cathode, protons and electrons react with oxygen
from feed air to produce water and heat.

A large amount of PEMFC research is motivated by reducing FCEV costs. One method
to accomplish this is to lower the Pt loading in the CCL; however, loadings below
0.3 mg cm 2 show unacceptable levels of performance. Researchers are looking into
multiple mechanisms that are known to cause performance losses in PEMFCs with low Pt
loading. Leading areas of research involve water management, Pt coarsening/poisoning,
and optimizing operating conditions. Although water is a byproduct of the net ORR, it
cannot all be removed. The PEM and CL Na on each require water to provide hydration.
Without appropriate hydration, the PEM and CL Na on dry out, reducing their ionic
conductivities and causing high Ohmic losses. Too much water on the other hand causes

ooding, which blocks reactants from reaching the Pt surface and lowers the limiting



current. In operating low-Pt-loaded PEMFCs, ooding is a greater concern than drying.

To mitigate ooding, groups have looked into hydrophobic treatments of the GDL with
PTFE [23, 24], the addition of a micro-porous layer between the CL and GDL [25, 26], and
optimized ow eld designs [27, 28]. To reduce Pt coarsening, where e ective catalyst
surface area is lost due to smaller Pt particles coalescing into larger ones, porous carbon
supports are being considered [29, 30]. These supports \bury" the Pt catalyst to diminish

their movement and migration.

Figure 1.2 lllustration for the inner workings of an operating single-cell PEMFC. Although
the cathode catalyst layer is the focus of this work, the anode is shown here for
completeness.

Another method to increase PEMFC performance involves identifying and improving
limiting phenomena. Each process that takes place in a PEMFC subjects the cell to
performance losses. Reversible chemical and electrochemical reactions cause kinetic losses,
transport of protons and electrons cause Ohmic losses, and convective/di usive transport
of molecular species cause concentration losses. Thenbination of these losses can be
guanti ed by comparing the operating voltage to the open circuit voltage over a range of
currents. However, measuringndividual contributions of each process is more
experimentally challenging. Instead of direct measurements, researchers often use detailed
physical models to provide additional insight. PEMFC models have ranged in complexity

since the 1970s. Recent models have focused on phenomena such as the impact of



microstructure [31{33], water management [33{36], Pt distribution [37, 38], and species
transport [35, 39].

Despite the maturity of previous PEMFC models, there are still areas which could use
improvement. A majority of current models continue to use representative geometries that
di er from known structures observed using a transmission electron microscope (TEM).
More speci cally, simulations have used domains for the CL referred to as \ ooded
agglomerates,” which consider a spherical domain packed with a collection of Pt-covered
carbon particles inside an electrolyte shell. In literature, modelers have often used
arti cially large agglomerates, e.g. 300nm to 1m in radius. This range is much larger
than what has been observed experimentally [40]. Transport properties for the CL Na on
are also known to signi cantly di er from bulk membranes; however, modelers continue to
use empirical relationships measured from thick Ims. This is primarily due to the
di culty in studying CL Na on at appropriate length scale ( < 20nm). Each of these areas

for improvement are part of the modeling work discussed further in Chapters 2 and 3.
1.2.2 Thin-Film Na on Properties

Due to its high proton conductivity and stability in acidic environments, Na on is often
used as the PEM and CL ionomer material. As previously stated, nearly all of the
products/reactants in PEMFCs move through CL Na on { the exception being electrons.
Therefore, improving cell performance is strongly linked to the understanding of species
transport through Na on thin Ims. Literature reports that Na on at length scales
consistent with the PEM, i.e. 100s of microns, has thoroughly been investigated. Results
indicate that the ionic conductivity, , changes as a function of relative humidity (RH) and
temperature. In reference [41] these relationships were combined into a single empirical

expression,

E
— . 3 a .
= (0:6877 +ay)’exp == (1.1)



wherea,, is the water activity (i.e., RH=100), E, is the activation energy,R is the universal
gas constant, andT is the temperature. To explain the observed increases in conductivity
with increased RH and temperature, the structure of the material was investigated.
Various Na on/water structures, resulting from phase-segregation between Na on's
hydrophobic Te on-like backbones and its hydrophilic sulfonic-acid-terminated side chains,
were argued to be the cause [42{47]. Higher levels of RH increase the thermodynamic
driving force for Na on to absorb more water. When su ciently hydrated, the size and
connectivity of water pathways in the Im increase. As a polar molecule, additional water
increases the likelihood that protons dissociate from Na on's sulfonic acid groups, allowing
them to be shuttled through the membrane. This mechanism is referred to as vehicular
transport and is a common explanation for Na on's protonic conductivity [48]. Increased
temperature also improves proton dissociation by increasing molecular kinetic energies,
explaining why it also impacts conductivity [49].

Research for oxygen transport in Na on membranes is less prominent in literature.
Only a handful of experiments have investigated how oxygen di usion is impacted by local
environmental conditions, with most empirical relationships only showing that the oxygen
di usion coe cient ( Do,) is temperature dependent [50],

Do, =24:82 10 *exp ﬁ: (1.2)

Although a dependence on RH is also expected, it has yet to be thoroughly investigated.
When it comes to nano-thin Na on Ims, such as those found in the CL, Equations (1.1)

and (1.2) no longer hold true [18, 51]. The cause is likely related to substrate interactions

and con nement e ects that limit water uptake in Ims less than 60 nm thick [52, 53]. This

suggests structural dependencies are necessary to properly describe species transport in CL

Na on. Although a signi cant amount of available literature reports thin- Im Na on

structures for Ims less than 60 nm, the work has been done almost entirely with Na on

deposited on silicon substrates [52{54]. In PEMFC CLs, Na on interfaces with carbon and



Pt. Therefore, concrete structure-property relationships for CL Na on require further

experimental results using carbon- and/or Pt-supported Na on thin- Ims.
1.2.3 Thin-Film Na on Structures

To determine structures in thin- Im Na on, neutron re ectometry (NR) is an
invaluable experimental technique. NR is applied in this thesis to examine Na on
structures at carbon interfaces in Chapter 4. The technique is discussed in more detail in
Section 1.4.2. In this section, results from previous high-impact NR studies with thin- Im
Na on are discussed. For example, DeCaluwet al. investigated the e ects of Im
thickness for Na on thin Ims on silicon substrates. Experiments involved 10 samples with
thicknesses between 5{154 nm in 90% RH environments. Results demonstrated that Ims
less than 60 nm (i.e., Na on's radius of gyration) had reduced water uptake [52] compared
to thicker Ims. Conclusions also showed that although the Na on was cast as a single
layer, a multilayered model near the silicon surface was required to t the NR data. The
interfacial layers alternated between regions of water-rich and water-poor Na on,
suggesting non-homogeneous hydration and anisotropic transport in the Im. Further away
from the substrate, Na on was more intermixed with its absorbed water. Moreover, this
study demonstrated that nano-structures and compositions extracted from NR could be
correlated to experimentally measured conductivities, from [51], in similarly thick Ims.
Although silicon and SiG are not relevant materials for PEMFCs, this study provides a
proof of concept for developing structure-property relationships for CL Na on.

Although less prominent in literature, NR has also been used to measure the structures
and compositions of hydrated nano-thin Na on Ims on carbon and Pt substrates. These
experiments are more applicable to PEMFCs. Results have shown that the oscillating
structures observed at silicon interfaces are not found on either carbon or Pt. With regard
to Pt substrates, Na on thin Ims have a high a nity to form one water-rich layer near the
Pt surface, followed by a well-mixed outer layer [54{56]. On carbon substrates, deposited

Na on tends to show little to no structure [55, 57]. Even Na on deposited on hydrophilic



carbon substrates has not demonstrated the same layered structures observed near
SiO, [57]. Despite these noteworthy experiments, there is still a lot to learn about
structures at carbon-Na on interfaces. Carbon materials reported in previous NR studies
are not equivalent to carbon black, i.e., the carbon used in PEMFC CLs. This is because
carbon black surfaces are too rough for NR. Therefore, to improve the understanding of
carbon-Na on interfaces in PEMFCs, a larger variety of carbon samples should be

investigated using NR, which is the focus of Chapter 4.
1.3 Project Overview

Due to the interdisciplinary aspects of the proposed work, this section provides a
general overview for the thesis to improve clarity for the following sections and chapters.
Although the high-level motivation of this study is to improve future PEMFC designs that
reduce FCEV costs, that task in its entirety is too broad. The narrowed-down scope of this
work involves speci c objectives associated with a detailed study of Na on thin Ims.
Objectives are brie y discussed in the following subsections. The aim of these objectives is

to focus on investigating the hypotheses below.

" Hypothesis 1:Incorporating structure-property relationships for CL Na on into
physics-based models is necessary to accurately capture e ects in low-Pt-loaded

PEMFCs.

Hypothesis 2:With increasing thickness of CL Na on, additional absorbed water
improves proton mobility and increases the amount of dissolved oxygen, enhancing

PEMFC performance.

Hypothesis 3:Na on at carbon interfaces is less structurally complex than Na on at
Pt or silicon interfaces. However, reduced water uptake and con nement still reduce

species mobilities.
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1.3.1 Deriving Structure-Property Relationships

One objective of this study is to derive numerical relationships between thin- Im Na on
structures and species transport properties in PEMFC CLs. To derive a relationship for
proton transport, structural information from NR experiments (see Section 1.4.2 to learn
about the technique) is correlated with conductivity measurements. Reduced mobilities
from this correlation are assumed general, and are extended into hypothetical relationships
for oxygen di usion coe cients. After deriving these relationships, they are incorporated

into physics-based PEMFC models.
1.3.2 Modeling Realistic CL Microstructures

The main modeling objective of this work is to identify limiting phenomena in low-cost
PEMFCs, and to suggest CL microstructures that improve cell performance. Each model
in this work includes realistic e ective microstructures that incorporate novel
structure-property relationships. Models are validated and exercised to determine which
physical processes limit cell performance. In addition, models are used as a design tool.
Since the models capture performance variations as a function of CL microstructures,

exploring a range for of CL geometries identi es optimal designs.
1.3.3 Observing Na on Structures on Carbon Substrates

Another key objective of this study is to observe thin- Im Na on structures at carbon
interfaces. Neutron re ectometry, discussed in Section 1.4.2, is an experimental technique
capable of resolving spacial depth pro les for nano-thin hydrated Na on. From early
results, NR has shown interfacial Na on structures depend on the substrate material. As
most NR studies for thin- Im Na on utilize silicon substrates, more work is needed to
understand expected Na on structures in PEMFC CLs. Therefore, this thesis presents NR
experiments with carbon-supported Na on thin Ims. The results are discussed in

Chapter 4.
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1.4 Summary of Techniques

The body chapters of this thesis present varying levels of complexity for three main
techniques. Namely, physics-based modeling is the main technique in Chapters 2 and 3.
NR from literature in uences how structure-property relationships in these models are
derived. Chapter 4 incorporates more experimental techniques. Both X-ray photoelectron
spectroscopy (XPS) and NR are an important part of the studying structures at
carbon-Na on interfaces. This section provides generalized summaries for each of these

three main techniques.
1.4.1 Physics-Based PEMFC Models

Figure 1.3 illustrates the pseudo-2D (P2D) Newman-type models included in this work.
The models are not built using full 3D microstructure scans. Rather, representative
spherical model domains are used to capture the average e ects of localized regions in
non-homogeneous CLs. Simplifying the geometry allows the model to scale up to stack and
module levels with signi cantly less computational requirements compared to a fully 3D
and heterogeneous model.

Regardless of the representative geometry, what makes models physics-based is the
incorporation of physical governing equations. Webest al. covers how modelers have
incorporated varying amounts of physics and detail in P2D PEMFC models in a couple of
review articles [19, 58]. In this work, the main physics governing the system are) (
conservation of mass,i() conservation of species, andi() conservation of charge.

Figure 1.3 includes dashed lines and arrows to illustrate how models in this work are
built. The CCL is discretized into multiple control volumes (CVs) at each depth. In each
CV, spherical domains are further discretized radially. Between adjacent CVs, gradients in
gas-phase pressure and concentration drive molecular transport. Similarly, radial species
gradients in the Na on phase determine transport for absorbed molecular species.

