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Abstract
The Governing Interactions in Fuel-Cell Catalyst-Layer Inks
by
Sarah A. Berlinger
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Dr. Adam Z. Weber, Co-Chair
Professor Bryan D. McCloskey, Co-Chair

It is increasingly and urgently obvious that the world needs to move toward green, renewable
energy sources. Key in realizing this infrastructure are energy-conversion devices such as
hydrogen fuel cells and water electrolyzers. As their name suggests, these devices allow energy to
be converted from one form (a fuel) to another (electricity), and vice versa, enabling a distributed
and modular energy network. The efficiency and cost of these devices have vastly improved over
the last few decades, but those gains (in particular for fuel cells) have stagnated in recent years due
to performance limitations and high costs associated with their catalyst layers (CLs). This
dissertation focuses on fuel-cell CLs, although the fundamental principles and insights gained are
applicable to electrolyzers and other energy-conversion devices that rely on similar CL paradigms
and architectures.

CLs are heterogeneous porous electrodes comprised of agglomerates of catalyst particles (typically
platinum supported on carbon), ion-conducting polymer (ionomer), and void space. The
microstructure of the CL, including the size of the agglomerates, the ionomer coverage,
porosity/tortuosity, efc. controls the complex gas, liquid, ion, and electron transport networks and
impacts the overall kinetic, ohmic, and mass-transport performance of these devices.
Characterization efforts have spanned micro-, meso-, and macro-scale techniques to probe
structure-property-performance relationships of the CL.

CLs are made from precursor CL inks, which are colloidal dispersions of the ionomer and catalyst
particles, dispersed in solvent. CL studies are complicated by the multiple material types used
(varying ionomer chemistry, catalyst loading, carbon support type, solvents) and disparate ink
deposition and drying methods that render no two CLs alike; this makes it difficult to compare
across these different studies. Additionally, within the community, CL fabrication has traditionally
been treated as a black art, and the details of the fabrication process (ink composition, casting
method, etc.) are typically inconsistently reported, because emphasis has been placed on
understanding CL properties and performance and not the forces controlling that formation
process. However, it is increasingly clear that simply being able to characterize CLs is not enough.



To enable predictive control and rational design of CLs, it is vital to understand sow and why (in
addition to what) specific microstructures form.

This dissertation sets out to uncover systematically the underlying fundamental interactions
between the ink components in solution, which ultimately govern CL microstructure (agglomerate
structures and sizes, ionomer coverages, efc.) and performance once cast. We begin by introducing
all relevant parameters in the CL ink fabrication process and conducting a literature-based
parameter screening to test correlation between ink variables and performance metrics. The
analysis reveals that while no single parameter is controlling, solvent identity and ionomer-to-
catalyst-particle ratio correlate well with performance metrics. This suggests ionomer/solvent,
ionomer/particle, and ionomer/solvent/particle interactions merit further investigation.

To probe the specifics of these interactions, we build our understanding piecewise. The first part
of this dissertation is dedicated to the investigation of ionomer/solvent interactions. We use a range
of water/propanol ratios to probe the influence of solvent on these interactions. Water/propanol
ratios are chosen because they are (1) the most commonly used solvents, (2) represent a range of
water contents (relevant for studying hydrophobic/hydrophilic interactions), and (3) encompass a
wide range of dielectric permitivities. We first explore the solution structure of ionomer dispersed
in various water/propanol ratios, and how these different conformations affect the in situ evolution
of thin-film morphology via x-ray scattering. Higher-water-content dispersions exhibit enhanced
ordering of primary ionomer aggregates, and fewer secondary aggregates, which affect the final
structure of the films; this results in thin films and membranes with improved transport.

Having established a strong link between ionomer/solvent dispersion interactions and the cast
state, this dissertation focuses on additional details of the ionomer/solvent interaction and how it
may influence catalyst-particle aggregation behavior. We uncover that solvent has a strong effect
on the acidity of these dispersions, and that this acidity change is likely due to solvent-induced
conformational differences. Additionally, this ionomer/solvent interaction is sensitive to ionomer
concentration, wherein acidity does not scale linearly with ionomer concentration, again
suggesting it is in part attributed to conformational differences (i.e. aggregation) across the
different compositions. The increased acidity with increasing water content propagates to alter
particle interactions: acidity strongly influences the electrostatic interactions between the ionomer
and catalyst particles in an ink. These pH measurements are then used to probe a third dimension
to this solvent/ionomer parameter space by considering the temporal stability of these dispersions.
The ionomer slowly equilibrates to new solvent environments over the course of many days: lower
ionomer concentrations and water/propanol composition extremes affect this change more
drastically. Once again, these conformations persist to membranes upon casting and annealing.

To study ionomer/particle interactions further, isothermal titration calorimetry measurements are
used to extract quantitative binding affinities of ionomer to both platinum and carbon nanoparticle
surfaces as a function of ionomer charge density. There exists a nonmonotonic relationship
between the number of charged groups in the ionomer and its binding affinity. The binding affinity
is modeled to extract the entropic and enthalpic contributions to the binding free energy, critically
revealing that binding to both platinum and carbon surfaces is governed by a similar entropy-
dominated mechanism. This finding is counter to the prevailing hypothesis in literature that



ionomer/particle ink association is due to inherent, strong specific-ion (enthalpic) interactions
between the ionomer and platinum, and it reveals that ink interaction mechanisms operate in
different modes than those occurring operando in the fuel cell. Therefore, extrapolation from well-
studied fuel cell systems to ink systems should be avoided because of differences in charge states
of the platinum surface; this leads to a new reinterpretation of existing data.

We compliment the calorimetry results with a wide parameter screening using quartz crystal
microbalance: we probe ionomer adsorption from solution onto crystal surfaces with a range of
different surface functionalities (varying hydrophobicity, metal type, and surface chemistry).
Importantly, the findings from the above ionomer/solvent interaction studies inform this
ionomer/particle interaction investigation by considering adsorption to these different surfaces
both as a function of ionomer charge density as well as water/propanol ratio. In inks (under no
applied potential) data reveal that higher-water-content dispersions promote adsorption to all
surface types, and adsorption to hydrophobic surfaces (like carbon) is higher than adsorption to
platinum. In sum, these ionomer/particle interaction investigations suggest that the
ionomer/catalyst particle interactions in inks are dominated by ionomer/carbon interactions, rather
than ionomer/platinum interactions.

Finally, the results of the preceding sections are used to inform a case study examining the
influence of platinum versus carbon nanoparticle surface area on ink interactions, CL
microstructure, and fuel-cell performance. Catalysts with varying platinum loadings are used to
explore the zeta potential of inks with varying ionomer-to-particle ratios. A direct correlation
between ink zeta potential and CL local-transport resistance is established. Furthermore, we
demonstrate that particles with higher carbon surface areas can support more ionomer, likely
leading to more uniform coverage and lower CL transport resistance.

The fundamental ink interactions uncovered here provide insights into CL performance and lay
the groundwork for design rules to select for desired CL microstructures by manipulating ink
parameters not only for fuel cells, but similar energy-conversion technologies from CO2
electrolysis to chemical synthesis to water treatment.
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1 Introduction®

1.1 Background

Proton-exchange-membrane (PEM) fuel cells are promising energy-conversion devices that have
made great technological progress over the past few decades. When coupled with hydrogen
produced from a renewable power source, these devices offer green electricity with applications
in a wide variety of sectors. There is fast-growing interest in a hydrogen-based energy economy':
estimates indicate that by 2050, hydrogen could meet up to 24% of the world’s energy needs.?
Similarly, hydrogen-economy roadmaps suggest the addition of over five thousand hydrogen
fueling stations in the Unites States by 2030.% With this distributed hydrogen network, fuel cells
are particularly good candidates to replace both internal-combustion-engine- and battery-powered
vehicles due to zero emissions and fast (hydrogen) refueling times. Indeed, heavy-duty fuel-cell
electric vehicles have garnered much attention lately;* the United States Department of Energy has
recently funded a multi-million-dollar research consortia focused on heavy-duty vehicles (Million
Mile Fuel Cell Truck), as part of their larger hydrogen at scale (H2@Scale) vision for wide-scale
hydrogen production and utilization.’

PEM fuel cells operate by taking in reactant gases (hydrogen and oxygen) into gas flow channels.
These gases diffuse across carbon-based gas-diffusion layers, where they then react at catalyst
layers (electrodes). At the anode catalyst layer, hydrogen is oxidized to protons and electrons.
These protons travel across an ion-conducting polymer (ionomer) membrane, where they combine
with oxygen on the cathode side to produce water. A schematic of a PEM fuel cell is shown in
Figure 1.1.

The electrochemical heart of PEM fuel cells is their catalyst layers (CLs): heterogeneous porous
electrodes composed of agglomerates of catalyst particles, ion-conducting polymer (ionomer), and
void space. The ionomer serves both to bind the CL together and provide a pathway for ion
transport.%’ Similarly, void space is crucial for gas and water transport, while the catalyst particles
provide reaction sites and electron conduction pathways. These structures are necessarily complex,
and characterization is nontrivial.*!® As such, there have been decades of research into CLs.% -2
However, the majority of studies have focused on relating structure to performance. Indeed, with
the recent push for improved fuel-cell durability, much characterization effort has focused on
structural changes and associated performance losses over time.>2° While this is certainly an

I Portions of this chapter were previously published as “Berlinger, S. A.; Garg, S.; Weber, A. Z., Multicomponent,
multiphase interactions in fuel-cell inks. Current Opinion in Electrochemistry 2021, 29, 100744,” and are adapted
with permission from all co-authors.



important problem, fundamental understanding of how these CL structures originally form is also
missing: CL fabrication processes have relied mostly on empiricism. This gap poses challenges
for the community: if we are to engineer next-generation optimized CLs in an efficient manner,
knowledge of how CL structures arise is crucial.?’

gas diffusion layer = membrane

|

gas flow channel catalyst layers

Figure 1.1. Two-dimensional schematic of a hydrogen fuel cell.

CLs are fabricated from inks that contain the catalyst particles and ionomer, dispersed in a
solvent.?” The particles and ionomer form agglomerates (on the order of 100’s of nanometers) in
the ink® !! that eventually determine the final CL microstructure. Important parameters that impact
(or are impacted by) this ink-to-CL progression are listed in Figure 1.2. Ultimately, one desires to
know how inputs (ink parameters) affect measurable outputs (CL parameters). Different ink
parameters result in different interactions; these interactions modulate CL microstructure and
performance. For example, the ionomer/solvent interaction controls the ionomer conformation in
solution. These different conformations will affect the ionomer/particle interaction, which dictates
how the ionomer adsorbs to the catalyst particles in the ink. This ionomer/particle ink interaction



modifies the ionomer/particle interface in the CL. Multicomponent interactions between all three
determine the agglomerate sizes and structures that self-assemble. Clearly, unraveling these
interactions is key for understanding the final microstructures. Metrics of ink properties that reveal
these different interactions are listed as interaction descriptors in Figure 1.2.

By understanding how ink parameters affect ink properties/interactions (which in turn dictate CL
structure/performance), we can engineer inks to control and direct specific CL microstructures
rather than rely on empirical and time-consuming optimization. With that goal in mind, this chapter
first explicitly details ink parameters (Section 1.2), and then investigates the impact these
parameters have on device performance through a parameter regression screening (Section 1.3).

catalyst properties
- carbon support
- catalyst type
primary particle loading

ionomer chemistry
- equivalent weight (EW)
- sidechain chemistry

solvent type
- solvent ratio
- dielectric constant
water concentration

fabrication method
- total solids composition (loading
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Catalyst Layer
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ionomer/particle interactions
- binding/adsorption behavior
ionomer coverage
- force/deflection
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Figure 1.2. Pictorial representation of ink and catalyst-layer structure (not meant to be exact or drawn to
scale) and associated relevant important parameters that govern these structures/properties. Parameter list
is not exhaustive. These parameters guided the database collection and regression analysis (see Section

1.5).



1.2 Ink Parameters

While there has been much CL research, the literature is full of contradictory data, partly because
the properties or values of the ink parameter categories in Figure 1.2 (catalyst particles, ionomer
chemistry, solvent type, and fabrication method) can be drastically different. Each of these will be
detailed in the following subsections.

