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ABSTRACT

Fuel cells, specifically Proton Exchange Membrane Fuel Cells (PEMFC) and
Anion Exchange Membrane Fuel Cells (AEMFC), are pivotal in reducing green-
house gas emissions and promoting clean, renewable energy. These technologies are
critical for the protection and sustainability of the planet’s resources. Despite their
distinct applications, PEMFC and AEMFC devices share many similarities in terms
of their components and the underlying physics that govern their operation. This
commonality allows research findings from one type of fuel cell to be adapted to the
other with minimal modifications.

Like PEMFCs, AEMFCs are characterized by their complex nature and the
highly coupled multiphysics involved in their operation. This complexity makes it
challenging to draw comparisons and conclusions from various experimental studies.
Additionally, local conditions and transport phenomena within the fuel cell are diffi-
cult to probe experimentally. In this context, modeling serves as a powerful tool that
complements experimental studies, offering clear and direct relationships between
operating parameters, material properties, and overall performance. In the work
discussed in Chapter 3, a one-dimensional (1-D) analytical model of an AEMFC
has been developed. This model is capable of simulating the fuel cell’s performance
under both dry and wet conditions. The modeling approach for handling flooding
in the gas diffusion media and the catalyst layer involves a combination of semi-
empirical models and multilayer discretization of domains. This robust approach
can be extended to other cell models as well.

At the heart of both PEMFC and AEMFC devices are the electrodes or cat-
alyst layers (CLs). These are complex, heterogeneous porous structures made up
of catalyst particles, ion-conducting polymers, and void spaces. These components
come together to form the triple phase boundary, which is essential for the elec-
trochemical reactions that occur within the fuel cell. Specifically, Pt/C particles
facilitate electron transport, ion-conducting polymers enable ion conduction, and
void spaces are crucial for the transport of gases and water. Catalyst inks are typi-
cally used to fabricate these catalyst layers. Therefore, understanding how various
parameters of the catalyst ink (e.g., ionomer chemistry and loading, solvent for-
mulation, carbon support type, etc.) affect its properties, the interactions between
the components, and ultimately the formation of the CL microstructure and cell
performance, is vital for optimizing electrode design.

vii



The studies described in Chapters 4 to 6 use a combination of rheological and
electrical measurements in addition to established characterization tools to investi-
gate the effects of catalyst ink parameters and shear on the properties of the ink.
The simultaneous measurements of rheology and impedance will provide unique in-
sights into the evolution of the microstructure of the catalyst layers. The proposed
rheo-EIS measurement tool takes advantage of the dynamic nature of catalyst inks,
where rheological and electrical behaviors are coupled to the material’s microstruc-
ture. These coupled behaviors are typically difficult to measure using traditional
optical or scattering techniques. This tool will be used to study catalyst inks for
PEMFC applications, providing detailed insights into their microstructural devel-
opment and resulting electrode performance.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation

The Paris Agreement, which set the threshold for ’safe’ global average tem-
perature at 1.5°C to 2°C above pre-industrial levels, was adopted at a time when
climate projections for this century could only be described as catastrophic. Most
scientists argued that with the ’business as usual’ approach, the planet could warm
by 4°C or even 5°C. Such events would lead to food and water crises, significant heat
stress, economic conflicts, displacement of populations, and, in some areas, warnings
about the end of civilization [1].

At present, climate change has led to roughly 1.2°C of warming [1]. In order
to meet the climate goals articulated in the Paris Agreement, governments need to
take rapid action to curb emissions and completely transform how societies consume
and produce energy. The solution includes advancing the transition to renewable
energy technologies, developing sustainable transportation systems, and an overall
reduction in carbon emissions across all sectors. Currently, about 80% of the world’s
energy is produced using fossil fuels [2, 3]. To limit the temperature rise to within
’safe’ levels, this percentage would have to fall all the way to zero in the next five
decades - if not faster. Fuel cell technology represents a crucial component and a
promising solution towards achieving the 1.5°C target.

Nations around the world are implementing policies towards achieving the
1.5°C target. These initiatives include China’s green deal that strives to peak carbon
emissions in 2030 and achieve carbon neutrality by 2060 [4] and the European Green
Deal (EGD) that targets carbon neutrality for Europe by 2050 [5]. In 2022, the US
Senate passed legislation, which includes the largest single American investment in
history to slow down global warming [6]. The bill provides billions of dollars of
investments in the development of clean energy technologies that could help reach
the goal of cutting global warming emissions in half by 2030 [7]. In line with this
mission, researchers and energy developers deem building sustainable and green
energy technologies and infrastructure as critical in the current era, where climate
change and energy security are primary concerns. To this end, focus is given to
energy-conversion devices that not only curtail greenhouse gas emissions but also use
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renewable energy sources and produce value-added products. Among the different
energy conversion and storage devices, fuel cells are one of the most attractive and
promising technologies.

The United States is at the forefront of developing fuel cell technology, with
several projects underway. For example, in California, efforts are being made to
expand hydrogen fueling stations and promote hydrogen fuel cell electric vehicles
(FCEVs) in order to achieve a carbon-neutral economy by 2045. In line with this
goal, California has recently launched ARCHES, a public-private partnership that
aims to fund and build hydrogen hubs across the state [8]. Another prominent
project in the U.S. funded by the Department of Energy (DOE) is the Million Mile
Fuel Cell Truck (M2FCT) research consortium that aims to develop a hydrogen fuel
cell system that can power a heavy-duty truck for 1 million miles of operation [9].

1.1.1 PEM and AEM Fuel Cell Operation

Fuel cells are electrochemical devices that convert chemical energy from fuel,
typically hydrogen, directly into electricity. From all fuel cell types, proton ex-
change membrane fuel cells (PEMFCs) have been studied extensively for the last
few decades due to their zero/low emission, high energy density, fast start-up, and
outstanding stability and durability [10–12]. In PEMFC, hydrogen and air are fed
through the gas flow channels. These reactant gases are distributed throughout the
cross-sectional area of the cell and transported further into the cell through gas
diffusion layers (GDLs). After the GDL, gases enter the catalyst layers (CLs) or
electrodes where reactions take place. At anode CL, hydrogen is oxidized to gener-
ate protons and electrons. At cathode CL, oxygen from the air reacts with protons
and electrons to form water.

Anion exchange membrane fuel cell (AEMFC) has the same operating princi-
ple as PEMFC. The key difference is that AEMFC uses an anion-conducting mem-
brane which allows for operation under alkaline environment. Fuel cells operated
under alkaline environments have significantly improved oxygen reduction reaction
(ORR) kinetics [13]. Aside from superior ORR kinetics, advantages of an AEMFC
include the use of low-cost, non-precious catalysts, no CO poisoning of electro-
catalyst when operating at low temperatures [13], low fuel crossover [14, 15], and
potentially low cost of membrane material compared to PEMFC [16].

Even though an AEMFC differs from a PEMFC, they share many similar
materials and designs. For instance, transport properties of different channel designs
for PEMFC is applicable to AEMFC [11]. The requirement and specifications of the
diffusion media materials and properties are also similar [17] as well as the analytical
multiphysics simulation approach [18, 19]. A schematic illustration of AEMFC and
PEMFC operation is illustrated in Figure 1.1.

2



Figure 1.1: Schematic diagram showing AEMFC and PEMFC operation and elec-
trode reactions. Adapted from Ref. [20]

1.1.2 Technological Challenges and Current State of Research

1.1.2.1 PEMFC Technology

PEMFC is a relatively mature technology compared to AEMFC. However,
performance limitations still arise due to its sluggish ORR kinetics, high mass trans-
port loss, and CO poisoning of Pt-based catalysts [21–23]. To date, there are ex-
tensive studies and published research related to enhancing the ORR kinetics of
PEMFCs [24].

In the U.S., the research and development related to PEMFC technology
primarily focus on improving efficiency and durability for long-term operation. This
effort is supported by numerous initiatives and funding opportunities, such as the
U.S. DOE-funded M2FCT consortium. To this end, there are systematic studies on
how structures of electrodes or CLs affect the performance and long-term durability
of PEMFCs [25, 26]. In addition, several studies have also been published discussing
degradation mechanisms of the membrane, GDL, and electrode component through
accelerated stress tests [27, 28]. Development of fuel cell components and integration
have also been proposed geared toward fuel-cell electric vehicle applications [29].

1.1.2.2 AEMFC Technology

While there are benefits of AEMFC technology such as faster ORR and fuel
flexibility, it suffers from slow hydrogen oxidation reaction (HOR) kinetics, compli-
cated water management, and lower intrinsic conductivity for hydroxide compared
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to proton transport [30, 31]. In addition, low concentration of CO2 in the air can
react with hydroxide ions to form bicarbonate and carbonate ions causing the re-
duction of hydroxide conductivity [32].

Currently, the research and development of AEMFCs are still in its early
stages and most studies are experimental and material-driven. Numerous work fo-
cused on membrane synthesis and characterization [33, 34], development and design
of non-Pt catalyst [35, 36], and analysis of cell performance [37, 38]. In addition
to material development, AEMFC operation involves complicated water transport
due to its intrinsic imbalance in the cell. In an AEMFC, water is generated at the
anode and consumed at the cathode, which often causes a significant water gradient
through the membrane. As a result, AEMFC often suffers from anode flooding and
cathode drying, which is exacerbated at high current densities [39]. Therefore, a
new fundamental understanding of water transport as a function of various oper-
ating conditions, materials properties and catalyst design need to be established.
Considering the complexity and difficulty of experimental study, modeling is viewed
to be a more effective and low-cost approach to gain a deep insight into the water
transport and performance of an AEMFC [40].

1.2 Fuel Cell Modeling and Simulation

Experimentally probing the multiphysics processes and phenomena in an elec-
trochemical device, such as fuel cells, while in operation is challenging. Spatial
variations in species distribution, local conditions like pressure and temperature,
and current densities are nearly impossible to observe with currently available ex-
perimental tools. For this reason, simulation and modeling tools have proven to
be an invaluable complement to experimental investigations and a crucial resource
for designers and decision-makers. Modeling can provide insights into the effects of
component design and material properties on performance, aiding in the optimiza-
tion of design and operating conditions. This ultimately leads to increased efficiency
and reduced overall costs.

Modeling approaches can be classified in various ways: in terms of spatial
dimensions of domain considered (0-D, 1-D, 2-D, or 3-D), single-phase or multi-
phase, physics included, isothermal or non-isothermal, numerical or analytical, static
or dynamic, and so on. A map illustrating the scope of electrochemical modeling is
presented in Figure 1.2.
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Figure 1.2: Different types of modeling scope and scale applicable for fuel cell
simulation studies [41].

Several modeling studies related to PEMFC and AEMFC have been pub-
lished to date. These types of studies span optimization of CL design [25, 42],
understanding of water transport [43], investigating degradation mechanisms [44],
performance modeling and parameter sensitivity studies [18], and so on.

1.3 Catalyst Layer and Ink Multicomponent Interaction

The catalyst layer (CL) is vital as the site where electrochemical reactions
take place, making it a crucial component of any electrochemical cell. In PEM-
FCs, the CL features a heterogeneous porous electrode composed of platinum (Pt)
catalyst particles supported on carbon, embedded within an ionomer matrix, and
interspersed with void spaces defining the triple-phase boundary (TPB). The solid
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phase acts as an electron conductor, the ionomer functions as a binder and facili-
tates ion transport, and the gas-phase voids serve as channels for species transport.
Optimizing the microstructure of the CL to enhance TPB density is essential for
maximizing catalyst utilization and improving overall cell performance.

CL is usually prepared using catalyst ink, which consists of Pt catalyst on
carbon material, ionomer dispersion, and a solvent mixture of alcohol and water.
The microstructure of the CL is dependent on several factors including ink formu-
lation, carbon support, ionomer chemistry, solvent ratio, fabrication technique, and
many others [45]. In addition, catalyst ink interactions play an important role in
determining electrochemical properties, such as double layer capacitance (DLC),
charge-transfer resistance, and electrochemical surface area (ECSA) as shown by
previous studies on proton exchange membrane fuel cells (PEMFC) [46, 47]. Fig-
ure 1.3 illustrates the ink properties and catalyst layer structure and associated
parameters that determine final electrode microstructure.

Figure 1.3: Illustration of the catalyst ink and catalyst layer and the relevant
parameters that determine CL microstructure [45].

Understanding how catalyst ink parameters influence ink properties and the
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interactions among its components is crucial for comprehending their impact on CL
microstructure formation and overall cell performance. This knowledge is essential
for designing electrodes as it provides guidance on achieving specific CL microstruc-
tures without relying solely on time-consuming optimization and empirical studies.

1.4 Research Objectives and Dissertation Outline

This dissertation integrates both modeling and experimental approaches to
investigate transport phenomena and the microstructure of electrode components
in fuel cells. The modeling and simulation work aims to develop a one-dimensional
(1-D) analytical model of an anion exchange membrane fuel cell (AEMFC), while
the experimental work focuses on investigating the impact of catalyst ink properties
on catalyst layer (CL) microstructure and membrane electrode assembly (MEA)
performance.

Chapter 2 provides a review of the current literature. This includes topics on
AEMFC modeling and catalyst ink parameter study. Subjects related to catalyst ink
study comprise the different experimental tools and methods used to characterize
ink properties.

Chapter 3 delves into the development of a 1-D analytical model for AEM-
FCs. This chapter outlines the model’s formulation, detailing the electrochemical,
kinetic, and transport equations, along with the coupled physics incorporated into
the model. It also presents the experimental validation of the model. Further-
more, the chapter introduces an empirically-based local flooding model designed to
simulate cell performance under flooding conditions.

Chapter 4 introduces the rheo-impedance tool for studying catalyst ink mi-
crostructure. This chapter explains the theory and working principle underlying
rheo-impedance measurement. It also details the developed protocols for standard
rheology and simultaneous rheo-impedance tests. Furthermore, the chapter explores
the application of this tool to platinum on carbon (Pt/C) catalyst inks with various
types of carbon supports and solvent formulations.

Chapter 5 further explores the application of rheo-impedance measurements
in investigating catalyst ink microstructure, specifically examining the impact of
different ionomer chemistries on catalyst ink and electrode properties. Addition-
ally, this chapter investigates the influence of carbon loading on the rheology of
the ink. The insights gained from the rheo-impedance tool are complemented by
zeta-potential and dynamic light scattering (DLS) measurements, providing a com-
prehensive understanding of the evolution of CL microstructure and its effect on cell
performance.
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Chapter 6 builds upon the findings from Chapters 4 and 5 by examining how
ionomer loading and solvent formulation impact the properties of catalyst inks, the
resulting CL microstructure, and ultimately, cell performance. This study compre-
hensively explores the multicomponent interactions within catalyst inks by evalu-
ating formulations at three different levels for each parameter. The chapter offers
a detailed insight into the formation of CL microstructure and its interplay with
catalyst ink properties.

Finally, Chapter 7 summarizes the dissertation and outlines the main findings
from the work. In addition, it gives directions an identifies avenues for future work.
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Chapter 2

LITERATURE REVIEW

2.1 AEMFC Modeling

In recent years, there have been a few modeling studies pertaining to hydrogen-
fueled AEMFC and most of them are numerical in nature [14, 30, 48–51]. Shiau et
al. [30] developed a steady-state model to investigate the effect of humidification on
cell performance and found that anode inlet relative humidity (RH) is particularly
critical given a membrane having low water-transport resistance. Dekel et al. [14]
developed a model that explored the impact of varying RH and time-dependent cell
performance. A subsequent study from the same group examined the influence of
anion-exchange ionomer (AEI) on performance and stability, revealing that ionomer
conductivity significantly affects long-term stability [52]. Additionally, Yassin et al.
[53] studied the effect of AEM thickness on performance and found that reduced
thickness markedly improves performance by minimizing anode flooding and cath-
ode dehydration. While these 2-D and 3-D computational models give insights into
the local distribution in a fuel cell, they usually have non-physical-based adjusting
factors, require high computational power, and are very sensitive to grid structure,
input values, and boundary conditions. Some of the key advantages and disadvan-
tages of analytical and numerical modeling approach are listed in Table 2.1.

Table 2.1: Comparison of Analytical vs. Numerical/Computational Models for
Fuel Cell Analysis

MODEL TYPE PROs CONs

Analytical Model

Simplicity
Speed
Insight
Benchmarking

Limitations
Applicability

Computational/Numerical
Model

Detail
Accuracy
Scalability
Flexibility

Complexity
Computationally-intensive
Stability and convergence
Cost
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Analytical-based physical models have been recognized as an effective tool
for water management of fuel cells [18, 54, 55]. If implemented appropriately, the
analytical model can provide direct and clear relations between the results and
model parameters. However, only a few studies have used this approach in AEMFC
study and none of them fully capture all important multiphysics [56, 57]. Huo et
al. [40] developed a steady-state, isothermal model that explored water transport
and revealed that water permeation from anode to cathode is the critical factor
affecting cell performance. A previous analytical model from the same research
group was developed to examine the effect of the MPL and the electrode wettability
on water transport [56]. For the analytical model to be accurate, all the pertinent
physics must be included. The fundamental physics in an AEMFC include (1)
electrochemical reaction kinetics, (2) membrane water and ion transports, (3) non-
isothermal heat transfer with multiple location-specific heat sources, (4) electron
transport with electrical contact resistances, (5) mass transport with geometrical
effect, and (6) two-phase water transport phenomena.

2.2 Catalyst Ink Parameters

Studies have shown that the composition or formulation of catalyst ink
greatly impacts CL microstructure [45, 58–61]. Depending on the composition,
type of ionomer, solvent formulation, and various other factors in the catalyst ink,
different interactions can lead to diverse CL microstructures. The following sub-
sections will discuss the ink parameters in detail and explain how each parameter
influences the macroscopic properties and microstructure of the ink.

2.2.1 Ionomer Chemistry and Loading

The ionomer is a crucial component in catalyst inks. It not only binds the cat-
alyst particles together but also provides pathways for proton conduction and helps
promote TPB sites. The most extensively studied ionomer in relation to PEMFCs
is perfluorosulfonic acid (PFSA). PFSA ionomers feature a polytetrafluoroethylene
(PTFE) backbone with side chains terminating in negatively charged sulfonic acid
functional groups. The properties of PFSA ionomers can be modified by altering
the backbone structure, side chain length, or equivalent weight (EW), which is mea-
sured in terms of grams of ionomer per mole of sulfonic acid group. These properties
affect the microstructure of the ink by impacting the interaction with the catalyst
particle or solvent.

Recent studies have demonstrated performance improvements using highly
oxygen-permeable ionomers (HOPIs). [62–64]. Unlike the straight PTFE chain of
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Nafion ionomers, HOPIs possess an oxygen-permeable ring matrix backbone facil-
itating gas transport. Studies have shown that using HOPIs reduced the oxygen
transport resistance in the CL and increased the power density of the MEA. Jin-
nouchi et al. [62] studied the effect of adding a ring-structured backbone matrix,
perfluoro-(2,2-dimethyl-1,3-dioxole), into ionomers and found that oxygen solubility
of the ionomer improved and catalyst poisoning due to sulfonic acid group mini-
mized. The molecular structures of Nafion and two different HOPI materials are
shown in Figure 2.1. To optimize the design of CL, a deeper understanding of how
these relatively new ionomers influence the interfacial structure is essential. In the
case of HOPI, the permeability is informed by several parameters such as interfacial
properties and ionomer distribution in the CL [62].

Figure 2.1: Molecular structure of (a) Nafion ionomer, (b) HOPI with PMFMMD
backbone, and (c) HOPI with PDD backbone. Adapted from Ref. [62]

Furthermore, ionomer loading, commonly referred to as the ionomer-to-carbon
(I/C) ratio, plays a crucial role in the performance and durability of PEMFCs. This
ratio is generally optimized to increase Pt catalyst utilization and minimize mass
transport resistance. The I/C ratio provides a measure of continuous ionic pathways
for effective proton transport across the CL. At high I/C levels, an excess of ionomer
can lead to catalyst agglomeration, reducing the electrical conductivity of the CL.
It has also been reported that ionomer adsorption on carbon follows a Langmuir
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isotherm [65], meaning the ionomer adsorbs as a monolayer. Therefore, above an
optimal I/C ratio, increasing ionomer loading barely increases the adsorbed ionomer,
while the nonadsorbed ionomer contributes to polymer bridging. If the I/C ratio
is too high, the pores of the CL become blocked, hindering species transport and
resulting in increased local and bulk gas transport resistance and/or flooding. Con-
versely, at very low I/C ratios, there is insufficient ionomer to form a network for
proton transport, reducing the number of accessible Pt catalytic sites or TPB.