Therefore, a vector of species densities is stored and used to mathematically determine
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these gradients. Species ux calculations determine the transport between CVs and
adjacent radial volumes. These calculations are performed at the boundaries between CVs
SO any mass exiting one is exactly equal to the mass entering another, thereby conserving

mass in the model.

Figure 1.3 Physics-based models in this work use representative model domains rather than
full 3D recreations from imaged PEMFCs. The (a) ooded agglomerate model takes
multiple Pt-covered carbon particles packed together and ooded with ionomer as its
domain. The (b) core-shell model is more simpli ed and only considers a single
Pt-decorated carbon core with an ionomer shell. Both models can capture the same
physical transport properties, as demonstrated by the colored arrows.

Species densities are normalized by the volume of the phase in which they exist (e.g.,
kgm,2 or kgmy2 . ). Conservation of mass also conserves species when reactions are not
present, however, reactions do occur in operating PEMFCs. Therefore, reaction expressions
are evaluated at phase interfaces to conserve species. For example, reactions at the
Na on-gas interface move HO and O, between the two phases in any given CV.

Additionally, O, and H" are converted to BO in any spherical shell volumes have include

Pt catalysts.
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Lastly, conservation of charge is applied in the models by considering ionic transport
and electric potentials in the Na on phase. The models specify an external current density
for electrons entering the cathode. To conserve charge in the CL, the same amount of
positive charge must be entering the cathode. Therefore, the boundary condition for
proton ux from the PEM into the CCL is set equal to the external current density. Na on
electric potentials are not radially resolved. Instead, each spherical domain is equipotential
in a given CV. Stored electric potentials are used to calculate gradients, and to determine
the proton ux between adjacent CVs. Models in Chapters 2 and 3 each rely on these same

basic principles.
1.4.2 Neutron Re ectometry

Neutron re ectometry (NR) measures the intensity of a re ected neutron beam as it
scatters 0 a at sample. The re ectivity is recorded as a function of the scattering vector
(Q). The scattering vector, illustrated in Figure 1.4, is a function of the grazing angle )

and neutron wavelength (),

Q= 4—sin( ): (1.3)

Fitting NR data provides a 1D depth pro le of a sample's scattering length density (SLD).
A material's SLD is a linear combination of the known scattering cross sectionig

multiplied by their number density (ny), i.e.

X
SLD = hmny; (1.4)

k
wherek represents the isotopes of the material. When multi-phase mixtures are present in

a sample, the SLD can be evaluated as a volume-averaged sum,

X
SLD=  VuSLDp; (1.5)

m

whereV,, is the volume fraction of phasen. For two-phase mixtures, the SLD pro le

determines the composition of the sample by using the known SLDs of the two phases,

SLD = V,SLD; + (1 V4)SLDy; (1.6)
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and solving forV;. This is the principle applied throughout this thesis to determine
thin- Im Na on structures.

NR has a subAngstem spacial resolution and a high sensitivity to detect di erences
between Naon (SLD = 4:16 10 *nm ?2) and liquid water (SLD = 56 10 °nm ?)
due to their high SLD contrast. For in-situ experiments with Na on thin Ims in
humidi ed environments, the Im is treated as a two-phase mixture of liquid water and
solid polymer. Therefore, any in-plane regions with more or less water will have di erent a
SLD, and the pro le will show separate layers to represent the Im. For example, in
Figure 1.4(c), the dark blue region with the low SLD represents an interfacial layer that is
rich in liquid water compared to the lighter blue outer layer. This phase segregation
suggests complex nano-structures in the Im. Interfacial widths in an SLD pro le also

provide a measure for each layer's surface roughness, as shown in the gure.

Figure 1.4 lllustration for (a) NR experiments, (b) tting data, and (c) sample SLD

pro les. Neutrons scatter di erently at material interfaces where SLDs have high contrast.
The re ected beam includes self interference, resulting in local minima and maxima in the
data. Modeling the 1D wave equation using a predicted SLD pro le, and minimizing error
between theoretical re ectivity and data determines the sample layers' thicknesses,
roughnesses, and compositions.
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To t NR data, the 1D wave equation is solved with a \predicted" SLD pro le to
produce a theoretical re ectivity. The predicted pro le is built as a series of adjacent
layers, each with its own thickness, roughness, and SLD. Since layer parameters are not
de nitively known, they are varied within speci ed ranges. Minimizing the error between
the theoretical re ectivity and experimental data (as illustrated in Figure 1.4(b)) yields the

\correct" parameters for the SLD pro le.
1.4.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique used to
characterize a sample's near-surface chemistry. XPS instruments operate with a low-energy
X-ray source. The X-ray is focused onto a sample's surface, and interactions with
molecules' electron clouds emit photoelectrons. The X-ray source is kept at a constant
low-energy, and thus, emitted photoelectrons leave the surface with di erent kinetic
energies depending on the strength of the bonds from which they were ejected. Weak bonds
hit the detector with high kinetic energy, and strong bonds have lower kinetic energies.

The spectrometer measures the relative intensity of each bond by counting the number of
photoelectrons with a particular kinetic energy. The returned spectra can be t and
compared against databases of pure standardized samples to determine surface chemistry

and composition. In this work, XPS is used to compare di erent types of carbon to CB.
1.5 Summary of Chapters

The focus of Chapter 2 is to derive rst of their kind structure-property relationships
for the ionic and molecular transport in CL Na on. Moreover, this chapter investigates
how di erent e ective domain representations and charge-transfer reaction complexities
impact the model's ability to t data from low-Pt-loaded PEMFCs. However, the model is
lacks some important physics, namely, liquid water transport. Without considering liquid
water, ooding e ects are ignored. Conclusions from this work suggest that core-shell

domains are better than ooded agglomerates when Na on structure-property relationships
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are modeled. Appropriately sized ooded agglomerate domains required arti cially large
ionic conductivities and oxygen di usion coe cients to avoid unrealistically small limiting
currents. Furthermore, ooded agglomerate geometries failed to t data over a range of Pt
loadings. Results also showed that two-step reaction mechanisms that resolve Pt surface
species are required to capture kinetic losses as a function of Pt loading.

Chapter 3 extends the core-shell model from Chapter 2. The added physics include
liquid water transport and ooding e ects. In addition, CL Na on structure-property
relationships are updated to depend on Na on-absorbed water rather than local gas-phase
RHs. This allows transport parameters to be resolved locally in each CV, and permits the
model to capture more heterogeneous CL microstructures. For example, in Chapter 2 all
CVs have the same Na on shell thicknesses and properties. In contrast, the model in
Chapter 3 is capable of resolving \graded CLs," where the ionomer and/or Pt loadings {
and thus local transport parameters { vary as a function of depth. With these inclusions,
the model is exercised to determine limiting phenomena and optimal designs for low-cost
PEMFCs. Results suggest low-Pt-loaded PEMFCs are primarily limited by ionic transport
and ooding. Proton transport in low-Pt-loaded PEMFCs was nearly four times higher
than cells with high loading. To mitigate these impacts, higher Pt concentrations where
modeled near the PEM in \graded" CL designs. The highest cell performance was
predicted when both ionomer and Pt were graded, to reduce both oodingnd Ohmic
resistances.

Structure-property relationships derived in Chapters 2 and 3 make assumptions about
thin- Im Na on structures near carbon interfaces. Therefore, three similar but separate
hypothetical relationships were derived. Results from both models suggested that
relationships where carbon-Na on interfaces had little to no structure provided the best
agreement with experimental data. Chapter 4 explores con rming the same conclusions
about carbon-Na on interfaces from an experimental perspective. Speci cally, NR is

performed with thin- Im Na on on four di erent carbon substrates. The carbons are not
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the same as CB, however, they provide a range of roughness, surface chemistry, and
hydrophobicity. Conclusions show that Na on thin Ims on carbons similar to CB (i.e.,
rough and hydrophobic carbons) have less in-phase segregation and structure than
silicon-supported Na on. Consequently, both modeling and experimental results from this

thesis are in good agreement.
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CHAPTER 2
PHYSICALLY BASED MODELING OF PEMFC CATHODE CATALYST LAYERS:
EFFECTIVE MICROSTRUCTURE AND IONOMER STRUCTURE PROPERTY
RELATIONSHIP IMPACTS

This chapter is based on a publication in thelournal of Electrochemical Energy Conversion
and Storage Proof of permission to reuse this content is provided in Appendix A.

Corey R. Randall?, Steven C. DeCaluwe
2.1 Abstract

This work presents a pseudo-2D proton exchange membrane fuel cell (PEMFC) model
incorporating Na on ionomer structure-property relationships in the cathode catalyst layer
(CL) to capture and explain losses at low Pt loading. Structural data from neutron
re ectometry and thin- Im Na on conductivity measurements predict variations in the
oxygen di usion coe cient and ionic conductivity with changing CL ionomer thickness and
Pt loading. By including these structure-property relationships, predicted polarization
curves agree closely with previously published experimental data from cells with Pt
loadings between 0.025 and 0.2 mg ch Results demonstrate that structure-property
relationships based on physically measurable ionomer and CL properties provide a feasible
interpretation of PEMFC CL phenomena for a range of Pt loadings, and help explain
previously unaccounted-for losses at low Pt. Results also show that simulations must
account for surface species coverage variations in order to properly capture kinetic losses.
Finally, results suggest that an increase in ionomer thickness surrounding carbon and Pt
surfaces in the CL may lead to improved cell performance { due to improved ionic

conductivity.

"Primary author and editor
»Corresponding author, email: decaluwe@mines.edu
1Colorado School of Mines, Mechanical Engineering: Golden, CO
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2.2 Introduction

Proton exchange membrane fuel cells (PEMFCs) provide clean and e cient conversion
of chemical energy into electrical energy. Fuel cell electric vehicles (FCEVs) are proposed
as a competitor to battery electric vehicles (BEVs) for decarbonized transportation.
FCEVs have an advantage in categories such as range, weight, and refueling times when
compared to BEVs [2]. Although FCEVs are currently available, challenges in
infrastructure, performance, durability, and cost hinder wide-spread adoption [3{7].

PEMFC performance, cost, and durability are all closely tied to the Pt catalyst used in
the electrodes. E orts to lower the amount of Pt loading [12{14] or to replace the catalyst
altogether [15, 16] have shown unacceptable cell performance or low durability. The DOE
has set a goal to lower the PEMFC Pt loading to 0.125mgcr or 0.15mgkw 1.

However, current state-of-the-art PEMFCs with loadings of roughly 0.13 mg cri [59]

su er from performance losses. Electrodes with lower Pt loadings exhibit large transport
losses that are not yet su ciently explained in literature [9]. Some researchers propose
resistances at the ionomer-gas interface and ionomer-Pt interface as a source of these
resistances [60, 61], although other work suggests limited impact for the former [62].
Although incorporating these resistances provides reasonable agreement to data for
existing models, their cause is not yet fully understood.

Multiple PEMFC limiting phenomena occur in the cathode catalyst layer (CL), where
nano-thin sheets of ionomer< 10 nm thick) coat carbon-supported Pt nanoparticles. These
losses are attributed to water transport, ooding, electro-osmotic drag, resistances
associated with the Pt surface, and transport through the nano-thin ionomer [63{65].
Because of the di culty in experimentally measuring transport properties in Ims at this
scale, modelers commonly use parameters taken from bulk ionomer material. However,
recent literature demonstrates signi cant di erences between nano-thin and bulk-scale
ionomers such as Na on. Limited direct measurements of the ionic conductivity have been

reported [18, 51], and the thin- Im oxygen di usion coe cients are largely unreported due
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to experimental limitations. That said, recent studies provide signi cant insight into the
structure of thin- Im Na on. Results show complex, layered interfacial structures, reduced
water uptake, and reduced plasticity for Ims thinner than 60 nm, due to con nement and
substrate interactions [52, 53]. However, there is limited experimental evidence directly
connecting these structural properties and associated PEMFC CL fabrication/processing
conditions to thin- Im ionomer transport properties.