1.2.1 Catalyst Particles

Catalyst particles are typically platinum or platinum-alloy nanoparticles supported on larger
carbon nanoparticles (although some efforts are focused on non-platinum-group-metal catalyst
development 28-3%). The platinum particles are on the order of a few nanometers (~1 to 5 nm) and
the primary carbon particles are typically 30 to 50 nm in diameter. The platinum loading on these
carbon supports can vary (termed primary particle loading); a catalyst particle is typically 10 to
50% platinum by weight (i.e. 30% Pt/C). Multiple carbons support types are used throughout
different studies: two common commercial types are Vulcan and high-surface-area carbon (HSC),
although novel carbon and even noncarbon supports have been explored.’'* Vulcan is more
graphitic (and hydrophobic) than HSC. Bare Vulcan has a Brunauer—-Emmett—Teller (BET) surface
area of ~200 m?*/g, whereas HSC is upwards of 800 m?*/g.3* Due to Vulcan’s lower internal
porosity, most platinum decorates the external surface in Vulcan-supported catalysts. In contrast
for HSC-supported catalysts, most of the platinum is located in internal nanopores within the
carbon.*®

1.2.2 Ionomers

Many ionomer chemistries are studied in fuel cells. The most ubiquitous class of cation-conducting
ionomers is perfluorosulfonic-acid ionomers (PFSAs), which consist of Teflon-like backbones and
pendant sidechains that terminate in sulfonic-acid groups (see Figure 1.3). Notably, these
sidechains are highly acidic (solid PFSA membranes have a pKA around -6).*°

Within PFSA chemistries, there is wide variability of ionomer types. The sidechain spacing, or
charge density of the ionomer can vary. This is defined by the ionomer’s equivalent weight (EW,
grams polymer/mole sulfonate). EW is inversely proportional to ion-exchange capacity and
dictates the number of CF2 groups associated per sidechain in the monomer (x in Figure 1.4).
Additionally, the sidechain length is variable; three common commercial ionomer chemistries with
different sidechains are shown in Figure 1.4. Of these, Nafion is historically the most prevalent in
the literature and in fuel cells. Both EW and sidechain length alter the intrinsic ionomer properties
(conductivity, crystallinity, swelling, etc.)” When comparing different chemistries (i.e. Nafion to
3M) it is often better to compare at the same CF2 backbone spacing (x) rather than the same EW
since the sidechain molecular weight is also changing.” Ionomers used in the preparation of fuel-



cell inks are often diluted from commercial stock dispersions of the ionomer dispersed in
water/alcohol mixtures.

hydrophobic Low EW

a4

High EW

=

Figure 1.3. Left: general schematic of PFSA ionomer, depicting the polytetrafluoroethylene backbone and
pendant sidechains terminating in hydrophilic sulfonic acid groups. The repeat density of these sidechains
is inversely proportional to its equivalent weight (EW, gpolymer/molesos.), as depicted in the top and bottom

right images.
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Figure 1.4. Structure of three common PFSA ionomers with varying chain lengths: Nafion, 3M, and
Aquivion. n denotes the polymer repeat length, and x determines the equivalent weight of the polymer (i.e.

the number of tetrafluoroethylene groups in the backbone).



1.2.3 Solvents

The solvents in fuel-cell inks function to disperse the ionomer and nanoparticles. Their properties
(viscosity, boiling point) also control the deposition process, and alter how the ionomer and
particles interact with each other (e.g. through media of varying dielectric permittivity depending
on solvent choice). These solvents are not standardized: while alcohol-water mixtures are the most
common, various others have been investigated.’’*! Additionally, even when considering the same
solvent system, the composition may vary (i.e. the ratio of alcohol to water).

1.2.4 Processing

To complicate matters further beyond just material selection, fabrication choices can influence
final properties. The method*? and length of mixing* may differ. The ratio of components (namely
ionomer-to-carbon, I:C) can be modified, as well as the total solids loading, which is often set by
the processing method: different techniques have different viscosity requirements. Ultrasonic-
spray coating,***® doctor blading,*” screen printing,® and roll-to-roll* processing of electrodes
can occur either on the membrane to form a catalyst-coated membrane (CCM), on diffusion media
to form a gas-diffusion electrode (GDE) or on a decal*-! and later transferred. GDEs and decals
are often also hot-pressed to the membrane to form the membrane-electrode assembly (MEA).

1.2.5 Interactions

As mentioned above, all of these parameter choices will control the interactions between
components. Particle/solvent interacts are perhaps the simplest to understand. When dispersed in
a solvent, these catalyst particles are typically weakly negatively charged due to functional groups
on their surface.”® The dielectric permittivity of the solvent will control (screen) the electrostatic
interactions between these particles, and modify the Hamaker term in the van der Waals attractive
interaction energy. These two opposing energies (attractive and repulsive) are described by
classical Darjaguin-Landau-Verwey-Overbeck (DLVO) theory. In addition, carbon is hydrophobic
(when fabricating these inks, one readily observes that the nanoparticles do not easily
disperse/wet). When changing the ratio of water:alcohol, this will also tune hydrophobic
interactions between the particles and solvent, inducing aggregation. These three interaction
energies control the nanoparticle aggregate size in solution: for Vulcan carbon, it has been
observed that higher ratios of water:propanol yield more stable inks, with aggregate diameters on
the order of 300 to 500 nm, as measured in dilute conditions by Dynamic Light Scattering (DLS).*

Ionomer/solvent interactions control the ionomer conformation in solution. Additionally, because
molecular-weight distributions are difficult to characterize for PFSAs, most PFSA solution
analysis has relied explicitly on characterizing these structures in solution (often termed
“aggregate” structure). Scattering’”>*>> and molecular-dynamics (MD) simulations>®->° reveal that
in many polar solvents, PFSA forms cylindrical bundles, although swollen spheres and random



coils have also been observed.’’ This solvent-induced conformation is driven by competing
preferences for hydrophobic backbone aggregation and electrostatic sidechain repulsion. The
solvent/ionomer interaction has been described using solubility parameters that have been
measured for both the backbone and the sidechains.’ Of note, this aggregate structure/size is
dependent on both the concentration and solvent environment, and because the molecular weight
is unknown, it is unclear how many chains make up one aggregate (in the dilute limit it could
actually be only one, but is still termed an aggregate because it is not strictly dissolved and the
molecular weight is unknown).

As one might imagine, the conformation the ionomer adopts in solution may impact how it adsorbs
and interacts with nanoparticles. Unfortunately, the ink ionomer/particle interaction has received
very little attention. In contrast, because the ionomer/platinum interface controls electrochemical
reactions, the ionomer/platinum interaction in operando has received much attention in the
literature. During fuel-cell operation, many researchers have noted that the PFSA sulfonate
moieties interact with the platinum catalyst surface, effectively poisoning the catalyst by blocking
active sites.%!"% This is also evidenced by increased oxygen transport resistance.!” ®® A number of
groups have hypothesized that this platinum/sulfonate interaction extends to ink systems, and that
this is what drives ionomer adsorption onto catalyst particles in inks.

1.3 Parameter Screening

The disparate and massive parameter space of differing nanoparticles, ionomer, solvents, and
processing conditions makes it exceedingly difficult to compare studies directly to each other.
Additionally, within the literature there are two main types of papers: catalyst-layer-focused and
ink-focused. The majority of papers fall into the former category, and often report incomplete ink
parameters, as their emphasis is on characterizing CL structure and performance. On the other
hand, ink-focused papers systematically vary one ink parameter, but typically investigate its
impact on only one or two CL parameters. This yields collective information rich on either end of
the ink-to-CL spectrum, but lacks information connecting the two states. In an attempt to connect
ink and CL parameters, we gathered data from ink-focused papers?® #6-47: 50-32, 60. 6781 that had
sufficient detail about the ink parameters listed in Figure 1.2, and classified the data as either inputs
(ink parameters) or outputs (ink interaction descriptors and catalyst layer (CL) parameters). The
full list of inputs and outputs we collected in the database (available as an Excel file online®?) are
shown in Figure S1.7. To limit the scope, only papers using PFSA and Pt-based catalysts, and
those that investigated at least three variations of one parameter (e.g. three different solvents, I:C
ratios, etc.) were chosen. We then performed a linear regression to test correlation between these
parameters and both ink interaction descriptors and CL parameters. Input parameters chosen for
subsequent analysis were continuous variables (possessing more than three discreet values) that
were consistently reported, and output variables were chosen based on prevalence of data
available. From these criteria, we selected I:C ratio, solvent dielectric constant (g), zeta potential
(effective surface potential in solution), agglomerate size, electrochemical surface area (ECSA, in
contrast to geometric surface area and measures the connectivity/coverage of electrically active
regions), and limiting current density (iiim, the maximum current density achievable) as variables
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to perform the regression. More details on data collection/analysis, additional parameter plots, and
parameter selection can be found in Section 1.5.

Table 1.1 List of input and output variables present in the database. Continuous parameters (i.e.
encompassing a range of values, rather than discreet points) with sufficient data are chosen for further data
analysis. Categorical variables were also analyzed separately. Inconsistently reported parameters, or those

with insufficient data were not.

Inputs Outputs
Parameter Comments Parameter Comments
Solvent Identity (solvent(s) Reported as Agglomerate Size (of the ink) Sufficient
chemistry, i.e. propanol, water, dielectric
mixed propanol/water) constant, €
Solvent Concentration (the Continuous Zeta Potential (of the ink) Sufficient
concentration of each solvent used,
i.e 50% propanol, 50% water)
Catalyst Particle Concentration Not continuous Viscosity (at 100 Hz) (of the ink) | Insufficient
(primary particle catalyst
concentration, i.e. 50% Pt on carbon)
lonomer-to-carbon (I:C) Ratio Continuous Limiting current density (of the Sufficient

lonomer Type (ionomer identity, i.e.
Nafion, Aquivion)

Not continuous,
categorical

catalyst layer)
Current density at 0.8V (of the
catalyst layer)

Inconsistent

lonomer Equivalent Weight (EW) Not continuous Porosity (of the catalyst layer) Insufficient
(grams polymer/mol SO3)
lonomer Concentration (total Not continuous Electrochemical surface area Sufficient
ionomer concentration in the stock (ECSA) (i.e. from CO-stripping
solution) experiments)
Catalyst Metal (catalyst chemistry, Not continuous Charge Transfer Resistance Insufficient
i.e Pt, Pt-Co) (from electrochemical

impedance spectroscopy data)
Catalyst Loading (in the catalyst Inconsistent Catalyst Layer Resistance Insufficient
layer, i.e. 0.4 mg/cm?)
Carbon Support Type (i.e. Vulcan, Not continuous, High frequency resistance (HFR) | Insufficient
HSC) categorical (from electrochemical

impedance spectroscopy data)
Age of Ink (from preparation) Inconsistent Conductivity (of the catalyst Insufficient

Sonication Time

Fabrication method (i.e. ultrasonic
spray, roll-to-roll)

Technique to Measure Agglomerate
Size

Inconsistent
Inconsistent

Not continuous

layer)



Figure 1.5 examines the influence of € on interaction descriptors (agglomerate diameter and zeta
potential) and CL parameters (iim and ECSA). Because a wide range of solvents and solvent
mixtures have been explored, solvent identity and mixture composition are jointly represented by
€ to compare more easily the influence of these two parameters across different studies. This was
calculated by computing the average of the pure component € weighted by relative concentration.
Figure 1.6 plots the same properties, now as a function of I:C ratio. The first thing to note is that
no parameter of the ones studied is controlling; there are certainly correlations, but outcomes
cannot be predicted solely from one parameter (or groupings of parameters). Spread in the data is
due to variability in all of the other ink parameters. Additionally, particularly for the I:C data, there
are clusters of points located at one value (e.g. I:C 1); variability in the y-value is again due to
differences in the other parameters not held constant. That being said, a few general trends are
observed. First, there is no strong correlation between agglomerate diameter and zeta potential as
a function of &, suggesting that the primary forces controlling the aggregation process are not
electrostatic in nature. However, CL performance does seem to be related to €: Figure 1.5 shows
ECSA and iiim increasing with €. This is in agreement with recent studies*® that demonstrated the
impact of water:propanol ratio on CL performance and ionomer coverage of the agglomerate.
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Figure 1.5. Data from References™ 47 30-32. 60. 6781 that displays the effect solvent dielectric constant ()

has on (A,B) ink interaction descriptors (agglomerate diameter, d, and zeta potential) and (C,D) catalyst
layer parameters (limiting current density, iim, and electrochemical surface area, ECSA). The left and right
panels of each subplot categorize similar data based on ionomer type (left) or carbon support type (right).
The shaded region represents one standard error of the regression fit (dotted line).

In Figure 1.6, we see that the zeta potential generally becomes more negatives as I:C increases,
likely due to greater ionomer adsorption to the agglomerate surface. We also see CL parameters



are impacted by I:C ratio, which has been the focus of a number of studies?® 8- 83-84

Electrochemical performance is controlled by how much ionomer is in contact with the catalyst
sites: too much results in high transport resistances and catalyst poisoning, while too little ionomer
coverage yields insufficient ion conduction.!”- 61- 658587 The Jack of consensus on an optimal I:C
value indicates that it is material/processing-dependent; this is evidenced by the different I:C trends
for HSC and Vulcan in Figure 1.6. Most probably, optimal I:C also depends on parameters like
solvent, EW, efc. While these trends are complex, it is clear solvent choice and I:C alter ink
interactions and CL parameters.
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Figure 1.6. Data from References®: 647 30-32 60. 6781 that displays the effect ionomer-to-carbon (I:C) ratio
has on (A,B) ink interaction descriptors (agglomerate diameter, d, and zeta potential) and (C,D) catalyst
layer parameters (limiting current density, iim, and electrochemical surface area, ECSA). The left and right
panels of each subplot categorize similar data based on ionomer type (left) or carbon support type (right).
The shaded region represents one standard error of the regression fit (dotted line).