2.2.2 Solvent Formulation

The type of solvent and formulation used in catalyst inks are important. Al-
though the solvent completely evaporates and is not present in the CL final form, its
properties (i.e., dielectric constant, solubility parameter, viscosity, surface tension,
boiling point, and surface tension) inform the microstructure and the macroscopic
properties of the ink and therefore the final CL microstructure [59, 66, 67]. Figure
2.2(a) lists these properties and the corresponding catalyst ink macroscopic proper-
ties they influence.

Figure 2.2: (a) Physical properties of solvent and their effects on the microstruc-
ture and macroscopic properties of catalyst ink, (b) size and morphol-
ogy of Nafion ionomer in different solvents [61]
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The dielectric constant of a solvent refers to its ability to separate opposing
charges and is related to its polarity. Similarly, the solubility parameter measures
the interaction behavior of an ionomer in a given solvent and is directly related to the
degree of ionomer conformation [68]. Both the dielectric constant and the solubility
parameter primarily influence the dispersion of the catalyst and the conformation
of the ionomer.

The solvent viscosity affects the viscosity and stability of the catalyst ink.
It also impacts the ink coating and drying processes. Catalyst ink with a viscous
solvent is generally more stable than ink made with a thin solvent, as the Brownian
motion of agglomerates is typically reduced [61]. Additionally, catalyst ink for rod
coating is relatively more viscous than ink for spray coating.

The boiling point and vapor pressure of the solvent influence the choice of
coating and drying process. A higher boiling point results in a slower evaporation
rate, which increases ink stability during the drying process by prolonging the drying
time. In contrast, fast evaporation can make the ink unstable and may contribute to
CL surface cracking [61] upon drying. Therefore, it is important to select a solvent
that ensures the resulting ink is stable enough while also allowing for complete
evaporation of the solvent during the drying process.

Finally, the surface tension of the solvent affects the surface tension of the
ink to some degree with contributions from catalyst and ionomer [61].

2.2.3 Type of Carbon Support and Loading

In this study, catalyst refers to platinum supported on carbon (Pt/C). The
structure and surface properties of the catalyst, in particular the carbon, and the
catalyst loading, which is informed by the carbon-to-solvent (C/S) ratio parameter
in catalyst ink greatly influence the microstructure and macroscopic properties of
the ink. These include the size of catalyst agglomerates, ionomer coverage, ink
viscosity, and optimal I/C.

In general, carbon supports are classified into low surface area (e.g., Vulcan
carbon black) and high surface area carbon (e.g., Ketjen carbon black). A previous
study presented a comparison of the BET-surface area of different carbon [69]. This
is shown in Figure 2.3.
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Figure 2.3: Schematic sketch of the carbon structure and their experimentally
determined BET-surface area properties [69]

According to the literature, Ketjen carbon black has a significant surface
area and is highly porous. Consequently, most of the Pt nanoparticles reside in the
internal pores, with only about 50% or fewer on the external surface. Additionally,
ionomer preferentially interacts with Pt rather than carbon. As a result, Pt/Vulcan
has a higher Pt surface density, leading to more uniform ionomer coverage [61].

Additionally, if the catalyst content in the ink is increased, the amount and
size of agglomerates increase, and the distance between agglomerates decreases,
increasing the viscosity of ink [70]. In PEMFC, the catalyst content is normally
related to the amount of carbon in the ink and controlled by the carbon-to-solvent
(C/S) ratio parameter in ink preparation.

2.3 Catalyst Ink Macroscopic Properties and Microstructure

The heart of an electrochemical cell is the catalyst layer (CL). As previ-
ously discussed, CLs are typically fabricated from inks composed of a mixture of
ionomer, catalyst particles, and solvent. The intrinsic properties of each material
and the resulting interactions between these components make characterizing ink
microstructure inherently complex.
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2.3.1 Catalyst Ink Component Interaction

The composition and type of ionomer or solvent in the catalyst ink lead to
different interactions and, consequently, different microstructures. Ionomer/solvent
interactions inform the conformation of ionomer in a solution which in turn affects
the formation of TPBs. For instance, the ionomer (Nafion) can present as an ag-
glomerated structure in an IPA-rich solvent or as a rod-like structure in a water-rich
solvent [71]. This is illustrated in Figure 2.4(a-b). This variation in ionomer be-
havior affects the interactions between catalyst particles, influenced by the resulting
surface energies due to the adsorbed ionomers on the surface as shown in Figure
2.4(c-d).

Figure 2.4: Structure of ionomer under different solvent: (a) and (c) water-rich;
(b) and (d) nPA-rich catalyst inks [71].

The ionomer/particle interactions govern the agglomeration behavior and the
size and distribution of agglomerates. Researchers have shown that ionomer distri-
bution and coverage on catalyst particles directly influence the electrochemically
active surface area (ECSA) and influence the mass transport resistance [68, 72].
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Particle/solvent interaction also determines the degree of agglomeration in
the ink. When the interfacial energy between catalyst particles and solvent is high,
in the absence of ionomer, it leads to greater agglomeration. This occurs because the
particles tend to cluster together to minimize the interfacial energy. The presence of
ionomer can significantly reduce this interfacial energy, thereby decreasing the extent
of agglomeration and promoting a more uniform dispersion of catalyst particles
within the solvent [68]. Altering the solvent formulation, such as adjusting the
IPA-to-water ratio, directly impacts the dielectric constant and solubility, thereby
affecting the hydrophobicity of the system and potentially inducing aggregation
[45]. This adjustment can lead to changes in how catalyst particles interact with
each other and with the ionomer, influencing the ink’s macroscopic property and
microstructure.

Figure 2.5: Proposed catalyst microstructure based on water/NPA ratios [73].

2.3.2 Techniques for Characterizing Catalyst Ink

To establish a clear material-performance relationship, it is crucial to analyze
several key factors. These include the morphological structure of the CL, the size and
distribution of particles and formed agglomerates, the interactions between different
components, the stability of the ink, and the characteristics of the final coating. For
instance, the morphological structure can significantly influence the electrochemical
surface area and, consequently, the overall performance of the cell. Particle size and
distribution affect the efficiency of catalytic reactions, while component interactions
can impact the overall stability and durability of the electrode. Additionally, ink
stability is vital for ensuring consistent application and performance, and coating
characteristics such as thickness and uniformity are critical for optimizing the cell’s
performance. Figure 2.6 represents the evolution of catalyst ink to catalyst layer
and its relationship to MEA performance.
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Figure 2.6: Schematic showing the progression of catalyst ink to catalyst layer and
into its effect on fuel cell performance.

It is essential to develop a systematic understanding of how electrode struc-
ture, properties and performance are affected by catalyst ink component interaction.
Such knowledge would also help in validating any proposed structure-property rela-
tionships that could be key in understanding stability and performance of electrodes.

2.3.2.1 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a convenient, fast, and non-destructive
technique for characterizing ink properties. It evaluates ink stability by measuring
particle size distribution, which indicates the extent of catalyst agglomeration and
the formation of ionomer aggregates. The technique captures the Brownian motion
of particles in solution, analyzing the scattered light signal received by the detector.
The particle (hydrodynamic) size is calculated using the Stoke-Einstein equation,
which depends on the overall viscosity and refractive index of the solvent and the
temperature of the sample [66]. In addition, polydispersity is calculated from DLS
data as the standard deviation of the size distribution of particles in a dispersion.
The polydispersity index (PDI) provides a quantitative representation of the extent
of particle size distribution. Values between 0.1 and 0.4 indicate moderate to high
dispersity, while PDI > 0.1 suggests significant polydispersity. A PDI < 0.1 indicates
a highly monodisperse sample [68].

DLS measurement is suitable for the characterization of colloidal particles
from a few nanometers to a few microns. However, since multiple scattering greatly
affects the quality and accuracy of data, measurement requires dilution of inks.
This, in turn, prevents the measurement of the true ink structure [74].
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2.3.2.2 Zeta Potential

The interaction between charged particles can be quantified to a certain de-
gree by measuring zeta potential (ζ). Zeta potential is an important parameter that
provides a measure of the stability of colloidal dispersions, such as catalyst inks.
It represents the degree of repulsion between adjacent, similarly charged particles
in ink dispersions and is also closely related to particle size [74]. In particular,
high zeta potential values (positive or negative) indicate strong repulsion and thus
greater stability, while low zeta potential values suggest a tendency for particles to
aggregate.

Figure 2.7: Illustration of Stern and Zeta potential of a particle [68]

The charge density surrounding a particle can be described by the potential
at two layers: the Stern and diffusion layer (Figure 2.7). The Stern potential is
opposite that of the particle surface due to electrostatic forces. In the same regard,
the counterions from the bulk exert electrostatic force at the Stern layer to the
diffusion layer. Effectively, the charge along the sliding plane is considered the zeta
potential.
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2.3.2.3 Rheology

The characterization of ink processing performance is also important, and in
general, resulting surface tension and rheology are good indicators of ink deposition
method suitability. In particular, rheological measurements or viscosity studies per-
tain to the ink’s fluidity when subjected to shear forces. They yield valuable insights
into microscopic properties, interactions among components, coating characteristics,
homogeneity, morphology of the CL during drying, and ink stability [68].

Achieving optimal viscosity is paramount in the ink coating process to en-
sure high-quality, continuous, and defect-free coatings. The required viscosity varies
depending on the specific coating technique employed; for instance, rod coating
typically necessitates a higher ink viscosity. Catalyst ink viscosity is influenced by
factors such as processing temperature, solvent viscosity, solid fraction, and shear
rate. At low shear rates, catalyst inks demonstrate shear-thinning behavior as hy-
drodynamic forces disperse catalyst agglomerates. Furthermore, the extent of shear-
thinning behavior provides insights into the structural reassembly and interaction
of these agglomerates. This specific rheological behavior of catalyst inks provides a
correlation between apparent ink viscosity and the interaction between agglomerates
which can be used to characterize the evolution of CL microstructure.

2.3.2.4 Rheo-impedance measurement as tool for studying catalyst ink
component interaction

There are numerous studies on rheological investigation of the properties
of catalyst ink [75, 76]. This usually involves the measurement of viscosities and
shearing behavior at different shear or strain rates and provides valuable insights
about the microstructure evolution under shear. Under shear, the microstructure
can evolve and rearrange, thereby changing the overall properties of the material.
Another tool that could help in the investigation of properties under shear is electro-
chemical response measurement or electrochemical impedance spectroscopy (EIS).
Coupled with rheological measurement, this can provide information on the evo-
lution of material microstructure under flow. In addition, rheo-impedance mea-
surements take advantage of the fact that rheological and electrical behaviors are
coupled to the dynamic microstructure of material which is usually difficult to mea-
sure using optical or scattering techniques [77]. Several studies focusing on dielectric
materials under rheo-impedance measurement are enumerated by Helal et al. [78].
A representation of the combined capabilities of rheo-impedance tool is presented
in Figure 2.8.
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Figure 2.8: Representation of the combined capabilities of rheological and electro-
chemical measurement

Rheo-impedance measurement tool combines the capability of a typical rheome-
ter that can measure thixotropy and viscosity at different shear rates and an elec-
trical measuring tool that can measure impedance response simultaneously.

To date, there has been no studies combining rheological and electrical mea-
surements on Pt/C catalyst ink materials. In the proposed work, an in-house rheo-
impedance measurement tool is developed in order to measure viscosities and elec-
trical properties at different shear rates. This would allow for understanding of how
catalyst microstructure is affected by catalyst ink parameters such as ionomer-to-
carbon ratio, type of solvent, and processing method as are factors considered in
this study.
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Chapter 3

AEMFC MODELING AND SENSITIVITY STUDY∗

In this study, a steady-state, analytical 1-D AEMFC model is developed
to include all of the fundamental physics. The newly developed model introduces
a new approach to capture the transport properties of a gas diffusion electrode
(GDE) through multilayer discretization of diffusion media (DM) and catalyst layer
(CL), which allows for better representation of GDE architecture. Two-phase water
transport in the diffusion media (DM) and catalyst layer (CL) are simulated using
proposed empirical correlations as functions of local water activities. Aside from
the inherent robustness of the 1-D model, the simulation approach and physics
in this study can be readily adapted and validated using different materials and
design parameters. Therefore, the proposed model provides a universal platform for
simulating AEMFC with different materials, designs, and architecture. The model
predictions are validated by the experimental results. Further sensitivity studies
investigating the effect of membrane and ionomer properties as well as the operating
conditions are also presented. Overall, this analytical-based model can be used as
a powerful platform for investigating transport phenomena and performance of an
AEMFC under various operating conditions.

3.1 Model Formulation

The AEMFC model consists of the electrochemical reaction, mass, heat, and
charge transport. A schematic of the 1-D steady state, non-isothermal AEMFC
model domain and transport processes is shown in Figure 3.1. This study aims to
present a framework with which all the relevant physics can be incorporated into a
1-D analytical model for predicting the AEMFC performance at different operating
conditions. While many modeling parameters are material- or design-specific, the
governing physics, coupling behaviors, and computational strategies used in this
model are applicable to general AEMFC operation. A detailed insight of each physics
and important cell parameters are presented in the succeeding subsections.

∗ Portions of this chapter were previously published as ”Mora, J. M., et al. ”Analytical-based
Simulation Approach for an Anion Exchange Membrane Fuel Cell.” Energy Conversion and
Management, vol. 273, 2022, 116382,” and are adapted with permission from all co-authors.
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Figure 3.1: A schematic diagram illustrating the AEMFC model domain, trans-
port processes, and equivalent thermal resistance network with heat
sources.

3.1.1 Cell Voltage and Overpotentials

The overall objective of this analytical model is to accurately predict the
electrochemical performance of the cell as reflected by the cell voltage, Vcell, which
can be calculated by:

Vcell = Erev −
∑
i

ηi (3.1)

where Erev is the thermodynamic reversible cell potential, and ηi represents voltage
losses due to electrochemical activation, ohmic overpotential, mass transport losses.

The Nernst equation is used to calculate the thermodynamic reversible cell
potential, Erev [18]:

Erev =
∆G

2F
+

∆S

2F
(T − Tref )−

RT

2F
ln

(
aH2O

aH2 × aO2
0.5

)
(3.2)

where ∆G and ∆S are the changes in Gibbs free energy and entropy, respectively, T
is the operating temperature at the catalyst layer, and Tref (298 K) is the reference
temperature. R is the universal gas constant, and F is the Faraday’s constant.
aH2O, aH2 , and aO2 represent the activities for H2O, H2 and O2, respectively, in the
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catalyst layer. Assuming ideality, the activities are equal to the partial pressures of
each species (aH2O=pH2O, aH2=pH2 , aO2=pO2).

The Butler-Volmer equation is used to relate the reaction rate to the activa-
tion overpotential for both anode HOR and cathode ORR [18]:

i = i0,a

[(
pH2

Pref

)
exp

(
2αaFηHOR

RT

)
−
(
pH2O

Pref

)2

exp

(
−2(1− αa)FηHOR

RT

)]
(3.3)

i = i0,c

[(
pO2

Pref

)0.5(
pH2O

Pref

)
exp

(
2αcFηORR

RT

)
− exp

(
−2(1− αc)FηORR

RT

)]
(3.4)

where i0,a and i0,c are the effective exchange current densities for HOR and
ORR, αa and αc are the anodic and cathodic charge transfer coefficients, ηHOR and
ηORR are the HOR and ORR activation overpotentials, respectively. Pref (1 atm) is
the reference pressure. Water vapor is a product in HOR and a reactant in ORR,
therefore, the water partial pressure is explicitly included in Eqs. 3.3 and 3.4. The
effective exchange current density can be calculated as:

i0,m = iref0,m × (χ× rf)× exp

[
−EA,m

R

(
1

T
− 1

Tref

)]
(3.5)

where the subscript m represents either anode or cathode reaction, χ is the catalyst
utilization factor and is equal to 1 for the base model, rf is the electrode roughness
factor, EA is the activation barrier, and iref0 is the reference exchange current density.

3.1.2 Heat Transport

Thermal energy generated from an electrochemical system includes entropic
heat of reactions, irreversibility of electrochemical reactions, and Joule heating [79].
For an AEMFC, the total heat generated per unit area, q

′′

total, can be calculated as:

q
′′

total =

(
|∆H|
2F

− Vcell

)
× i (3.6)

where ∆H is the enthalpy of the overall reaction. Since the reactions are present
in both electrodes, heat is generated in anode and cathode according to the over-
potentials. In addition, Joule heating due to both electrical and ionic transport
resistances are considered. The heat generation due to ionic conduction through the
electrode and membrane may become significant especially under dry conditions
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due to increasing resistance [79]. Since the diffusion media and flowfield are highly
conductive, heat can be assumed to be dissipated from three point sources: anode,
cathode, and membrane. Lastly, the additional entropic heating effect is lumped
with the heat generation in the cathode since the majority of the overpotential is
resulted from the ORR loss.

Heat transport in the fuel cell is dominated by conduction and the heat trans-
fer rate is dictated by the geometry and thermal conductivity of each component.
The final equivalent thermal resistance network with illustration of the point sources
are shown in Figure 3.1. The local temperature at the membrane-electrode inter-
faces (Ta and Tc) and at the center of the membrane (Tm) can be solved using the
matrix inversion:TaTc

Tm

 =


1

Rth,a
+ 2

Rm
0 − 2

Rm

− 2
Rm

− 2
Rm

4
Rmem

0 2
Rm

+ 1
Rth,c

− 2
Rm


−1 q

′′
HOR + T

Rth,a

q
′′
mem

q
′′
ORR + T

Rth,c

 (3.7)

where Ri is the thermal resistance and q” is the heat source. Knowing the local
temperature at anode, cathode, and membrane, heat fluxes across all components
in the cell can be calculated through iterative process and the non-isothermal tem-
perature distribution in the AEMFC can be solved. The detailed calculation flow
chart of the local temperature distribution is shown in Figure A.1 in the Appendix.

3.1.3 Mass Transport

In an AEMFC, humidified hydrogen and air are supplied to the anode and
cathode flowfield, respectively. In this section, mass transport of the reaction species
are considered in the through-plane direction between the flow channel and catalyst
layer. In the flow channel, mass transport is governed by both diffusion and convec-
tion, which can be quantified using Sherwood number (Sh) to calculate the channel
mass transport resistance for species i [18]:

Rch
i =

Dh

Sh×Di,mix

(3.8)

where Dh is the hydraulic diameter and Di,mix is the diffusivity of species i in a
mixture.
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In the gas diffusion media, mass transport is mostly governed by Fick’s dif-
fusion [18]. The steady-state molar flux of each species, N

′′
i , can be calculated as:

N
′′

i = −Deff
i,mix

dCi

dx
(3.9)

where C i is the molar concentration of species i and Deff
i,mix is the effective diffusivity

of gas species i in the porous medium. The effective diffusivity can be correlated by
the porosity (ϵ) and tortuosity ((τ) of the porous medium as [18]:

Deff
i,mix = Di,mix ×

ε

τ
(3.10)

The effective diffusivity of the gas diffusion can be measured using the lim-
iting current experiment in a PEMFC [80]. Therefore, the diffusive mass transport
resistance of species i in the diffusion media can be calculated as:

RGDL
i =

N∑
k=1

fgeomδ
GDL
k

Deff
i,mix

(3.11)

where N presents the total number of the segmented diffusion layer, δGDL
k is the

thickness of each discretized layer in the domain, and f geom is the geometric factor
accounting for the increased diffusion length from flow channel to electrode surface
due to land/channel design. Detailed calculation method and discussion of f geom

can be found in our previous study [18].