Detailed physical models provide insight into these losses and can help guide future
PEMFC designs. Limiting processes in the CL occur over a wide range of length scales
(ranging from nm to mm). Therefore, models typically implement e ective cathode CL
microstructures to capture relevant phenomena, using one of three approaches:
discrete-catalyst, thin-interface, and heterogeneous [31, 60, 66, 67]. These type of models
are mature in the PEMFC community, and a wide range of phenomena have been
incorporated into them since the 1970s. The history of physics-based PEMFC model
development is well-covered in a pair of reviews by Weber and coauthors [19, 58]. Recent
models have focused on phenomena such as the impact of microstructure [31{33], water
management [33{36], Pt distribution [37, 38], and species transport [35, 39]. Broadly
speaking, heterogeneous models o er the most detail, and include e ective microstructures
such as the “core-shell' and " ooded agglomerate' models. As illustrated in Figure 2.1, the
core-shell microstructure takes as the computational domain a Pt-covered carbon core
wrapped in an ionomer shell. The ooded agglomerate model considers a collection of
Pt-covered carbon particles packed inside an ionomer shell that has been ooded with
ionomer. Each approach has strengths and limitations. The core-shell model assumes that
reactants and products only need travel through a thin Im of ionomer before reaching the
gas phase. In reality, some of the Pt surface is "buried' within agglomerates, making
reactant access more challenging. The ooded agglomerate model, on the other hand,
underestimates the degree of Pt which is readily accessible to gas-phase reactants. The

ooded agglomerate model requires arti cially large agglomerates (hundreds of nm,
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encompassing tens of carbon support particles) in order to be compatible with
continuum-scale nite di erencing.

Actual microstructures, as observed in transmission electron microscope (TEM)
images [40], lie somewhere between the two approaches. Agglomerates of roughly 3{5
carbon particles, ooded with ionomer, are typically observed. These agglomerates provide
easy access to most of the Pt catalyst, but are typically highly non-spherical, with
characteristic lengths ranging from roughly 50{300 nm. Such shapes are not readily
represented in continuum-scale simulations, at present. Detailed CFD simulations can
accurately represent high- delity microstructures, but scaling these up to the PEMFC
stack level is a challenge. The e ective geometries in Figure 2.1, while not fully descriptive
of true CL microstructures, therefore provide reasonable computational performance at

device-relevant scales.

Figure 2.1 lllustration of e ective microstructures for PEMFC catalyst layers (CLs). Due

to the disparity of length scales between the gas di usion layer (GDL), CL, and proton
exchange membrane (PEM), e ective CL microstructures help represent limiting CL
phenomena in a manner that is computationally tractable at the cell and stack level. The
cartoon here illustrates two commonly employed microstructures: the ~ ooded agglomerate'
and “core-shell' models.

In this work, we present pseudo-2D PEMFC simulations to explore limiting cathode CL

phenomena at low Pt loading. Previously published structural data and ionic conductivity
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measurements are correlated with one another to develop structure-property relationships
for the CL ionomer. These relationships capture transport losses related to variations in Pt
loading, ionomer thickness, and CL microstructure, for both the core-shell and ooded
agglomerate model frameworks. Results show that the core-shell geometry provides good
agreement with experimental results for Pt loadings in the range of interest by the DOE.
The ooded agglomerate models, on the other hand, require unrealistic ionomer transport
properties, and do not provide good agreement with data at low Pt loadings. Moreover,
results demonstrate that microstructure models informed by TEM images and parameters
based on physically meaningful structure-property relationships can capture complex
transport and electrochemical kinetic phenomena in PEMFC CLs. With additional

re nement, such modeling tools therefore provide a viable pathway to identify future
PEMFC designs and operating conditions for low-cost, high-performance PEMFCs for EVs

and other consumer applications.

2.3 Model Formulation

The model solves physically based conservation equations, using a nite-volume
approach to discretize the cathode gas di usion layer (GDL) and CL. Within the GDL, 1D
porous ux expressions are used to compute evolution of the gas-phase species. For the CL,
a pseudo-2D Newman-type model is used to track the PEMFC state variables as a function
of the electrode depth ¥) and the spherical solid particle radius (). The mass density of
oxygen absorbed in the Na on (o,:n, kg m 3) is tracked in the y and r directions. The
surface site coverage of the Pt catalyst (. p¢), when considered, is tracked iry and r (note
that . p¢ is not tracked inr for the core-shell model, since there is no radial distribution of
Pt in the core-shell model; see below for details). The Na on electric potential ¢, V) and
the gas-phase species mass densitieg §, kg m 3) are tracked only in they dimension.

The model domain is illustrated in Figure 2.1. Conservation equations are derived as
time-based derivatives, solved numerically on a discretized series of nite-volumes

representing the model domain. The model equations capture the following physical
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processes:i( gas-phase convective and di usive transport,i() transport of ions and

dissolved neutral species in the ionomer electrolyte, andi () reversible chemical and
electrochemical reactions at ionomer-gas and ionomer-Pt interfaces. Similar model
implementations are common in the literature [19], but what sets this model apart is the
derivation and implementation of the ionomer structure-property relationships, as

presented in Section 2.4.1. Evaluating the unsteady governing equations for these processes
at a constant, user-de ned current density and integrating over a long time span (1005s)

until steady state provides the model output. The proton exchange membrane (PEM) is
modeled as a simple resistor with constant resistance. The anode is not explicitly modeled
here, but its reversible electric potential is calculated and used as a reference so that the

half-cell model can be directly compared to full-cell PEMFC experiments.
2.3.1 Model Assumptions

The following assumptions are employed in the model:
1.) Isothermal operation

2.) Water is in equilibrium between the Na on and gas phases, and the gas remains at a

xed, steady relative humidity (RH)
3.) Solid core-shell and/or ooded agglomerate structures are spherical in shape
4.) Uniform porosity, microstructure, and Pt distribution throughout the CL
5.) Electric potential is radially uniform within the spherical solid particles
6.) The carbon and Pt phases are isopotential through the CL depth

Aside from neglecting uctuations in water content via the second assumption, these
assumptions are common in PEMFC modeling [35, 68, 69]. Although water transport and
ooding are critical phenomena which limit cell performance with low Pt

loading [34, 70, 71], they are neglected here so that the impact of structure-property
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relationships can be evaluated in the absence of confounding impacts from uncertain water
dynamics. Incorporating more complex water dynamics and electrolyte phenomena will be

the topic of future modeling work from our group.
2.3.2 Catalyst Layer Microstructure Modeling

Two di erent structures are considered as representative domains within the CL:
core-shell and ooded agglomerate. Each domain has been commonly used throughout
PEMFC modeling literature [60, 67]. Since the actual microstructure of a PEMFC CL is
heterogeneous and non-uniform over very small length scales, these structures attempt to
capture the average behavior within each discretized volume. The zoomed in section of the
CL in Figure 2.1 illustrates each domain. Note that the domains are not drawn to scale,
but each geometry is labeled with approximate relative particle radii. A variety of values
have been used with each of these geometries in previous literature, even beyond the ranges

provided here.
2.3.3 Conservation Equations

Gas-phase Mass and Species:

The gas phase is treated as an ideal gas. The mass of each spécisconserved by
applying the expression:

(o J 1
dkt’@J =— r Jigt Scn WKAN g (2.1)
g

where 4 is the volume fraction of the gas phase andy 4 is the speci ¢ area of Na on-gas
interface per unit volume of CL. .4, Jk.q, Wk, and s,y ¢ are the mass density (kg m®),
mass ux (kgm 2s 1), molecular weight (kg mol %), and net species molar production rate
(molm 2s 1) due to reactions at the Na on-gas phase interface for speciksrespectively.
The mass ux in the gas phase captures transport via di usion and convection as:

K
g fac; g
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whereK 4 is the gas-phase permeability (), 4 is the viscosity (Pas),Pq is pressure (Pa),
fac:g IS the tortuosity factor (estimated using a Bruggeman correlation [72] with an
exponent of 0:5), and whereDy. 4 and Y. 4 are the di usion coe cient (m s 1) and mass
fraction of specie, respectively. Since the model is isothermal, the mass density of each
species determines state of the gas phase, via the temperature, total phase density

P
(g=  kg) and mass fractions Ye.q = K g= -
Electrolyte Mass and Species:

Because water is assumed to be in equilibrium between the electrolyte and gas phase,
the only two electrolyte species with variable concentrations are absorbed oxygen and
protons. The mass of protons in the electrolyte is held constant based on the equivalent
weight of the Na on ionomer and the assumption of charge neutrality. For the oxygen,
conservation of mass is employed, according to:

d o,n 1d ,do,n

at = DOz;Nr_ZE r ar + Wo, AN ¢So,;N g+ AN PtSo,N Pt (2.3)

where most terms are as previously de ned, but with @replacing the generalized species
index k. The new terms forDo,.n, So,:n pt, @nd Ay py represent the e ective di usion
coe cient (m ?s 1) of oxygen absorbed in Na on, net molar production rate of oxygen
(molm 2s 1) from the reaction occurring at the Na on-Pt interface, and speci ¢ area of
Pt per unit CL volume, respectively. Since the gradients in oxygen occur radially due to
the Pt reactions within the spherical domains, di usion of absorbed oxygen in the
direction is not considered. For any radial nodes in the electrolyte that do not contain Pt,
So,:N Pt IS zero. Likewise, the absorption reaction rateso,.n ¢ IS nonzero only at the

outermost radius where the Na on-gas interface exists.

Conservation of Charge:

Although protons are assumed here to have constant density within the electrolyte

phase, charge conservation is used to calculate the electric potential di erence at
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electrode-electrolyte interfaces. Charge neutrality is enforced, such that the electronic
current density into the electrode {ey) equals the ionic current density into the membrane.
Moreover, in each discretized CL volume, charge neutrality in the ionomer phase is
preserved via the double layer current densityy (Am 2), which compensates for the
nonzero sum of the divergence of the ionic current density plus the local Faradaic current

density:

Ja =T  Jio AN pt]Far; (2.4)

2

where the Faradaic current densityj gsr (Am,,) is de ned below in Section 2.3.4 andgl, is

the ionic current density (Am 2). The double layer current determines the double layer

potential, dai, Which is the di erence between the electrolyte and electrode material
electric potentials in the CL, d = cacL n:cL- This is modeled as capacitive in
nature:
Qui
d = ; 2.5
CaAa (25)

where Qg is the double layer charge (C m?), which leads to the following for the rate of

change of  g:

d dl — jdl .
dt Cd|Ad| ’

(2.6)

whereCy and Ay are the double layer capacitance (Fn?) and speci ¢ double layer area
per unit volume of CL. The cathode potential is chosen as the reference potential
( cacL =0 V), such that d = N: CL -

The ionic current density, ji,, is Ohmic in nature. It depends on gradients in the Na on

phase,r y, along with material and geometric parameters:

Jio = io “row (2.7)
fac; N
Here, i is the ionic conductivity of the ionomer (Sm?) and "y and ¢,y are the Na on
volume fraction and tortuosity factor in the CL. In actual PEMFC CLs, some of the

ionomer volume in y exists not as thin- Im coatings or within ooded agglomerates, but
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rather as discrete, single-phase "globules' with higher ionic conductivity [73]. To
compensate for this unmodeled heterogeneity, the tortuosity factor of the ionomer phase

within the catalyst layer is set equal to unity.
2.3.4 Kinetics and Reactions

In the model, reactions take place at the Na on-gas and Na on-Pt interfaces. At the

Na on-gas interface, oxygen moves between the gas and electrolyte phases via absorption:
02(9)) * O2AN); (2.8)

where (g) and (N) denote gas and electrolyte-absorbed phases, respectively. The kinetics
for Reaction (2.8) are assumed fast such that the outermost Na on shell remains near
equilibrium with the gas phase.