1.4 Dissertation Outline

In the above section, it is evident that ink parameters such as I:C and solvent choice impact CL
metrics. However, because there are so much spread in the data, it is not entirely clear how or why
they do. Also as discussed, the existing data is difficult to make use of because so many variables
change across different studies. To understand this ink-to-CL progression, fundamental
understanding of these interactions is required beyond the simple correlations above and
empiricism currently observed in literature.
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As such, the central question we would like to pose throughout this dissertation is: how and why
do these components interact within an ink, and how do these interactions affect measurable
outcomes? To make this problem more tractable, we tackle this question piecewise to understand
different aspects of this complex, multicomponent ink phenomena.

This dissertation is generally broken up into two sections: Chapters 2 thru 4 discuss
ionomer/solvent interactions, while Chapters 3, 5, and 6 detail ionomer/particle interactions.
Throughout this work, the term “dispersion” refers to an ionomer and solvent system, and an “ink”
means with particles (either platinum/carbon catalyst particles or bare carbon support particles).
The term ionomer “dispersion” is chosen to be consistent with literature, especially given the fact
that the ionomer backbone is not fully solubilized in most relevant solvent systems. However, as
detailed in Chapters 3 and 6, the ionomer also behaves like a solution able to distribute uniformly
and affect properties such as pH and the zeta potential of catalyst-particle agglomerates.

Beginning with Chapter 2, we explore how water:alcohol impacts ionomer dispersion properties.
We then detail how these different dispersion structures induce altered coalescence pathways
during the drying process, and how this affects the final structures of both thin films and
membranes. Importantly, these solvent differences persist even after post processing (i.e. thermal
annealing). Structure-property relationships as a function of casting solvent are explored for both
thin films and membranes, by measuring conductivity and swelling of the ionomer films.

Chapter 3 investigates the inherent acidity of PFSA dispersions, and how that acidity changes as a
function of water:alcohol ratio and ionomer concentration. Importantly, these acidity changes do
not scale in a predicted manner, suggesting they are in large part due to ionomer conformation
changes (and whether sidechains are exposed or buried). This has important implications for both
electrostatic and hydrophobic interactions the ionomer may have with nanoparticles in solution.
Therefore, we study how the bulk ink behavior (aggregate size and zeta potential) changes as a
result of these altered ionomer/solvent and ionomer/particle interactions. We consider limiting
cases with added acids and altered pH values to elucidate observed behavior.

Chapter 4 builds upon the results of Chapter 2 by introducing another variable to the solvent ratio
matrix: time. These dispersions are inherently unstable, with slow equilibration times. Temporal
stability (or lack thereof) obviously has important practical manufacturing ramifications. Here, we
explore the ionomer’s response to new solvent environments, via both dilution of the ionomer and
altered environment (both of which tune the ionomer/solvent interaction). Using the techniques
established in Chapter 3, we probe the pH and structure of the dispersions over a matter of weeks,
and then cast membranes from each different solvent ratios at multiple time points, to see how the
ionomer/solvent interaction is affected by both time and water:alcohol ratio. Properties of the final
membranes are again measured and correlated with structure.

Chapter 5 explores the ionomer/particle and ionomer/solvent/temporal interactions established in
Chapters 3 and 4, respectively, in greater depth from a more fundamental level. Using model
functionalized surfaces to encompass a range of substrate hydrophobicities and metal types, we
use quartz crystal microbalance (QCM) adsorption to probe ionomer/particle interactions, by
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measuring ionomer adsorption from solution. We do this for both a range of EWs and solvent
ratios, to understand how ionomer charge density and conformation (as a result of both differing
solvents) impact the adsorption interaction. We then use isothermal titration calorimetry (ITC)
measurements to extract thermodynamic binding information (including association constants, and
enthalpies and entropies of binding) of the same ionomers (with varying EWs) onto both Vulcan
and platinum nanoparticles. The ITC data confirm the QCM trends while also providing
quantitative interaction strengths.

Building off the results of Chapter 5 that revealed platinum and carbon have different interaction
strengths with ionomer in an ink, in Chapter 6 we ask: how does changing platinum loading on a
catalyst particle (i.e. the ratio of platinum to carbon surface area available for the ionomer to
interact with) impact both ink properties and CL performance? We establish a direct correlation
between ink zeta-potential measurements and CL transport resistance measurements and
demonstrate how ink properties propagate to affect CL microstructure and performance. This
provides additional insights linking ink and CL properties that were missing from the simple
correlations of Figure 1.6.

Finally, in Chapter 7, we conclude by discussing remaining challenges and future directions. In
sum, this dissertation provides a fundamental exploration into the governing interactions in fuel-
cell inks and shines a light into the black box of CL fabrication. Importantly, these results can be
used to control and direct CL morphology. Moreover, they can be extended to other systems that
utilize such ink-based processing techniques, such as electrolyzers, CO2 reduction devices, etc.

1.5 Supplementary Information

1.5.1 Feature Selection

Once the database was created, we next needed to analyze the data. Figure S1.7 shows the results
of the entire database, relating inputs to outputs. Before performing any statistical modeling, we
selected an appropriate subset of input and output variables from the complete feature space on
which to conduct our analysis. Several input variables including sonication time, sonication
method, fabrication method, age of ink, and catalyst loading were inconsistently reported by the
references included in the database, so they were removed from the list of candidate features for
subsequent analysis. Catalyst identity was also not considered further because all references apart
from one used Pt/C catalysts. Another issue arose with variables such as the ionomer EW and the
catalyst particle concentration. These are theoretically continuous variables that could take any
positive numerical value; in practice however, these variables are limited to several discrete values
based on commercial availability, as illustrated in Figure S1.8. Because of this, ionomer EW,
ionomer concentration, and catalyst concentration were also not analyzed further. Ultimately, the
dielectric constant and I:C ratio were chosen as the final two quantitative input variables. Carbon
type (Vulcan vs. HSC) and ionomer identity (Nafion vs. Aquivion) were also maintained as
categorical variables.
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Figure S1.7. Example scatter plots relating each input variable to each output variable.
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Output variables were selected primarily based on reporting consistency and prevalence across
multiple sources. Current density at 0.8 V was dropped from the set of candidate output variables
because it was inconsistently reported, while CL porosity, charge transfer resistance, high-
frequency resistance (HFR), viscosity, and conductivity did not have large enough sample sizes to
be included in the final set of output variables. Therefore, agglomerate size, zeta potential, limiting
current density, and ECSA were chosen as the final output variables. The reasoning for each
parameter is listed in Table 1.1.
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Figure S1.8. Example data showing how certain “continuous” variables are limited by commercial suppliers
(evidenced by vertical lines at discreet points along the x-axis).

1.5.2 Statistical Modeling

Several modeling frameworks were considered for performing a statistical analysis of the catalyst
ink data. These included purely statistical models, such as simple linear regression and
regularization, as well “black-box” models, such as random forest regression and neural networks.
By their nature, black-box models preclude any physical interpretation of the results, so they were
not suitable for this work. Furthermore, the sample size (order of 50 to 100 data points) of the data
sets being analyzed was not large enough to develop a sufficiently robust and generalizable
complex regression model or black-box model without significantly bootstrapping or otherwise
artificially augmenting the data. Therefore, univariate regression models were used to analyze the
data. To preserve the effects of ionomer chemistry and carbon structure, the data were categorized
by ionomer identity or carbon type, and a separate regression model was fit to each category (as
seen in Figure 1.5 and Figure 1.6). Categories with five or fewer data points were also filtered out
to avoid overfitting limited data. The data and analyses are intended to be a starting point from
which more complex models can be created.
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Figure S1.9. Data were categorized by ionomer identity and carbon type before fitting the regression
models.
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Figure S1.10. Categorized data sets before filtering for outliers.
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Figure S1.11. Final data sets used to fit the regression models.
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2 Impact of Dispersion Solvent on Ionomer Thin Films and
Membranes*

2.1 Abstract

Perfluorosulfonic-acid (PFSA) ionomers are an ) ) o

important class of materials that many q%%iﬁk%“ Thin Film Membrane
electrochemical devices rely on as their ion- L
conducting electrolyte. Often, PFSA films are

prepared through solution-processing B,

techniques. Previous research has

demonstrated that the solvent environment

affects PFSA dispersion conformation, but it is all length scales affected by dispersion solvent

not clear to what extent (if at all) these
conformational effects persist for thin films
and membranes upon casting, nor how
dispersion solvent impacts film formation
during the drying process. Here, we explore these questions by systematically examining the effect
of water and n-propanol mixtures on PFSA thin-film formation and structure, membrane structure,
and resulting properties. Using a combination of in situ, time-resolved Grazing Incidence X-ray
Scattering and tender Wide Angle X-ray Scattering, it is shown that films prepared from high-
water-concentration dispersions exhibit stronger interactions and arrangement upon drying and
possess larger network domain sizes than those prepared from low-water-concentration
dispersions. These stronger interactions likely manifest in greater network connectivity as
evidenced by enhanced conductivity for membranes and decreased water uptake for thin films.
Significantly, these solvent-induced differences persist even after thermal annealing. It is clear
dispersion solvent choice is a critical parameter controlling PFSA nano- and mesoscale structure
and presents an important dial with which to tune PFSA macroscale properties.

Figure 2.1. Schematic depicting a summary of
Chapter 2: dispersion solvent affects the structure and
properties of dispersions, thin films, and membranes.

2.2 Introduction

Despite the wealth of literature investigating perfluorosulfonic acid (PFSA, structure shown in
Figure 1.4) membrane properties, the impact of solution processing on PFSA has received
considerably less attention. Understanding how various solution parameters affect cast (dried)

! This chapter was previously published as “Berlinger, S. A.; Dudenas, P. J.; Bird, A.; Chen, X.; Freychet, G.;
McCloskey, B. D.; Kusoglu, A.; Weber, A. Z., Impact of Dispersion Solvent on lonomer Thin Films and Membranes.
ACS Applied Polymer Materials 2020, 2 (12), 5824-5834” and is adapted with permission from all co-authors.
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PFSA films has significant implications for device performance, particularly as it relates to the
catalyst layers (CLs). CLs are manufactured through solution-based colloidal slurry (ink)
techniques, in which the ionomer and catalyst particles are dispersed in a solvent, and then cast
and dried to form the resulting electrode.?’” The properties of the ink directly impact the CL; the
strong effect of changing ink solvent on device performance has been demonstrated for proton-
exchange-membrane (PEM) fuel-cell CLs.!%47-50:60.72.78-79.88-93 Thege solvent effects are attributed
to changing ionomer/catalyst particle interactions within the ink; ionomer aggregation behavior
and coverage on the catalyst surface changes as a function of ink solvent.3®% Clearly, solvent
impacts PFSA behavior. Additional ink-level studies have explored this phenomenon: solvent type
alters ink properties, affecting important metrics such as aggregate size, zeta potential, and
rheological behavior due to changing ionomer/solvent/particle interactions,?”- 67- 70 94-95

These studies are important steps toward understanding how solvent affects CL microstructure and
performance. However, the multi-component interactions present within an ink are incredibly
complex, and ink-level studies provide limited information as it pertains to the ionomer. For
example, some unanswered questions are: How is the ionomer changing as a function of solvent,
and why? How does solvent control film formation? How do these differences manifest upon
casting? Many of the fundamental challenges in the CLs are associated with the ionomer/catalyst-
particle interface. Elucidating how the ionomer is affected by solvent during the casting process is
crucial to understand and control this interface. Additionally, beyond CLs, polymer-solution
processing across all fields is becoming increasingly utilized due to the ease of manufacturing and
scalability (especially with aqueous solvents).

Several studies have recognized the need to understand ionomer/solvent interactions and have
focused on PFSA dispersion properties. In most solvent systems, PFSA can be thought of as a
colloidal dispersion due to solvent/backbone incompatability.>’” A few PFSA chains will come
together to form primary aggregates, the structure of which is dictated by the solvent environment.
These primary aggregates (~angstroms to nanometers) determine the primary Nafion particle
shape. These can then aggregate further into secondary aggregates (~100’s of nanometers). In polar
solvents, PFSA aggregates into rod-like structures, with radii on the order of tens of angstroms.>*
35,9 Secondary aggregation modes then vary depending on solvent, even when considering only
polar solvents. Small-angle neutron-scattering work revealed that water/alcohol mixtures yield
very different ionomer secondary aggregate conformations (swollen particles) than alcohol alone
(bundles), and solvents like N-Methyl-2-pyrrolidone produce a more classical random coil
characterized by a radius of gyration.’” Water/alcohol mixtures are particularly relevant for CL
applications, and as such have been the focus of a few studies.”® 679798 pH measurements
suggest that as the proportion of water relative to alcohol increases, the ionomer sidechains extend
into solution and the backbone clusters in the middle of the secondary aggregate much like a
micellar structure,®’ as confirmed by molecular-dynamics simulations.’® These pH measurements
will be discussed at length in Chapter 3.