In addition to Fick’s diffusion, there are other non-pressure dependent trans-
port mechanisms occurring in the cell including Knudsen diffusion through small
pores and oxygen permeation through liquid water/ionomer films [81]. For simplic-
ity, the non-Fickian transport resistance in the electrode can be represented by RNF

as a function of roughness factor [82]:

RNF =
11.2

rf
+ 0.053 (3.12)

With the cell components arranged in series, the total transport resistance
can be calculated by the sum of the resistance of each component. Therefore, the
local concentration of species i can be solved using the following equations:

CCL
i = Cch

i − i

nF

(
Rch

i +RGDL
i +RNF

i

)
(3.13)

CCL
H2O,a = Cch

H2O,a + (2− fH2O)
i

2F

(
Rch

H2O
+RGDL

H2O
+RNF

H2O

)
(3.14)
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CCL
H2O,c = Cch

H2O,c + (fH2O − 1)
i

2F

(
Rch

H2O
+RGDL

H2O
+RNF

H2O

)
(3.15)

Liquid water in the cell would block diffusion pathways for gas reactants
and product, which in turn, resulted in additional transport resistance. From an
experimental study by Sarker et al. [80], they reported a value of 4.70 for τ/ε
of Toray TGP-H-060 GDL with 5 wt.% PTFE wetproofing under dry condition
and 22% compression strain rate, but the transport resistance increases drastically
under saturated conditions. To account for this phenomenon, a two-phase transport
correlation is proposed where the τ/ε parameter varies as a function of local water
activity:

τ

ε
=

{
4.70

4.70× ψ
for aw < 1.0
for aw ≥ 1.0

(3.16)

where ψ is a multiplier value due to liquid water and is specific to GDL material
and structure, and aw is the water activity defined as water partial pressure divided
by the saturation pressure. For the base model of this study with Toray 060 with
5% PTFE, ψ is estimated to be equal to 2.25 based on the experimental results
by Chuang et al. for cells with around 40-45% water saturation level [83]. The
saturation pressure, psat, can be obtained as [84]:

log psat = −2.1794 + 0.02953 (T − 273.15)− 9.1837× 10−5 (T − 273.15)2

+1.4454× 10−7 (T − 273.15)3
(3.17)

where T is the local temperature in Kelvin and psat is in atm.

In the catalyst layer domain, liquid water tends to cover the active reac-
tion sites and therefore results in a decrease in roughness factor. Based on the
experimental results, we propose an empirical-based correlation between the local
water activity and electrode roughness factor for predicting performance under wet
condition. The main goal of this two-phase model, beyond its simplicity, is to pro-
vide a reasonable estimate of cell performance using local water activity without
considering complicated phase changes and two-phase flows within the cell.

3.1.4 Membrane water transport

Similar to a PEMFC, water transport through the alkaline exchange mem-
brane is primarily driven by back diffusion and electro-osmotic drag. Therefore, the
net water molar flux through the membrane (N

′′
H2O

) from anode to cathode can be
represented by:

N
′′

H2O
= f

H2O

i

2F
= N

′′

H2O,diff −N
′′

H2O,drag (3.18)
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wherein the water back diffusion flux through the membrane is governed by water
content in the membrane and can be calculated as:

N
′′

H2O,diff = − ρm
EW

Dw
dλ

dz
(3.19)

where ρm and EW are the dry density (g cm-3) and equivalent weight (g mol-1) of
the membrane, respectively, λ is the water content in the membrane and is defined
as the mole of H2O per mole of functional group in the membrane, and Dw is the
membrane water diffusivity (cm2 s-1). The water flux by electro-osmotic drag is
given by:

N
′′

H2O,drag = nd
i

F
(3.20)

where nd is the electro-osmotic water drag coefficient in the membrane. The water
transport parameters Dw and nd are strongly dependent on the type of membrane
and operating conditions. These parameters along with other membrane properties
and their correlations are described in detail in Section 3.1.6.

Combining Eqs. (3.18) to (3.20) forms a first order differential equation which
is then solved with an initial guess value of fH2O to obtain the steady-state membrane
water content as a function of membrane thickness, λ(z). The initial guess for fH2O

must be properly chosen, otherwise, the calculation may diverge and the water molar
flux balance of Eq. 3.18 is not satisfied. Detailed iterative calculation procedure for
the water flux balance is presented in Figure A.2 in the Appendix. The water balance
calculation loop as well as non-isothermal heat transfer calculation are included in
the mass balance loop presented in Figure A.3 in the Appendix.

3.1.5 Charge transport

There are two charged species, electrons and hydroxide ions, transporting in
an AEMFC between the anode and cathode. The voltage losses in the cell resulting
from charge transport generally follows Ohm’s law and can be calculated as:

ηOhmic = i× (Re− +ROH−) (3.21)

where Re- is the electrical resistance of the circuit. For the membrane, the area-
specific resistance for ionic transport can be derived by integrating the local resis-
tance over the membrane thickness:

ROH− =

δmem∫
0

dz

σ [λ (z)]
(3.22)
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where σ is the ionic membrane conductivity (S cm-1), which is strongly dependent
on membrane hydration. Experimental studies of AEM show that, similar to PEM,
the ionic membrane conductivity increases with cell temperature and water content
[85]. A detailed discussion of this parameter and correlation used in the model are
described in Section 3.1.6.

In the porous catalyst layer, there are both ionic and electron charge transfer
as shown in Figure 3.1. The ionic transport resistances in the electrodes are not
strictly Ohmic and have a non-linear dependence on the operating current density.
In particular, the ionic transport loss can be significant when the catalyst layer
is relatively dry [86]. From the studies of a PEMFC, analytical solutions of the
effective ionic resistance were obtained in the cathode [86] and anode [87]. Since
there are no available correlations for an AEMFC, similar approaches obtained from
PEMFC are adopted in this model. Assuming Tafel kinetics for the electrochemical
reaction, the effective ionic transport resistance can be written as [86]:

Reff
ionic =

Rsheet

3 + ζ
(3.23)

where Rsheet = δCL/κeff is the area-specific ionic conduction resistance through
the entire electrode thickness (δCL) and ζ is a correction factor that accounts for
the influence of catalyst utilization on the effective length of ionic transport in the
catalyst layer. κeff is the effective ionic conductivity and can be calculated as [86]:

κeff = κ× εi
τ

(3.24)

where κ is the ionic conductivity of the ionomer, εi is the ionomer volume fraction,
and τ is the tortuosity of electrode. The ionomer volume fraction is dependent on
RH and is given by [88]:

εi =

(
I

C

)(
10

ftρi,dry

)
×
(
1 +

Mwρi,dryλ

ρwEW

)
(3.25)

where I/C is the ionomer-to-carbon weight ratio, EW is the equivalent weight, ρi,dry
is the dry density of ionomer, Mw is the molecular weight of water, ρw is the water
density, and f t is a factor for electrode thickness calculation. The values for these
parameters are given in Table 3.1.

In the linear region of the Butler-Volmer kinetics, the effective ionic transport
resistance can be calculated as [87]:

Reff
ionic =

1

κeffS

(
eSδCL + e−SδCL

eSδCL − e−SδCL
− 1

SδCL

)
(3.26)
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where S is a kinetic parameter (cm-1) that can be calculated as:

S =

[
ECSA× Pt loading × i0

κeffδCL

× (αa + αc)F

RT

]1/2
(3.27)

The equation above is further explained in Ref. [87].

Even though the HOR and ORR in an AEMFC typically fall in the Tafel
approximation region, both Eqs. (3.23) and (3.26) are used to investigate the sen-
sitivity of ionic transport resistance in the electrode. In addition, the effective ion
transport thickness in the catalyst layer is adjusted according to the local current
density distribution to account for catalyst utilization and slowness of reaction.

3.1.6 Model assumptions and input parameters

In this 1-D steady-state, non-isothermal model, the following assumptions
are made:

1. The flow is assumed to be fully developed, laminar, and steady.

2. Ideal gas law is followed.

3. The membrane is assumed to be impermeable to gas phase (no crossover of
gases).

4. Material properties are isotropic.

5. Land/channel effect on gas transport resistance is accurately accounted for by
f geom (Section 3.1.3).

6. Liquid water is stationary and water vapor diffusion is the dominant water
transport mechanism.

7. Membrane water diffusivity and electro-osmotic drag coefficient are constant
throughout the membrane thickness

For water transport in the membrane, it is imperative to obtain and input
accurate membrane properties in the model. Li et al. [89] and Duan et al. [85]
provided the groundwork for measuring and providing correlations for water con-
tent and transport properties of the Tokuyama A201 hydrocarbon-based membrane.
Those correlations have been instrumental in succeeding modelling studies [13, 56,
57]. In this work, correlations for membrane properties are expanded to include per-
fluorinated anion exchange membrane (PF AEM), referred to as Gen 2 [90]. This
AEM has methylated sulfonamide linkages to the 3M backbone with six methylene

29



groups tethered to a trimethyl ammonium cation. The structure of PF AEM Gen 2
membrane is in Figure A.4 in the Appendix and more details can be found in Ref.
[90].

The water content of the PF AEM Gen 2 membrane can be shown as a
function of water activity measured by Divekar et al. [91]:

λ =

{
−0.0338 + 13.15aw − 19.13a2w + 20.82a3w

−0.3787 + 15.19aw

for aw < 1.0
for aw ≥ 1.0

(3.28)

Comparing with A201 and Nafion, the water content of Gen 2 membrane is
found to be the highest for all applicable ranges of aw as shown in Figure A.5 in the
Appendix. Gen 2 membrane ionic conductivity, σ (mS cm-1), is provided by Divekar
et al. [91] and Park et al. [90] as a function of water content and temperature:

σ = (0.0176T − 4.826)λ+ (0.0083T − 2.312)λ2 (3.29)

Gen 2 membrane exhibits high conductivity with reasonable water content,
which is comparable to PEM counterpart. Based on the derived correlation, Gen
2 membrane conductivity is significantly higher than that of A201 membrane as
shown in Figure A.6 in the Appendix.

Observing from Eqs. (3.19) and (3.20), membrane water diffusivity and
electro-osmotic drag coefficient are critical for predicting water transfer in the mem-
brane accurately. Currently, there is no available data for these two properties for
Gen 2 membrane. Therefore, correlations available from literature for A201 mem-
brane are used in the model. Similar to the rest of the membrane properties, the
correlations for Dw and nd used in this model are presented in Figures A.7 and A.8
in the Appendix.

It should be noted that the effects of CO2 contamination and bicarbonate
formation are not considered in this model due to their complexity in degradation.
The current model is primarily focusing on the effect of material properties and
operating conditions on cell performance. While CO2 contamination has a strong
effect on ionic conductivity due to reduced active cites for hydroxide transport, this
effect can be simulated by scaling the ionomer conductivity as demonstrated later
in Section 3.3.4.3.
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Table 3.1: Parameters used in the AEMFC analytical model

Parameter Symbol Value

Geometric parameters
Channel hydraulic diameter Dh 723 µm
Sherwood number Sh 2.4
Gas diffusion layer thickness δGDL 190 µm
Catalyst layer thickness δCL 20 µm
Membrane thickness δmem 45 µm
Thermodynamic parameters
Gibb’s free energy [92] ∆G -237.13 kJ mol−1

Entropy or reaction [93] ∆S -163.46 J mol−1 K−1

Enthalpy of reaction [93] ∆H -285.83 kJ mol−1

Kinetic parameters
HOR activation energy [94] EA,HOR 18 kJ mol−1

ORR activation energy [95] EA,ORR 66 kJ mol−1

HOR exchange current density [30] iref0,a 1× 10−5 A cm−2
Pt

ORR exchange current density [Fitted] iref0,c 1× 10−7 A cm−2
Pt

HOR charge transfer coefficient [30] αa 0.5
ORR charge transfer coefficient [30] αc 0.5
Electrochemically active surface area ECSA 26 m2 g−1

Pt

Pt loading 0.64 mgPt cm
−2

Thermal transport parameters
Bipolar plate thermal conductivity [96] kFF 0.55 W cm−1 K−1

GDL thermal conductivity [96] kGDL 1.7×10−2 W cm−1 K−1

CL thermal conductivity [96] kCL 2.7×10−3 W cm−1 K−1

Membrane thermal conductivity [96] kmem 1.2×10−3 W cm−1 K−1

GDL-CL contact thermal resistance [96] RGDL−CL 1 cm2 K W−1

BPP-CL contact thermal resistance [96] RFF−GDL 2 cm2 K W−1

Other parameters
Ionomer-to-carbon ratio I/C 0.625
Ionomer tortuosity in CL τ 1.0
Factor for electrode thickness ft 20.83 µm mg−1

C cm2

Ionomer density ρi,dry 1.97 g cm−3

Equivalent weight of ionomer EW 0.975 g cm−3

Water density ρw 1108 g mol−1

Molecular weight of water Mw 18.015 g mol−1
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3.2 Experiments

Fuel cell tests were performed using a Greenlight G20 test station, which
precisely controlled and monitored electronic load, gas flow rates, temperature, rel-
ative humidity, and backpressure. The high frequency resistance (HFR) of the cell
was measured at 10 kHz by electrochemical impedance spectroscopy (EIS) using a
Gamry Reference 3000 [80]. Membrane electrode assemblies (MEAs) were prepared
with perfluorinated anion exchange polymer as both membrane and ionomer mate-
rial. Synthesis and characterization of Gen 2 polymer were discussed in detail by
Park et al. [90] and Divekar et al. [91]. The gas diffusion electrode (GDE) was
prepared by spray coating the catalyst ink material onto Toray TGP-H-060 GDL
with 5 wt.% PTFE loading. Details of catalyst ink preparation was reported by
Omasta et al. [97]. The Pt catalyst loading was 0.64 mg cm-2 for both the anode
and cathode. The testing AEM fuel cell hardware consisted of graphite flow fields
with straight parallel flow channels and an active area of 2 cm2, gold-plated copper
current collector plates, and aluminum alloy end plates. PTFE gaskets were used to
seal the cell and control the GDE to have a target strain rate of 25%. Prior to fuel
cell testing, the GDE and AEM material were immersed in aqueous KOH solution
(1 M, Fisher Chemical) for 60 min to enable hydroxide ion-exchange.

Before polarization testing, a break-in procedure was performed to activate
the cell and ensure proper ion transport by holding the cell at 0.50 V until a plateau
in current density is reached. During the break-in process, the cell temperature
was increased gradually from room temperature to 70°C under fully humidified
conditions. The steady-state polarization tests were conducted by holding each
voltage step for 30 minutes. For baseline condition, pure H2 and O2 were fed into
the anode and cathode, respectively, at the flow rate of 0.40 NLPM for both, to
achieve differential cell conditions under high stoichiometric flow operation. The
inlet relative humidity, cell temperature, and exit pressure were controlled to be
92%, 70°C, and 131 kPa abs., respectively. Pressure values discussed in succeeding
sections are all in absolute values. For dynamic conditions, the polarization curve
was measured using linear sweep voltammetry (LSV) method by sweeping voltage
from OCV to 0.10 V at a scan rate of 10 mV s-1 under different humidification levels:
73%, 80%, and 90% RH.

3.3 Results and discussion

3.3.1 Baseline model predictions with experimental validation

This newly developed 1-D analytical AEMFC model is used to predict the
performance at baseline operating conditions and the results are compared to the
experimental data as shown in Figure 3.2(a). All model predictions agree relatively
well with the cell performance at the given operating conditions. Note that the
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base model consists of all physics discussed previously. To further analyze the cell
performance, each component contributing to the overall polarization loss of the base
model is shown in Figure 3.2(b). The concentration loss and anode ionic transport
loss are minimal under the baseline operating conditions. Significant kinetic losses
from HOR and ORR can be observed throughout the entire current density, while
the ohmic loss increases with increasing current density. The ionic transport loss in
the cathode CL is also significant at high current density indicating cathode drying.
As previously discussed, there is an inherent water imbalance in an AEMFC since
water is generated at the anode twice as much as it is consumed in the cathode. This
is further exacerbated at high current density since more water is being transported
through the membrane from cathode to anode via electro-osmotic drag resulting in
an even drier cathode CL. As a result, the membrane water content at the cathode
side as a function of current density reduces with increasing current density as
shown in Figure 3.2(c). For the sensitivity study of water transport across the
membrane, the model prediction assuming no net water flux through the membrane
(i.e., fH2O = 0) is also presented in Figure 3.2(a) and (c). The case of no net
water flux across the membrane slightly underpredicts the cell performance due to
high ionic loss in the cathode CL resulting from reduced water content as shown
in Figure 3.2(c). While the overall cell performance at zero net water flux does
not vary significantly from the base model, its effect on cathode hydration due to
water transport is clear as can be seen in Figure 3.2(c). Therefore, modeling water
transport across the membrane accurately is critically important, especially for cases
where cathode drying is likely to happen as later demonstrated in Sections 3.3.4.2
and 3.3.4.3.

Figure 3.2: (a) Comparison of experimental data with simulation results based
on the inclusion of different physics; (b) breakdown of various overpo-
tentials calculated using the base model at 100% H2/100% O2, 70°C,
131 kPa, and 92% RH, and (c) water content at membrane/cathode
catalyst layer interface.

Since temperature has a significant effect on local RH, isothermal model re-
sults are also compared with the base model in Figure 3.2(a) and (c). Under the
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baseline operating conditions, the case with isothermal condition in the cell shows al-
most identical results compared to the base model. To illustrate the non-isothermal
effect, local distribution of temperature, RH, and membrane water content at 0.8
A cm-2 are shown in Figure 3.3. Because of the increase in local temperature, the
non-isothermal model predicts lower RH and membrane water content in the cell
resulting in increased ionic loss, but is compensated with less mass transport loss.
Even though the performance difference under baseline conditions is minimal, it
is expected that the effect of non-isothermal condition would be significant when
the cell is operating at high current density, low reactant concentration, and under
more extreme wet or dry conditions. Therefore, including the non-isothermal model
is essential for capturing the operating physics and predicting cell performance ac-
curately under a wide range of operating conditions.

Figure 3.3: Profiles of (a) temperature in the cell and (b) RH in the GDL and CL,
and water content in the membrane at 100% H2/100% O2, 70°C, 131
kPa, 92% RH, and 0.8 A cm-2.

3.3.2 Empirical-based local flooding model

To test the reliability of the base model, an extreme operating condition of
10% H2 is simulated and compared with the experimental data as shown in Figure
3.4(a). The experimental conditions were selected due to the clear observation of
limiting current behavior. Observing from Figure 3.4(a), it is evident that the
base model with two-phase function in the GDL discussed in Section 3.1.3 is not
sufficient in accurately predicting the hydrogen mass transport loss observed from
the experimental data, which exhibited limiting current behavior. Comparing the
RH profile and membrane hydration predicted by the base model between 100%
and 10% H2 cases at 0.4 A cm-2, a significant portion of the GDL and CL on the
anode side exceed 100% RH for the 10% H2 case as illustrated in Figure 3.4(b)
while the cell stayed completely dry for the 100% H2 case. Upon further analysis,
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the diffusion resistance in the anode side is much greater due to high concentration
of N2. Therefore, water cannot be quickly diffused from the anode CL to channel,
resulting in higher water retention and relatively humidity at the anode side. This
difference in RH profiles is indicative of the performance sensitivity to local water
activity. Therefore, additional two-phase functions to correlate CL and GDL mass
transport losses with local water activity are needed to enhance the accuracy of the
performance prediction of the base model.

In the base model, the CL is assumed to be dry and all of the active sites
are available regardless of the local relative humidity. This assumption is clearly
incorrect since liquid water in the CL not only incurs additional transport loss but
also blocks active reaction sites [98]. Therefore, it is essential to model catalyst
utilization factor, χ, in Eq. (3.5) as a function of local water activity. The proposed
correlation for the catalyst utilization factor can be expressed in the form of:

χ = (1− L) +
L

1 + e[−k(aw−xm)]
(3.30)

where parameters L, k, and xm are determined based on the empirical results and are
estimated to be 200, -26.9, and 1.4, respectively, in our experiments. The empirical-
based correlation of the catalyst utilization factor as a function of water activity is
presented in Figure A.11 in the Appendix. The predictions of the base model with
modified CL flooding correlation are plotted as red line in Figure 3.4(a). While
significant improvement is observed and limiting current behavior is captured for
10% H2, the modified model still overpredicts the performance. Therefore, the
diffusion media between the catalyst layer and the flow channel need to be further
examined to investigate this additional transport loss.
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Figure 3.4: (a) Comparison of fuel cell simulations and experimental data at 10%
H2 using base and modified models; (b) profiles of RH in the GDL
and CL, and water content in the membrane for 100% H2 and 10% H2

at current density of 0.4 A cm-2. Cell conditions: 100% O2, 70°C, 131
kPa, and 92% RH.