At the Pt surface, two reaction mechanisms are considered: a one-step global reaction

and a two-step surface-mediated mechanism. The one-step mechanism is written as
1
2H" (N) + éOZ(N) +2e (ca)) * H,O(N): (2.9)

For the two-step mechanism, charge transfer proceeds through an intermediate oxygen
species adsorbed on the Pt surface, followed by a global, two-electron charge transfer

reaction:

Ox(N)+2Pt(s) ) * 20(s), (2.10)
O(s)," H'(N)+2e (ca)) * H,O(N)+Pt(s) : (2.11)

The label (s) denotes a Pt surface species and(ea) is an electron in a cathode electronic
conductor phase (Pt or C). Thermochemical reactions (e.g., Reactions (2.8) and (2.10))

assume concentration-dependent reversible mass-action kinetics:
[
Y ro_ Y 00
—_— il N .
Ski = ki Kiwd;i atr  Kevii  Calp (2.12)

r p
Where i, 2;,and [} are the net, forward, and reverse stoichiometric coe cients for

speciesk in reactioni, and where ;; = wi- Cagk is the \activity concentration” of
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speciek. The products overr and p account for all reactants and products in the reaction,
respectively. This study assumes ideal thermodynamics (activity coe cients equal unity),
such that the activity concentration equals the molar concentrationC, (molm 2 for

Na on or Gas species, molm? for surface species)kuq:; and Key:; are the forward and
reverse reaction rate coe cients, whose ratio is dictated by thermodynamic reversibility.

For the charge transfer reactions in either mechanism (e.g., Reactions (2.9) and (2.11)),

Q

concentration-dependent Butler{\olmer expression calculatgs,;:

" ! I#
. . 00 nF (1 )nF
= c& ) i Cach ex — ex -
J Far Jo r ac;r ) ac;p P RT p RT

(2.13)

wheren is the elementary electrical charge transferred by the charge transfer reactionjs
the charge transfer symmetry factorT is the temperature (K), andR is the universal gas
constant (Jmol *K 1). The composition-independent portion of the exchange current
density, j,, is calculated using Arrhenius parameters. The molar production rate for a

speciek associated with the charge transfer reaction is

k'ijFar
Ski = — X 2.14
Su1 = o (2.14)

The total species production ratesy_in Equations (2.1) and (2.3) come from summingy.;.

over alli reactions for a given interface.
2.3.5 Surface Coverages

When using the two-step mechanism, the Pt surface coverages of spekies: p: evolve

with time:
dp _ 1
— = —Sy pt, 2.15
G s (2.15)
where is the site density on the Pt surface (molm?2), and Cy = . for any surface

speciek. When using the one-step mechanism, the intermediate species that cover the Pt

surface are not resolved, and Equation (2.15) is neglected.
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2.3.6 Membrane

As a bulk material, Na on has been studied extensively and is well documented. The
experimentally determined area-speci ¢ resistandBpey ( M 2) can be used to describe

the Ohmic losses across the membrane as
PEM — an;N caN = JJext/RpeM; (2.16)
whereRpgy is on the order of what has been experimentally measured [74].

2.3.7 Anode

Although the anode is not explicitly modeled here, it must still be considered, to
compare the model output to experimental results. We therefore assume that the anode

operates at equilibrium. The hydrogen oxidation reaction (HOR) occurs in the anode:
Ho(N) ) * 2H"(N)+2e (an); (2.17)
the Gibbs free energy of reaction gyor is used to calculate the equilibrium potential

gﬂ = anN an = $: (2.18)

2.3.8 Cell Voltage

The cell voltage at each current density is the di erence between the cathode and anode

electric potentials:
Vel = ca  an= ca caN ( an  can) (2.19)
Substituting in Equations (2.16) and (2.18) and setting ., = 0, we get:
Veell = an Niint | Jext]RPEM (2.20)

where y.int IS the electric potential for the CL Na on phase, taken at the interface

between the CL and PEM.
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2.3.9 Boundary Conditions

Boundary conditions assume a xed temperature, pressure, and compositi¥ga 4 at the
interface between the gas channel and GDL. Between the CL and PEM, two boundary
conditions are applied. For all gas-phase speciksthere is no ux in the y direction into
the membrane:

Jk.gjer pem =0; (2.21)
and the ionic current equals the external current:
jiojCL PEM = jext (2.22)

Within the Na on-Pt-Carbon solid particles the radial boundary conditions are dependent
upon the chosen CL structure. All models assume a radial di usion ux of zero at the
Na on-gas interface. In the core-shell model, zero di usive ux is assumed at the Na on
interface with Carbon/Pt, which occurs at a single radiusyc. For the ooded agglomerate
model, the Pt-Na on and Carbon-Na on interfaces exist at all radial locations except for
the outermost shell. This moves the boundary condition of zero di usive ux ta =0,

which is treated as a symmetry plane.
2.4 Parameter Estimation

Based on TEM images and literature, a minimal number of parameters, all physically
based, are used in the model. Briey, the CL microstructure is de ned by user inputs for
the carbon particle radius, Pt loading, Pt radius, porosity, CL thickness, and Na on shell
thickness. In addition, the ooded agglomerate model requires additional inputs for the
agglomerate radius and the volume fraction of carbon within the agglomerate. All other
microstructure parameters are derived from these inputs. GDL and CL gas permeabilities
Ky are taken from Zenyuket al. [32], and scaled linearly with the porosity. Input
parameters that describe the core-shell and ooded agglomerate microstructures are
summarized in Table 2.1. The derived geometric parameters that depend upon these

inputs are given in Tables 2.2 and 2.3.
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Table 2.1 Independent geometric parameters

Parameter Value Unit
Carbon radius,r¢ 50 nm
Inner agglomerate radiusy 4qq 150 nm
Inner agglomerate C fraction,V¢ 0.9

Pt radius, rp; 1 nm
Na on shell thickness,ty 5 nm
GDL porosity, 4.cpL 0.5

CL porosity, g.cL 0.1

GDL thickness, tgpL 250 m
CL thickness,tc. 15 m

Table 2.2 Dependent geometric parameters: core-shell

Parameter Value Unit
Specic Naon area, Ay 1:69 10 m 1!
Speci ¢ Pt area (at 0.05mgcm?), Ax pt 466 10° m 1!
Speci ¢ double layer areaAy 429 10 m 1
Na on volume fraction, y 0.22

Table 2.3 Dependent geometric parameters: ooded agglomerate

Parameter Value Unit
Specic Naon area, Ay 1.74 10 m 1!
Speci ¢ Pt area (at 0.05mgcm?), Ay pt 466 10° m !
Speci ¢ double layer areaAy 464 10 m 1!
Na on volume fraction, 0.16
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2.4.1 Structure-Property Relationships for Thin-Film CL lonomers

Experiments show transport properties for both protons and oxygen within the ionomer
change as a function of the temperature, RH, thickness, and substrate interactions [51, 75].
Speci cally, variations in thickness and substrate type result in con nement e ects and
nano-structural rearrangements that impact water absorption and overall material
structure [76, 77]. Moreover, structural data from neutron re ectometry (NR) observes
multilayered Na on structures at hydrophilic substrate interfaces [52{54]. These layers
alternate between water-rich and water-poor compositions, with an oscillation that damps
toward a uniform, thicker outer layer away from the substrate, beyond approximately
10 nm.

This model is unique in its use of structure-property relationships for the thin- Im CL

ionomer, i.e., Na on. These relationships are derived by combining three separate data sets:

1.) Empirical relationships for conductivity as a function of Na on hydration ,, from

bulk samples [41, 50]
2.) lonic conductivity data from Na on Ims at relevant thicknesses [18]
3.) Composition depth pro les of similarly thin Na on Ims, measured via NR [52]

Because the existence and transport properties associated with layered structures in
PEMFC CLs are as yet uncon rmed, we propose here three hypothetical
structure-property relationships for thin- Im Na on, and explore their impacts on
predicted polarization behavior. These three models are illustrated in Figure 2.2. In our
previous publication, [52], we correlated structural data from NR with thin- Im
conductivity values measured by McCreenrgt al. [18] to infer “transport scaling factors' for
a range of Na on layers, representing both the anisotropic interfacial multilayers and the
thicker isotropic layers. These scaling factors represent reductions in ionic conductivity for

a layer, beyond what would be predicted based on the local water content. In the present
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model, the local ionic conductivity is obtained by multiplying these scaling factors by

conductivity values calculated according to the local layer water content,;:
io;i = buk( i)fis (2.23)

where j,.; and f; are the ionic conductivity and scaling factor for layeii, respectively, and
buik ( i) IS the reference ionic conductivity of a bulk Na on membrane with the same

hydration as layeri [41].

Figure 2.2 lllustration of three proposed structure-property relationships for thin Im
Na on in PEMFC cathode CLs. On the left, the “layered' model proposes layered
structures, as observed previously [52], at all Na on-support interfaces. The “uniform’
model proposes a single Na on layer with isotropic structural and transport properties.
The "mixed' model proposes layered structures at the Na on-Pt interface, and uniform
Na on structure and properties, elsewhere.

For O, di usion coe cients, experimentally measuredDo,.n values for thick Ims [50]
are scaled by the local water content, relative to that in bulk membranes at a similar RH,

and are then multiplied by the transport scaling factor:

Doy:i = Doyibuk —fi (2.24)

ref

whereDo,puk IS the experimentally measured di usion coe cient for thick Na on
membranes, ¢ IS the water uptake of the reference membrane, and whereand f; are
the water uptake and scaling factor of layer, respectively.

The three structure-property methods used here make varying use of these scaling

factors, as described in the following subsections.
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Method 1: Layered

The “layered' model hypothesizes that lamellae persist at every Na on-solid interface.
E ective di usion coe cients for O ,(N) are calculated for each layer, as described in
Equation (2.24). Because the Im is much thinner than the carbon particle radius, layer
di usion coe cients are summed using a linear series resistance to calculate an e ective
di usion coe cient for the Im. The ionic conductivities are taken directly from
measurements on similar thickness Ims on silicon, as measured by McCreetyal. [51],

interpolating when necessary.

Method 2: Uniform

Although layered interfacial structures have been observed on Si and Pt substrates
using NR [52, 53, 56, 78], similar de nitive studies do not currently exist for carbon
substrates. While it is possible that lamellae do not exist in PEMFC CLs, it is still known
that con nement e ects impact water absorption and transport through the Na on
electrolyte [52]. To account for this possible no-lamellae case, a "uniform Im' method is
implemented, which calculates uniform, isotropic transport properties for the thin Na on
Ims, using Equations (2.23) and (2.24), where is taken from NR measurements of

similarly thick layers [52].
Method 3: Mixed

In all likelihood, if lamellae exist in the PEMFC CL, they are present to a limited
extent. Layered structures have been observed at Na on-Pt interfaces [56, 78], consistent
with the more hydrophilic Pt surface. The "'mixed' model, then, proposes that lamellae are
present at the Pt interface, but that regions of exposed carbon are covered by “uniform'
Ims. Because Q only di uses in regions near the Pt,Do,.n for this model is calculated as
in the “layered’ approach. j,, meanwhile, is calculated as an average of the “uniform' and

“layered' conductivities, with the two values weighted in parallel by the surface area
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fractions of carbon and Pt, respectively. The conductivity is therefore a function of the Pt
loading. Higher loading correlates with higher conductivity, due to the higher water

content of the interfacial layers.
2.4.2 Transport of Dissolved Na on Species

Figure 2.2 also demonstrates one additional degree of freedom for dissolved oxygen
transport in the Na on. For the core-shell model, a "capture angle' is considered, to
represent lateral di usion of O, within the Na on Im. Because the Pt does not cover the
entire carbon surface, only a fraction of the Na on coating will be active for @transport.

If transport parallel to the Im surface is negligible, the fraction of the Na on area

available for O, transport at any given radius will be equal to the fraction of the carbon
surface area covered by Pt. However, as 'lateral’,;@ransport becomes more prevalent, a
greater fraction of the Na on area becomes available. In reality the transport eld lines will
be curved. As a rst approximation, an e ective capture angle is used here to represent the
phenomenon linearly, as shown in Figure 2.2. Low values represent the mostly radial

di usion, whereas larger angles result in greater Na on area available for,Qransport.
Because Q transport in the ooded agglomerate model is isotropic, with respect to the Pt

surface orientation, this parameter is only implemented in the core-shell model.