Other studies have focused on how solvent affects solution-cast PFSA membranes,’® %192 and

have shown that the degree of aggregation in the dispersion (due to the ionomer conformation that
is affected by dielectric constant and solubility parameters)'® impacts the membrane’s structure,
and the degree of phase separation when cast.”” However, these studies rarely use industrially-
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relevant solvents (water-alcohol mixtures are often preferred industrially due to ease of use, cost,
and safety), and have little understanding about the mechanism of film formation or impact of
solvent on thin films. Important recent work probes PFSA thin-film formation;'*® however, the
effects of solvent remain unknown.

In this chapter, we systematically study the impact of dispersion solvent (varying water to alcohol
ratios) on the in situ evolution of film morphology from dispersion to thin film via Grazing
Incidence Small Angle X-ray Scattering (GISAXS). We extend this information across length
scales, looking at the final structures of both thin films and membranes, and how these structures
impact important metrics such as swelling/water uptake and ionic conductivity. Finally, we
investigate whether these differences are retained after high-temperature processing. In this way,
we correlate important structure-property-processing relationships that govern PFSA thin films
and membranes.

2.3 Experimental Methods

2.3.1 Dispersions

All dispersions used in this study contained 4 wt.% Nafion (the prototypical PFSA) dispersed in
varying ratios of water to n-propanol (nPA) ranging from 90 wt.% water to 30 wt.% water (balance
nPA) except where noted. The dispersions were prepared by diluting stock 20 wt.% dispersion
(D2021, equivalent weight 1100 g polymer/mol sulfonic-acid groups, with 46% water and 34%
alcohols, Ion Power, Inc.) to the appropriate concentration using water and nPA, considering the
native solvent in the stock dispersion. Upon dilution, dispersions were mechanically mixed and
then sonicated for 30 minutes in a bath sonicator (Branson) equipped with a custom temperature
control system to maintain room temperature. Dispersion rheology was measured using a 40 mm
parallel plate geometry with an 800 um gap on a Discovery Hybrid Rheometer 2 (TA Instruments).

2.3.2 Thin Films

In situ casting experiments of thin films were conducted at beamline 7.3.3 of the Advanced Light
Source at Lawrence Berkeley National Laboratory as previously established.!®® Dispersions used
here were prepared at 2 wt.% Nafion in an identical manner as described above. Dispersions were
cast in situ using a custom-built mini slot-die printer.'® After priming the line with solution, the
films were cast from the slot-die head onto a silicon wafer with a head-substrate gap height of 200
um and an injection rate of 5 uL/s, such that a similar volume of dispersion was dispensed for each
sample. Silicon was chosen as a model substrate.” The print head was stationary while the substrate
was translated underneath at a rate of 5 mm/s for the 90, 70, and 50% water dispersions and 2.5
mm/s for the 30% water dispersion. The X-ray energy was 10 keV (A=1.24 A’') with a
monochromator energy resolution E/AE of 100, and the patterns were acquired with a Dectris
Pilatus 2M CCD area detector (172 pm x 172 um pixel size) at a sample-to-detector distance of
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2.515 m. GISAXS images were collected at grazing incidence angles (ai) of 0.16° with 1 sec
exposure under ambient atmosphere. Through-plane linecuts were averaged at qp=0.3 = 0.05 nm"
!, and horizontal linecuts were averaged at q;=0.25 + 0.05 nm™'. Linecuts were fit to a core-shell
model using the NCNR SANS Toolbox.!% The Teubner-Strey model'%1°7 was fit using scripts
written in python, and error bars on the extracted parameters represent one standard deviation.
Exposure times and total dose were selected to mitigate x-ray induced damage to the sample, while
capturing the relevant drying dynamics.

Swelling (water-uptake) measurements were conducted on thin films. The thin films were prepared
by spin casting the dispersions on silicon wafers (as in the casting experiments). The wafers were
first cleaned with UV/ozone for twenty minutes to make them more hydrophilic prior to spin
casting. Initial film thickness for all samples was measured with spectroscopic ellipsometry (J. A.
Woollam alpha-SE) to be roughly 140 to 150 nm. Both annealed and unannealed samples were
prepared. Annealed samples were placed in a 150°C vacuum oven for one hour before being
removed. Unannealed samples were similarly dried in a vacuum oven for one hour, but at 30°C
before being removed, and measured immediately for the swelling measurements. These
measurements were conducted by monitoring the transient thickness as a function of relative
humidity (RH) using a spectroscopic ellipsometer at an incident angle of 70°. The wave amplitude
(?) and phase shift (A) were measured over a spectral range of 400-900 nm and fit to a three-layer
optical model (Si, native SiOz2, and Cauchy layer). The samples were exposed to nitrogen saturated
at various RHs flowing at 500 cm?/min: first with a conditioning cycle of 0 to 100 to 0% RH for 1
hour each at each step, then an absorption cycle of 10 to 100% RH, in increments of 10%, for a
half hour each. Two of these absorption runs were measured for each sample to test repeatability.
Data was averaged over multiple films. Swelling (4L) was determined by calculating the change
in thickness at each RH step relative to the thickness at the end of the second 0% RH step in the
conditioning cycle (L,). To convert swelling data to water content (4, moles of water per mole
sulfonate groups), one-dimensional swelling was assumed (i.e. that the films swell only in the
thickness direction because they are confined to the substrate)!%; assuming no significant excess
free volume or macroscale voids exist and additive partial molar volumes is valid'®!!? yields

_ molH,0 ALp, /MWy (2.1)
~ molS0; Ly p,/EW

where subscripts W and N denote water and Nafion, respectively, p is dry density, MW is
molecular weight and EW is the equivalent weight of Nafion (here 1100 g polymer/mol sulfonic-
acid groups). A dry density of 2.1 g/cm® was used for Nafion.!!*-114

2.3.3 Membranes

Membranes were fabricated from the same dispersions as described above. The dispersions were
poured into custom-made glass wells such that the same mass of ionomer was added to each. They
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were then heated at 35°C for 1 hour and annealed at 150°C for an additional hour, before slowly
cooling back to room temperature overnight. They were then carefully removed from the glass,
and the dry thickness of all membranes was measured at 16 +/- 2 um with a thickness gauge
(Heidenhain). Separate membranes were measured with tender x-ray scattering to quantify
structure, and to measure water uptake and conductivity. For the property measurements, the
membranes were cut in half: one portion was stored in air for water-uptake measurements, and the
other was immersed in MilliQ (18 MQ de-ionized) water to equilibrate for liquid-water
conductivity measurements.

Sulfur K-edge scattering measurements were performed at the Soft Matter Interfaces (SMI,
Beamline 12-ID) at the National Synchrotron Light Source II.!'> Samples were measured in
transmission mounted perpendicular to the beam. X-ray scattering patterns were recorded on a
Pilatus 300K-W detector, consisting of 0.172 mm square pixels in a 1475 x 195 array, mounted at
a fixed distance of 0.275 m from the sample position. To cover the range of scattering angles
desired, the vertically oriented elongated detector was moved horizontally on a fixed arc, from 0
to 26 degrees with 6.5 deg steps. Scattering patterns, recorded in-vacuum, were measured at 2542
eV. Images were later visualized in Xi-CAM software!!'® and stitched using custom python code.
The spot size at the sample was 20 um by 200 pm.

Membrane water uptake as a function of RH was measured with a dynamic vapor-sorption (DVS)
analyzer (Surface Measurement Systems, UK) at 25°C."7-11® The samples were first dried at 25°C
and 0% RH for 2 hours to determine the dry mass of the membrane Mo. The water uptake (AMw)
was then continuously measured as RH increased from 0 to 98% with a 10% RH interval using a
pre-humidified nitrogen feed. Membranes were equilibrated at each RH step until the mass change

with respect to the initial mass (AIIZ—W) had less than 0.005% change per minute. The water content
0

was calculated from the water uptake according to

_ AMy, /MWy, (2.2)
~ My/EW

The residual water (4res) present in the membrane at 25°C and 0% RH was calculated in the same
way, by comparing the mass change after 2 hours at 120°C relative to the initial mass at 25°C.

Membranes used for the conductivity measurements were equilibrated in DI-water for 24 hours
before their wet thickness and width were measured. The resistance of the membranes was then
measured using a four-point probe (BekkTech) and potentiostat (BioLogic) to sweep the voltage
from —0.1 to 0.1 V and record the current as described previously.!"” Conductivity was calculated
from the resistance measurement using the dimensions of the cross-sectional area of the membrane
and the spacing between the electrodes. Four different membranes for each solvent ratio were
measured.
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2.4 Results & Discussion

2.4.1 Structure
2.4.1.1 Thin-Film Evolution

To understand the effect of dispersion solvent on film formation, structure, and properties across
length scales, four different ratios of water:n-propanol (nPA) are used throughout this study. All
samples are made from Nafion (a prototypical PFSA) dispersions that have a solvent composition
0f 90:10, 70:30, 50:50, or 30:70 all given as wt.% water:wt.% nPA and hereafter referred to as 90,
70, 50, and 30% water samples, respectively. The thin-film morphological formation
investigations were accomplished by in situ GISAXS experiments, in which the Nafion dispersion
is cast onto a silicon substrate via a slot-die printer and the structure monitored with time.

— 90% ]
— 70% ]

I(q)

10 10°
qp (hm~1) qp (Nm™Y)

Figure 2.2. Left: In-plane linecuts describing intensity (I) as a function of the scattering vector (q,) obtained
from in situ GISAXS experiments of the dispersions immediately upon casting. Right: Same data on the
left, with dashed lines showing the core-shell form factor fit to the data. Lines are offset from one another
for clarity. Labels describe the weight percentage of water that makes up the dispersion solvent composition
(the balance is n-propanol).

The left panel of Figure 2.2 shows the initial horizontal intensity linecuts obtained immediately
after printing the dispersions, plotted versus the in-plane scattering vector (qp). Similar results were
obtained for the through-plane scattering and are shown in Figure S2.12 in Section 2.6. Previous
work showed that the primary particle adopts a rod-like conformation in similar solvents.”® %3
Using the same modeling/analysis approach, these initial linecuts are fit to a cylindrical core-shell
form factor in the high-q region (g, > 0.7 nm™"), where the structure factor is expected to approach
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one. The form-factor fit is shown on the right in Figure 2.2 with excellent agreement (fit parameters
are shown in Table S2.2 in Section 2.6). The core-shell form factor is not expected to change much
with drying (i.e. the primary particle should remain intact due to the highly hydrophobic PTFE
core) and the form factor is therefore held constant during subsequent analysis. Changes in the
core-shell length may occur, but the form factor is relatively insensitive to length in this g-range.

There are small differences in the shell thickness with water:nPA ratio, but this change is mostly
within error of the fit (Figure S2.13 in Section 2.6). To further reduce the error and determine a
clear trend in shell thickness with water:nPA ratio, wide-angle x-ray scattering would need to be
done to access q = 4-10 nm'. Greater differences in the scattering for each of the samples is
observed at lower q. The upturn in intensity at gp < 0.1 nm™! varies between water:nPA ratios, and
indicates differences in the formation of larger length scale secondary aggregates of Nafion in all
dispersions, as suggested by many previous studies.?”- ¢’ Between gy = 0.1 and 0.7 nm™!, differences
in the scattering suggest differences in intermediate length scale aggregation and the structure
factor.

These initial linecuts can be divided by the form factor to generate an effective structure factor.
The scattering intensity is proportional the electron density contrast, Ap, the structure factor, S(g),
and the form factor intensity, P(g):

1(q) « 4p*P(q)S(q) (2.3)

where

P(@) ={IF(@I*) (2.4)

We define the effective structure factor, Seft(q), as the observed scattering intensity divided by P(q)

Lops 2.5
Seff(CI)= :(C(IC)I) (23)

We call it an effective structure factor because it is not known a priori, but instead is derived from
scattering. Initial structure factors for all solvent ratios are shown in Figure S2.14 in Section 2.6.
The primary structure-factor peak around 0.3-0.4 nm™' is evident for all dispersions. This same
calculation is performed for the rest of the time-resolved data: Sefr is analyzed at all time points
during the drying process. The intensity of the in-plane and through-plane structure factor peaks
is shown in Figure 2.3 as a function of time during the initial portion of the drying process.
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Figure 2.3. Effective structure factor (Seff) time evolution of the sol-gel transformation both (a)-(d) in-
plane and (e)-(h) through-plane for the dispersions after casting for dispersion solvents containing (a, e)
90%, (b, f) 70%, (c, g) 50%, and (d, h) 30% water (balance nPA). Note the 90% sample has a different y-
scale. Dashed white line indicates gel formation.