Fuel cell durability and performance are known to be very sensitive to its
catalyst ink mixing, coating processes, and cell architecture [99–101]. In this study,
the catalyst and ionomer are directly sprayed onto the porous GDL to form a gas
diffusion electrode (GDE). Figure 3.5 shows the catalyst layer surface and cross-
sectional SEM images of the GDL used in this study. Since the GDL has large
pores in the order of 100 µm [12], the catalyst ink not only forms a catalyst layer on
the surface but also shows significant penetration into the GDL depth. Therefore,
the GDE can be characterized into three sublayers: bare GDL, catalyst-penetrated
GDL, and the dense catalyst layer as shown in Figure 3.5(b). The transport proper-
ties of bare GDL can be measured using limiting current method and are discussed
in Section 3.1.3. The dense catalyst layer is in direct contact with the membrane,
and it is where most, if not all, of the electrochemical reactions occur. On the other
hand, the catalyst-penetrated GDL is farther away from the membrane, which is
expected to produce minimal reaction current, but incurs significant transport re-
sistance due to reduced porosity and increased tortuosity. The estimated thickness
of the catalyst-penetrated GDL is around 30 µm as observed from Figure 3.5(b).
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Figure 3.5: SEM images of GDE used in this study: (a) surface and (b) cross-
section with estimates of the three sublayers.

Images courtesy of M. Sarker, S. Mehrazi, and M. Labata from TEEL.

From Figure 3.5(a), there are large agglomerates formed on the surface of the
GDE, which also contribute to higher local gas transport resistance. As previously
discussed, gas transport resistance in the GDE includes Fick’s diffusion, Knudsen
diffusion, and diffusion through water or ionomer film. However, isolation of these
sources is extremely challenging and requires in-depth analysis and characterization
of the nanoscale pore structure. In this study, an empirical approach is taken to
correlate the additional performance loss to the increase of the transport resistance
represented by τ/ε. Due to the blockage of catalyst materials, the τ/ε ratio of
the catalyst-penetrated sublayer under dry condition is much higher than that of
the base GDL and is estimated to be around 20 for our experiment. In addition,
under fully humidified conditions, an empirical-based correlation of the two-phase
multiplier, ψ, in Eq. (3.16) as a function of local water activity (aw) in the catalyst-
penetrated sublayer is proposed:

ψ = 1 +
a

1 + e[−b(aw−c)]
(3.31)

where a, b, and c are fitted parameters based on the empirical results and are esti-
mated to be 3.0, 300, and 1.01, respectively, in our experiments. The empirical-based
correlation of the two-phase multiplier as a function of water activity is presented
in Figure A.11 in the Appendix.

With the addition of both catalyst utilization and additional transport resis-
tance in the catalyst-penetrated GDL, the final two-phase model is able to accurately
predict the cell performance for 10% H2 as shown by the blue line in Figure 3.4(a).
After the modification, the final two-phase model is validated by the 100% H2 to
ensure good agreement as shown in Figure S9 in the Appendix. Besides hydrogen
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sensitivity, the simulation results from the final model are also validated and agreed
well with 50% O2 case as shown in Figure A.10 in the Appendix. In conclusion, the
base model is only limited to predict cell performance at high H2/O2 concentration
under dry conditions. The newly proposed two-phase functions in the catalyst-
penetrated sublayer and the catalyst layer can be applied to account for additional
transport loss due to local flooding in the catalyst-penetrated GDL and reduction
in catalyst utilization. Therefore, the final two-phase model is capable of predict-
ing AEMFC performance for a wide range of operating conditions. However, the
accuracy of the final model is highly sensitive to the two-phase fitted values in Eqs.
(3.30) and (3.31), which depend strongly on catalyst composition and deposition
method and can only be obtained empirically.

3.3.3 Modeling of dynamic behavior

The polarization curves obtained from LSVmeasurements can be described as
having two distinct linear regions and represented by two lines with different slopes
seen in Figure 3.6(a) and Figure A.12. For 92% inlet RH, the transition between
these two regions is at around 1.3 A cm-2. This apparent transition point moves to
higher current density as inlet RH is decreased, i.e., for 80% RH, it is around 1.9 A
cm-2, and for 73% RH, the value is at 2.2 A cm-2. These dual linear regions are also
observed in previous studies utilizing voltage sweeps [102, 103]. These dynamic scans
of AEMFC performance, while advantageous in terms of measurement speed, do not
accurately capture the performance of the cell at steady-state that is why there is no
limiting current observed in the polarization curve, only a gradual increase in current
density as voltage is decreased. At high scan rates, there may not be enough time
for the slow transport phenomena such as the mass transport of gases, and more so,
water movement across the cell to reach steady state.
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Figure 3.6: (a) Comparison of experimental and modeling results of cell at 92% RH
70°C, 131 kPaa, and 0.40/0.40 NLPM H2/O2 showing modeling results
using Dry Model and CL Flooding Model; (b) Catalyst utilization
factor used for different inlet RH conditions.

To model this behavior, the available active reaction sites in the CL is varied
depending on local conditions. Accordingly, Equation 3.30 is modified and used
with appropriate parameters to determine the catalyst utilization during flooding
for each inlet RH. The modified equation is as follows:

χmod =
K

1 + e[−G(aw−xm)]
(3.32)

where parameters K, G, and xm are determined based on the empirical results from
our experiments. The modeling result for 92% inlet RH condition as well as the
empirical-based correlation of the catalyst utilization factor as a function of water
activity are presented in Figure 3.6(a) and 3.6(b), respectively. The values for each
parameter used in Eq. 3.32 are listed in Table A.1 in the Appendix. The modeling
result for the 92% inlet RH case shows that using the Dry Model (i.e., χmod = 1.0)
represented by the black line, accurately predicts the performance of the cell until the
end of the first linear (ohmic) region at current densities below 1.3 A cm-2. However,
as current density is increased further and more water is produced at the anode
CL, the performance starts to gradually decline at a faster rate. In contrast with
PEMFC, anode CL flooding is an issue in the high current density region for AEMFC
since water is generated in the anode twice as much as it is consumed in the cathode.
Studies also show that while the cathode seems always in drier conditions than the
anode, flooding is also a concern at cathode CL at high current densities [103]. This
observation dominates the second linear region which is mainly attributed to flooding
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in the anode catalyst layer. By implementing a CL Flooding Model that utilizes χ
as a function of local aw for both anode and cathode CL, the predicted results have
better agreement with the experimental data as represented by the blue line. The
modeling results for the 80% and 73% inlet RH cases are presented in Figure A.12.
For the lower inlet RH cases, the onset of CL flooding is assumed to be at lower local
water activities and the extent of catalyst utilization is also different as illustrated by
the different curves in Figure 3.6(b). The dependence of onset of flooding at different
inlet RH is demonstrated in a previous study emphasizing the delicate balance
between the need for high humidification for high OH− conductivity and avoiding
anode flooding [103]. These observations further reinforce how water accumulation
in an AEMFC is more complex and dynamic than in a PEMFC and also opens more
opportunities to control through a combination of operating conditions and material
properties.

3.3.4 Sensitivity analysis

Based on our experimental observations, the performance of an AEMFC is
highly sensitive to its material properties and operating conditions, especially the
parameters that influence water transport through the membrane. The newly de-
veloped final two-phase model has robust algorithm, so the AEMFC performance
results can be obtained using various membrane properties and correlations as pre-
sented in Figures A.5 to A.8 in the Appendix. In addition, the same modeling ap-
proach can be adapted to elucidate transport properties of different porous material
and electrode morphologies by multilayer discretization in order to predict perfor-
mance under dry and wet conditions. In this section, sensitivity analyses of the key
parameters including relative humidity, electro-osmotic drag, and membrane water
diffusivity, are carried out to investigate their effect on overall fuel cell performance.

3.3.4.1 RH sensitivity

Local RH conditions strongly affect AEMFC performance since mass trans-
port and ionic conductivity are highly dependent on water content. In addition,
ORR kinetics is also a strong function of water activity since water is a reactant of
ORR in the cathode. Therefore, cell performance at different inlet RH is simulated
using the final two-phase model and the results are shown in Figure 3.7(a). It can
be observed that the cell performance is extremely sensitive to inlet RH conditions
and the peak performance is near 92% RH for the input parameters and materials
used in this study. When the RH is above 92%, limiting current behavior due to
mass transport loss can be observed resulting from anode flooding. When the cell is
operating at high RH and current density conditions, water tends to accumulate in
the anode due to high electro-osmotic drag from cathode to anode and low back dif-
fusion from anode to cathode, which results in anode flooding. In contrast, the cell
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experiences high ionic transport losses in the membrane, as evident from the high
HFR values, and cathode catalyst layer when the RH is less than 92% because of
cathode drying. The result from this study demonstrates the narrow window of RH,
balancing between anode CL flooding and cathode CL drying, to achieve a healthy
performance of an AEMFC. To further evaluate the inherent water imbalance, the
ionic transport loss in anode and cathode CLs are shown in Figure 3.7(b-c). As
discussed in Section 3.3.1, the cathode CL ionic loss is significantly higher than that
in the anode CL due to its lower water content.

Figure 3.7: (a) Comparison of cell performance and HFR of an AEMFC at differ-
ent inlet RH conditions predicted by the final two-phase model and
the corresponding (b) anode and (c) cathode CL ionic loss. Cell con-
ditions: 100% H2/100% O2, 70°C, and 131 kPa.

Asymmetric inlet RH is also studied to investigate the dominating effect
between the anode and cathode, which can provide insight into the optimal water
management strategies. As shown in Figure 3.8(a), similar performance behavior is
observed compared with symmetric RH as shown in Figure 3.7(a) for varying the

41



anode RH. In contrast, varying cathode RH while keeping the anode RH at 92%
mitigates anode flooding and the performance increases with increasing cathode RH
due to reduced ionic transport loss as shown in Figure 3.8(b). The results indicate
that anode RH is the dominating parameter.

Figure 3.8: Cell performance predicted by the final two-phase model at (a) varying
anode RH, (b) varying cathode RH, and (c) asymmetric RH using
wet (100% RH) and dry (50% RH) conditions. Cell conditions: 100%
H2/100% O2, 70°C, and 131 kPa.

To further highlight the effect of inlet RH, wet (100% RH) and dry (50%
RH) conditions are used to model asymmetric humidification. The predicted cell
performance is presented in Figure 3.8(c). Under wet conditions (black curve),
the cell experiences anode flooding and quickly approaches limiting current. On
the other hand, the cell suffers significant ionic transport loss under dry conditions
(magenta curve). Comparing between the two asymmetric cases, the performance
of dry anode/wet cathode (blue curve) is worse than that of wet anode/dry cathode
(red curve) mainly due to the increase in ohmic and CL ionic losses. Initially, this
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result seems to conflict with our earlier analysis aiming to improve the performance
by preventing anode flooding and cathode drying. Upon further review, hydrogen
diffusivity is more than three times higher than that of oxygen. For this reason,
water diffusion at the cathode side is much lower, resulting in higher mass transport
resistance. Therefore, under asymmetric inlet RH conditions, the water content of
the membrane is much closer to the anode channel RH which, in turn, resulted in
lower HFR for the case of wet anode/dry cathode. Since the cathode RH is at 50%,
diffusion from anode to cathode is sufficiently active to prevent anode flooding, thus
yielding the best performance for wet anode/dry cathode among the four cases.
It is worth reiterating that the predicted results are strong functions of material
properties, which may yield different conclusions as demonstrated in Section 3.3.4.2.
The result from this sensitivity study fully demonstrates the delicacy and importance
of water balance in an AEMFC.

3.3.4.2 Membrane water transport sensitivity

While correlation for water content (λ) and membrane conductivity (σ) are
available for Gen 2 membrane material from Ref. [91], the electro-osmotic drag
(EOD) coefficient (nd) and membrane water diffusivity (Dw) data are not available
at present. For the EOD coefficient, Huo et al. [49] proposed the following widely
used correlation for A201 membrane:

nd = 1.3 + 0.183λ (3.33)

For the sensitivity study, we studied three cases ranging from half to doubling
the EOD coefficient obtained from Eq. (3.33) and the predicted performances are
shown in Figure 3.9(a). In addition, the corresponding predictions of membrane
water content throughout the membrane are shown in Figure 3.9(b) and (c) for
current density of 0.2 and 0.6 A cm−2, respectively. Since the electro-osmotic drag
follows the transport of the hydroxide ion, increasing the EOD coefficient would
result in higher water flux from the cathode to the anode. Consequently, limiting
current behavior caused by anode flooding can be observed for the case of doubling
the EOD coefficient. This is indicative of significant hydration gradient between
the anode and cathode side as shown in Figure 3.9(b) and (c). As shown in Figure
3.9, reducing EOD coefficient alleviates the extent of cathode drying, which in turn,
enhances the performance due to lower cathode CL ionic loss. In conclusion, EOD
coefficient is a critical parameter of an alkaline membrane and materials with a lower
EOD coefficient would have improved cell performance and durability [14].
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Figure 3.9: (a) Cell performance predicted by the final two-phase model of three
scale factors for EOD coefficient and the calculated membrane water
content at a current density of (b) 0.2 A cm-2 and (c) 0.6 A cm-2. Cell
conditions: 100% H2/100% O2, 70°C, 131 kPa, and 92% RH.

Another important parameter in membrane water transport is the water dif-
fusion coefficient (Dw). Similar to the EOD coefficient, a sensitivity analysis by
scaling Dw by 0.5 and 2 is done and the results are presented in Figure A.13. As
mentioned previously, there is no correlation for Dw at present for the Gen 2 mem-
brane. In this study, a correlation for Dw (m2 s-1) is proposed as:

Dw = 0.000555× e(
λ

2.02) + e[4800×(
1

303
− 1

T )] (3.34)

Whereas high nd promotes water transport from cathode to anode, higher
Dw enhances water transport from anode to cathode via back-diffusion. Increase
in water back-diffusion results to a more uniform cell hydration throughout the
membrane thickness. This generates a lower rate of increase in cathode catalyst
layer ionic loss and ORR activation loss with current density.

3.3.4.3 Sensitivity to cathode ionomer conductivity

Based on the results in Section 3.3.1, it is observed that the ionic loss in the
cathode catalyst layer can be significant due to drying, especially at high current
densities. The ionic loss in the anode catalyst layer is minimal in comparison. To
investigate the effect of cathode ionomer conductivity to overall cell performance, a
sensitivity analysis is performed by multiplying the cathode ionomer conductivity
(σ) parameter with a scaling factor, 0.5 and 2.0. The ionic conductivity in the anode
catalyst layer and membrane remain the same.
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Figure 3.10: (a) Cell performance predicted by the final two-phase model at differ-
ent cathode CL ionomer conductivity, (b) cathode CL ionic loss using
different scale factors, and (c) calculated membrane water content at
current density of 1.0 A cm-2. Cell conditions: 100% H2/100% O2,
70°C, 131 kPa, and 92% RH.

As shown in Figure 3.10(a) and (b), increasing the ionomer conductivity in
the cathode catalyst layer enhances the cell performance due to the reduction of the
ionic loss in the cathode CL. In addition, the change of cathode ionomer conductivity
does not have a significant effect on water content in the membrane as shown in
Figure 3.10(c) under the baseline operating conditions. Therefore, increasing the
cathode ionomer conductivity can play a crucial role in improving cell performance.

3.4 Conclusion

A 1-D analytical and empirical-based model of AEMFC incorporating all
relevant physics is developed to predict cell performance. The model successfully
predicts performance for dry and wet conditions using a multilayer material-specific
approach that can be tailored for different catalyst and gas diffusion layer structures
and transport properties. Apart from the newly introduced modeling approach, the
following key findings from this study are listed below:

1. From the simulation results shown in Figure 3.2, substantial ORR and HOR
kinetic losses can be observed throughout the range of the operating current
densities. The ionic transport loss in the cathode catalyst layer is also sig-
nificant due to cathode drying at high current density, which is a commonly
observed in an AEMFC.

2. Location-specific multiple heat sources are incorporated in the model to ac-
curately predict temperature and RH profiles inside the cell through non-
isothermal calculations, which are essential to accurately predict performance
under wet condition and/or low fuel concentration as illustrated in Figure 3.3.
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3. The final two-phase model accounts for the additional losses resulting from
the GDE and catalyst layer as a function of local water activity. This enables
accurate prediction of AEMFC performance under both dry condition and wet
conditions.

4. RH sensitivity analyses illustrate the delicate water balance on an AEMFC.
The study shows that performance of wet anode/dry cathode is better than
that of dry anode/wet cathode, which contradicts with the inherent water bal-
ance strategy. This is mainly due to high hydrogen diffusivity, which is three
times greater than that of oxygen. Therefore, water diffusion rate at the cath-
ode side is much lower contributing to higher mass transport resistance. As
a result, membrane resistance is much lower when the anode is wet compared
to that when the anode is dry.

5. Water transport at dynamic condition results in a secondary linear region in
the polarization curve that can be modeled by varying the catalyst utilization
factor at different RH conditions.

6. Sensitivity analyses of different membrane properties show that reducing the
electro-osmotic drag coefficient or increasing the membrane water diffusivity
can prevent significant cathode drying, thus, contributing to a more uniform
water distribution in the membrane.

7. Lastly, increasing cathode CL ionic conductivity yields lower hydroxide trans-
port loss and enhanced cell performance at high current densities.

The observations from these sensitivity studies provide valuable insights on
the crucial parameters in designing and operating an AEMFC. This model provides
a universal platform and is a useful tool to optimize material properties and tune
operating conditions for achieving robust AEMFC operation.
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Chapter 4

DEVELOPMENT OF RHEO-IMPEDANCE TOOL FOR
ANALYZING CATALYST INK PROPERTIES AND

MICROSTRUCTURE

4.1 Theory and Development of Rheo-Impedance Tool

Understanding how catalyst ink parameters affect ink properties and how
ink components interact, and ultimately, their relationship with CL microstructure
formation and cell performance, are essential to designing electrodes. There are
a number of catalyst ink parameters that affect CL structure, namely, ionomer-
to-carbon ratio (I/C), type and composition of solvent used, fabrication method,
ionomer chemistry, type of catalyst and carbon support, and so on. This study
proposes a new technique in investigating the interactions of ink components and
the effect of processing on catalyst ink properties. The evaluation tool involves the
combination of rheological and electrical measurements on the ink. The measure-
ment data from simultaneous rheology and impedance measurements could provide
insights into how the ink components interact and their effect on CL microstructure
formation.

Catalyst ink slurry commonly prepared for rod coating has deformable and
reconfigurable microstructure and can display mechanical properties between liquids
and solids. Thus, it can exhibit nonlinear behaviors such as wall slip, macroscopic
fractures, shear local dependencies, etc. [78]. The complex rheology of this type
of fluid has been investigated using complementary local measurement tools like
x-ray scattering [71, 104] and neutron scattering [105, 106] to gain insights on their
microstructure evolution under shear.

Another tool used in studying microstructure is electrochemical impedance
spectroscopy (EIS). EIS allows for the measurement of the electrical properties of
the fluid such as conductivity and permittivity. When combined with rheological
measurements (rheo-EIS), it can explain how the fluid microstructure evolves and
rearranges with flow. Most studies using combined rheology and EIS measurement
have been focused on fluids with carbon material additives and polymeric fluids [78,
107]. To date, regarding Pt/C catalyst inks for PEMFC application, rheo-EIS has
only been used in one previous study from our group [108].
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4.1.1 Rheo-EIS experimental set-up

There are different configurations in rheo-EIS electrode design. For a wired
upper plate design, this allows for accurate impedance measurement, but since the
upper shaft is directly wired, it limits the rotation of the equipment. Another
configuration is through the use of a spring that connects the top shaft to the po-
tentiostat. This allows the rheometer to rotate, however, the resulting friction due
to the spring and inconsistent contact cause variation in the impedance signal. An-
other configuration uses in-plane electrode design [109]. This allows for full rotation
of the equipment and the wired impedance measurement gives good data quality.
However, since the bottom geometry is made up of two different materials, issues
arise from differences in thermal conductivity, mechanical properties, chemical in-
teractions, thermal expansion, and the ability to achieve uniform stress and strain
distribution.