2.5 Simulation Procedure

2.5.1 Numerical Integration

Written as a system of ordinary di erential equations in Python [79], the model is
solved numerically using the “solvé/p' integrator available in the SciPy package [80]. A
su ciently large simulation time is used to ensure steady-state conditions are reached.
Running the model over a range of external currents between 0{2 A cf) polarization
curves are compared to experimental results with Pt loadings between 0.025{0.2 mgém

from Owejan et al. [81].
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2.5.2 Cantera

The open-source software library Cantera is used to manage the model thermodynamic,
kinetic, and gas-phase transport parameter calculations [82]. Speci cally, Cantera is used
here to calculate mixture-averaged di usion coe cients and viscosity for ideal gases, net
production rates from the previously mentioned kinetic expressions, gas-phase pressure,
and molecular weights. After setting the state of the Cantera phase objects using state
variables, these properties can be calculated via simple and generalizable calls to Cantera
library functions, simplifying the code structure signi cantly and increasing the
repeatability of the model code. Cantera also makes it simple to change between the
one-step and two-step charge transfer mechanisms, with no changes to the model code

itself [83].
2.6 Accessing the Model

To advance open science practices related to accessibility, transparency, and
repeatability, the model code is made freely available via GitHub [84]. We encourage any
interested parties to download, use, adapt, or extend this model. Contributions to the

model via GitHub are also welcome.

2.7 Results and Discussion

2.7.1 Pt-loading E ects

A goal of this model is to provide a physically meaningful explanation for fuel cell losses
observed at low Pt loading. To accomplish this task, a set of ve parameters including: the
kinetic rate coe cient for the surface adsorption step (Equation (2.10))Kswq: ads, the
concentration-independent portion of the exchange current densify,, membrane resistance
Rpem, Na on O, thermodynamics (characterized here by the free energy of the absorption
reaction in Equation (2.8), go,.abs), and the O, capture angle are varied to nd a set
that, when held constant across all Pt loadings, provide a t with relatively low error. The

tting routine utilizes the "L-BFGS-B' method of the "minimize' package available within
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SciPy [80]. This algorithm minimizes the error calculated between the model output and
data, including variance, while allowing bounds for each parameter. The algorithm is in the
family of quasi-Newton methods and uses an estimated hessian matrix to predict directions
of improvement for each variable at each step. The optimal parameters returned by the
tting routine are given in Tables 2.4 and 2.5. Figure 2.3 shows the best ts for both the
core-shell and ooded agglomerate models. The core-shell model is shown using the
‘mixed' method for Na on transport properties, as described in Section 2.4.1. Details for

the properties used in the ooded agglomerate results are discussed below.

Table 2.4 Optimal model parameters: core-shell

Parameter Value Unit

O, capture angle 43.8 degrees
Membrane resistanceRpgpm 21.1 m cm?
Absorption reaction coe cient, Kyg: ads 146 10% kmol, m, s
Charge transfer reaction coe cient,j, 1:23 103 A, kmol, m, s
Na on absorption free energy, Jo,:abs 2.09 10 Jkmol !

Table 2.5 Optimal model parameters: ooded agglomerate

Parameter Value Unit
Membrane resistanceRpgm 40.2 m cm?
Absorption reaction coe cient, Kuq: ads 5:01 10% kmol, m, s
Charge transfer reaction coe cient,j, 1:50 10° A, kmol, m, s
Na on absorption free energy, do,: abs 1:14 10 Jkmol ?!

As observed in Figure 2.3(a), the core-shell model provides a good t across the range
of Pt loadings, with slight discrepancies on the order of 10{20 mV for the lowest Pt
loading. These discrepancies, in part, are likely due to the lack of modeling water
transport. With the inclusion of liquid water, localized electrode ooding can limit

transport at very low Pt loadings and high currents. Although the present study clearly
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identi es the importance of accurate structure-property relationships for the CL ionomer,
incorporating water dynamics will likely improve the t and change some of the tted
parameter values reported herein. This is the topic of forthcoming work from our group.
Figure 2.3(b) demonstrates that the ooded agglomerate model is not capable of tting the
data. The t captures trends for the highest two Pt loading values, but additional losses at
low Pt are not captured. Moreover, obtaining the reported t required abandoning the
physically informed structure-property relationships developed herein. Using any of the
three methods in Section 2.4.1 provides unrealistic limiting currents, related to oxygen
transport limitations through the agglomerate. For the tin Figure 2.3, Do,.n Values of
roughly 8 10 ®m?s ! were adopted from Suret al. [31]. This value is two orders of

magnitude larger than those generated from the structure-property relationships herein.

Figure 2.3 Polarization curves for both (a) core-shell and (b) ooded agglomerate
microstructures at Pt loadings between 0.025{0.2 mg cm. Data shown in the plots is
taken from Owejanet al. [81].

Comparing the results for the core-shell and ooded agglomerate models, it is apparent
that physically realistic Do,y Values are required to capture Pt loading e ects. In the
ooded agglomerate model, the higlDo,.n values compensate for the large agglomerate
diameter. These large diameters, in turn, are required for valid application of continuum

methods to the agglomerate interior. In other words, developing homogenized e ective
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transport properties for strictly radial di usion through a 150 nm agglomerate is not
appropriate, when said agglomerate consists of only 2{5 carbon patrticles with diameters of
roughly 50 nm. Such treatment requires larger agglomerates, which in turn must be
compensated by arti cially large Do,.n Values for accurate limiting current predictions.
However, these highDo,.n values reduce the sensitivity of the model results to other
important structure-property relationships, namely the conductivity variations with Pt
loading predicted by the "mixed' method. A higher a nity for liquid water near Pt surfaces
(relative to carbon) correlates to higher ionic conductivities when Pt is more abundant.
When Do, .\ is arti cially high, the model is no longer sensitive to these variations in .
Lastly the core-shell geometry accommodates use of an e ective Gapture angle,
providing an additional relationship between the Pt loading and transport losses.

However, at the lowest Pt loading of 0.025mg cni, the core-shell results di er slightly
from experimental data, demonstrating a general limitation of these e ective
microstructure approaches. In a real PEMFC CL, not all of the Pt is as easily accessible to
oxygen as the core-shell geometry allows. At very low loading, Pt wedged between carbon
cores likely has lower utilization, an e ect that the core-shell model does not capture. A
reasonable adaptation to hybridize the two microstructures presented here may provide a
means to capture this e ect. Use of a ooded agglomerate microstructure that neglects
Na on volume fraction and tortuosity e ects and implements a transport capture angle for
the outermost radial Pt-containing node could result in more realistic limiting currents,
with the added bene t of capturing additional concentration losses at very low Pt loadings
caused by limited access to oxygen. Alternately, higher delity simulations of a single,
spatially resolved agglomerate can be used to derive e ective transport parameters, which
can then serve as inputs into reduced-order models with e ective microstructure
representations. The development of alternative modeling strategies is the subject of future

work from our group.
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Figure 2.4 (a) Polarization curves for 0.05mgcn? Pt loading with use of the “layered' and
“uniform’ structure-property methods. The primary di erence between the methods is the
limiting current, which is shown in (b) for three Na on shell thicknesses.

Owing to its superior t, the remainder of the results section will present results for
only the core-shell model. This microstructure approach will provide a framework for
analyzing other model phenomena, including structure-property approaches, Na on

thickness e ects, and the impact of surface-mediated kinetic mechanisms.
2.7.2 Comparing Structure-property Methods

Of the three derived structure-property relationships, the "mixed' method provides the
greatest sensitivity to Pt loading. Once operating conditions and shell thickness are
chosen, the layered and uniform method transport properties are invariant with the Pt
loading. The mixed method properties, on the other hand, are an average of those from the
other two methods, weighted by the Pt loading. To examine the e ects of these
relationships, Figure 2.4 shows predicted polarization curves for 0.05 mg ¢hoading,
using the layered and uniform structure-property methods. The e ective ionic
conductivities are 0.9 and 1.25S nt for the uniform and layered methods, respectively, a
di erence that has little impact on the overall polarization behavior. Rather, the primary

variable impacted by the structure-property method is the limiting current. The di usion
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coe cient for oxygen in Na on decreases by roughly 50% for the layered case, relative to
the uniform model, from 63 10 2to 3:2 10 ?m?s . This correlates with a limiting
current of 2.8 Acm 2 in the layered model, compared to 3.6 Acn¥ in the uniform model.

Figure 2.4(b) demonstrates that this trend is consistent across Na on shell thicknesses.

Figure 2.5 Polarization and power curves for varying shell thicknesses. Results are shown
for the core-shell model with a Pt loading of 0.05mgcnd and the “mixed' property

method. Cell voltage and power density are represented by solid and dashed lines,
respectively.

2.7.3 Shell Thickness E ects

Figure 2.5 shows the polarization and power curves of the core-shell model at a Pt
loading of 0.05 mg cm? with varying ionomer shell thicknesses. In this gure, as the
Na on shell thickness changes, the accompanying change in volume fraction is
accommodated by changes in the gas-phase volume fraction. For the 25nm case, the
porosity is 0.1, but as the shell is reduced to 10 nm and 5nm, the modeled CL porosity
changes to approximately 0.5 and 0.6 respectively. This implementation ensures that the
Pt surface area and carbon radius do not change so that any changes in polarization
behavior are due purely to transport e ects. It is clear from the gure that the 25 nm shell
provides the highest losses, which are attributed to poor gas transport (due to logy) and

large O, radial di usive distances through the CL ionomer.
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Figure 2.6 Depth pro les of electrolyte potential (solid) and Faradaic current distribution
(dashed) as a function of catalyst layer depth. Results are taken at a current density of
1.5Acm 2. Orientation along the x-axis is with the PEM interface at the left and the GDL
interface at the right.

Another interesting result is that the 10 nm shell has a higher maximum power density
than the 5nm shell. This 13% increase in power density is despite lower porosity and the
larger di usive distances for the 10 nm case (which led to a lower limiting current in the
10 nm case). The implementation of structure-property relationships in this model predicts
higher ionic conductivity and oxygen di usion coe cients for thicker shells due to greater
water absorption. The model demonstrates that, within the range of realistic property
co-variations, improved transport properties can outweigh correlated deleterious
microstructural impacts. This result stands out from other models that assume transport
properties which are invariant with Na on thickness and Pt loading [31, 67]. These other
models generally use the shell thickness as a tting parameter to adjust transport
resistance. By making the shell thicker, they can capture additional resistance; however, in
this model, thicker shells can result in less resistance due to improved transport properties.

To better understand predicted polarization trends as a function of CL Na on
thickness, Figures 2.6 and 2.7 show pro les for the ionomer electric potential, Faradaic

current distribution, and O,(N) density as a function of CL depth. Results are presented
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for current density of 1.5 Acm 2 (i.e., where the performance of the 10 nm shell is
noticeably better than that of the 5nm case). Orientation along thex-axis is with the

PEM interface at the left and the GDL interface at the right. To explain di erences in
ionic transport, Figure 2.6 shows the electrolyte potential and Faradaic current distribution
(fraction of total Faradaic current) throughout the CL depth. This plot demonstrates the
impact of higher conductivities due to higher water absorption. The thicker 10 nm shell has
higher ionic conductivity, such that utilization of protons is reasonably uniform throughout
the CL depth, even near limiting currents. In the thinner 5nm shell, we observe larger
ionomer electric potential gradients due to lower j,, which in turn leads to a greater
fraction of the Faradaic current near the electrolyte membrane. The larger Ohmic penalty
is therefore associated with higher activation losses, in the 5 nm thick ionomer Im case.
The combination of losses provides an explanation as to why the thinner ionomer shell

predict lower performance, at this current density.

Figure 2.7 Depth pro les of G,(N), as a function of catalyst layer depth. Results are
presented for the innermost and outermost ionomer shells, and are taken at a current
density of 1.5Acm 2. Orientation along the x-axis is with the PEM interface at the left
and the GDL interface at the right.