As shown in previous work, the first portion of the drying process is a solution-to-gel
transformation.'® Gelation is evidenced by the collapse of the primary structure factor peak around
0.3-0.4 nm™! (noted by a lack of contrast) and is indicated by a dashed white line on each heat map
in Figure 2.3. Immediately obvious is the fact that the high-water-concentration dispersions
(HWD, 90% and 70%) take longer to form and dry than the low-water-concentration dispersions
(LWD, 50% and 30%). The solution-to-gel transformation was determined for each water
concentration as the time at which the following linecut does not change in this g-range. The
primary structure-factor peak describes how the dispersion particles (both primary and secondary
aggregates) are arranged in solution relative to one another.'® As the dispersion gels, the particles
begin to coalesce and the primary peak moves to higher q. As gelation completes, the main
structure factor peak disappears.!® The much longer drying time for the HWD as compared with
the LWD is expected when considering the relative volatility of water and nPA.

Another qualitative observation can be made about the intensity of the structure factor peaks: the
primary structure-factor evolution is much stronger for the HWD than the LWD. This increased
intensity indicates a greater regularity to the arrangement of aggregates in solution, and stronger
interaction between the aggregates. These Nafion/Nafion interactions were probed ex sifu using
rheology as shown in Figure 2.4, where the relative viscosity (measured viscosity of the dispersion
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divided by the viscosity of the solvent) at the same shear rate that the dispersions were cast with
the slot-die coater (see Figure S2.16 for the full measured viscosity range and shear-rate
calculations). Figure 2.4 displays an increase in relative viscosity with dispersion water
concentration. Generally, increased viscosity and non-Newtonian behavior indicates stronger
polymer/polymer interactions;'?’ the HWD exhibit greater degrees of shear-thinning than the LWD
(as seen in Figure S2.16). Here, these stronger interactions are likely electrostatic in nature due to
higher Nafion acidity in water-rich dispersions (as discussed in Chapter 3)®’ and longer
electrostatic correlation lengths. Another reason for increased viscosity could be smaller particle
sizes (since the dispersions all possess the same polymer concentration, this would cause a relative
increase in volume fraction).!?* Smaller particles (less secondary aggregation) could also be a
result of the greater electrostatic repulsion experienced by water-rich dispersions as compared with
n-propanol-rich ones. While particle size versus particle/particle interaction contributions to the
viscosity cannot be explicitly deconvoluted by this experiment, these results help explain the
stronger structure factor peak in the HWD: increased interaction between particles enhances
ordering.

o IS
—C—l
, e

Relative Viscosity (n/ns)
D
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40 60 80
Water Concentration (wt.%)

Figure 2.4. Measured viscosity of 4 wt. % Nafion dispersions (1)) divided by the pure solvent viscosity (1)
as a function of the water concentration in the dispersion (balance n-propanol) at ~12 Hz (the shear rate
used to print the films for the in situ casting experiments).

We have so far discussed the primary structure-factor peak, but there is also a secondary structure-
factor peak around 2 nm™' corresponding to correlation lengths of 3 to 4 nm. This secondary
structure-factor peak most likely describes the secondary aggregates in the system.'®® A further
discussion of the assignment of structure factor peaks is presented in Section 2.6. Notably, this
secondary structure-factor peak is absent at short drying times for the HWD through-plane, and
does not appear in-plane, as opposed to the LWD, for which this secondary aggregate peak is
present in both directions for a much longer portion of the drying time. When considering charged
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particle aggregation theories, primary aggregates are stable (and do not become secondary
aggregates) when there is sufficient electrostatic/coulombic repulsion to keep them apart. It is
expected that the HWD would experience greater electrostatic repulsion, and therefore have a
larger energy barrier to overcome in order to form secondary aggregates. The HWD display more
acidic®” (more charged) conformations, and the increased dielectric constant of the solvent media
would similarly increase the magnitude of electrostatic repulsion experienced by the aggregates.
Additionally, the smaller particle size as suggested by the viscosity measurements further indicate
that the HWD have trouble forming secondary aggregates initially. However, as the solvent
evaporates, Nafion concentration increases. This increases the relative ionic strength of the system,
and therefore decreases the electrostatic repulsion and accordingly the height of the energy barrier,
thus explaining why the secondary structure-factor peak does not appear until later times for the
HWD.

Following the solution-to-gel transformation, Nafion particles continue to coalesce as solvent
evaporates.'® In the gel state, the secondary structure-factor peak collapses into the well-known
ionomer peak.!?® Here, as the gel continues to dry, there are some oscillations in intensity, which
may be due to heterogeneous drying (i.e. coffee-ring effect), or re-entrant solvent from the static
headspace above the film. We can further explore the film-formation evolution from gel to final
film by fitting the through-plane ionomer peak via the Teubner-Strey model to understand how the
bicontinuous structure changes.'%!%7 The ionomer peak is anisotropic; in-plane the intensity is
very weak and does not exhibit the same dynamics observed through-plane (to see full GISAXS
patterns please refer to Figure S2.15 in Section 2.6). Thus, only the through-plane data is analyzed.
Figure S2.17 plots extracted parameters for the Teubner-Strey model as a function of time for a
water:nPA ratio dispersions, which are related to the hydrophilic domain spacing (k™ 1),
correlation length of the domains (), volume fractions, and scattering length contrast. Similar as
to in the solution state, kinetics in the gel state proceed on a timescale related to the ratio of water
to nPA. The LWD quickly approach their final domain spacing, and dry to the point at which no
ionomer peak is visible (as evidenced by the large error bars to the later portion of each fit in Figure
S2.17). For HWD samples, the drying kinetics are slower, and the ionomer peak more slowly
approaches its final values. Equilibration times for the Teubner-Strey fitting parameters (k and &)
are plotted in Figure 2.5 and show an increase in equilibration time with increasing water
concentration.
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Figure 2.5. Tuebner-Strey fitting parameter apparent time to equilibrium versus weight percentage of water
(the balance is n-propanol). k=1 is the hydrophilic domain spacing and & represents the correlation between
the domains.

At t=200 s, the LWD were completely formed into a thin film, as demonstrated by the complete
collapse of the ionomer peak (expected at~0.2 nm™) due to lack of contrast within the ionomer
(see Figure 2.6). The films made from HWD, meanwhile, still exhibit a weak ionomer peak,
indicating that some residual solvent remains. The 90% sample was measured out to 300 s with
slight change in the ionomer peak. While the values have reached equilibrium values, residual
solvent persists beyond the timescale of the experiment (see Figure S2.17 in Section 2.6). Further
drying beyond this is expected to cause a similar complete ionomer peak collapse. Similarly, ¢ in
Figure 2.5 may continue to decay to its final value very slowly, but that is beyond the timescale of
these experiments. Final film thicknesses are shown in Table 2.1.

Table 2.1. Final film thicknesses of the dried films from the casting experiments as measured by
ellipsometry. At least 7 points are averaged over the width of the film.

30% 50% 70% 90%
Thickness (nm) 93+32 84+ 16 107 £ 20 159 +71

At the above hard x-ray energy, absorbed water is needed to provide a contrast mechanism, and so
differences in the final unhydrated structure cannot be probed. For this reason, the membrane
structure experiments were performed at an energy near the sulfur K-edge to increase the electronic
density contrast.
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Figure 2.6. (a) Through-plane and (b) in-plane linecuts (offset for visual clarity) taken at the conclusion of
film formation showing intensity (I) as a function of the scattering vector (q). Labels describe the weight
percentage of water that makes up the dispersion solvent composition (the balance is n-propanol) from
which these films were cast.

2.4.1.2 Annealed Membranes

To explore the effect of water:nPA ratio on membrane structure, membranes were prepared via
solution-casting of dispersions containing the same solvent ratios as above. Because unannealed
solution-cast membranes are extremely brittle!?19% 12! (free-standing films are very difficult to
isolate), and may not be fully formed, they lack application relevance. Therefore, these membranes
were annealed at 150°C for one hour following drying as the thermal annealing process is known
to improve the membranes’ mechanical properties. This improvement is hypothesized to be
because of an increase in chain entanglements when Nafion is raised above its a-transition
temperature.102
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Figure 2.7. Inter-crystalline peak position (in reciprocal and real space) of the membranes as a function of
the dispersion water concentration (balance n-propanol) at 2452 eV. Error bars are smaller than data points.

Annealed membranes were characterized using tender Wide-Angle X-ray Scattering (WAXS) at
2542 eV, to enhance scattering contrast in the film. These membranes were shot in vacuum, and
while visible, the ionomer peak is very weak and does not display significant differences between
samples. Interestingly, the inter-crystalline peak is quite strong at these energies. The inter-
crystalline peak is indicative of how primary and secondary aggregates from solution have
collapsed and arranged in the annealed film; the primary structure factor peak collapses into the
inter-crystalline peak. Thus, it is representative of the network-like structure of the film. Figure
2.7 shows both the domain spacing (d-spacing, real space) and g-spacing (reciprocal space) as a
function of dispersion water concentration from which the membranes were cast. The radially
integrated scattering showing the inter-crystalline peak are shown in Figure S2.18 in Section 2.6.
There are clear differences between the water concentrations: membranes made from HWD exhibit
a larger characteristic network size than those made from LWD. This suggests that the mesh size
of the backbone network (and correspondingly the hydrophilic domain network) is larger for
membranes made from HWD. While these differences are small, these domain spacing changes
will likely be magnified upon hydration and will impact the transport properties of the membrane.
Importantly, this difference due to dispersion provenance is present post-annealing in vacuum,
when there is no residual solvent left. Thus, the changes in dispersion aggregation and film
formation persist with thermal annealing and impact membrane and thin-film morphology at all
length scales (see Figure 2.8).
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Figure 2.8. Proposed schematic depicting conclusions of data for dispersion aggregation, thin films, and
membranes for high- and low-water concentrations. Features are not drawn to scale. Membrane diagram
zooms into possible nanoscale/mesoscale structure (not meant to depict the entire membrane).

2.4.2 Properties

It is important to understand how these different thin-film and membrane structures affect
application-relevant properties: the transport and mechanical properties in PFSAs are a function
of their hydration, making water content the most critical parameter.’

2.4.2.1 Thin Films

For thin films, water uptake (or swelling) is measured using spectroscopic ellipsometry as a
function of RH as shown in Figure 2.9. We investigate the impact of dispersion water:nPA ratio
on both unannealed films (like those that were explored in the casting experiments above) as well
as thin films of the same thickness that have been annealed at 150°C for one hour (the same
annealing procedure used throughout this study for membranes).
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Figure 2.9. Thin-film (~145 nm thick on silicon) swelling measurements displaying water content (4, mol
water/mol SO3") (a) as a function of relative humidity (RH). Labels describe the weight percentage of water
that makes up the dispersion solvent composition (the balance is n-propanol) from which these films were
cast. (b) Shows the swelling at 90% RH as a function of the dispersion solvent. Closed symbols (@) denote
annealed (Ann) films, and open symbols (©) denote unannealed (Un) films.

As Figure 2.9 displays, more water is absorbed by unannealed samples than annealed samples.
This observation is supported by previous studies comparing unannealed and annealed Nafion thin
films.!°® However, for unannealed films, the differences among the films made from HWD is
almost nonexistent; only the film made from the 30% dispersion has a noticeable difference in
swelling. Previous work has shown that unannealed membranes dissolve in the presence of polar
solvents.!?! It is possible that because these films are unannealed they revert to a pseudo-gel state
at high hydration that is similar for all of them. These films are first exposed to 100% RH as a
conditioning step and it is possible that this conditioning step wipes out differences in the original
structure as they all swell with water, thus explaining why all but the 30% film (which would have
the most different initial structure from a film cast from only water) possess similar swelling
behavior upon RH cycling.

As opposed to the unannealed films, the annealed films do exhibit a trend with swelling as a
function of the dispersion water concentration: swelling decreases as the water concentration in
the dispersion the films were cast from increases. This trend suggests perhaps that the films have
better chain entanglement, possibly due to the smaller secondary aggregates and a more regular
arrangement of aggregates (as indicated by the stronger primary structure-factor peak) in the
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dispersion as the film forms. This morphology may lead to a more cohesive network, restricting
swelling.'??