For this study, an in-house set-up is developed to simultaneously measure
the rheology and impedance of catalyst ink samples. A schematic of the set-up is
illustrated in Figure 4.1. The set-up is based on a modified NETZSCH Instrument
standard rotational rheometer which consists of a top and bottom geometry that
are electrically insulated from the rest of the rheometer body. The upper geometry
is electrically connected to the bottom geometry through a liquid metal (Gallium
Indium Eutectic, Sigma Aldrich) contained in the solvent trap attached to the shaft
of the top geometry and a copper wire connected to the stationary bottom geometry.
Electrical response is measured through the use of a potentiostat (CH Instrument
750E) connected to the top and bottom geometries. This setup allows for through-
plane measurement of the electrical properties of fluid while allowing unlimited
rotational range capability and full torque sensitivity of the rheometer.
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Figure 4.1: Schematic diagram of the rheo-EIS measurement set-up. The catalyst
ink sample is sandwiched between parallel plates (dia = 4 cm) that
serve as electrodes forming a closed circuit. The working gap is 0.25
mm. The solvent trap attached to the rotating shaft of the top plate
contains liquid metal (EGaIn) to provide electrical contact. Adapted
from Ref. [108]

4.1.2 Rheological and Electrical Calibrations

Before starting measurements, the instrument is calibrated to ensure the
accuracy and precision of measurement data. First, the viscosity measurement of
the set-up is calibrated using a standard calibration oil. The viscosity is measured
for the desired range of shear rates. For comparison, the viscosity measured from the
rheo-EIS parallel plate is compared to the measurement using a standard rheology
parallel plate geometry (PLS40 S3901 SS). As observed in Figure 4.2, the rheo-
EIS set-up provides a precise viscosity measurement for the tested range of shear
rates and within acceptable deviation from the measurement using the standard
rheometer geometry.
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Figure 4.2: Result of viscosity measurement calibration for the in-house rheo-
EIS set-up compared to measurement using the standard rheometer
geometry. The standard oil used has 1.045 Pa s viscosity at 25 °C.

Next, the electrical measurements are calibrated by measuring the electrical
response at closed and open circuit. The set-up impedance is measured from 0.1 Hz
to 100 kHz at an amplitude of 50 mV. The result of the calibration is presented in
Figure 4.3.

Figure 4.3: Open and closed circuit calibration of the rheo-EIS set-up. The AC
impedance measurement is conducted without the sample. For closed
circuit measurement, the gap is closed while reading the impedance
response. For open circuit measurement, the gap is set to 0.25 mm.
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Considering the instrument response can be characterized by a resistor el-
ement in series with the sample and a capacitor in parallel [110], the impedance
measurement can be corrected using the following equation:

Zcorr =
Zs − Zc

1− (Zs − Zc)/Zo

(4.1)

where Zcorr is the corrected impedance measurement, Zs is the sample impedance,
Zc is the closed circuit measured impedance, and Zo is the open-circuit measured
impedance.

4.1.3 Rheo-EIS and Standard Rheological Measurement Protocols

To characterize the microstructure evolution of catalyst ink under shear, both
rheo-EIS and standard rheological measurements were conducted. Prior to any
measurement, the sample is pre-sheared at 1 s−1 followed by 1 minute of rest to
allow for the removal of any shearing history. The type of tests employed and their
corresponding rheometer and potentiostat settings are presented in Figure 4.4.

Figure 4.4: Benchmark protocol for evaluating catalyst ink property using rheo-
EIS measuring technique.

In order to get reliable and reproducible measurements, it is important to
consider the material and colloidal stability of the catalyst ink. Material stability
refers to the oxidation of the component due to Pt catalysis while colloidal stability

51



refers to the rearrangement of agglomerates due to Brownian motion [61]. Between
the two, colloidal stability is more of a concern in this work due to the required mea-
surement time frame. As such, it is critical to perform all measurements following
the sequence outlined in Figure 4.4.

4.1.3.1 Before and After Shear Measurements

A full range frequency sweep from 0.01 Hz to 100 kHz EIS measurement is
conducted after subjecting the sample to different shears. For the ’before’ shear
measurement, the sample is pre-sheared at 1 s−1 followed by 1 minute of rest. Then
EIS measurements are collected at full frequency and at 50 mV amplitude and DC
potential of 0 V. For the ’after’ shear measurements, the sample is sheared at 500 s−1

followed by 1 minute of rest, then proceeded by EIS measurement using the same
frequency range, amplitude, and DC potential. The resulting impedance spectra is
fitted using the equivalent circuit model (ECM) in Figure 4.5. This ECM is the
mechanical analog of the Jeffreys model in rheology used to describe the behavior
of viscoelastic fluids [78].

Figure 4.5: Equivalent circuit model used to represent the resistive and capacitive
element of the catalyst ink.

In Figure 4.5, the resistive and capacitive elements, R1 and CPE1, represent
the contribution of the ionic resistance of the ink, while the resistive element R2

represent the electrical resistance of the ink. The ionic resistance refers to the
dissolved H+ in the sample while the electrical resistance is governed by the carbon
agglomerate network.

4.1.3.2 Simultaneous Three-Phase Rebuilt

In order to study ink properties while simulating the coating process, a three-
phase rebuilt test (3PRT) is conducted wherein the catalyst ink sample is sheared
at different rates while simultaneous viscosity and electrical response are measured.
The first phase of measurement involved shearing at 0.1 s−1 for 200 seconds to corre-
spond to the pre-coating condition of the ink. The second phase involved shearing of
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sample at 500 s−1 for 100 seconds to simulate the actual coating condition. Finally,
the third phase which corresponds to the condition of the ink as wet film after coat-
ing, involved shearing at 0.1 s−1 for 200 seconds. All the while, the impedance of
the sample is being measured under 50 mV amplitude, DC potential of 0 V, and at
a single frequency. There are two (2) sets of three-phase rebuilt measurements con-
ducted: one is at impedance measurement at 0.1 Hz and another at 5 kHz. The low
frequency impedance measurement primarily probes the electrical resistance of the
sample, while ionic resistance of the sample can be derived using the high frequency
impedance measurement.

4.1.3.3 Standard Rheology and Amplitude Sweep

The standard rheological measurements were conducted using a standard
roughened parallel plate geometry (40 mm diameter) with a 250 µm gap. A solvent
saturation trap was used in order to minimize any solvent evaporation during mea-
surements. To eliminate the effect of mechanical history from all the samples during
measurements, all ink samples were sheared at 1 s−1 for 30 s and allowed to rest
for 1 min. After the pre-shear process, the viscosity and shear stress were measured
as shear rate was increased logarithmically from 0.01 to 1000 s−1. For amplitude
sweep tests, the shear strain was varied logarithmically from 0.1% to 100% at a fixed
frequency of 1 Hz to measure the elasticity of samples.

4.2 Impact of Carbon Support Structure and Ionomer Loading on Pt/C
Ink Properties

Carbon supports play a crucial role in CL structure. Apart from support-
ing the Pt nanoparticles, carbon supports can also affect overall performance. For
example, supports with high specific area and porosity can promote uniform disper-
sion of Pt catalyst and increase proton transfer [58]. In addition, the characteristic
porosity of carbon support and the location of Pt catalyst with respect to the pores
affect gas transport, kinetics, and ECSA loss due to inhibited particle agglomeration
[29]. Table 4.1 provides two types of Pt/C catalysts using different types of carbon
support.
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Table 4.1: Properties of different Pt/C catalyst

TKK 46.8 wt% JM 40 wt%
Parameter

TEC10E50E HiSPEC 4000

Carbon support type Ketjen Black EC300J Vulcan XC72R

Carbon support surface area (BET) [111] 800 m2 g−1 250 m2 g−1

Average pore size [112] 34 nm 50 nm

Platinum wt% 46.8 - 49.3 38.0 - 41.0

Pt particle size (XRD) 20 - 27 Å max 45 Å

Ketjen black (KB) and Vulcan carbon (VC) are two of the most common
commercially available carbon supports. KB is a high surface area carbon (HSAC)
and has significant internal porosity compared to VC. As a result, most of the
platinum on KB-supported catalysts reside in the internal pores, about 50% or
more [61]. In contrast, platinum on VC-supported catalysts are mainly located on
the external surface. Zhang et al. presented TEM images of Pt/C using different
carbon supports at the same Pt loading (Figure 4.6) and they show that Pt particles
on HSAC are slightly smaller than those on Vulcan [113]. This is consistent with
the findings from Moriau et al. [111].

Figure 4.6: TEM images of 40 wt% Pt in Pt/HSAC and Pt/Vulcan from Ref [113].
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4.2.1 Experimental Methods

4.2.1.1 Catalyst Ink Sample Preparation

Catalyst inks were prepared using previously reported procedure [108]. Specif-
ically, 46.8 wt% Pt/C (TKK, TEC10E50E) catalyst powder and ionomer dispersion
(20 wt% Nafion D2020, Ion Power Inc.) were dispersed in a mixture of 2-propanol
(IPA) and deionized (DI) water. To study the impact of carbon support type, an-
other batch of ink samples were prepared using 40 wt% Pt/C (Johnson Matthey,
JM HiSPEC 4000) catalyst powder in place of TKK Pt/C powder. In addition,
ionomer-to-carbon (I/C) were varied between 0.25 and 1.0. The prepared catalyst
ink samples have a fixed carbon-to-solvent (C/S) mass ratio of 0.06 and IPA/W
ratio of 0.30. The liquid and solid components were mixed in a container with eight
5-mm diameter Zirconia beads and loaded to a centrifugal mixer (AR-100 Thinky)
at 2000 rpm for 3 minutes. Figure 4.7 shows the schematic representation of the
different I/C and carbon support types that were investigated.

Figure 4.7: A representation of the different carbon support types and ionomer
loading investigated.

4.2.1.2 Rheology and Rheo-EIS Measurement

Standard rheological and simultaneous rheo-EIS measurements were con-
ducted to evaluate the macroscopic properties and get insights on the microstructure
of the catalyst ink. The detailed procedure is outlined in Section 4.1.3. The mea-
surements were conducted as soon as possible after preparing the catalyst inks to
minimize measurement uncertainties due to the mechanical and colloidal instability
of the inks.
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4.2.2 Results and Discussion

4.2.2.1 Flow Curves

One way to study the mechanical properties of catalyst ink materials in flow is
to examine their flow curves. The steady-shear rheological measurements of catalyst
ink samples are shown in Figure 4.8.

Figure 4.8: Flow curves of catalyst inks with TKK and JM Pt/C using I/C = 0.25
and I/C = 1.0. The arrow denotes shear-thickening region.

All the Pt/C ink samples studied exhibited shear-thinning behavior (an in-
crease in shear rate reduces the viscosity under shear stress) which is expected
for agglomerating suspensions. The steep drop in viscosity at low shear rate re-
gion is due to the breakdown of weakly connected particle agglomerates and their
alignment with flow direction [114]. Interestingly, there is an observed plateau (or
shear-thickening) region at intermediate shear for JM Pt/C inks containing Vulcan
carbon. This behavior has been observed in previous studies [108, 115, 116]. For JM
Pt/C inks at intermediate shear rates, a further increase in shear rate results in car-
bon particles gaining sufficient velocity in the presence of hydrodynamic forces. This
promotes collision among particles and results in reagglomeration. The onset of this
shear-thickening occurs at a lower shear rate (about 0.8 s−1) when I/C = 1.0 and
shifts to a higher shear rate (about 10 s−1) for I/C = 0.25. This result indicates that
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increasing the ionomer facilitates the breakdown of agglomerates, thereby increas-
ing the hydrodynamic volume and promoting further cluster formation [108]. For
TKK Pt/C inks with KB, this shear thickening behavior is not apparent and weak.
According to Youssry et al., this is due to the relatively small and monodisperse
hydroclusters resulting in stronger particle interaction [115].

4.2.2.2 Rheo-EIS Measurement

A full frequency range EIS measurement was conducted on stationary samples
to understand the Pt/C catalyst ink resistance before and after the application of
high shear. The Nyquist plot generated from the impedance data for all samples
is shown in Figure 4.9(a) and (b). The calculated electrical resistance using the
equivalent circuit model in Figure 4.5 is also shown in Figure 4.9(c). Most of the
samples showed an increase in electrical resistance after the application of high
shear (500 s−1) except for JM Pt/C with I/C = 0.25. This is consistent with the
findings of Mehrazi et al. [108]. At this low ionomer-to-carbon (I/C) ratio, the
Johnson Matthey (JM) Pt/C agglomerates form a robust percolated network after
shear. For both TKK and JM Pt/C ink samples, the overall electrical resistance
is higher at high I/C ratios compared to low I/C ratios due to increased ionomer
coverage on the Pt/C. This increase in resistance is particularly significant for TKK
Pt/C catalyst ink. Despite having similar Pt loading, JM Pt/C with Vulcan carbon
support has more Pt on the external surface, as Vulcan has fewer internal pores than
Ketjen black. Consequently, TKK Pt/C ink has a more exposed carbon surface.
Additionally, a previous study [45] has shown that ionomers preferentially adsorb
on carbon surfaces, resulting in greater ionomer coverage on TKK Pt/C inks at high
I/C ratios.
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Figure 4.9: Nyquist plot from the EIS measurement from 0.01 Hz to 100 kHz before
and after application of high shear for (a) TKK Pt/C ink and (b) JM
Pt/C ink. (c) Estimated electrical resistance from EIS measurement.

In order to study the impedance behavior and thixotropy of ink during the
coating process, a three-phase rebuilt test (3PRT) was conducted. Impedance char-
acteristics of ink provide an insight into the evolution of microstructure, particularly
Pt/C and ionomer interactions. On the other hand, thixotropy informs how the ink
viscosity vary with time as a result of shear [74]. Selection of ink with suitable
thixotropic properties is essential since it enables uniform thickness in the catalyst

58



layer (CL). In the 3PRT, it is assumed that formation of CL from catalyst ink con-
sists of three steps: (1) ink is at static state under low shear, (2) ink undergoes high
shear during coating process, and (3) ink is at recovery stage and returns to low
shear after coating. Results from the tests are shown in Figure 4.10.

Figure 4.10: Three-phase rebuilt measurement showing the (a) thixotropy and (b)
impedance behavior of Pt/C inks with different ionomers.

The trend of viscosity measurements during the first and second phases was
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consistent with the flow curves in Figure 4.8. Similarly, the trend of impedance
measurement during the first and third phases was consistent with the (static) before
and after measurements shown in Figure 4.9. Note that for the 3PRT, impedance
measurements were taken during shear, albeit at a low shear rate (0.1 s−1). In
contrast, for the before and after shear tests, the impedance measurement was taken
after shear, when the sample was at rest. Without shear, particle interactions
through Brownian movement are mostly random and isotropic. However, with shear,
this motion becomes aligned with the direction of the shear. At high I/C ratios,
this directional motion promotes ionomer coverage on the carbon surface hence the
pronounced increase in impedance at the third phase in Figure 4.10(b) for I/C =
1.0 for both samples. During high shear, the ink internal structure is destroyed
and the sample viscosity decreases. At this stage, shear force is greater than the
attractive forces between agglomerates in the inks (i.e., van der Waals, polar bonds,
and hydrogen bonds) which caused the drastic drop in viscosity [117]. This is also
evident in the increase in the measured impedance for all samples during the second
phase. During the third phase, all JM Pt/C ink samples not only fully recover the
original microstructure but even formed a more compact agglomerate structure. For
TKK Pt/C ink with I/C = 1.0, it can be seen that the increase in ionomer loading
significantly hindered the carbon-carbon particle interaction. This was evident in
the viscosity and impedance measurement during third phase.

4.3 Impact of Solvent Formulation on Pt/C Ink Properties

The primary role of solvents in Pt/C catalyst inks is to create dispersion of
the catalyst nanoparticles and ionomer. Although solvent evaporates completely
and is not present in the final CL microstructure, it has a significant impact on the
microstructure and macroproperties of ink and thus the CL microstructure. Solvent
properties such as viscosity, dielectric constant (ε), boiling point, etc. control the
deposition process and inform how the ionomer and catalyst particles interact with
each other. In particular, the amount of ionomer adsorbed onto Pt/C particles
and their morphology depend on the type and formulation of solvent. In water-
rich environment, Nafion presents as rod-like colloidal clusters with their PTFE
backbone as core and the sulfonate groups as shell and Nafion backbone tends to
adsorb onto carbon surface because of the hydrophobic interactions [118]. In alcohol-
rich solvents, Nafion has a reverse micelle structure, and the ionomer backbone is
preferentially oriented toward the bulk solvent [71].

Mixtures of water with IPA or NPA are the most common although the
formulation is not standardized. Depending on the composition, properties such as
dielectric constant can vary. The dielectric constant of the solvent is related to its
polarity and its ability to separate opposite charges.
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4.3.1 Experimental Methods

4.3.1.1 Catalyst Ink Sample Preparation

The catalyst ink preparation was similar to Section 4.2.1.1. Specifically,
46.4 wt% Pt/C (TKK, TEC10E50E) catalyst powder and Nafion ionomer (20 wt%,
D2020) were dispersed in a mixture of IPA and deionized (DI) water (IPA/W). To
study the effect of solvent formulation, IPA/W ratio is varied from 1/3, 1.0, and 3.0.
The prepared catalyst inks both have fixed ionomer to carbon (I/C) mass ratio of
1.0 and carbon to solvent (C/S) mass ratio of 0.06. The liquid and solid components
were mixed in a container with eight 5-mm diameter Zirconia beads and loaded to
a centrifugal mixer (AR-100 Thinky) at 2000 rpm for 3 minutes. The catalyst ink
samples studied in this work is listed in Table 4.2.

Table 4.2: Pt/C catalyst ink samples with different solvent formulation. Sample
names (Low, Medium, High) denote level of IPA/W ratios.

Sample name DI water (g) IPA (g) IPA/W

Low 3.20 1.07 1/3

Medium 2.13 2.13 1.0

High 1.07 3.20 3.0

The resulting ε of the solvent was calculated according to Equation 4.2 and
Equation 4.3 using the ε of pure substances listed in Table 4.3.

Table 4.3: Dielectric constant of pure substances

Component Dielectric constant, ε Ref.

H2O 78.4 [119]

IPA 18.3 [120]

Note that the ε of the resulting solvent should take into account the existing
solvent in Nafion solution. The total mass of each is listed in Table 4.2. The mixed
solvent ε was calculated according to Equation 4.2 [74].

εm =

[
ρm

(
∑
xiMi)

]2
(4.2)

where εm is the dielectric constant of the mixed solvent, xi is the molar fraction
of component i, Mi is the molecular weight of component i, and ρm is the molar
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dielectric polarization of the mixed solvent, which is calculated using Equation 4.3
[74].

ρm =
∑

xiρi = xiε
1/2
i Mi (4.3)

where ρi is the molar dielectric constant of solvent i.

4.3.1.2 Rheology and Rheo-EIS Measurement

Standard rheological and simultaneous rheo-EIS measurements were con-
ducted to evaluate the macroscopic properties and get insights on the microstructure
of the catalyst ink. The detailed procedure is outlined in Section 4.1.3. The mea-
surements were conducted as soon as possible after preparing the catalyst inks to
minimize measurement uncertainties due to the mechanical and colloidal instability
of the inks.

4.3.1.3 Dynamic Light Scattering and Zeta Potential Measurement

Dynamic light scattering (DLS) and zeta potential measurements were per-
formed using a Malvern Zetasizer Nano ZS (Malvern Panalytical Ltd). The catalyst
inks were diluted to 0.01 wt% using the same solvent formulation as the original
ink samples and sonicated before analysis to avoid multiple scattering and improve
the quality of DLS measurements. A small portion of the diluted catalyst ink was
transferred into a dip cell (ZEN1002) for analysis. All tests were done at 25°C. At
least three readings were taken to ensure the repeatability of the measurements.

4.3.2 Results and Discussion

4.3.2.1 Zeta-Potential and DLS

The ζ-potential of different ink samples was measured to understand the
relative electrostatic stability of Pt/C particles with different solvent formulations.
The calculated ε values of the mixed solvent are 29, 43, and 59 for IPA/W of
3.0, 1.0, and 1/3, respectively. The dielectric constant increases with increasing
water content since water is the more polar solvent compared to IPA. Results of
the ζ-potential measurement presented in Figure 4.11(a) show that all samples have
large negative ζ-potential, indicating strong electrostatic repulsion. Dissociation of
the sulfonate group (-SO3H) of the Nafion side chain is influenced by the solvent’s
dielectric constant, ε. A solvent with high ε (i.e., water-rich) promotes -SO3H
dissociation and increases charge density on the surface of the ionomer particles,
thereby leading to more negative ζ-potential [119]. This is clearly evident by the
large negative ζ-potential of the Low IPA/W sample with water-rich solvent. The
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trend is consistent with High and Medium samples - with increasing solvent ε, the
magnitude of ζ-potential increases.

Figure 4.11: (a) Zeta Potential and (b) particle size measurement of Pt/C ink
samples with different solvent formulations. The dielectric constant
is listed inside the parenthesis following the sample name.