Looking at the oxygen depth pro le in Figure 2.7, we observe that the uneven Faradaic

current of the 5nm shell results in a similarly uneven distribution of @N) concentration

44



gradients throughout the CL depth. The oxygen density of the outermost shell is plotted
for both Im thicknesses to show that porosity e ects do not signi cantly impact the
gas-phase transport. Di erences between the outermost and innermost shells represent the
radial concentration gradients. For both the 5 and 10nm Im cases, we see that the
Faradaic currents are transport-limited near the electrolyte membrane ({0N) densities are
near zero at the Pt interface). However, even though the di usion coe cient is higher for
the 10 nm case, the @N) gradients are more severe farther from the membrane, relative to
the 5nm case. This is due in part to the larger di usive distance that oxygen travels to
reach the reactive Pt sites in the 10 nm case, but is also consistent with higher catalyst
utilization farther from the membrane, in the 10 nm thickness case. Despite these larger
radial di usive gradients, which lead to a lower limiting current in the 10 nm case, this is
more than compensated by the increase in ionic conductivity, leading to improved power

density for a range of reasonable operating current densities.
2.7.4 Reaction Mechanism and Surface Chemistry

All results to this point are based on the two-step reaction mechanism, Reactions (2.10)
and (2.11). As shown in Figure 2.3, this approach captures cell polarization phenomena in
the low-current “activation region,' for both the core-shell and ooded agglomerate models
over the range of Pt loadings. To explore the impact of detailed surface kinetics, a separate
t to the data was run with the one-step global mechanism, Equation (2.9). Fitting results
show that Pt loading e ects are not correctly predicted with this mechanism. Figure 2.8
shows a close-up of the kinetic region from polarization curves created with the core-shell
geometry using the two reaction mechanisms. While the two-step mechanism, repeated in
Figure 2.8(a) for comparison's sake, matches the data well within this region, Figure 2.8(b)
shows the one-step mechanism, at its best, results in a grouping of curves centered near the
middle of the data. This grouping is caused by poorly predicted activation overpotentials

resulting from simpli ed kinetics.
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Figure 2.8 Close up of the kinetic regime from polarization curves produced using
(a) two-step and (b) one-step reaction mechanisms. The color scheme is preserved to
match Figure 2.3. Data shown in plots is taken from Owejaet al. [81].

Equation (2.13) provides an explanation for this e ect. In the Butler{Volmer

formulation, the exchange current density is a function of the local activity concentrations
Cack (here, equal to the molar concentrations) of the products and reactants. In the
one-step mechanism, the only such species whose activity concentration varies with current
density is O,(N). The proton and H,O activity concentrations are constant, and so the
exchange current density scales witE3> . However, for the two-step mechanism, the
intermediate species O(s) and Pt(s) participate directly in the reaction, with

os) =1  pys). Therefore, as the reactant O(s) is depleted at higher current densities,
the product species Pt(s) concentration increases. The exchange current density for this
mechanism scales with the raticCo ) =Cpys) . For fast, near-equilibrium kinetics, this ratio
will be proportional to C,¢x, and the two mechanisms are roughly equivalent. However, for
slow adsorption kinetics (Equation (2.10)) associated with decreased Pt loading, the ratio
Co(s)=Crys) Will drop faster than C3%,, with increasing current. With decreasing Pt

loading, the kinetic limitation becomes more severe, leading to the Pt loading sensitivity
observed in Figures 2.3 and 2.8(a), for the two-step mechanism. To state the obvious: while

the global reaction is mathematically convenient and can accurately capture polarization in
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non-kinetic-limited performance, it is incumbent on the modeler to explore the implications
of any kinetic mechanism assumptions. In a recent article, Dickinsaet al. provides an
insightful overview of various approaches to Butler{Volmer kinetics in PEMFCs, and

highlights the strengths and limitations of a number of common approaches [85].
2.8 Conclusions

To reduce the cost of PEMFCs while maintaining suitable performance, a quantitative
and mechanistic understanding of the high observed overpotentials at low Pt loading is
required. Two physically based models developed here identify the importance of both
transport and kinetic phenomena in understanding and addressing these performance
limitations. Physically informed structure-property relationships are hypothesized to
describe the transport of ions and dissolved {hrough nano-thin Na on Ims in the
cathode CL. Functionally, these relationships only provide reasonable results for one of the
two considered microstructures (the so-called “core-shell' model). With use of the
core-shell model approach,ii() transport properties based on experimentally observed
Na on structures which are sensitive to Pt loading, and i{i ) a two-step, surface-mediated
reaction mechanism, cell polarization behavior is matched over a range of low Pt loadings.
This result provides a more detailed explanation for these losses compared to generalized
resistances used in other models. Capturing Na on transport properties based on ionomer
structure also provides insight into future design considerations. For example, a slight
increase to the CL ionomer thickness predicts increased maximum power densities, due to
improved ionic conductivity associated with greater water uptake in the CL Na on. This
work establishes that structure-property relationships based on ionomer thickness have
non-negligible impact on the predicted performance, and should be considered in future
modeling e orts. Future development of new modeling frameworks for e ective CL
microstructures and incorporation of additional physical phenomena can lead to

guantitatively predictive modeling tools to guide the design of advanced PEMFCs [37{39].
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CHAPTER 3
PREDICTED IMPACTS OF PT AND IONOMER DISTRIBUTIONS ON
LOW-PT-LOADED PEMFC PERFORMANCE

This chapter is based on a publication in theJournal of The Electrochemical SocietyProof
of permission to reuse this content is provided in Appendix A.

Corey R. Randall!, Steven C. DeCaluwe'

3.1 Abstract

Low-cost proton exchange membrane fuel cells (PEMFCs) with high performance and
durability have been di cult to develop due to limited understanding of complex
physiochemical processes in the cathode catalyst layer (CL). PEMFCs fabricated with low
Pt loadings su er cell losses beyond those predicted due solely to reduced catalyst surface
area. Although there is a consensus that these additional losses involve thin ionomer Ims
in the cathode CL, a precise, mechanistic explanation for the limiting processes remains
elusive. In this publication, we present a physics-based model with novel
structure-property relationships for the nano-thin Na on Ims in the cathode CL. The
model also includes two-phase transport to predict the in uence of pore ooding. Results
suggest that ooding exacerbates the low Pt surface areas in low-loaded PEMFCs such
that a shift in Faradaic current distribution occurs at much lower current densities than
cells with high loadings. As current density increases, protons travel further into the CL,
resulting in higher Ohmic overpotentials caused by ion transport resistance in the Na on
ionomer. We also present a parametric study of the CL microstructure to identify designs
which prevent ooding and reduce Ohmic overpotentials. We nd that graded Pt and

ionomer loadings reduce Ohmic overpotentials and ooding, but individually do not
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provide signi cant improvements. However, a dual graded CL (i.e., both Pt and ionomer
are graded) is predicted to signi cantly improve the maximum power density and limiting
current compared to uniformly loaded CLs. The results from this work highlight the
importance of accurate transport parameters for thin- Im Na on and provide a pathway to

future low-cost PEMFCs via precise control of cathode CL microstructures.

Keywords: PEMFCs, structure-property relationships, low Pt loading, numerical modeling,

catalyst layer microstructure, Cantera

3.2 Introduction

Proton exchange membrane fuel cells (PEMFCs) are a promising clean energy
technology. However, wide-spread PEMFC adoption requires lower-cost cells that meet
performance and durability requirements. Currently, low-cost PEMFC performance is
limited by the use of an expensive Pt catalyst, which accounts for roughly half of the stack
cost [11, 86]. Cost reductions via lower Pt loadings lead to poor PEMFC
performance [12{14, 87, 88]. For example, Owejat al. [81] found that reducing the Pt
loading from 0.2 to 0.025 mg cn? lowered the maximum power density of an air-fed
PEMFC from 1.26 to 0.86 Wcm ? { a 32% decrease. These losses exceed those expected
due solely to reduced Pt surface area. Research suggests that these unexplained
performance losses are linked to transport through catalyst layer (CL)
ionomer [17{19, 21, 22].

Nano-thin Na on Ims in PEMFC CLs provide ionic pathways for protons moving
between the membrane and the Pt catalyst surface. Molecular oxygen and water also
absorb into Na on as they move between CL pores and Pt catalysts. Quantifying the
losses associated with each process is challenging for current experimental capabilities,
leading to limited understanding of complex physiochemical interactions in the
CL [19, 21, 22]. Some research suggests surface resistance to oxygen transport at

Na on-gas or Na on-Pt interfaces as a limiting phenomena [9, 11, 65], but contradictory
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experimental results have also been published [62]. In general, concrete evidence for a
mechanistic explanation for limiting CL phenomena with low Pt loading remains elusive.

Numerical models can further our understanding of limiting cathode processes, by
resolving and predicting species concentrations, uxes, and reaction rates, providing
insights beyond what current experiments allow. For example, previous modeling studies
helped identify limitations due to pore ooding, motivating the use of hydrophobic,
high-porosity cathode GDLs [89{91]. In addition, models help identify design
improvements. Exercising models by varying operating conditions and design parameters
can identify design rules and principles more rapidly than prototyping and
experiments [19, 92].

Leveraging the bene ts of physical models requires predictive capabilities, which in turn
rely on accurate property and process parameters (e.g., transport parameters, reaction rate
coe cients, etc.). Previous thin- Im Na on experiments provide in-situ measurements of
total water uptake [52, 54, 93, 94] and nano-structures [52, 54, 55, 95]. However, dynamic
operandomeasurements that provide proton conductivity and/or oxygen di usion are
sparse or entirely lacking in literature. While studies providing these transport parameters
are helpful [51, 96], the thicknesses and substrates used are not always relevant to PEMFCs.

In this work, we use a pseudo-2D Newman-type model to identify PEMFC limitations
in devices with low Pt loading. The model includes two-phase molecular transport,
chemical and charge-transfer reactions, and ion transport. The model implements realistic
transport properties for oxygen di usion and proton transport through nano-thin Na on
Ims. Transport properties are derived from two sources: quantitative structural data from
neutron re ectometry experiments [52] and ionic conductivity measurements [51]. These
relationships are used to resolviecal transport parameters that depend on local ionomer
loading, Pt loading, Na on-phase water volume fraction, and temperature.

Results presented include model validation against experimental results with Pt

loadings between 0.025 and 0.2 mg crh followed by a parametric study of the CL
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microstructure. Varied parameters include: CL thickness, ionomer loading, and Pt
distribution. We also model novel graded microstructures, where the Pt and/or ionomer
loading vary with CL depth (lower near the gas di usion layer (GDL) and higher near the
proton exchange membrane (PEM)), to limit pore ooding and Ohmic losses. Results
demonstrate that grading the ionomer reduces ooding and directly improves limiting
current. A dual graded CL (where Pt and ionomer both vary) predicted the highest
performance of all modeled designs, with a 25% increase in maximum power density and a

15% increase in limiting current compared to uniformly loaded CLs.

Figure 3.1 Representation of the modeled domain and physical processes. The model
includes discretized domains for the cathode gas di usion layer (GDL) and catalyst layer
(CL). The proton exchange membrane (PEM) is treated as a linear resistor and is not
discretized. The positivey-direction (i.e. depth) is oriented toward the PEM.

3.3 Model Framework

The model presented here is a pseudo-2D PEMFC model focused primarily on resolving
limiting cathode processes. The model domain, illustrated in Figure 3.1, includes the
cathode GDL and CL, with a simple linear resistor PEM and an ideal reversible anode.

The cathode GDL and CL are discretized, and governing equations that conserve mass,

elements, and charge are solved using nite-volume methods. The following sections
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provide the time derivatives used for the state variables. These variables are initialized and
integrated as a function of time until steady-state is reached. Repeated integrations over a
range of user-de ned current densities generates polarization curves for comparison against

experimental data.
3.3.1 Model Assumptions

The model assumes that:

1.) The entire domain is isothermal
2.) lonomer electric potentials vary only as a function of CL depthy()
3.) Carbon and Pt phases in the cathode have uniform electric potential in the CL

4.) Naon-liquid and Na on-gas interfacial areas are linearly dependent on local water

saturation (Sy)

5.) Representative domains within each volume are spherical solids with Pt-decorated

carbon cores, coated by Na on shells of uniform thickness

The geometry represented in Figure 3.1 uses a minimal number of experimentally
informed inputs including carbon radius (), Na on shell thickness ¢y), Pt radius (rp;),
and dry porosity ( g). For the current study, these inputs are determined from
representative transmission electron microscope images [40]. Other geometric parameters
required for the model are derived from this base set. These include interfacial reaction
areas, Na on-phase volume fraction, tortuosity factors, etc. Derivation details are available

in the Supplementary Information (SI), found in Appendix B.
3.3.2 Gas-phase Mass Conservation

The mass densities of each gas-phase speé&iés,.,) are used to track the state of the

gas. Given a constant temperature from assumption (1), this xes the gas state (the total
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density 4= i kg and the mass fractionsYy. g = k;¢= g)- The evolution of ;4 with time
is dependent upon the mass uxJx.4, kgm 2s 1) with neighboring volumes and local net
molar production rates §m, kmolm 2s 1) for interfacial reactions at the gas-phase
interface with condensed phasm (solid or liquid). The governing equation for gas-phase

species is:
" #
¢}

at r gt k;gd_:v"' Si;mWkAm (3.1)

m

where 4 and , are the gas-phase and liquid-phase volume fractions. The term involving
the liquid-phase volume fraction captures compressive e ects from pore ooding (solved via
Equation (3.3)). The molecular weights aréV, (kg kmol %) and speci ¢ surface area for
phasem is A, (m?m 3). The sum is over allm phases which have a gas-phase interface.