2.4.2.2 Membranes

As with the thin films, membrane water uptake was measured as shown in Figure 2.10. Unlike for
the annealed thin films, the annealed membranes do not show a strong trend as a function of
dispersion water concentration; perhaps the 90% film absorbs more water, but not significantly.
Additional confinement effects experienced by the thin films may explain the difference in trend
exhibited by the thin films versus the membranes. Confinement suppresses the water uptake in thin
films to a regime that is comparable to the primary hydration of a membrane.” 1% For a fair
comparison with thin-film hydration, the membrane residual water content is measured at 0% RH
to determine the amount of water molecules strongly bound to the ionic groups in the primary
solvation regime. Interestingly, the residual water in these membranes exhibits the same trend as
the thin-film swelling: decreasing with increasing dispersion water concentration (see Figure S2.19
in Section 2.6). This suggests nanoscale changes in sidechain solvation and local water
environment as dispersion water concentration varies. Thus, while dispersion effects are dominant
in the entire hydration range for thin films, they are present mostly in the primary hydration
environment for membranes (and hence justifies the dry-scattering exploration conducted above).
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Figure 2.10. Membrane swelling measurements displaying water content (4, mol water/mol SO3") as a
function of relative humidity (RH). Labels describe the weight percentage of water that makes up the
dispersion solvent composition (the balance is n-propanol) from which these films were cast. Error bars are
smaller than data points.
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While we do know that the mesh size of the network is different among these membranes as
evidenced in Figure 2.7, we cannot probe the network connectivity/tortuosity in scattering
experiments. One way we can probe connectivity, however, is by measuring membrane
conductivity; previous work has shown directly that conductivity (a macroscale property) is
controlled by nano- and mesoscale properties like solvation and network connectivity,
respectively.!?® The results of in-plane membrane conductivity in DI water are given in Figure
2.11. The measured conductivities fall in the expected range considering values exhibited by
commercial Nafion and other solvent-cast Nafion systems.” 3% 1% Membrane conductivity
increases with increasing dispersion water concentration, with a peak conductivity in the 70%
sample. Why the 70% membrane possesses the highest conductivity is not immediately obvious.
However, it likely is a result of a balance between the more swollen dispersion conformations
produced by mixed water/propanol solvents,?” and the enhanced ordering exhibited by the HWD.
Additional work to determine this is required. Regardless, the membranes produced from the HWD
clearly show enhanced conductivities over those prepared from the LWD, despite possessing
similar water contents (see Figure 2.10). The conductivity data therefore suggests that the network
organization is different (and better) in the membranes made from the HWD, particularly because
water volume fraction is the same with changing conductivity. This demonstrates that the
connectivity effects seen in the annealed thin films are also present the in membranes.
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Figure 2.11. In-plane conductivity of membranes prepared from dispersions of varying water concentration
(balance n-propanol).
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2.4.3 Structure-Property Implications

Figure 2.8 schematically interprets the above data. The dispersion aggregation behavior changes
as a function of water concentration, which affects how the films coalesce and the resultant
nanoscale structure that in turn impacts macroscopic, observable properties.

The interactions between Nafion aggregates and the regularity of their ordering increases as water
concentration in the dispersion increases. Furthermore, the equilibrium time to gelation and final
formed film increases with increasing water concentration. However, it should be noted that there
will be preferential nPA evaporation, and that the water:nPA ratio changes during the drying
process.'?? Despite this, it is clear that the initial dispersion concentrations are deterministic of the
film-formation process: timescales do not scale linearly with water concentration, and the
intensities of the structure factor peaks are different across the four solvent ratios. Data cannot
simply be normalized to water concentration and correlated with evaporation rate. These
dispersion aggregation ordering differences are clearly translated to the membrane: changes in
inter-crystalline peak position reflect the primary structure factor peak in solution.

Upon annealing, thin films cast from the HWD exhibit less swelling, and membranes exhibit a
larger spacing between backbone regions. Despite this larger spacing, membranes show the same
water content, suggesting better network connectivity/aggregate packing, perhaps due to the
greater regularity of aggregates as the film forms. It is unclear how the varying water:nPA ratio
affects the durability and mechanical properties of the ionomer, but from a transport-property
perspective, the HWD films are preferable (although the longer equilibration time required for film
formation may not be desirable at manufacturing scales).

Understanding specifically what is happening during the annealing process requires further
investigation. It is believed that raising the membranes above their a-transition temperature
disentangles the ionic domains and allows for rearrangement of the ionic network.” However, the
backbone crystallite regions should remain relatively unaffected; it has been demonstrated there is
little change with crystallinity at these temperatures (although there can be significant change at
much higher temperatures).'>* Given this and the above data, it seems that the thermal annealing
process here preserves the backbone domains and aggregate structures that coalesce during film
formation. While the ionic domains can reorient and increase chain entanglement, meso- and
macroscale changes to the network structure seem unlikely.

Therefore, annealing locks in the differences in film formation caused by the varying solvent
composition in the dispersion, while the unannealed films can possibly eliminate their solvent
history upon sufficient cycling in pure solvents (based on the swelling data from the unannealed
films). Both findings have interesting implications for CLs in PEM fuel cells, electrolyzers, and
similar devices. These CLs are created through different fabrication processes. Gas-diffusion
electrodes (where the CL is deposited onto the diffusion media) and decal transfers are often hot
pressed to the membrane at elevated temperatures to form a membrane-electrode assembly with
minimized ohmic losses. Catalyst-coated membranes (in which the CL is deposited directly onto
the membrane) on the other hand are often not hot pressed. Based on these findings, the differences
between these two processes may further be compounded by the high-temperature treatment step:
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hot-pressed samples may retain dispersion solvent differences, while samples that were not hot
pressed may not. Furthermore, these devices often go through a temperature/RH/voltage break-in
protocol before initial operation to condition the electrodes. Particularly for electrodes that have
not been subjected to elevated temperatures, the ionomer swelling/reorganization during this
break-in cycle is critical and may help explain some of the changes observed during break-in.

However, even post break-in, the effects of dispersion solvent are likely to remain whether the CL
was hot-pressed or not. These films form quite differently, and likely will impact (and be impacted
by) how the catalyst particles agglomerate. One could imagine the greater density of secondary
aggregates in low-water-concentration inks affects how agglomerates of particles forms as
compared to the lower density of aggregates in high-water-concentration inks. Indeed, ink-level
studies have shown that water concentration changes catalyst/ionomer aggregation behavior,* and
that low-water-concentration inks are less sensitive to ionomer content than high-water-
concentration inks are (as shown in Chapter 3 and 5),%" thereby suggesting that the changing
ionomer/solvent interaction drives differing aggregation modes. Therefore, even though after RH
cycling the unannealed thin films may behave similarly, large-scale catalyst particle reorganization
is unlikely: the impact of solvent during CL formation will still be critical in controlling device
performance.

2.5 Summary

In this study, the effects of solvent composition on PFSA states (dispersion, thin film, membrane)
were examined. It was shown how dispersion solvent effects persist across the various states,
length scales, and even annealing conditions. Specifically, we investigated the impact of
water:nPA ratio on how thin films form from dispersions using time-resolved GISAXS, extended
this understanding to probe structure in membranes with WAXS at tender X-ray energies, and then
investigated the impact of these structures on thin-film swelling (of both annealed and unannealed
films) and membrane swelling and conductivity. Notably, the dispersion water:nPA ratio altered
how the films form by changing the timescale for the formation process, the strength of interactions
of the dispersion aggregates, and how these aggregates come together within the film network.
Membranes also demonstrated evidence of the impact of solvent: changing network spacing as a
function of the solvent from which the membranes were cast. Furthermore, thin films prepared
from high-water-concentration dispersions (HWD) exhibited less swelling than those prepared
from low-water-concentration dispersions (LWD). Similarly, membranes cast from HWD had
greater conductivities than LWD membranes. This structural data, coupled with the property data,
suggest that HWD exhibit stronger aggregate interactions upon film formation for both membranes
and thin films, and that these stronger interactions likely yield better network connectivity, thus
explaining the trends for conductivity and water uptake. However, to probe network
connectivity/tortuosity definitively, additional energy-resolved scattering work or cryo-electron
microscopy is necessary to map sulfur/water channel distributions. As noted, thermal annealing
seemed to preserve solvent-ratio effects rather than erase them. Unannealed thin films exhibited
much weaker variation in properties between different water concentrations. Additionally,
swelling-trend discrepancies between thin films and membranes were likely due to confinement

35



effects. These confinement effects are expected to be further impacted by substrate identity;
additional research into how these solvent/ionomer interactions manifest on different substrates is
required. Furthermore, the degree to which dispersion solvent impacts thin films and membranes
post annealing is expected to change as a function of annealing temperature. This work presents
an important step in understanding solvent/ionomer interactions. Dispersion-level interactions
persist across all length scales, affect film formation and properties, and are maintained upon
thermal annealing. With this knowledge, one can begin to understand how solvent choice nuances
catalyst layer inks, CL microstructure, membrane properties, and other device-level metrics. More
importantly, one can contemplate engineering dispersions and inks for specific PFSA properties,
thus enabling higher-performing devices. This understanding of ionomer/solvent interactions will
inform the work of Chapters 3 thru 5 as additional parameters are introduced (dispersion age and
catalyst particles).

2.6 Supplementary Information

2.6.1 In situ GISAXS and Dispersion Properties

2.6.1.1 Initial Linecuts and Fitting

I(a)

10°
q; (nm_l)

Figure S2.12. Through-plane intensity I(q) as a function of q linecuts obtained from GISAXS experiments
of the dispersions immediately upon casting. Labels describe the weight percentage of water that makes up
the dispersion solvent composition (the balance is n-propanol). Dashed lines show the core-shell form factor
fit to the data. Lines are offset from one another for clarity.
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Table S2.2. Core-shell form factor fitting parameters.

Parameter 30% 50% 70% 90%
Scale (in-plane; through- 0.256; 0.193; 0.187; 0.146;
plane) (a.u) 0.303 0.301 0.341 0.234
Core Radius (A) 8 8 8 8
Shell Thickness (A) 18.26 19.34 18.61 17.71
Core Length (A) 400 400 400 400
Core SLD (A'z) 5.05e-5 5.05e-5 5.05e-5 5.05e-5
Shell SLD (A'z) 1.14e-5 1.09e-5 1.09e-5 1.14e-5
Solvent SLD (A) 8.79¢e-6 8.79e-6 8.79e-6 8.79¢e-6
Background (in-plane; 5.37; 4.60; 3.67; 3.26;
through-plane) (a.u) 6.382 4.80 3.66 3.30
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Figure S2.13. Shell thickness from core-shell form factor fit of initial linecuts. Error bars represent one
standard deviation in fit uncertainty.
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2.6.1.2 Structure Factors
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Figure S2.14. Initial effective structure factors (Scfr) of the dispersions immediately upon casting. This was
obtained by dividing the line cuts in Figure 2.2 by the core-shell form factor. Labels describe the weight
percentage of water that makes up the dispersion solvent composition (the balance is n-propanol). Lines are
offset from one another for clarity.

One way to rationalize the two structure factor peaks discussed in Section 2.4.1 is to consider
charged-particle aggregation phenomena. Charged particles exhibit heterogeneous aggregation
states that can be described by theories such as Two-Yukawa, Darjaguin-Landau-Verwey-
Overbeck (DLVO), and others that balance opposing forces such as electrostatic/coulombic
repulsion and van der Waals attraction, etc.'?® These theories are all characterized by multiple local
energy minima in an interaction energy landscape versus particle separation distance, and likely
capture the primary physics governing Nafion particle aggregation, at least to a first degree. To
summarize qualitatively the resulting energy profiles: the primary energy well at small separation
distances governs the internal structure of secondary aggregates (flocs), while the secondary
minima at larger separation distances describes separation between discrete aggregates (both
secondary and lone primary). The two energy wells are separated by an energy barrier, the height
of which dictates whether the primary aggregates can aggregate further (and therefore the stability
of the suspension).'?* Within this framework, one can assign the primary structure-factor peak to
the secondary energy minima (at larger length scales, smaller ¢), which describes the arrangement
of aggregates in solution (and the characteristic long tail to this minima is indicative of multiple
lengthscales/aggregate sizes that this averages over). The secondary structure-factor peak
correlates to the primary energy minima (at smaller length scales, larger ¢). Additional structure-
factor modeling work would be required to determine the relative strength of these local minima
and how they vary with water:nPA ratio, but this framework provides a qualitative understanding
of the data.
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Figure S2.15. 2D GISAXS images for each water:nPA solvent ratio at select times. The sol-gel transition
times shown are 88 s, 42 s, 22 s, and 27s for 90%, 70%, 50%, and 30%, respectively.
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2.6.2 Rheology
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Figure S2.16. Measured viscosity of the dispersions (1) divided by the pure solvent viscosity (ns) as a
function of shear rate. Labels describe the weight percentage of water that makes up the dispersion solvent
composition (the balance is n-propanol).

For flow through a slit, the shear rate at the wall (y,,4;;) 1s given by:

60 (52.6)

Ywall = hZw

for a Newtonian fluid.'?® Here, Q is the volumetric flowrate, and 4 and w are the height and width
of the slit, respectively. For the casting experiments, dispersions were printed at a rate of 5 pL/s
through a slot-die printer head measuring 1 cm wide by 0.5 cm tall.'* Even though the dispersions
are not perfectly Newtonian, Equation S2.6 represents a good first approximation to estimate the
shear rate experienced by the dispersions during casting experiments, especially for the lower
water percentage dispersions. Accordingly, the shear rate is roughly 12 Hz. Data collected at 12.59
Hz (in Figure S2.16) is presented in Figure 2.4.
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2.6.3 Teubner-Strey Fitting
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Figure S2.17. Gel to final film through-plane Teubner-Strey fitting parameters as a function of time, with
error bars. Labels describe the weight percentage of water that makes up the dispersion solvent composition
(the balance is n-propanol). Note the 90% goes out to 300 seconds.