Meanwhile, there is no noticeable trend in particle or aggregate size measure-
ment as shown in Figure 4.11(b). Previous studies have shown that an increase in
the dielectric constant of solvent causes the ionomer molecules to dissociate the neg-
atively charged -SO3

− groups from -SO3H groups [59] and increase in the negative
charge on the catalyst agglomerates [74]. Consequently, the increase in electrostatic
repulsion between particles reduces the size of the catalyst agglomerate. This is the
trend for the High and Medium samples. However, the particle size measured for
the water-rich (Low) sample significantly increased relative to the other two. Fur-
ther increase in the water content of the solvent may tend to promote larger Pt/C
aggregates, hence the shift to larger particle size. In this case, secondary aggregates
form through interconnected primary aggregates as evidenced by the bimodal peak
in the particle size distribution (Figure B.1). This is also observed in a previous
study [121].

4.3.2.2 Catalyst Ink Viscosity

Results in the variations in viscosity with shear rate are presented in Figure
4.12. The Pt/C ink samples across all three solvents showed shear-thinning behavior.
This indicates that agglomerates were broken down with increasing shear rates. At
low shear rates (<0.1 s−1), there is small variation in viscosities. However, at high
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shear rates (>10 s−1), the variation is noticeable, particularly for the water-rich
sample. Notably, the trend in viscosity measurement across all three samples is
similar to the trend observed from the measured particle size from DLS as seen in
Figure 4.11(b). This implies that smaller particles promote a higher surface area that
leads to an increase in viscosity due to enhanced particle-solvent interaction [119,
122]. We also found evidence of shear-thickening behavior at intermediate shear
rates. This is more pronounced with IPA-rich solvent and weaker with increasing
water content in the solvent.

Figure 4.12: Flow curve of Pt/C ink samples with different solvent formulations.

4.3.2.3 Rheo-EIS Measurement

To be able to study how microstructure in Pt/C catalyst ink evolves with
shear, rheo-EIS measurement is conducted. The impedance measurement before
and after high shear application is shown in Figure 4.13(a) and the estimated elec-
trical and ionic resistances based on the ECM (Figure 4.5) fitting are presented in
Figure 4.13(b) and (c), respectively. Comparing Figures 4.13(b) and (c), we see that
the Pt/C catalyst ink is predominantly ionic conductive and that ionic resistance
measurements are relatively the same for all samples. Meanwhile, the electrical re-
sistance measurements before and after the application of high shear follow the same
trend, i.e., Medium < High < Low. Electrical resistance is controlled by the net-
work structure established from carbon-carbon contacts. Conformation of adsorbed
ionomer can either increase or decrease electrical resistance depending on the type
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of surface interaction it promotes. At water-rich solvents, Nafion presents as rod-
like particles with the hydrophilic groups preferentially oriented at the bulk solvent.
With alcohol-rich solvent, Nafion exists as coil-like particles with the hydrophobic
backbone oriented toward the bulk solvent [59, 71].

The rod-like micelle Nafion configuration present in a water-rich environ-
ment provides more surface area coverage onto the Pt/C surface thereby disrupting
carbon-to-carbon contacts and increasing the electrical resistance as evident in Low
sample before and after applying high shear. Compared with Low sample, there is
less electrical resistance for High sample before shear. However, after the applica-
tion of high shear, their electrical resistance values are about the same. With shear,
the coil-like conformation of Nafion at IPA-rich solvent changes such that the coil
unravels to cover more of the carbon surface effectively providing as much surface
area coverage as that of rod-like micelle Nafion conformation. For the intermediate
sample, Medium, the electrical resistance values measured before and after shear
are small indicating that there is a strong carbon-carbon network formed. This
is supported by the high viscosity measurement from the steady shear flow curve
(Figure 4.12) indicating strong particle interaction that provides resistance to flow.

Figure 4.13: Before and after shear impedance measurement of Pt/C inks with
different solvent formulations. (a) Nyquist plot, (b) electrical resis-
tance, and (c) ionic resistance measurements.

In addition, the ink properties and microstructure evolution are studied us-
ing rheo-EIS measurement under transient conditions by applying the three-phase
rebuilt measurement (3PRT). This measurement allows for probing ink conditions
that simulate the rod coating process. In the first phase, ink is kept at ’storage’
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conditions. The second phase provides conditions in which ink undergoes an actual
high-shear coating process. Finally, during the third phase, the recovery period,
the ink returns to stationary condition. The measured viscosity and impedance
values from simultaneous three-phase rebuilt are shown in Figure 4.14(a) and (b),
respectively.

Figure 4.14: Simultaneous three-phase rebuilt measurement of Pt/C catalyst inks
with different solvent formulations: (a) Viscosity measurement, and
(b) impedance measurement at 0.1 Hz.
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Comparing viscosity values from the flow curve in Figure 4.12, the measured
viscosity trends at the first and second phases were consistent with that of Figure
4.12. Although there were fluctuations in the measured viscosity of Low sample in
the first phase, it generally remained the least viscous sample owing to its highest
hydrodynamic particle size from DLS measurement. The Medium sample remained
the most vicious among all three samples during all three phases. Notably, all
samples have recovered their microstructure and have even formed a stronger carbon-
carbon particle interaction as their viscosities at the third phase after cessation of
high shear were even higher than their viscosities at the first phase [108].

Consistent with the stationary impedance measurement from the before and
after shear test (Figure 4.13), the Medium sample has the lowest impedance mea-
sured at 0.1 Hz which mainly probes electrical resistance. Upon application of high
shear, agglomerates break into primary aggregate which results in a drop in viscosity
and a rise in impedance measurement since the electron conducting network is es-
sentially disrupted. Across all samples, there is an increase in measured impedance
from the first phase to the third phase measurement. This is consistent with the
trend in the before and after shear measurements. While there is a noticeable dif-
ference in the impedance values between Low and High samples before applying
shear (Figure 4.13(b), during 3PRT, the measured impedance at the first phase for
Low and High samples are relatively similar. This is because the sample was under
shear during impedance measurement at 3PRT, albeit low at the first phase. The
applied shear at this stage was enough to modify the ionomer-catalyst interaction,
particularly in unraveling the coil-like Nafion ionomer conformation in an IPA-rich
environment for the High sample.

4.4 Summary

In summary, we developed an in-house measurement tool to study Pt/C
catalyst ink properties and microstructure evolution with shear. This tool utilizes
simultaneous measurement of rheology and impedance to be able to provide insight
into the component interaction present in catalyst ink samples on a given condition
and using different ink formulations. We also designed a measurement protocol that
elucidates steady state and dynamic properties that are critical in understanding
structure breakdown and recovery during the ink coating process.

The rheo-EIS measurement technique was demonstrated in the study of the
impact of carbon support type, ionomer loading, and solvent formulation on the
macroproperties and microstructure of Pt/C catalyst ink. When combined with
other ink characterization tools such as DLS for ζ-potential and particle size mea-
surement, catalyst component interaction can be studied more closely. The effect
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of carbon support type has been demonstrated to be significant in terms of catalyst
ink viscosity and microstructure as informed by impedance value for high ionomer
loading (I/C = 1.0). This is particularly important when tailoring ink properties
for a specific coating condition to attain good leveling and enough wet film thick-
ness. The study also showed that solvent formulation affects agglomerate size and
therefore viscosity and impedance measurement. The most common solvent type
for the Pt/C catalyst ink system is a mixture of water and alcohol (i.e., IPA in
this study). Equal parts water and IPA have resulted in ink that provides a strong
carbon agglomerate network and stable and good recovery after coating.
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Chapter 5

EFFECT OF HIGH OXYGEN PERMEABILITY
IONOMER ON INK PROPERTIES AND ELECTRODE

STRUCTURE AND PERFORMANCE

5.1 Introduction

The ionomer is a critical component of a catalyst layer. It promotes proton
conductivity, binds the Pt/C particles together, and provides mechanical stability
during CL processing and MEA operation. Recently, there have been several studies
on high oxygen permeability ionomer (HOPI) for PEMFC application with evidence
of improved performance [62, 123, 124]. Most of these studies have concentrated
on the performance of the MEA during operation with improvements owing to the
promotion of the local oxygen and proton transport properties. However, to advance
the design of CL, further understanding of the role of HOPI in overall catalyst ink
property and processing is necessary. In this work, we investigate the influence of
HOPI ionomer on the Pt/C catalyst ink property and microstructure and compare
it with the benchmark D2020 ionomer.

5.2 Experimental Methods

5.2.1 Sample preparation

Catalyst inks were prepared using previously reported procedure [1]. Specif-
ically, 46.4 wt% Pt/C (TKK, TEC10E50E) catalyst powder and ionomer were dis-
persed in a mixture of alcohol and deionized (DI) water (alcohol:DI = 0.923). Two
different ionomers were investigated: Nafion (20 wt%, D2020) and HOPI (10 wt%,
Chemours). For inks with Nafion, 2-propanol is used as alcohol solvent, whereas
1-propanol is used for HOPI similar to their respective stock solutions. The pre-
pared catalyst inks both have fixed ionomer to carbon (I/C) mass ratio of 0.8 and
carbon to solvent (C/S) mass ratio of 0.06. To study the effect of carbon-solvent
interaction, another ink with Nafion ionomer is prepared with C/S of 0.08. The
liquid and solid components were mixed in a container with eight 5-mm diameter
Zirconia beads and loaded to a centrifugal mixer (AR-100 Thinky) at 2000 rpm for
3 minutes.
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Table 5.1: Catalyst ink formulation using D2020 and HOPI ionomer for rheo-EIS
measurement

Sample name C/S Pt (g) Carbon (g)

D2020 (6%) 0.06 0.483 0.26

D2020 (8%) 0.08 0.615 0.33

HOPI (6%) 0.06 0.483 0.26

5.2.2 DLS and zeta potential measurements

Dynamic light scattering (DLS) and zeta potential measurements were per-
formed using a Malvern Zetasizer Nano ZS (Malvern Panalytical Ltd). The catalyst
inks were diluted to 0.01 wt% using solvent (alcohol:DI = 0.923) and sonicated prior
to analysis to avoid multiple scattering and improve the quality of DLS measure-
ments. A small portion of the diluted catalyst ink was transferred into a dip cell
(ZEN1002) for analysis. All tests were done at 25°C. At least three readings were
taken to ensure the repeatability of the measurements.

5.2.3 Rheology and rheo-EIS measurement

Rheology and rheo-EIS measurements were performed using a rotational
rheometer equipped with temperature controller (Kinexus Prime ultra+, NET-
ZSCH) with some modifications as described in Chapter 4. Notably, for conducting
simultaneous rheology and impedance measurements, the roughened top and bot-
tom plate geometries were electrically insulated from the rest of the rheometer body.
The electrical connection between top and bottom plate was established through
a stainless-steel needle dipped in liquid metal (Gallium Indium Eutectic, EGaIn,
Sigma Aldrich) contained in the solvent trap at the top plate and wires connected
to the bottom plate. A potentiostat (CH Instrument 750E) was used to measure
impedance. All samples were tested at 25°C. The detailed measurement protocol is
discussed in Chapter 4.

5.2.4 Scanning electron microscopy

The morphology of the catalyst layer on the catalyst-coated membrane (CCM)
was characterized using a scanning electron microscope (Zeiss Gemini). The imag-
ing was performed on the side of the PTFE decal, i.e., after hot pressing the decal
against Nafion membrane such that the images represent the surface facing the
membrane in the cell assembly.

70



5.2.5 MEA preparation and fuel cell test

Pt/C catalyst ink samples with different ionomers were used as cathode in
a membrane electrode assembly (MEA). The inks were coated onto a virgin PTFE
substrate with the desired loading and thickness using a Mayer rod coater. For
anodes, a standard catalyst ink recipe was used with D2020 as ionomer and Pt
loading of 0.10 mgPt cm

−2. The coated CLs were dried under ambient conditions
before the decal transfer. Using the hot-press method, the CLs were transferred
onto Nafion NC700 membrane (Chemours, USA) under 130 °C and 300 psi for 5
mins.

Table 5.2: Catalyst ink formulation using D2020 and HOPI ionomer for MEA
testing

Sample name I/C C/S alcohol/Wa Pt loadingb

D2020 0.85 0.06 1.5 0.214

HOPI 0.80 0.06 0.92 0.221

a For alcohol, IPA is used for D2020 while nPA is used for HOPI ink sample.
b in mgPt cm

−2

For the fuel cell assembly, Toray TGP-H-060 was used as gas diffusion layer
(GDL) with PTFE gasket for sealing and compression stop, yielding a GDL strain
of approximately 20%. The performance of the fabricated MEAs were evaluated
using a cell with straight parallel flow channels and an active area of 2 cm2 in an
automated Greenlight G20 fuel cell test station. To evaluate the ohmic resistance
of the cell, high frequency resistance (HFR) was measured via EIS using Gamry
Reference 3000 coupled with a Gamry 30k booster.

To measure the electrochemically active surface area (ECSA), cyclic voltam-
metry (CV) was performed under H2/N2 environment using 50 mV/s scan rate.
Break-in protocol was conducted to activate the CLs by cycling the voltage be-
tween open circuit voltage (OCV), 0.40, 0.60, 0.70, and 0.85 V for 16 cycles. After
break-in, a series of tests listed in Table 6.2 were conducted to evaluate performance
under dry and wet conditions. Limiting current tests were used to evaluate oxygen
transport resistance under dry and wet conditions. Proton transport resistance in
the membrane and cathode CL was evaluated via EIS under H2/N2 environment at
different RH.
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Table 5.3: Fuel cell test protocol for MEA with different ionomer types (D2020
and HOPI)

Test Temp. (°C) RH (%) Press. (kPaa) Voltage (V)

CV 30 100 100 0.05 - 1.2

Break-in 70 100 150 OCV - 0.40

Dry lim. i 80 64 100 - 300 0.30 - 0.09

Wet lim. i 70 80 300 0.30 - 0.09

Dry i-V 70 60 100 OCV - 0.20

Wet i-V 70 100 300 OCV - 0.20

Sheet resistance 70 40 - 100 300 0.20 (10mV AC)

5.3 Results and Discussion

5.3.1 Zeta-potential and DLS

The ζ-potentials of different catalyst ink samples are measured to understand
the relative electrostatic stability of Pt/C particles with different ionomers. Results
of the ζ-potential and agglomerate size measured by DLS (Figure 5.1) showed that
all samples have large (negative) ζ-potentials indicating strong electrostatic repul-
sion. Both Nafion and HOPI ionomers have (negative) charged sulfonic groups.
However, HOPI has a shorter side chain length and an additional ring-structure
attached to the polymer backbone that could alter ionomer adsorption. The cata-
lyst inks with Nafion ionomer (both with C/S of 6% and 8%) have slightly larger
ζ-potential compared to ink with HOPI which resulted to smaller agglomerate size.
This is indicative of a more stable particle and increased electrostatic repulsion fol-
lowing the adsorption of the ionomer [47]. On the other hand, catalyst ink with
HOPI ionomer measured a slightly higher agglomerate size than Nafion counter-
part. According to previous studies, ionomers adsorbed on the agglomerates can
increase the agglomerate size through the combined effect of the Debye length and
the thickness of the adsorbed ionomer [125]. The ring-structured matrix present in
HOPI ionomer could have reduced the electrostatic repulsion and in turn promoted
particles to aggregate.
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Figure 5.1: (a) Zeta-potential and (b) particle size measurement for Pt/C catalyst
ink samples with different ionomers.

5.3.2 Catalyst ink viscosity

The steady-shear rheological measurements of catalyst ink samples are shown
in Figure 5.2. All the Pt/C ink samples studied exhibited shear-thinning behavior
(an increase in shear rate reduces the viscosity under shear stress) with plateau (or
shear-thickening) at intermediate and high shear regions. For similar solid content
(C/S = 6%), HOPI shows higher viscosity at low shear rate (<1 s−1) which is likely to
due to HOPI’s ring-structured matrix. The steep drop in viscosity at low shear rate
region is due to the breakdown of weakly connected particle agglomerates and their
alignment with flow direction [114]. The increase in viscosity at intermediate shear
rates is attributed to transient particle growth and the dominance of hydrodynamic
shear forces [108]. The onset of this behavior is earlier for inks with Nafion than
inks with HOPI. In addition, this shear thickening behavior is less pronounced with
the increased in C/S from 6% to 8% for Nafion samples. HOPI and Nafion sample
with 8% were also observed to contain two transient shear-thickening regions. From
these observations, it can be considered that increased in carbon content from 6% to
8% and the ring-structured backbone of ionomer have significant effect in transient
growth of agglomerates resulting in shear-thickening behavior. Finally, for shear
rates greater than 0.1 s−1, viscosity of ink sample with Nafion and C/S of 8% is
always largest, indicating that the ink viscosity is mostly dominated by carbon
concentration.
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Figure 5.2: (a) Flow curve and amplitude sweep tests of Pt/C catalyst ink using
different ionomers. (b) Amplitude sweep data for Pt/C inks with
D2020 ionomer using different C/S; (c) Amplitude sweep data for Pt/C
inks comparing HOPI and D2020. The encircled region denotes the
transition point from solid-like to liquid-like.

The amplitude scan characterizes the viscoelasticity of the inks. At low strain,
the region where G’ and G” remain constant is defined as the linear viscoelastic
region (LVER). The LVER is evident in the inks tested where G’ and G” do not vary
with strain at low strain. The measurement also showed that G’ >G”, indicating all
tested ink samples have elastic behavior. A larger G’ corresponds to stronger particle
network strength, denoting higher resistance to separation [117]. At intermediate
to high strain, G’ and G” generally decrease with an increase in strain, indicating
that the agglomerate network structure is broken down. At the high strain region,
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transient increase in G’ and G” is observed for all inks indicating some rearrangement
of the agglomerate network. After the intersection of G’ and G” and with increasing
strain, G” of the inks are greater than G’, and the inks show liquid viscous behavior.
The volume fraction of particles in the ink affects the plateau storage modulus (G0’).
The high G0’ of Pt/C ink with Nafion and C/S of 8% is due to its high solid volume
fraction. Interestingly, the G0’ (1097 Pa) of Pt/C ink with HOPI is somewhat
similar to this value while the G0’ (271.7 Pa) of ink with Nafion with C/S of 6% is
the smallest. It can also be observed that the transition from solid-like to liquid-like
shifts to a marginally higher strain when C/S is increased to 8% or when HOPI
ionomer is used instead of D2020.

5.3.3 Rheo-EIS measurement

A full frequency range EIS measurement was conducted on stationary sam-
ples to understand the Pt/C catalyst ink resistance before and after the applica-
tion of high shear. By conducting a full frequency range EIS, the electrical resis-
tance attributed to the carbon network can be differentiated from the sample’s ionic
resistance formed by the ionomer matrix. The Nyquist plot generated from the
impedance data for all samples is shown in Figure 5.3. An equivalent circuit model
(ECM) presented in Figure 4.5 was used to fit the EIS data and estimate the resis-
tance of the elements. The ECM is composed of a resistor element (Re) in parallel
with a series connection of another resistor (Ri) and an imperfect capacitor (CPE).
In particular, at low frequencies, the impedance of the capacitor becomes so large
that current travels through the resistor element. In this case, the impedance of the
sample is dominated by electrical resistance. In the same manner, high frequency
measurements are used to probe the ionic resistance of the sample.
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Figure 5.3: (a) Nyquist plot from the EIS measurement from 0.01 Hz to 100 kHz
before and after high shear and the estimated (b) electrical and (c)
ionic resistances of the Pt/C ink samples with different ionomer.

From the results, electrical resistance dominates the impedance of the catalyst
inks with ionic resistance values all measuring below 1 Ω. In addition, all samples
showed an increase in electrical resistance after application of high shear (500 s−1).
At C/S of 6%, the electrical resistance of samples with HOPI is less than that of
ink with Nafion. This can be attributed to less catalyst surface coverage with HOPI
ionomer because of its shorter side chains. The increase in electrical resistance after
shear is also significantly less with HOPI ionomer than that of ink with Nafion
(C/S of 6%). With the application of high shear, the polymer strands are expected
to rearrange along the shear direction and provide greater surface coverage on the
catalyst increasing the electrical resistance. The HOPI material contains a ring-
structured backbone which minimizes polymer folding around the catalyst surface.
As a result, there is less catalyst surface coverage increase after shear compared to
Nafion (6%). The measured increase in electrical resistance with Nafion (6%) is
103% while that in HOPI is only 12%. Increasing the carbon concentration provides
more carbon-to-carbon interaction and electrical pathways to the sample. This is
evident in the smaller electrical resistance of samples with Nafion (8%) than that
of Nafion (6%). The increase in electrical resistance after shearing of the sample
with Nafion (8%) is 30%, significantly less than Nafion (6%) but greater than HOPI
samples.