The gas-phase mass ux includes advective and di usive terms:

oK
g fac; g

The advective term is driven by local gradients in gas-phase pressiitg (Pa). Here,K4 and
¢ are the e ective permeability (n?) and viscosity (Pas) of the gas phase, respectively.
Fick's law is used for the di usive term, accounting for gradients in mass fraction¥,. g,
where 4 is the gas-phase volume fraction and.c, 4 the toruosity factor, calculated via a
Bruggeman correlation with an exponent of 0:5 [72]. The standard di usion coe cients
(Dk:. g, m*s 1) are calculated using a mixed-species transport model, as described in [97].

Chemical kinetic routines for calculatings,.,, are discussed in Section 3.3.7.
3.3.3 Liquid-phase Mass Conservation

The liquid phase is treated as pure liquid water. This phase in uences other model
processes (e.g., Na on-gas and Na on-liquid interfacial reactions) due to localized ooding.

The volume fraction of the liquid phase () changes in time according to:
n #
dw X
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Here, ¥}, and N, are the molar volume (nfkmol %) and molar ux (kmolm 2s 1) of
liquid water. The molar ux comes from Darcy's law:

CuKw

w

Ny = r Py: (34)

In Equation (3.4), the molar density of the liquid water phaseC,, (kmolm 3), e ective
permeability of the liquid phaseK,, (m?), and liquid water viscosity ,, (Pas), are
multiplied by the gradient in liquid-phase pressureP,, (Pa), which is de ned using the

gas-phase pressure and capillary pressuPg (Pa),
Pw= Py Pc: (3.5)

A Leverett-Udell correlation is used to calculate the capillary pressure,

0:5

Pc= J(Sw) cos() KS : (3.6)

In this method, a Leverett J-function (J(S,)) that depends on water saturationS,, is used.
The liquid surface tension (Nm 1) and contact angle are taken from previous

literature [98, 99]. The term with the dry porosity g and absolute permeabilityK (m?)

acts as the characteristic length of the volume-averaged capillary radius. Although this
method is derived from packed sands and rocks, its use is common in PEMFC modeling to
capture GDL hydrophobicity [100]. In this work, both domains are considered hydrophobic

( > 90) and the J-function is taken from Siet al. [100] as:
J(Sw) =1:417S,, 2:120S2 +1:262S3: (3.7)
At each time step the local ooding is de ned according to the water saturation,

SW = _Vc\)l: (38)

¢}
Consequently,S,, = 0 corresponds to a completely dry pore an&,, = 1 to a pore fully

lled with liquid. As water lIs a pore, the local Na on-liquid interface area (An w)
increases and the Na on-gas interface are#\( 4) decreases. At each time and location,

An w and Ay 4 are calculated by multiplying the dry Na on-gas interface area by5,, and
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(1 S ), respectively. Permeabilities of each phase also depend &p following a cubic

relationship [101].
3.3.4 Naon-phase Mass Conservation

Thus far all state variables and material properties are assumed uniform in theand z
directions. In the CL, oxygen and water move through thin ionomer shells, to and from the
catalyst (see Figure 3.1). The spherical form of Fick's law is used to calculate the mass

density of Na on-absorbed species as a function of radius)(

X

1 .
—— 2 KN g W AR: (3.9)

d kn d
r2dr dr

dt

— av
- Dk;N

m
Variables in Equation (3.9) are as previously de ned. The subscript N refers to the Na on
phase. The superscript "av' indicates the di usion coe cient depends on radially averaged

water content at a given time and CL depth.
3.3.5 Conservation of Charge

The Na on ionomer provides a transport pathway to protons moving from the PEM
into the cathode CL. Na on-phase electric potential (n, V) gradients drive ionic current

density ji, (Am ?), described by:

Jo= o ron (3.10)

fac; N
where |, is the thin- Im Na on ionic conductivity (Sm ). As in the gas phase, we use a
Bruggeman correlation with an exponent of 0:5 to approximate the tortuosity factor
fac:N- EQuation (3.10) is written such that positive current represents movement of protons
in the positive y direction.
Charge is conserved in the model by requiring that all currents into the local Na on
phase sum to zero. These currents include the ionic currents in and out (Equation (3.10)),

the local Faradaic current densityj rr (Am 2, see Section 3.3.7), and a double layer
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current j4 (Am 3) that moves charge to and from a capacitive double layer at the

Na on-solid phase interface (Figure 3.2):
Ja=T1  Jio Aptjrar: (3.11)

The speci ¢ area of Pt Ap;, m®>m 3) converts the units ofj g, from a per area of Pt

surface to a per total volume.

Figure 3.2 Close up of simulated core-shell particles in the CL. The ionic currents in/out
(Jio), Faradaic current (), and double layer current () that preserve charge within
each discretized volume are illustrated to clarify terms in Equation (3.11).

The charge stored in the capacitive double layer provides a di erential equation for the

evolution of the double layer potential g :

d a _ Ja .

dt - CyAg’ (3.12)

where Cy and Ag are the speci ¢ capacitance (F m?) and speci ¢ double layer area. The
double layer potential is de ned as the di erence between the cathode {,, V) and

Na on-phase electric potentials,

d = ca N- (3.13)
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Using the cathode (carbon and Pt) potential as the reference, = 0. Consequently,

N = dl -

3.3.6 Surface Coverages

The Pt catalyst surface coveragey. p; (kmol, kmol,') impacts the oxygen reduction

reaction (ORR) kinetics, as discussed in our previous publication [102]. Species coverages
change in time according to

d k; Pt — E
dt

Sk: pt (314)
where is the adsorption site density (kmolm 2).

3.3.7 Reactions and Kinetics

Reactions in the model take place at interfaces between phases. Parentheses are used in
the following reactions to denote the host phase for each species. These include gas (g),
Na on (N), liquid (L), Pt surface (s), and cathode carbon phase (ca). Gas-phase oxygen

transfers into or out of the Na on phase
02(9)) * O2(N): (3.15)

Water moves between the gas, liquid, and Na on phases through absorption/desorption

and condensation/evaporation reactions

H20(g) ) * H20(N); (3.16)
H,0(L) ) * HO(N); (3.17)
HO(g) ) * H20(L): (3.18)

The ORR is modeled using a two-step mechanism. The rst step bonds Na on-phase

oxygen to Pt surface sites:

Ox(N) +2Pt(s) ) * 20(s). (3.19)
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The second step is the charge-transfer reaction, modeled as a single global step:
2H"(N)+2e (ca)+O(s)) * HO(N)+Pt(s) : (3.20)

Excluding Reaction (3.20), concentration-dependent reversible mass-action kinetics are
used to solve for species production rates. Each reactioias a net production for species

k equal to

Y 0 Y 00
k:i Kswd ‘i acr krev;i Cat Ip ) (3.21)
r p

Sk;i

whereksyq:i and Key:; are the forward and reverse rate constants. The reverse ratg,.; IS
calculated based on the forward rate and the equilibrium constant, to ensure
thermodynamic reversibility [83]. The forward and reverse stoichiometric coe cients for a
specie in reactioni are 2; and 23, respectively. The net stoichiometric coe cients are
calculated as ;; = 23 2;. The products overr and p in Equation (3.21) represent
reactants and products, respectively, but are technically over all species. If a species is
not a reactant or product for reactioni, then the relevant .; value is zero.

The Faradaic currentjg, (Am 2) for the charge-transfer Reaction (3.20) follows

concentration dependent Butler{Volmer kinetics:

Y Y 00
JFar = jo ct.) ? Ce(ac:)pp

ac;r

; p ”
nF (1 )nF (3.22)
exp — exp ——— .
RT RT

Here, andn are the symmetry factor and elementary charge transferred to the electron
conducting phase in the ORR (i.,e.n = . in Reaction (3.20)). The reference exchange
current density (j,) is a rate constant that includes Arrhenius parameters to capture
temperature e ects. Multiplying j, by the species activity concentration Cxc.«) products

provides the exchange current density . The universal gas constant iR (Jkmol 1K 1),
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the temperature T (K), the overpotential  (V), and Faraday's constantF (Ckmol 1). Net

species production rates in Reaction (3.20) are calculated according to Faraday's Law:

s = L (3.23)

Species activity concentrations are calculated as the activity coe cient multiplied by
the species molar concentration for that phase (kmolni for three-dimensional bulk
phases, kmol m? for surface phases). We assume ideal thermodynamics for this work
(activity coe cients equal unity), such that the activity concentrations exactly equal the
molar concentrations. All reaction kinetic rate parameters are summarized in Table 3.1,
and species reference thermodynamics (species enthdipyand entropy s, ) values at the

simulation temperature (i.e., 80C) are provided in Table 3.2.
3.3.8 Proton Exchange Membrane

The drop in potential across the PEM ( pem, V) is approximated by modeling the

membrane as a simple resistor:
PEM = Jjext] RrEM: (3.24)

The external current density (e, AM 2) is a user input to the model. The area specic
resistance (ASR) of the membraneRpegy, M 2) is taken from Sladeet al. [74], using the
result measured at the closest temperature and relative humidity (RH) to the validation

experiments used here [81], after adjusting to account for membrane thickness.
3.3.9 Anode

The equilibrium potential di erence at the PEM-anode interface (g4, V) is calculated

an?

using the Gibbs free energy for the hydrogen oxidation reaction (HOR), Gvor:

= —ngFHOR; (3.25)
where the HOR reaction is,
Ho(N) ) * 2H"(N)+2e (an): (3.26)
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Table 3.1 Kinetic rate constants for all modeled reactions. "Assumed' rate parameters were
assumed fast, to keep reactions near equilibrium.

Reaction Rate Constant Value Units Source
(3.15) Ktwd:3:15 2:0 ms ! assumed
(3.16) Kiwd:3:16 2:0 ms 1t assumed
(3.17) Kiwd:3:17 2:0 ms 1! assumed
(3.18) Kiwd:3:18 2:0 ms?! assumed
(3.19) Kiwd:3:19 1.9 1¢ m°>mol s 1 t

(3.20) io 45 1071 Am®&Smol 2° t

Table 3.2 Reference thermodynamic properties (enthalpiés and entropiess ) at 80 C.
Thicknesses with HO(N) correspond to the Na on thin- Ims in the NR experiments [52].