The ionomer peak was fit to the Teubner-Strey Model'®-1%7

1(q) = F(a—2bq? + ¢* + background
where
1)? 1 (52.8)
a=(}c2+§—2) b=(}c2—§—2)
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The fitting parameters are (n2), k, &, and background. (n?) is a function of volume fractions and
the scattering length contrast, k is inversely related to the spacing between domains, and ¢ is the
correlation length of domains.

Figure S2.17 shows parameters of the Teubner-Strey model versus time for the four water:nPA
ratios. Both the 30% and 50% water films quickly approach their final parameter values within
first 20 seconds after transitioning to the gel state. Between these two films, the 30% water film
shows a lower correlation length, &, and the fits are considerably noisier because the ionomer peak
falls below background. The 50% water film maintains a high correlation length, that oscillates in
value through 100s, after which it similarly dries with no visible ionomer peak. The high-water-
concentration dispersions (HWD; 70% and 90%), both begin gelation later because of the lower
volatility solvent mixture. The HWD maintain a higher correlation length through the drying
process and the ionomer peak in both more slowly proceed to their final values. At t = 200s, the
LWD show no visible ionomer peak, while it is still visible in the HWD films.

2.6.4 Membrane Structure and Properties
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Figure S2.18. Inter-crystalline WAXS peak of the membranes at 2452 eV. Labels describe the weight
percentage of water that makes up the dispersion solvent composition (the balance is n-propanol).
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Figure S2.19. Residual water from membrane swelling measurements, as a function of the dispersion water
concentration (balance n-propanol) from which the membranes were cast.
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3 Inherent Acidity of PFSA Dispersions and Implications for Ink
Aggregation?

3.1 Abstract

In this chapter, we characterize dispersions of a
common PFSA, Nafion, as well as inks of Nafion

and carbon. It is shown that solvent choice affectsa  &g;
dispersion’s measured pH, which is found to scale e
linearly with Nafion loading. Dispersions in water-

rich solvents are more acidic than those in
propanol-rich solvents: a 90% water versus 30%

water dispersion can have up to a 55% measured high water content TSN EGTEET
proton  deviation. = Furthermore,  because

electrostatic interactions are a function of pH,

these differences affect how particles aggregate in T igure 3.1. Schematic depicting a summary of
solution. Despite having different water contents, Chapter 3: dispersion acidity is impacted by the
all inks studied demonstrate the same particle size solvent.

and surface charge trends as a function of pH, thus providing insights into the relative influence of
solvent and pH effects on these properties.

backbone
sidechain

nPA

3.2 Introduction

Perfluorosulfonic acid (PFSA) is a random copolymer with a hydrophobic polytetrafluoroethylene
backbone that provides mechanical support, and pendant hydrophilic sulfonic-acid sidechains (see
Figure 1.4). PFSA films (like in a catalyst layer, CL) are typically prepared from commercial
dispersions, which consist of PFSA (usually in its proton form) dispersed in a solvent (usually
water/alcohol mixtures, although as will be discussed in Chapter 4, the stock dispersion
composition influences the dispersion properties and may change depending on the manufacturer).
PFSA dispersion morphology is greatly influenced by solvent choice. X-ray and neutron scattering
experiments revealed that PFSA exists as rod-like aggregates with radii ~30A in polar solvents.’*
35,96 Moreover, different high dielectric constant (g) solvents (including varying water/alcohol
mixtures) can cause morphology to change dramatically (rods, swollen clusters, random-coil
network, etc.).>” The water-alcohol-PFSA mixture is particularly relevant because it is the typical

! This chapter was previously published as “Berlinger, S. A.; McCloskey, B. D.; Weber, A. Z., Inherent Acidity of
Perfluorosulfonic Acid Ionomer Dispersions and Implications for Ink Aggregation. J. Phys. Chem. B. 2018, 122 (31),
7790-7796.” and is adapted with permission from all co-authors.
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solvent of commercial dispersions and CL inks. It has been demonstrated that these different
solution-phase morphologies directly impact cast film properties; 12 38 40, 60,90, 100-102 j 5 omers

maintain a memory of these structures'?’ as discussed in Chapters 2 and 4.

These solvent effects must also change the interactions driving ionomer-particle
aggregation/stability in an ink, because different water:alcohol ratio inks each exhibit different
aggregate sizes, 60 76 7% 98 128131 and once dried, different CL morphology, water uptake,
conductivity, etc. have been observed.!?-13 3% 47. 71-72, 74-75, 90, 132133 nfortunately, none of these
results are directly comparable to each other due to different components studied. While this
solvent effect on cast properties has been established, there is currently a lack of understanding of
the interactions between the catalyst, solvent, and PFSA present in the ink.?’ Initial attempts to
model ink interactions used theories for general colloidal interactions of particles (DLVO theory)
and polymers, with coulombic repulsion and surface-energy terms.’” *> However, these general
polymer interaction forces are most applicable for uncharged polymers existing in good solvents,
which is not the case for PFSA in alcohol/water systems. Due to the complicated biphasic nature
of PFSA,” a complete model describing catalyst particle-PFSA interactions across all relevant
concentration ranges does not exist.

Moreover, pH has not been considered explicitly in any previous PFSA dispersion or ink study. In
the cast state, it is well documented that PFSA is a solid superacid, with the sidechain pKa reported
to be around —6.%® It is expected that PFSA will also have some acidity in the dispersion state. This
inherent acidity is vitally important for understanding the electrostatic interaction in ink systems,
because electrostatic repulsion is a function of surface charge, or zeta potential ({), and it is well
documented that  is a strong function of pH (for the case where protons are potential determining
ions, which is true for nearly all systems).!?> Therefore, pH is a determining parameter for particle
aggregation. In addition, modifying the surface charge of a carbon substrate changes the affinity
of PFSA for that surface.!*> However, no previous study has considered how inherent pH will alter
surface charge in these systems or if it exists. In fact, the community previously believed that pH
of dispersions would be near neutral, due to finite size effects of the ionomer aggregates. However,
here we demonstrate that pH can be measured and plays an important role in determining ink
interactions. This chapter remedies lack of understanding by decoupling solvent and pH effects,
and examining how each alters the aggregation (electrostatic) behavior of a fuel-cell CL ink.

3.3 Experimental Methods

3.3.1 Materials

Nafion (a prototypical PFSA”) was used throughout this study to investigate PFSA behavior.
Commercial Nafion dispersions (D2021) were obtained from Ion Power, Inc, and diluted to weight
percentages varying from 0.05 to 4%. The structure of Nafion is shown in Figure 1.4. For each
weight percent, multiple samples were prepared in different water to n-propanol (nPA) ratios,
ranging from 90 to 30% water (balance consisting of nPA). Samples containing less than 30%
water were not studied due to pH probe drift caused by dehydration of the glass membrane. nPA
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(Sigma-Aldrich) was >99.9% purity, and 18 MQ de-ionized water (MilliPore) was used. pH
measurements were taken with an Orion Star A211 pH meter and a ROSS Ultra Triode pH/ATC
probe (Thermo Fisher Scientific). The probe was calibrated before each use with appropriate
known standards. Samples were stirred at 400 RPM for the course of the pH measurement; most
samples equilibrated in less than thirty seconds. All measurements were repeated at least three
times; error represents standard deviation of each sample.

3.3.2 pH Measurement

From a physical viewpoint, a pH measurement is a potential difference measurement, which is
then converted to pH via the Nernst equation. This can create deviations from ideality, as junction
potentials may influence the potential reading of the probe if the sample’s solvent does not match
that in the reference electrode. However, junction potentials are usually small (on the order of
millivolts in water-alcohol systems).!*® Therefore, they can frequently be ignored, particularly in
comparing between samples with the same solvent composition. From a theoretical viewpoint, pH
is the negative logarithm of proton activity. In a dilute aqueous system with no added salt, the
activity coefficient becomes one; only then is pH directly proportional to proton concentration.
Activity may be influenced by a myriad of factors, including solvent €&, degree of
solvation/dissociation, efc. Consequently, the meaning of pH becomes a bit confusing as one
moves away from aqueous systems; different solvents cannot be readily compared with each other
due to different activities associated with those unique environments. Therefore, the pH
measurement is a convolution of both proton concentration and solvent environment.

To alleviate this issue, an acid baseline was studied. Both perchloric (Sigma-Aldrich) and
hydrochloric acids (MilliPore Sigma) were used to investigate different anions and confirm the
relative insensitivity of the pH measurement with respect to the anion composition if a strong acid
is used. The pH of each acid at different concentrations spanning from 0.001 to 0.1M was measured
in solvents with water percentages ranging from 100 to 30%. There was little difference between
these two acids. Furthermore, within the concentration range measured, there was no dependence
of pH offset on concentration (i.e. the expected pH agreed with the measured pH for both 0.1M
and 0.001M acid). Each point in the acid baseline (Figure S3.7) is an average of each concentration
for both acids at that given solvent environment. The acid baseline allows one to decouple solvent
environment and concentration effects, considering the expected pH deviation attributed to a
proton existing in a different solvent environment. Total proton concentration is readily calculated
given the equivalent weight and dispersion volume; this value was then corrected for solvent
environment effects using the acid baseline. This correction is discussed in more detail in Section
3.6.

This pH measurement likely measures the average pH condition of the dispersion. In other words,
all of the hydrogen ions are assumed to be measured, provided that they are external to the ionomer
aggregates. Evidence for this is presented Figure 3.4, in which 100% of the protons (within error)
are detected. A detailed exploration into the state of the electrical double layer and the proton
concentration profile throughout the dispersion is beyond the scope of this study.
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3.3.3 Inks

Simplified inks with 0.1 wt% carbon were prepared at ionomer to carbon (I:C) weight ratios from
0 to 1.5, in the same solvent ratios as above, using Vulcan XC72R (Fuel Cell Store). While it is
expected that the addition of platinum will alter the results reported here, carbon and ionomer inks
were initially chosen to understand the binary ionomer/carbon interaction. Primary carbon
particles were 50 nm in diameter. All samples (dispersions and inks) were mechanically stirred for
twenty minutes and then sonicated in a bath sonicator (Branson) for one hour. During the
sonication, bath temperature remained constant via a water recirculator/chiller. Immediately after
sonication, (within a minute) samples were measured via dynamic and electrophoretic light
scattering (DLS, ELS, respectively, Nanoplus3, Micromeritics) to determine aggregation diameter
and (. Five measurements were conducted over the course of fifteen minutes to gain good statistics
and also acertain stability. Aggregate diameter was determined via the Stokes-Einstein equation
(DLS measures a diffusion coefficient, which can then be related to a hydrodynamic radius via
Stokes-Einstein), and { was modeled with the Smoluchowski equation (aggregates have
sufficiently large values of ka such that the Smoluchowski equation is valid, in which « is the
inverse Debye length and « is the particle radius).'*> Other models do exist for soft particles (i.e.
polymer layer covering a hard sphere) but they provide marginal corrections at the length scale of
interest in this system.!3”-1%

To decouple pH/solvent effects, dispersions in different solvent ratios were prepared, and acid
(HCl1O4) or base (NaOH) was added such that all dispersions had the same pH. Tested pHs were
0, 1, 2.5, and 9. pH 0 is below the isoelectric point of carbon (shown in Figure S3.8 to be around
1), and pH 2.5 is similar to that expected of a typical ink. Inks were then prepared from these pH-
normalized dispersions. I:C ratios of 0 were not studied fully at all of these pHs because they were
unstable and immediately aggregated (Figure S3.8). Meanwhile, all inks with appreciable ionomer
levels show stability over the course of the measurement period (and larger particle diameters than
pure carbon particle suspensions).

3.4 Results & Discussion

3.4.1 Dispersion pH

First, it is necessary to understand the ionomer/solvent interaction in terms of pH: to determine
how varying water:nPA ratios change the pH of a dispersion for a given PFSA concentration, as
well as how pH is affected by PFSA concentration for a given solvent ratio. The measured pH of
PFSA dispersions diluted to different concentrations in solvents containing 90, 70, 50, and 30%
water (balance nPA) is plotted in Figure 3.2. Each solvent ratio shows a linear dependence of pH
on Nafion concentration, where the Nafion loadings are chosen to represent those occurring in
different CL fabrication processes (with the high and low ranges typical of doctor-bladed and
sprayed inks, respectively).?” Furthermore, water-rich dispersions exhibit more acidic behavior,
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while nPA-rich dispersions are less acidic. The difference between pH for each water ratio at a
given Nafion concentration decreases as the amount of Nafion in the dispersion increases (i.e. at
0.05 wt%, the difference between the 90 and 30% water systems is 0.68 pH units, while at 4% the
difference is only 0.25).

40 ' 1
90% Water
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a5l i £ ® 50% Water -
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10”" 10°

Nafion Concentration [wt.-%]

Figure 3.2. Measured pH of Nafion as a function of Nafion and water concentrations.