In order to study the impedance behavior and thixotropy of ink during the
coating process, a 3PRT was conducted. Impedance characteristics of ink provide
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an insight into the evolution of microstructure, particularly Pt/C and ionomer in-
teractions. On the other hand, thixotropy informs how the ink viscosity vary with
time as a result of shear [58]. Selection of ink with suitable thixotropic properties is
essential since it enables uniform thickness in the catalyst layer (CL). In the 3PRT,
it is assumed that formation of CL from catalyst ink consists of three steps: (1) ink
is at static state under low shear, (2) ink undergoes high shear during coating pro-
cess, and (3) ink is at recovery stage and returns to low shear after coating. Results
from the tests are shown in Figure 5.4. Viscosity trend measured during the first and
second phase were consistent with the flow curves in Figure 5.2 denoted by a vertical
dotted line at 0.1 s−1 and 500 s−1, respectively. HOPI and Nafion (8%) have similar
viscosities and are larger than that of Nafion (6%). The impedance measured at 0.1
Hz during first phase is also consistent with the steady state test before applying
shear confirming that HOPI’s short side chain minimizes extent of catalyst surface
coverage and increasing carbon content for ink with Nafion provides more electrical
pathways due to more carbon-to-carbon interaction. During high shear, the ink in-
ternal structure is destroyed and the sample viscosity decreases. At this stage, shear
force is greater than the attractive forces between agglomerates in the inks (i.e., van
der Waals, polar bonds, and hydrogen bonds) which caused the drastic drop in vis-
cosity [117]. This is also evident in the increase in the measured impedance for
all samples during the second phase. In addition, inks with Nafion ionomer were
observed to have higher increase in impedance than ink with HOPI ionomer imply-
ing that folding of polymer backbone on catalyst surface is a major factor in the
increase of resistance and that HOPI’s ring structure minimized the dense folding
of ionomer. During the third phase, all Pt/C ink samples not only fully recover
the original microstructure but even formed a more compact agglomerate structure
which is more evident in samples with Nafion ionomer as denoted by the increase
in viscosity. This implies that original interaction formed in the carbon/HOPI ag-
glomerate is more difficult to breakdown than carbon/Nafion agglomerates. From
the impedance measured at the third phase, it can be observed that resistance val-
ues were gradually increasing from the initial cessation of high shear. Comparing
the measured values at the end of the test, it can be seen that there is significant
increase in resistance for Nafion (6%) from first phase to third phase measurements.
This is consistent with the result from steady state impedance test. Meanwhile,
the least increase in resistance is observed for HOPI samples consistent with earlier
observations during steady state measurements.
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Figure 5.4: 3PRT measurements showing the (a) thixotropy and (b) impedance
behavior of Pt/C inks with different ionomers.

In the coating process, it is important to match the thixotropy of the ink.
The slow structure recovery is advantageous to the self-levelling of wet film, resulting
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in a more even CL. If the structure recovery is too quick, it is not conducive to good
leveling. However, if the ink structure recovery is too slow, there may not be enough
wet film thickness [58, 117]. Therefore, it is essential to regulate ink thixotropy by
adjusting the carbon content or type of ionomer to improve the structure of the CL.

5.3.4 CL microstructure and MEA performance

CL morphology

We performed SEM analysis of the fabricated cathode CLs using HOPI to
examine the morphology and the size of the formed Pt/C agglomerates. The SEM
images for the HOPI-based CL are shown in Figure 5.5. The macroscopic surface
of the prepared CL showed significant mud-cracking for the HOPI. Examining the
microscopic structure, we can see that HOPI CL has a uniform carbon agglomerate
size and pore structure. These observations are similarly observed from a previous
study [123]. Additionally, we observed patches on the microstructure with ionomer
bridging features.

Figure 5.5: SEM images of the CL surface using HOPI at 200x and 50,000x mag-
nifications.

Oxygen transport resistance

Oxygen transport resistance (OTR) in the cell was measured by conducting
in situ limiting current experiments. The procedure differentiates the pressure-
dependent and pressure-independent OTR components in the cell. The detailed
theory underlining the procedure can be found in Ref. [80] and Ref. [10]. Limiting
current measurements under dry conditions provide the total OTR of the catalyst
layer and gas diffusion media in the absence of liquid water. From the dry limiting
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current data provided in Figure 5.6(a), it can be seen that HOPI and D2020 cells
have similar diffusion transport resistance, with HOPI being only marginally higher.
OTR under wet conditions was also evaluated and presented in Figure 5.6(b). Both
curves show the transition from dry to wet conditions in the gas diffusion layer. The
HOPI cell has higher OTR denoting that it can retain more water than the D2020
cell.

Figure 5.6: Oxygen mass transport resistance for D2020 and HOPI cells under (a)
dry and (b) wet limiting current conditions.

Membrane and CL proton transport resistance

The proton transport resistance, also referred to as sheet resistance, in the
cell was evaluated at three different RH conditions (100%, 70%, and 40% RH) using
EIS measurements under H2/N2 flow. The result of the test is presented in Figure
5.7(a) and Figure 5.7(b) for high-frequency resistance (HFR) and sheet resistance,
respectively.
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Figure 5.7: (a) HFR measurement and (b) cathode CL proton transport resistance
measurement for HOPI and D2020 cells.

HFR measurements primarily denote the extent of membrane hydration. De-
spite using a similar membrane, the cell with HOPI has slightly lower HFR values
than the cell with D2020. This observation suggests that HOPI has enhanced water
retention capacity at the catalyst layer that could facilitate more efficient proton
transport from the membrane to the cathode CL. From Figure 5.7(b), cathode pro-
ton transport resistance across various RH levels for the HOPI cell is lower than
that of D2020 cell. This signifies that HOPI has superior proton conductivity than
D2020 within the CL that is mainly due to the low EW of the HOPI compared with
D2020 (925 vs 1000). With lower EWs, more sulfonate groups are available per unit
volume, and in sum, to conduct protons, enhancing the overall conductivity. This
improvement is particularly advantageous under dry operation where CL proton
transport resistance is exacerbated.

MEA performance

The ECSA of both cells was measured using HAD method [80] and was found
to be around 50 m2 g−1, denoting that the cells were in relatively good condition.
After activating the catalyst, fuel cell performance was assessed by comparing the i-V
polarization curve under dry and wet operating conditions. The H2/air polarization
curves along with HFR measurements for both the HOPI and D2020 cells are shown
in Figure 5.8(a) and Figure 5.8(b) for dry and wet operating conditions, respectively.
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Figure 5.8: Performance and HFR curves for HOPI and D2020 cells under (a) dry
and (b) wet conditions.

Under low relative humidity conditions, the HOPI cell shows a slightly supe-
rior performance. Additionally, the HFR is slightly lower for the HOPI cell than the
D2020 cell. Under wet conditions, the HOPI cell shows comparable performance
levels to the D2020 cell until reaching the mass transport region, at which point
pronounced flooding occurs at elevated current density conditions. This might have
been caused by the higher water retention capacity of HOPI, as inferred from sheet
resistance measurement in Figure 5.7(b). It should be noted that flooding at high
current densities can also be attributed to the high oxygen transport resistance for
the gas diffusion media used in the HOPI cell observed in Figure 5.6.

5.4 Summary

In this work, we performed comparison of catalyst ink properties and mi-
crostructure using different ionomer, i.e. Nafion 1000 EW D2020 and 925 EW
HOPI. In our investigation, we determined that HOPI-based ink structure is similar
to D2020-based ink structure with higher C/S content (8%). Our study also suggests
that for D2020, increasing C/S ratios leads to stronger viscoelastic properties. In
addition, HOPI-based ink, despite having the largest measured particle size, shows
higher viscosity than D2020-based ink with similar C/S. This denotes that there
is increased particle-particle interactions in HOPI ink due to the different ionomer
property.

The performance of HOPI-based CL was compared with that of benchmarked
D2020-based CL by conducting MEA in situ measurements. It was observed that
while both CL have relatively similar performance, HOPI-based CL experienced
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flooding under wet conditions at high current densities. At this operating condi-
tion, mass transport limitation becomes dominant, and the CL microstructure of
HOPI-based CL having significant mud-cracking on the surface as observed in the
morphology proved to be susceptible to flooding.
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Chapter 6

STUDY OF CATALYST INK MULTICOMPONENT
INTERACTION USING RHEO-IMPEDANCE

MEASUREMENTS

The complex interactions between catalyst ink components influence the
macroscopic properties and microstructure of the ink. These, in turn, dictate the
fabricated CL microstructure and resulting MEA performance. Most of the stud-
ies on catalyst ink have been focused on the relationship between CL structure and
performance [28, 60, 66, 67, 72, 118, 121, 126]. As a result, catalyst ink and CL fabri-
cation have been mostly empirical in nature. Understanding how CL microstructure
is formed is necessary to advance CL design.

Different catalyst ink parameters (i.e., ionomer type and loading, solvent
formulation, carbon loading, etc.) influence various ink component interactions.
These interactions, as a result, modulate CL microstructure and MEA performance.
For example, ionomer/solvent interactions affect the conformation of ionomer in the
solution, ionomer/carbon interactions influence how the ionomer adsorbed onto the
Pt/C catalyst particles in the ink, and the interactions among the three components
determine the overall agglomerate sizes and pore structures in the fabricated CL [45].

In this study, we provide a systematic method and design of experiment to
provide insight and bridge the gap between the relation of catalyst ink parame-
ters and cell performance. We utilize different techniques to characterize catalyst
ink properties and elucidate the evolution of microstructure on catalyst ink that
simulates the CL fabrication process.

6.1 Experimental Methods

6.1.1 Catalyst Ink Preparation and Design of Experiment

The tested catalyst ink samples have varying I/C ratio and 2-propanol (IPA)
to water (W) ratio. Meanwhile, the carbon-to-solvent ratio is fixed at 0.08. The
catalyst ink is prepared using 46.8% Pt/C (TKK, TEC10E50E) and 20 wt% ionomer
dispersion (D2020, Ion Power). The samples tested are labeled according to the level
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of IPA/W and I/C ratios (e.g., ’HL’ corresponds to high IPA/W and low I/C, ’MM’
corresponds to medium levels for both parameters, and so on). The complete design
of the experiment is presented in Table 6.1.

Table 6.1: Sample formulation and design of experiment

Sample name IPA/W I/C

LL 0.5 0.25
LH 0.5 1.25
MM 1.0 0.75
HL 2.0 0.25
HH 2.0 1.25

The samples are prepared by mixing the ionomer dispersion and solvent in
a vial, sonicating the vial, and adding them to a plastic container containing the
catalyst powder with eight (8) Zirconia beads (5 mm diameter) for mixing. Mixing
of catalyst ink is conducted using a high-energy centrifugal mixer (AR-100 Thinky
mixer) at 2000 rpm for 3 minutes followed by defoaming for 10 seconds. The samples
are immediately subjected to a series of rheo-EIS measurements after preparation
to ensure minimal disparity brought by colloidal instability with prolonged storage
time. In parallel, inks were coated onto a PTFE decal to further process into MEA.

6.1.2 MEA preparation and fuel cell test

Pt/C catalyst ink samples were used as cathodes in a membrane electrode
assembly (MEA). The inks were coated onto a virgin PTFE substrate with the
desired loading and thickness using a Mayer rod coater. For anodes, a standard
catalyst ink recipe was used with D2020 as ionomer and Pt loading of 0.13 mgPt

cm−2. The coated CLs were dried under ambient conditions before the decal transfer.
Using the hot-press method, the CLs were transferred onto NRE211 membrane
under 130 °C and 300 psi for 5 mins.

For the fuel cell assembly, Freudenberg H23I5C8 was used as gas diffusion
layer (GDL) with PTFE gasket for sealing and compression stop, yielding a GDL
strain of approximately 17%. The performance of the fabricated MEAs were eval-
uated using a cell with straight parallel flow channels and an active area of 2 cm2

in an automated Greenlight G20 fuel cell test station. To evaluate the ohmic re-
sistance of the cell, high frequency resistance (HFR) was measured via EIS using
Gamry Reference 3000 coupled with a Gamry 30k booster.
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To measure the electrochemically active surface area (ECSA), cyclic voltam-
metry (CV) was performed under H2/N2 environment using 50 mV/s scan rate.
Break-in protocol was conducted to activate the CLs by cycling the voltage between
open circuit voltage (OCV), 0.40, 0.60, 0.70, and 0.85 V for 16 cycles. After break-
in, a series of tests listed in Table 6.2 were conducted to evaluate performance under
dry and wet conditions. Limiting current tests were used to evaluate oxygen trans-
port resistance under dry conditions. Proton transport resistance in the membrane
and cathode CL was evaluated via EIS under H2/N2 environment at different RH.

Table 6.2: Fuel cell test protocol for MEA with different ionomer types (D2020
and HOPI)

Test Temp. (°C) RH (%) Press. (kPaa) Voltage (V)

CV 30 100 100 0.05 - 1.2

Break-in 70 100 150 OCV - 0.40

Dry i-V 70 60 100 OCV - 0.20

Wet i-V 70 100 300 OCV - 0.20

Dry lim. i 80 64 100 - 300 0.30 - 0.09

Sheet resistance 70 40 - 100 300 0.20 (10mV AC)

6.1.3 DLS and zeta potential measurements

Dynamic light scattering (DLS) and zeta potential measurements were per-
formed using a Malvern Zetasizer Nano ZS (Malvern Panalytical Ltd). The catalyst
inks were diluted to 0.01 wt% using solvent (alcohol:DI = 0.923) and sonicated prior
to analysis to avoid multiple scattering and improve the quality of DLS measure-
ments. A small portion of the diluted catalyst ink was transferred into a dip cell
(ZEN1002) for analysis. All tests were done at 25°C. At least three readings were
taken to ensure the repeatability of the measurements.

6.1.4 Rheology and rheo-EIS measurement

Rheology and rheo-EIS measurements were performed using a rotational
rheometer equipped with temperature controller (Kinexus Prime ultra+, NET-
ZSCH) with some modifications as described in Chapter 4. Notably, for conducting
simultaneous rheology and impedance measurements, the roughened top and bot-
tom plate geometries were electrically insulated from the rest of the rheometer body.
The electrical connection between top and bottom plate was established through
a stainless-steel needle dipped in liquid metal (Gallium Indium Eutectic, EGaIn,
Sigma Aldrich) contained in the solvent trap at the top plate and wires connected
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to the bottom plate. A potentiostat (CH Instrument 750E) was used to measure
impedance. All samples were tested at 25°C. The detailed measurement protocol is
discussed in Chapter 4.

6.1.5 Surface Roughness Measurement

Surface roughness of catalyst ink-coated PTFE decal was performed using
Bruker Dektak XT Stylus profilometer equipped with a 2 µm probe traced over a
total distance of 5 mm. Measurement was performed at various locations throughout
the samples. The average (Ra) and root mean square (Rq) roughness measurements
illustrate the overall height variability. In addition, Rq is analogous to the standard
deviation of the surface height distribution about the mean height datum.

3D surface images of the cathode CL on the prepared MEA were obtained
using a white light interferometer. Surface roughness was measured from 2D pro-
files taken at different positions throughout the samples using the image processing
software Gwyddion. Similar to the catalyst ink-coated PTFE decal, Ra and Rq
measurements of CL from MEA samples were reported.

Figure 6.1: Schematic of surface roughness measurements using stylus profilometer
and white light interferometer for ink-coated PTFE decal and catalyst
coated membrane, respectively.

6.1.6 Scanning electron microscopy

The morphology of the catalyst layer on the ink-coated PTFE decal and on
the catalyst-coated membrane (CCM) was characterized using a scanning electron
microscope (Zeiss Gemini). The imaging was performed on the side of the PTFE
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decal, i.e., after hot pressing the decal against Nafion membrane such that the images
represent the surface facing the membrane in the cell assembly.

Figure 6.2: Schematic of SEM measurements for ink-coated PTFE decal and cat-
alyst coated membrane.

6.2 Results and Discussion

6.2.1 Catalyst Ink Property and Microstructure

The ζ-potentials of different catalyst ink samples are measured to understand
the relative electrostatic stability of Pt/C particles for all samples. Results of the
ζ-potential and agglomerate size measured by DLS (Figure 6.3) showed that all
samples have large (negative) ζ-potentials indicating strong electrostatic repulsion.
From Figure 6.3(a), it can be seen that solvent with high ε (i.e., water-rich) pro-
motes -SO3H dissociation and increases charge density on the surface of the ionomer
particles, thereby leading to more negative ζ-potential [119]. The effect is also more
significant for sample with high ionomer loading. This is clearly evident by the large
negative ζ-potential of the LH sample with water-rich solvent.

From Figure 6.3(b), particle size generally increases with increasing IPA/W
ratio for a given I/C, except at the highest I/C where it decreases slightly at the
highest IPA/W. The measured polydispersity index (PDI) signifies more heteroge-
neous particle distribution at high ionomer loading (Figure 6.3(c)). Lowest PDI
is observed at the lowest I/C and IPA/W, indicating a more uniform particle size
distribution. High IPA/W generally results in higher PDI, except at the highest
I/C where the PDI slightly decreases.

In general, high ionomer loading increases particle size and PDI, suggesting
more aggregation and heterogeneity. Additionally, it significantly increases particle
stability (more negative zeta potential). On the other hand. high IPA/W ratios tend
to increase particle size and PDI, indicating more aggregation and size distribution
heterogeneity. However, it reduces particle stability (less negative zeta potential).
These findings suggest that high ionomer loading and a balanced IPA/W ratio would
be optimal to ensure stable suspension with uniform particles.
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Figure 6.3: (a) Zeta-potential, (b) particle size, and (c) polydispersity index mea-
surements for all samples.

A full frequency range EIS measurement was conducted on stationary sam-
ples to understand the Pt/C catalyst ink resistance before and after the application
of high shear. The estimated electrical and ionic resistances based on the ECM
(Figure 4.5) fitting are presented in Figure 6.4. From the measurement, we see
that the Pt/C catalyst ink is predominantly ionic conductive and that ionic resis-
tance measurements are relatively the same for all samples. From Figure 6.4(a) and
(b), we can observe that the effect of I/C in increasing electrical resistance is more
significant than decreasing IPA/W (an order of magnitude difference). The high
ionomer loading provides more carbon surface coverage that contributes to the elec-
trical resistance. In addition, increasing water content enhances polarity and allows
the ionomer side chains to swell and open up resulting in more area coverage and
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greater electrical resistance. Shearing the ink breaks down and realigns the carbon
network structure and at low ionomer, carbon percolation is stronger.

Figure 6.4: (Electrical resistance (a) before and (b) change in electrical resistance
after application of high shear. Ionic resistance (c) before and (d) after
application of high shear.

In order to study the impedance behavior and thixotropy of ink during the
coating process, a 3PRT was conducted. Impedance characteristics of ink provide
an insight into the evolution of microstructure, particularly Pt/C and ionomer in-
teractions. On the other hand, thixotropy informs how the ink viscosity vary with
time as a result of shear [58]. Selection of ink with suitable thixotropic properties is
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essential since it enables uniform thickness in the catalyst layer (CL). In the 3PRT,
it is assumed that formation of CL from catalyst ink consists of three steps: (1) ink
is at static state under low shear, (2) ink undergoes high shear during coating pro-
cess, and (3) ink is at recovery stage and returns to low shear after coating. Results
from the tests are shown in Figure 6.5. LL and HL show higher initial viscosities
(phase 1) compared to LH, HH, and MM. This suggests that LL and HL are more
resistant to initial flow. During high shear (phase 2), the ink internal structure is
destroyed and the viscosity decreases for all samples. At this stage, shear force is
greater than the attractive forces between agglomerates in the inks (i.e., van der
Waals, polar bonds, and hydrogen bonds) which caused the drastic drop in viscosity
[117]. Interestingly, for LL and LH samples, thixotropic and rheopectic behaviors
are observed, respectively. In the third phase, it can be seen that all samples have
recovered their microstructure. The impedance measurement at 0.1 Hz follows the
same trend as observed during the steady-state before and after shear tests. High
electrical resistance is measured with increasing ionomer loading and with water-
rich solvent. At high shear, the ink internal structure is destroyed which explains
the increase in impedance.
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Figure 6.5: Three-phase rebuilt measurement showing the (a) thixotropy and (b)
impedance behavior of Pt/C inks samples.