Species h [Jkmol 1] s [Jkmol 1K 1]
Gas phase
N2(g) 1:.016 1C° 1.945 1
0,(9) 1:.027 1 2192 10
H,O(g) 2:406 10° 2061 10
Liquid water
H,O(L) 2:832 10° 7.825 10
Na on phase
H* (N) 5.000 10 8677 107
0,(N) 2:744 10 2:336 10°
H,O(N), 5nm 2:829 10° 9:826 10
H,O(N), 7 nm 2:830 10° 9:826 10*
H,O(N), 12 nm 2:827 10 9:826 10
H>O(N), 18 nm 2:828 10° 9:826 10
H>O(N), 20 nm 2:828 10° 9:826 10
Pt phase
O(s) 1:238 10° 2499 10°
Pt(s) 0:0 00
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3.3.10 Cell Voltage

The total cell voltage is de ned as
Veell = an Niint | Jext] RPEM; (3.27)
where i iS the electric potential in the CL Na on phase at the CL-PEM interface.
3.3.11 Boundary Conditions

In the y direction, boundary conditions are imposed at the ow channel and membrane
interfaces. For the former, the gas phase in the ow channel is xed to a constant
temperature, density, and composition. Additionally, the ow channel is treated as if it is
free of liquid water, i.e., ,, = 0. At the CL-PEM interface, zero ux is assumed for the gas
and liquid phases:

=N =0: (328)

Jkig oL pem W CL PEM
For the proton transport at this same interface, the ionic current into the CL is equivalent

to the external current,

Jio ¢ pem = Jext! (3.29)
Assuming zero electronic current at the PEM interface, Equation (3.29) enforces charge
neutrality for the entire model domain. Species boundary conditions at the outermost and
innermost radii of the Na on shells at a given depth are de ned by the reactions in

Section 3.3.7.
3.4 Simulation Tools and Model Accessibility

In support of open science and research transparency, the model is available as a
Github repository [103], as are the les needed to reproduce this manuscript in its
entirety [104]. The model is written in Python [79]; any interested party can run, modify,
or extend the model under the permissive open source BSD 3-clause license. Directions for

setting up a suitable environment within Python are included in the repository README.
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3.4.1 Numerical Integrator

The set of di erential equations described above is integrated with the SciPy “solwp'
routine, using the implicit ‘BDF' method [80]. We de ne a Jacobian pattern, which is
provided to the solver to improve computational e ciency. A simulation time of
1 10 seconds ensures steady state is reached at the open circuit condition. Afterward,
the steady-state condition is saved and reused to initialize the state variables for the rst
user-de ned current density. For each subsequent current density, the steady-state solution
from the previous current density is used as the initial condition, which reduces the
simulation time needed to reach steady state to less than 100s (and typically much less
than this). Implementing these computational e ciencies, a polarization curve is generated

in roughly two minutes.
3.4.2 Cantera

The open-source Cantera library handles the gas-phase transport parameters, species
thermodynamics, and reaction kinetics [82]. Cantera includes routines for common phase
models (e.qg., ideal gas) that provide di usion coe cients, molecular weights, partial
pressures, and viscosities. Cantera also handles the chemical and charge-transfer kinetic
calculations, as in Section 3.3.7. Use of Cantera allows a generalized code structure where

important details are set entirely in the input le, rather than in the model codebase.
3.5 Structure-Property Relationships

The equations in Section 3.3 are common throughout PEMFC modeling [19, 58, 92],
and are extended here with novel structure-property relationships to predict CL transport
parameters (e.g.Dg'y and ). These parameters are not well known for nano-thin Na on
Ims. Thus far models have commonly use®§’, and , values measured from bulk
Na on membranes [58, 89, 105{107]. Literature over the last decade, however, has shown

that transport through nano-thin Na on Ims departs signi cantly from bulk membrane

63



behavior [18, 51, 52], due to reduced water uptake and con nement e ects near substrate
interfaces [52, 54, 77, 108].

In our previous publication [102], we incorporated thin- Im transport parameters in a
PEMFC model using structure-property relationships developed speci cally for thin Im
Na on. These relationships combined quantitative structural data from neutron
re ectometry (NR) experiments [52] with separate conductivity measurements [51] { both
performed using thin Im Na on. In this previous work, Na on-phase water was assumed
constant, equilibrated with a constant-RH gas phase. In this work, we allow the gas- and
Na on-phase water content to vary (and allow for liquid water condensation and
evaporation), and have updated these relationships to depend upon varying local ionomer

water content. This process is detailed below.
3.5.1 Naon-phase Water

In DeCaluweet al. [52], the water uptake in thin- Im Na on at a given RH correlates
with Im thickness in a non-monotonic manner. One goal of the present work is to
understand the relationship between ionomer loading and limiting phenomena in PEMFCs.
The reference thermodynamic properties for a specikgenthalpy h,, entropy s,, and
Gibbs free energyg,) are calculated using the seven-coe cient NASA polynomial [109].

For each Na on Im thickness simulated, we used SciPy's “optimize' routine to nd the
thermodynamic coe cients that result in the correct equilibrium Na on water volume
fraction, according to the NR experiments [52]. When non-uniform ionomer loadings are
modeled, the appropriate coe cients are used to calculate the local Na on-phase water

thermodynamics, as a function of local dry Na on thickness.
3.5.2 Thin Film Structural Approximations

For bulk Na on membranes, the ionic conductivity is described empirically by [105]:

1 1
oouk(;T)= 05139 0326 exp 1268 oo = (3.30)
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which captures the impacts of water uptake and temperatureT. NR experiments show
that water uptake in thin- Im Na on is less than for bulk membranes in equilibrium with
the same gas-phase RH [52, 54]. Thin- Im ionic conductivities are further reduced, for a
given , by con nement e ects and substrate interface interactions [52, 54{57]. In our
previous publication, we calculated transport “scaling factors' for a variety of Na on layers,
to calculate thin- Im Na on transport properties for a range of total Im thicknesses,
values, and distances from the substrate [52]. These were calculated for both interfacial
lamellae (Na on moieties that phase-segregate anisotropically, parallel to the substrate

surface) and for layers where phase segregation is isotropic.

Figure 3.3 lllustration of hypothesized structures at carbon-Na on and Pt-Na on

interfaces. The (a) "uniform' method assumes a homogeneous thin Im with reduced water
uptake compared to bulk Na on. The (b) "mixed' method instead assumes interfacial
water-rich and water-poor regions near the Pt while the carbon interfaces maintain a
uniform composition. Panel (c) shows a close up of the layered interface depicted in (b).
Note that Na on near Pt interfaces has been shown to have either one or two layers,
starting with a water-rich layer nearest the Pt surface [55, 56].

In this work, we extend these relationships for application in PEMFC simulations.
Because the previous relationships were based on measurements at silicon-Na on
interfaces [51, 52] { rather than Na on-carbon and/or Na on-platinum { we propose here
three hypothetical structure-property relationships for thin Im Na on transport in
PEMFC CLs. The relationships increase thin- Im Na on transport resistance relative to
bulk membranes by providing penalties for:i( lower water uptake, (i) reduced species
mobilities, and (iii ) possible interfacial structures. These hypotheses are in uenced by NR

experiments showing that Na on at pure carbon interfaces has little to no
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structure [55, 57], whereas Na on tends to form layered structures at Pt interfaces [54{56].
The three hypotheses are meant to cover a range of possible Na on morphologies in
PEMFC CLs, and are evaluated in Section 3.6.1 by tting to experimental data. The

calculations for all three methods are given in Sections 3.5.3 and 3.5.4, below.

" The 'literature’ method uses i, and Do,.ny expressions derived for bulk membranes,
evaluated using radially averaged water uptake ¢,) from the model. This method
accounts for reduced water uptake in thin- Im Na on, but ignores dimensional

con nement or layered interface structure e ects.

A

The “uniform' method, illustrated in Figure 3.3(a), hypothesizes that Na on
properties are dominated by carbon interfaces. The method assumes that water
uptake is uniform throughout the Im (i.e. layered structures do not exist), but that

dimensional con nement increases transport resistance.

A

The "mixed' method assumes that Na on thin Ims on Pt-decorated carbon exist in
both layered (Pt interfaces) and unlayered (carbon interfaces) forms, as in

Figure 3.3(b). Layered interfaces near Pt catalysts include water-rich and water-poor
regions, as illustrated in Figure 3.3(c). This method includes transport penalties for
reduced water uptake and con nement e ects, but hypothesizes that the water

uptake depends on Pt loading, due to enhanced water uptake at Pt interfaces.
3.5.3 lonic Conductivity

The “literature' method estimates thin- Im conductivities by evaluating Equation (3.30)

with the radially averaged water uptake ( o) from the model,
io:lit = io:bulk ( av; T): (3.31)

The Na on thermodynamics are adjusted to match the water uptake, as a function of

thickness, observed experimentally [52].
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The “uniform' structural method, captures reduced proton mobility via a scaling factor
(f uniform ):
io; uniform = io; butk (a3 T)F uniform : (3.32)
The scaling factor is calculated in [52] for the thicker "bulk-like' Na on layer present at the

gas interface.

The "mixed' method conductivity is calculated using a parallel circuit analogy:

_ APt N io;Pt N + AC N io; uniform , 3.33
io; mixed — ( . )
Apt Nt Ac N

whereAp; y and Ac n are the areas of the Pt-Na on and carbon-Na on interfaces for a
single representative core-shell particle, respectively. This method assumes that water-rich
layers existing at Pt-Na on interfaces improve local conductivity. Consequently, properties
for the "'mixed' method depend on Pt loading. Since Na on at both silicon and Pt
interfaces tends to be layered, the conductivity at the Pt interface (o.pt ~) IS assumed to
be the same as that measured at a silicon interface. Interpolation of the data in [51]

accounting for temperature, water uptake, and thickness dependence, provides the Na on

conductivity near the Pt interface.
3.5.4 Oxygen Di usion

A similar procedure was used to calculate local oxygen di usion coe cients. The
empirical relationship for bulk Na on is taken from [50],

1514
Do,:buk(T) =1:745 10 ®exp — (3.34)

To add water uptake { and thus thickness { dependence, the bulk value is scaled linearly
by the local ,, value at any given time. This assumes that oxygen di uses through the
water domains in the Na on, and that the mobility therefore decreases linearly with the

water content. For the ’literature' method,

D&,.it = Doy:buk (T)—; (3.35)

ref
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where the reference ¢ Is that for a bulk Na on membrane at the same environmental
conditions (i.e., temperature and RH).
In the “uniform' method, we assume that the scaling factorf (niom ) in Equation (3.32)

uniformly impacts all Na on species mobilities, and calculatd &' as:

& = Do, bukk (T) 2t uniform - (336)

O2; uniform
ref

For the "mixed' method, we hypothesize that @ di usion only occurs through Na on
regions near Pt catalysts, and calculate the e ective di usion coe cient through Na on
with layered interface structures. Water uptakes and scaling factors from the silicon-Na on

NR data were used to approximate the di usion coe cient in a given layer:

Doy:i = Doybui (T)—f: (3.37)
ref
The total average di usion coe cient was determined by a thickness-weighted average of

the layers in series
P

av p__ . (3.38)

O2; mixed = ti:DO 'i’
2;

wheret; is the thickness of layeli, as previously measured [52].

Table 3.3 Experimental and simulation cell conditions.

Parameter Value Units
Temperature 80 C
Pressure 150 kPa
RH for experiments 100 %
RH for simulations 99 %
H, Stoichiometry 15

Air Stoichiometry 20

3.6 Results and Discussion

Table 3.3 shows operating conditions for the validation experiments [81]. All

simulations in the following subsections are run with these same conditions, except for the
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cathode-feed RH. The model uses a cathode-feed RH of 99%, which increases numerical
stability. Aside from the open-circuit condition, liquid water develops within the CL

because the local gas phase quickly becomes saturated as water is prodyegd> O.
3.6.1 Model Validation

The model was validated using experiments from Owejagt al. [81]. Experiments
included PEMFCs with four Pt loadings between 0.025 and 0.2 mgcrh Model results
were t using experimental tests performed with both air- and G-fed cathodes. Figure 3.4
shows the model results plotted against the air data set. Comparison to the, @ata set is
available in Figure B.2. All geometric and transport parameters were adapted from
experiments and literature, and were not varied during validation/ tting. Rather, the two
kinetic rate constants for the two-step ORR mechanism were adjusted by hand until a
minimum goodness-of- t statistic (see Section 3.6.1) was achieved across all four data sets;
the values are reported in Table 3.1. Kinetic rate constants for Reactions (3.15) { (3.18),
also reported in Table 3.1, were chosen assuming the reactions were fast (i.e., kept near
equilibrium). A sensitivity analysis con rmed simulation results are independent of small

deviations in these "assumed' values, see Figure B.5 in Appendix B.

Resolving Structure-Property Relationships:

In Figure 3.4, 2is used as a goodness-of- t statistic. It is calculated as

2 _ 1 Xeat (Vmod;i Vdat;i)z_
SDgat;i ,

wherengy is the number of experimental data points. For each data point corresponding

(3.39)

Ndat i=1
to a measured current densityVmog:i IS the voltage calculated in the model at that current
density, V4at:i IS the experimentally measured voltage, and SR.; is the standard deviation
of the data from the mean, taken from error bars reported with the data. A lower?
signies a better t, ?2=1:0is anideal t, and 2 < 1:0 implies over- tting. As a

rule-of-thumb, 2 < 2:0 indicates a good t to the data.
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