The steady-shear rheological measurements of catalyst ink samples are shown
in Figure 6.6. All the Pt/C ink samples studied exhibited shear-thinning behavior
(an increase in shear rate reduces the viscosity under shear stress) with plateau (or

92



shear-thickening) at intermediate and high shear regions. Similar to the 3PRT, LL
and HL show higher viscosities at low shear rates compared to LH, HH, and MM.
This suggests that LL and HL are more resistant to initial flow. LH sample appears
to have the lowest viscosity at low and high shear rates.

Figure 6.6: Flow curve of different Pt/C catalyst ink samples.

The amplitude scan characterizes the viscoelasticity of the inks. At low strain,
the region where G’ and G” remain constant is defined as the linear viscoelastic
region (LVER). The LVER is evident in the inks tested where G’ and G” do not
vary with strain at low strain. At low strain, the measurement also showed that G’
>G”, indicating all tested ink samples have elastic behavior. A larger G’ corresponds
to stronger particle network strength, denoting higher resistance to separation [117].
LL and HL start with high G’ values indicating strong elastic behavior at low shear
strain. HH and MM have lower initial G’ values, indicating weaker elastic behavior
while LH has the lowest initial G’ denoting weakest elastic behavior. At intermediate
to high strain, G’ and G” generally decrease with an increase in strain, indicating
that the agglomerate network structure is broken down. At the high strain region,
transient increase in G’ and G” is observed for all inks indicating some rearrangement
of the agglomerate network. After the intersection of G’ and G” and with increasing
strain, G” of the inks are greater than G’, and the inks show liquid viscous behavior.
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Low ionomer samples (LL and HL) have higher G’ and G” values compared
to the rest of the samples. This denotes that LL and HL are more resistant to
structural breakdown under shear. Additionally, the phase angle (Eq. 6.1) for LL
and HL samples has a more gradual increase compared to the others, suggesting
that they have more stable transition from solid-like to liquid-like state.

δ = tan−1

(
G′′

G′

)
(6.1)

Figure 6.7: Amplitude sweep measurement for Pt/C catalyst ink samples: (a)
MM, (b) water-rich (LL and LH), and (c) IPA-rich (HL and HH) sam-
ples. The arrows indicate the transition from solid-like to liquid-like.
Solid symbol, G’: storage modulus; open symbol, G”: loss modulus.
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It can also be observed from Figure 6.7(b) and 6.7(c) that the transition
from solid-like to liquid-like state shifts to higher strain as ionomer loading (I/C)
is decreased for inks with the same solvent formulation. The transition point also
does not seem to differ between samples having the same ionomer loading regardless
of solvent formulation. The plateau of storage modulus (G0’) is also observed to
increase with IPA-rich solvent (and low I/C) inks which is indicative of an agglom-
erated structure.

6.2.2 Catalyst Layer Structure

Catalyst layer properties and microstructure are affected by ink properties,
CL fabrication, and MEA preparation. After catalyst ink formulation, significant
structural changes occur, more so, during ink processing on decal substrate followed
by hot press transfer that is commonly used for membrane electrode assembly prepa-
ration. The schematic of the process is shown in Figure 6.8. The hot press transfer
conditions with the elevated temperature (130 °C) and pressure (300 psi) have been
observed to improve the surface properties, homogeneity, and structural durability
of MEAs. The increase in temperature and pressure enhances the adhesion and
contact between electrode and membrane. This is critical when aiming for a more
durable and stable MEA as delamination is minimized. The process also minimizes
the defects or cracks in the catalyst layer which results in better performance and
more durable material.

Figure 6.8: Schematic of MEA fabrication using hot press transfer method from
ink-coated decal substrate.
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The morphology of the catalyst layer formed was examined using SEM. The
SEM images of ink-coated PTFE decals are shown in Figure 6.9. From the figure,
the LL sample shows significant cracking and a rough surface structure. There also
appear aggregated particle clusters. HL sample appears to have fewer cracks and a
more uniform texture than LL sample. Similar to LL, the LH sample shows a less
uniform surface than HH. Among the samples, MM appears to have a moderate
improvement in surface structure. In general, increasing ionomer improves adhesion
between ink particles and reduces CL cracking which leads to a more uniform surface.
A higher IPA/W ratio also appears to contribute to a finer particle distribution and
smoother surface morphology, reducing the aggregation and large-scale cracking seen
at lower ratios. This is also supported by the surface roughness measurements shown
in Figure 6.10.

Figure 6.9: SEM surface images of the catalyst ink-coated PTFE decal. The scale
bar represents 20 µm.
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The surface roughness was measured using a stylus profilometer. In a stylus
profilometer, a stylus connected to a cantilever arm moves across the surface in
a controlled manner on a preset path. As it moves, the vertical movements of the
stylus are converted to create a detailed surface profile. The measured surface profile
for each sample is presented in Figure B.2. In our measurements, we get the average
surface roughness (Ra) to illustrate the overall height variability and the root mean
square roughness (Rq) which is analogous to the standard deviation of the surface
height distribution about the mean height datum. These data (Ra and Rq) are
shown in Figure 6.10(a) and Figure 6.10(b), respectively.

Figure 6.10: (a) Mean surface roughness (Ra) and (b) root mean square roughness
(Rq) measurements of the ink-coated PTFE decal surface.

From Figure 6.10(a), increasing I/C significantly reduces the average surface
roughness. This trend is observed consistently across different IPA/W ratios. The
highest I/C (1.25) shows the lowest surface roughness (0.84 µm for LH and 0.78 µm
for HH). At a low I/C (0.25), increasing the IPA/W ratio reduces surface roughness
(2.55 µm for LL and 1.92 µm for HL). At the highest I/C (1.25), the influence of
IPA/W on roughness is less pronounced, with both LH and HH showing similar low
roughness values. The trend is consistent for the root mean square roughness (Rq)
as well as shown in Figure 6.10(b).

Additionally, the morphology of the MEA surface is also examined by SEM.
The images show an overall reduction in small cracks after the hot press transfer to
make the MEA although bigger cracks still remain. The MEA surfaces also appear
to be smoother since this is the side originally in contact with the decal substrate.
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Figure 6.11: SEM images of the cathode side of MEA surface. The scale bar
represents 80 µm.

To quantitatively assess the surface roughness of the MEA surface, white light
interferometry (WLI) is performed. Unlike the ink-coated PTFE decal surface, the
MEA surfaces are sufficiently reflective to allow for accurate WLI measurements.
The obtained surface topography images and 3D profiles are presented in Figure
B.3. The images are processed using Gwyddion software to obtain the desired
surface properties. From the measurements presented in Figure 6.12, it can be seen
that MEA surfaces are generally smoother than catalyst ink-coated decal surfaces.
Among the samples, MM appears to be the smoothest with the least apparent cracks
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as supported by SEM and WLI measurement results.

Figure 6.12: (a) Mean surface roughness and (b) root mean square roughness
measurements from white light interferometer measurements.

To investigate the catalyst layer microstructure formed from different ink
formulations more closely, the pore structure and agglomeration are examined us-
ing SEM at 100,000x magnification. The SEM images are presented in Figure
6.13. High I/C samples, LH and HH, show significant ionomer bridging floccu-
lation and patches, denoted by red ovals in the micrographs. These ionomer bridges
and patches are significantly less prevalent in the MM sample and are not observed
in the LL and HL samples. These ionomer bridges and patches can make the MEA
susceptible to flooding, which increases mass transport losses under wet operating
conditions. In addition, IPA-rich samples (HL and HH) appear to have a more ag-
glomerated and compact structure compared to their water-rich counterparts. The
representative agglomerates from each sample are outlined and indicated with ar-
rows.
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Figure 6.13: SEM images of the cathode side of MEA surface at 100k X magni-
fication. The red ovals highlight the ionomer bridges and patches.
The blue arrows point to the representative agglomerate sizes. The
scale bar represents 200 nm.

6.2.3 Fuel Cell Performance

In dry conditions, high ionomer loading samples (HH, LH) generally show
improved performance compared to lower I/C samples (LL, HL). It is also observed
that MM exhibits the best overall performance, with the highest cell voltage and
lowest HFR, indicating an optimal balance between ionomer loading and IPA/W
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ratio. In general, high ionomer loading contributes to improved conductivity of
protons across the catalyst layer thickness. This is especially important in dry
conditions, where a severe lack of a proton-conducting network contributes to high
ionic losses in the CL.

In wet conditions, MM continues to exhibit the best performance, indicating
the robustness of the medium I/C and IPA/W ratio under varying conditions. The
performance of low I/C samples (LL and HL) improves under wet conditions and is
better than that of high I/C samples. Interestingly, for IPA-rich samples (HH and
HL), there is a performance reduction at high current density, indicative of flooding
in the CL. This contrasts with the findings from Ref. [127], where no significant
link was found between ink solvent composition and cell performance. This signifies
that in regions where mass transport loss due to flooding is dominant, the structure
of the CL is of utmost importance. From the SEM investigation, we observe that
agglomerates are less even and more compact in IPA-rich samples, which hinders
the transport of species and can increase mass transport losses.

Figure 6.14: (a) Dry polarization and (b) wet polarization curves for all samples

To evaluate oxygen transport resistance within the cell, in situ limiting cur-
rent measurements are conducted. Detailed theory and discussion of the method
can be found in Ref. [10, 80, 81]. In the catalyst layer, transport resistance is largely
independent of pressure. The mechanisms for mass transport in the catalyst layer
include Knudsen diffusion, permeation through a film, and diffusion through the
liquid water/ionomer interface [81]. These mechanisms account for the pressure-
independent mass transport resistance Rothers. From Figure 6.15, Rothers are higher
for CL made from low I/C inks. Based on previous discussions about the rheology
and internal structure of catalyst inks, low I/C samples exhibit stronger particle
network strength and a denser or more highly-entangled microstructure compared
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to high I/C samples. These characteristics likely contribute to the resulting cat-
alyst layer microstructure. The MM sample exhibits the minimum Rothers, which
contributes to its overall best performance.

Figure 6.15: Calculated Rothers based on limiting current test [81] under dry con-
dition.

The proton transport resistance in the catalyst layer is evaluated under dif-
ferent humidification levels. EIS measurements are conducted at fixed intervals to
investigate how proton conductivity in the catalyst layer responds to changes in RH.
The obtained data is presented in Figure 6.16. The impedance data for the LL and
HL samples show high fluctuations and are therefore excluded in the analysis. It
is worth noting that the ionic resistance for the low I/C samples (LL and HL) is
expected to be high due to the limited ionic pathways. From Figure 6.16, The MM
sample has the highest resistance across all relative humidity levels compared to the
LH and HH samples, which is understandable due to its lower ionomer content. The
LH and HH samples exhibit relatively similar behavior with only a slight increase
in resistance under dry conditions. In contrast, the MM sample shows a significant
increase in catalyst layer ionic resistance when dry.
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Figure 6.16: Cathode catalyst layer proton resistance measurement across differ-
ent RH.

6.3 Summary

In this work, a preliminary investigation of the effect of catalyst ink com-
ponents and processing was conducted. From the results, it was observed that
ionomer/catalyst/solvent interaction plays a significant role in the overall properties
of the catalyst ink. It was also proven that rheological and electrical responses vary
from each catalyst ink formulation tested. Significant differences between electrical
and ionic resistance before and after shear can be measured using sequential and
simultaneous rheological and impedance measurements. The rheo-EIS tool has been
proven to effectively measure the desired properties of materials thereby providing
support into the possible microstructure of catalyst ink.

The study explored the impact of ionomer loading (I/C) and solvent for-
mulation (IPA/W) on the CL microstructure and MEA performance. Rheo-EIS
measurements revealed that the electrical resistance of ink samples increases with
higher ionomer loading and is also influenced by the solvent formulation. In par-
ticular, a water-rich solvent helps to open up the ionomer strands, enhancing their
surface coverage on Pt/carbon particles and improving the uniformity of the catalyst
ink.

The surface morphologies of ink-coated decals and hot-pressed MEA samples
were analyzed, revealing that the hot-pressing step effectively mitigates small cracks
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and generally results in a smoother surface. However, larger cracks can still persist,
potentially affecting the mechanical stability and durability of the MEA.

MEA performance was evaluated under both dry and wet conditions. It
was observed that samples with high I/C performed poorly under wet conditions
due to excessive swelling, which can lead to flooding and hinder mass transport.
Conversely, samples prepared with a water-rich solvent formulation demonstrated
improved performance, especially during flooding at high current densities, owing
to the formed pore structure of the CL.

These findings underscore the importance of optimizing ionomer loading and
solvent composition to achieve a balanced CL microstructure, which is crucial for
enhancing MEA performance, particularly in terms of stability and efficiency under
varying operational conditions.
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Chapter 7

CONCLUSION AND FUTURE WORK

Conclusion for the AEMFC modeling study

The developed one-dimensional (1-D) analytical model for Anion Exchange
Membrane Fuel Cells (AEMFC) effectively captures all the essential physics, result-
ing in model predictions that align well with experimental results. The model’s
accuracy is particularly sensitive to the material properties, especially the mem-
brane’s water transport properties and the diffusion media characteristics. This
modeling approach can be adapted for different materials by incorporating a new
set of properties, allowing it to effectively address mass transport limitations and
overall performance reductions due to flooding in the catalyst layer (CL) and gas
diffusion layer (GDL).

The multilayer discretization approach used in the model enables the pre-
diction of local conditions, such as temperature, relative humidity (RH), and con-
centration, within the CL and GDL. This method is beneficial for semi-empirical
modeling of two-phase transport, as it avoids the need for complex phase change
and two-phase flow calculations while still providing a reasonable estimate of fuel
cell performance.

Furthermore, the sensitivity analyses conducted using the developed 1-D
model offer valuable insights into the critical parameters for designing and oper-
ating an AEMFC. This model serves as a universal platform and a useful tool for
optimizing material properties and fine-tuning operating conditions to achieve ro-
bust AEMFC performance. By identifying key factors that influence efficiency and
stability, the model aids in advancing the development of more effective and reliable
fuel cell technologies.

Conclusion for the catalyst ink study using rheo-EIS measurement

The developed rheo-EIS measurement technique and protocol are invaluable
tools for gaining insights into the microstructure and macroproperties of catalyst ink.
By enabling the simultaneous measurement of rheological and electrical properties
of the catalyst ink slurry, this method allows for the investigation of interactions
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between different components of the catalyst ink without relying on complex and
costly characterization tools.

Rheo-EIS measurement provides a comprehensive analysis of the catalyst ink
by integrating rheological data, which reveals the flow and deformation behavior
of the ink, with electrochemical impedance measurements that offer information
on its electrical conductivity and charge transfer characteristics. This dual ap-
proach, when used alongside other established characterization tools, facilitates a
deeper understanding of how the microstructure of the catalyst ink influences cat-
alyst layer performance. By integrating rheo-EIS measurements with established
characterization methods such as dynamic light scattering, zeta-potential measure-
ment, profilometry, and SEM, researchers can gain comprehensive insights into the
dispersion, particle size distribution, morphology, and interfacial interactions within
the ink. These insights are crucial for optimizing the catalyst layer’s homogene-
ity, adhesion, and electrochemical activity, ultimately enhancing the efficiency and
durability of fuel cells.

While the parameter space for ink formulation and processing is vast, this dis-
sertation has made significant progress in understanding the impact of ionomer load-
ing and solvent formulation on ink macroproperties, ink structure, CL microstruc-
ture, and MEA performance. By systematically investigating these variables, the
research provides valuable insights into optimizing the balance between ionomer
distribution and solvent composition, which are critical for achieving desired vis-
cosity, stability, and uniformity in the ink. This, in turn, enhances the structural
integrity and electrochemical activity of the CL, leading to improved performance
of the MEA.

Proposed plan for future study

From Chapter 4.2, carbon supports significantly affect various properties of
Pt/C catalyst inks. In particular, the interaction between the ionomer and parti-
cles, as measured using the rheo-EIS tool, provides valuable insights into ionomer
adsorption on the surfaces of both platinum (Pt) and carbon particles. This ad-
sorption behavior is crucial for understanding how the ionomer facilitates effective
proton conduction and catalytic activity. By examining the ionomer-particle interac-
tions, researchers can optimize the ink formulation to ensure uniform and adequate
ionomer coverage.

To investigate and deconvolute the interactions of platinum (Pt) and carbon
with other catalyst ink components, it is essential to prepare and characterize ink
samples containing only carbon supports, such as Vulcan and Ketjen black, instead
of Pt/C. These samples should be analyzed using rheo-EIS measurements, following
established protocols, in conjunction with traditional characterization techniques.
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This approach allows for a focused study of the carbon-ionomer interactions and
provides insights into the role of carbon support in influencing the ink’s rheological
properties and electrochemical behavior.

It will also be of interest to study how Pt loading affects interactions among
catalyst ink components. As demonstrated, different carbon supports influence how
the ionomer is adsorbed on Pt/C particles, impacting the distribution and acces-
sibility of active sites. Investigating the effects of varying Pt loading can provide
valuable insights into optimizing the CL structure. By understanding these inter-
actions, researchers can design a more economical and robust CL that maximizes
catalytic efficiency while minimizing the use of costly Pt. This research could lead to
improved fuel cell performance and durability, as well as reduced production costs
by identifying optimal Pt loading levels that balance performance with material
usage.

In terms of modeling efforts, the analytical modeling approach presented in
this dissertation can be enhanced by incorporating CL microstructure descriptors
such as pore structure, aggregate size, and compactness. Including these descriptors
will provide a more comprehensive understanding of how microstructural character-
istics influence mass transport and overall performance. This enhanced modeling
approach applies to both AEMFC and PEMFC systems, allowing for a more accu-
rate prediction of fuel cell behavior across different technologies. By accounting for
these microstructural features, the model can help optimize the design and operation
of fuel cells, leading to improved efficiency, durability, and performance.
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APPENDIX A

AEMFC MODELING
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A.1 Supplementary materials for the AEMFC modeling study

Figure A.1: Temperature distribution calculation algorithm.
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Figure A.2: Water balance calculation algorithm.
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Figure A.3: Mass balance calculation algorithm.
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Figure A.4: Gen 2 membrane structure from Divekar et al.
Source: Ref. [91].

Figure A.5: Water content as a function of water activity for different correlations.
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Figure A.6: Membrane conductivity as a function of water content for different
correlations.

Figure A.7: Membrane water diffusivity as a function of water content for different
correlations.
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Figure A.8: Electro-osmotic drag coefficient as a function of water content for
different correlations.

Figure A.9: Performance curve comparison using the Base and Final two-phase
models for both 10% and 100% H2.
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Figure A.10: Comparison of experimental data and simulations results from the
final two-phase model for 50% oxygen concentration.

Figure A.11: Multipliers for the catalyst utilization in CL and two-phase condition
in GDE as a function of water activity.
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Figure A.12: Comparison of experimental and modeling results for (a) 80% RH
and (b) 73% RH at 70°C, 131 kPa, and 100% H2/100% O2.

Table A.1: Estimated parameters used in determining catalyst utilization at dif-
ferent inlet RH conditions.

Parameters Inlet RH
92% 80% 73%

K 1.08 1.22 1.14
G -13.4 -22.2 -17.6
xm 1.18 1.01 0.96

Wet condition aw ≥ 1.0 aw ≥ 1.0 aw ≥ 0.9

Figure A.13: (a) Cell performance predicted by the final two-phase model of three
scale factors for water diffusivity and the calculated membrane water
content at a current density of (b) 0.2 A cm-2 and (c) 0.6 A cm-2.
Cell conditions: 100% H2/100% O2, 70°C, 131 kPa, and 92% RH.
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APPENDIX B

CATALYST INK STUDY

B.1 Supplementary materials for the catalyst ink-performance study
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Figure B.1: Particle size distribution for (a) Low, (b) Medium, and (c) High
IPA/W samples. Three measurements were conducted.
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Figure B.2: Roughness profile of catalyst ink-coated PTFE decal samples.
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Figure B.3: (a, c, e, g, i) Surface topography and (b, d, f, h, j) 3D image of
samples measured using white light interferometry. Images processed
using Gwyddion software.
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