This difference is significant, and is better seen in Figure 3.3, where percent protons measured
(PM) is plotted versus water concentration for given Nafion concentrations. PM is calculated by
dividing the concentration of measured protons using a pH meter by the corrected total proton
concentration expected from Nafion:

10~PH (3.1)
PM=———— £ 100
gNE]lflon] % m * ABC

where the equivalent weight (EW) used here is 1100 gnafion/molsos-, the concentration of sulfonate
groups is assumed to be equivalent to the concentration of protons, L is liters, and the ABC is the
acid baseline correction (i.e. the fraction of protons expected to be measured for a small-molecule
acid to account for solvent effects, as given in Figure S3.7).

For dilute Nafion concentrations (0.2 wt% in Figure 3.3) in 90% water, roughly all of the protons
behave as would be expected from an ideal strong electrolyte solution of similar proton
concentration (i.e., the measured proton concentration is the same as the total proton
concentration). As the fraction of nPA is increased in the solvent, fewer protons (~40% of the
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theoretical expected amount) are detected at a given Nafion wt%. As Nafion concentration
increases, PM decreases, and the difference between varying water contents decreases. Indeed, by
4 wt% Nafion, the PM (40-50%) is not substantially influenced by the solvent water:nPA ratio.

120 T T T ' '

B 4 wt-% Nafion

1 wt.-% Nafion

- 100 0.2 wt.-% Nafion |
=
2
S 8o 1
Ey
D
=
§ 60| |
§ ¢ - i
“ o B 1

2020 30 40 50 60 70 80 90 100
Water Concentration [wt.-%]

Figure 3.3. Measured proton divided by corrected theoretical proton concentration as a function of water
concentration.

pH deviations seen cannot be due to the fact that propanol is slightly less acidic than water, because
strong acids in the same propanol environment experienced little to no change in their pH (based
on the acid baseline measurement). Furthermore, classical polyelectrolyte theories like Manning
condensation do not account for deviations, because the charge spacing (taken to be the average
backbone spacing between sidechains) is larger than the Bjerrum length for almost all of the
samples.'*’ Therefore, if change in measured protons is not due to solvent effects, it is proposed
that they are attributed to changes in ionomer conformation.

It has already been discussed that the general structure of PFSA changes in different water:alcohol
ratios. Perhaps, pH changes are a result of different sidechain orientations brought about by these
different solvent contents. While most sulfonate-proton pairs should be dissociated in aqueous
solutions, the protons will still remain within a Bjerrum length (~nm) of the sulfonate anions due
to electroneutrality. It is suspected that protons that remain in proximity to sulfonate ions inside
the PFSA structure will not participate as dissociated free protons as occur in small molecule strong
acids (e.g., HCl). However, in water-rich solvents, which have a higher affinity to the ionic
sidechain than organic-rich solvents do, more sidechains will extend into the solvent and a more
acidic bulk pH is expected. As propanol content is increased, there is less of a preference for
sidechain orientation into solution (an inverted micellar structure has been proposed),'*! and less
acidic pHs are measured. Therefore, PM in Figure 3.3 may be thought of as the number of total
protons that are accessible to the bulk solution (versus those that are internal to the aggregate
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structure). Interestingly, this also means that the pH probe can detect potential differences at this
short lengthscale surrounding the ionomer. As stated earlier however, a detailed investigation into
proton concentration profiles and the ionomer’s electrical double layer is beyond the scope of this
present study.

As ionomer concentration is increased, there is less of a difference in accessible protons between
varying water contents than at lower concentrations. It is well known that Nafion can form
secondary aggregates in solution;® at higher Nafion concentrations, a large portion of sidechains
already exist inside the aggregate structure and therefore have buried sulfonate-proton pairs. Since
there are less accessible protons, a lower percentage of the total protons in the dispersion is
measured, even for very high water contents, and the effect of nPA content has a less dramatic
effect than it does for very low Nafion concentrations. A schematic of the proposed preceding
sidechain reorientation argument is shown in Figure 3.4. Additional experimental structural
observations would be necessary to confirm this theory definitively, but current experimental
techniques lack resolution required to resolve backbone and sidechain orientation. Cryo-
transmission electron micrographs of Nafion dispersions are shown in Section 3.6. From the
images, in propanol-rich solvents, PFSA forms narrow rod-like aggregates (with sidechains
probably internal to the aggregate) and in water-rich solvents the hydrophobic backbone clusters
in the middle of the aggregate.

increasing water content

backbone

accessible

sidechain

accessible
proton

inaccessible
proton

increasing ionomer/aggregation

inaccessible

Figure 3.4. Schematic of 2D slice of potential structure representing individual chains and aggregates of
Nafion, showing the sidechain orientation differences (pH differences) as a function of aggregation and
solvent content.
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3.4.2 Ink Aggregation

The above describes the interrelationship between pH and PFSA loading in dispersions, but there
is a need to explore these effects in the tertiary ionomer/solvent/particle ink system. To do this,
simplified inks containing Vulcan carbon, Nafion, and varying nPA:water and I:C ratios were
fabricated as described in the Methods section.

The effect of Nafion concentration on pH in a carbon-solvent system is shown in Figure 3.5, where
carbon suspensions are essentially titrated using a Nafion dispersion. Here, the measured pH of
the total ink is plotted versus the number of measured protons (from Figure 3.3) associated with
the addition of Nafion (at the same Nafion concentration). The neat carbon particle suspensions
all have a pH around 7 to 8, which is expected given the very weakly basic character of typical
oxygen defects present on carbon black surfaces.!*? If the Nafion did not interact at all with the
carbon, we would expect a linear response similar to Figure 3.2. However, at low ionomer
concentrations, we detect almost no ionomer: the pH is much higher (close to that of the neat
suspension) than would be expected given the concentration of Nafion in the ink. That is due to
adsorption of the Nafion to the carbon surface. As Nafion concentration is increased further, an
equivalence point is observed between pH 7 and 4 for all solvent mixtures studied, at which point
the ink pH displays expected values given the ionomer concentration. This equivalence point likely
coincides with saturation of the carbon surface. The titration curve may essentially be thought of
as an adsorption curve, representative of the ionomer free in solution (and therefore able to be
detected by the pH probe). One may therefore transform this data into an adsorption isotherm. As
a general back-of-the-envelope calculation, the equivalence point occurs around an I:C ratio of 1.
If we assume 300 nm diameter (from Figure 3.6a) hard-sphere Vulcan carbon agglomerates (with
a density of 0.264 g/cm?), the ionomer layer covering these agglomerates (assuming all the
ionomer adsorbs, with a density of 2 g/cm?®) would be roughly ~6 nm in thickness. This would be
roughly monolayer thickness, given the size of the ionomer agglomerates in solution as measured
by x-ray scattering (although of course the size is concentration dependent). Additional surface
tension measurements (beyond the scope of this work) would provide insight into the free
ionomer/aggregation in solution.
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Figure 3.5. Titration of a 0.1 wt% XC72 Vulcan carbon particle solution by the addition of Nafion (plotted
as measured proton concentration) at different water:nPA ratios.

Interestingly, as the water content in the ink increases, the total Nafion required to reach the
equivalence point also increases (around an order of magnitude measured proton concentration
difference between 30 and 90% water for the same Nafion concentration). From Figure 3.6a, this
is actually in direct disagreement with surface area arguments: as the water concentration
increases, the carbon agglomerate diameter increases (and therefore at the same carbon
concentration, the carbon surface area decreases). One might expect that the amount of ionomer
to reach the equivalence point and saturate the surface would scale with surface area; more ionomer
would then be required to reach the equivalence point as water concentration decreases (not
increases). Because we observe the opposite trend (meaning the adsorbed ionomer layer is thicker
at the equivalence point as water content increases), this indicates that the magnitude of the
electrostatic forces controlling ionomer/carbon interactions are fundamentally different for
different solvent types (more charged groups on the ionomer and carbon surface interact with each
other in water-rich solvents than propanol-rich). Optimal I:C ratios have previously been thought
to be related to how the ionomer covers the carbon. However, ideal I:C ratios seem to vary slightly
between groups that report using different solvents and carbon particles.® 81 84 132, 143-144
Considering this titration behavior, ionomer coverage is most likely related to pH (and different
electrostatic magnitude) as a result of changing charge density (ionic strength). The varying
equivalence points for each water concentration are likely also related to optimal I:C ratios. Similar
titration curves are measured in Chapter 6 as a function of platinum content.

These varying electrostatic interactions will also affect the aggregation behavior of the ink, as
shown in Figure 3.6. High magnitudes of zeta potential ({) indicate particles with high electrostatic
repulsion, whereas lower values indicate particles are more susceptible to aggregation. With no
PFSA, the carbon aggregate diameter increases with increasing water content, probably driven by
hydrophobic effects. Upon addition of Nafion, aggregate size continues to increase, while
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displaying the same water content/size relationship. Because each of these inks is at a different
ionomer concentration and solvent ratio, each is at a different pH (and therefore different charge
concentration and magnitude of electrostatic interaction). This is seen in Figure 3.6b: each ink has
a different C.
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Figure 3.6. (a) The diameter as measured by dynamic light scattering and (b) zeta potential of the
carbon/ionomer aggregates at different water percentages for lonomer:Carbon (I:C) ratios between 0 and
1.5, without adjusting pH. (c)-(e) The average diameter of inks made by first adjusting the dispersion pH
to 0, 2.5, and 9, respectively. (f)-(h) The average zeta potential of the same inks in (c)-(e).

To distinguish between pH and solvent effects on aggregation, dispersion pH (total measured
protons) was adjusted to the same value (0, 2.5, or 9) using HC104 or NaOH, before adding carbon
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particles. Aggregate size is shown in Figure 3.6c¢-e, and  in 4f-h for each pH. I:C of zero was not
able to be studied fully at any of these pHs because it immediately aggregated and condensed
(shown in the Section 3.6). This is evidence that Nafion acts as a stabilizing agent for carbon
particles (or perhaps a buffering agent), in agreement with previously findings that Nafion addition
increases stability.””*> pH-normalized inks exhibit the same size and { trends as a function of I:C.
Indeed, there is almost no difference between the I:C ratios, whereas in the native pH state there
was over a 300 nm size difference between [:C 0.5 and 1.5 for 90% water.

It is important to note that a number of factors may be influencing the aggregation behavior,
including changing dielectric constant and ionic strength. Both of these may be brought about by
the addition of either ionomer or acid.'*> However, both of these are closely related to pH in these
systems. Dielectric constant and ionic strength may both be changing because of ionic group
addition, which is reflected in the dispersion pH. Therefore, even though there may be other
indirect effects driving aggregation behavior, they are all ultimately linked to the ionomer
dispersion behavior.

Furthermore, similarities between Figure 3.6d and e could be explained by similarities in ionic
strength. Tonic strength is representative of the number of charged ionic species in the system.
When the inks are normalized to the same pH, they should also therefore have the same effective
ionic strength (they will have different number of accessible protons from the Nafion, and different
amounts of added protons from the acid, but they will ultimately have the same acid concentration,
and therefore the same ionic strength). Interestingly, when adding base, much more was required
than calculated based solely on measured proton concentration. A possible explanation could be
sodium ion exchange with the inaccessible protons, thus making the dispersion more acidic than
initially measured (and hence more base required to neutralize). Due to this increased amount of
base, the ionic strength of the alkaline and acidic normalized inks was very similar, perhaps
explaining similarities in observed aggregate diameters.

For each ink, the { is very similar for all I:C ratios, indicating comparable levels of electrostatic
interactions. Furthermore, as acid content increases, { trends toward zero, even becoming positive
for some samples at pH 0, in agreement with typical electrostatically-controlled system behavior.
However, it is also evident that hydrophobic effects play a large role in aggregation. As an
example, consider the pH 0 graphs (Figure 3.6c,f) where all of the 90% water samples crash out
of solution. The { for the 90% water dispersions becomes more negative with increasing I:C (which
is also consistent with the idea that sidechains are facing outward and therefore contribute more
negative groups once adsorbed to the carbon surface). However, the unstable 1.5 1:C 90% water
ink has a larger magnitude { than, for example, the stable 1.5 I:C 70% water ink. If the system was
purely electrostatically dominated, then the 1.5 1:C 70% water ink should be unstable as well;
however, it was stable on the measured timescale (3 hours).

Of additional interest, for the 30% water case, the I:C- { trend is reversed, with the lowest I:C ratio
exhibiting the most negative (. This is consistent with the sidechains having less affinity for nPA
than water, and therefore are not exposed on the surface. It is clear that both solvent (in the form
of hydrophobic forces) and pH (as a manifestation of PFSA conformation) are coupled and each
contribute significantly to the resulting ink-aggregation behavior.
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3.5 Summary

PFSAs have an inherent pH that is dependent on solvent composition, and may be a result of
solvent-induced morphology changes. Indeed, pH could be a simple screening tool for PFSA
structural parameters. These different dispersions have varying numbers of accessible protons,
which alter the ionic strength and magnitude of electrostatic interactions. In a fuel-cell ink, this
manifests in different aggregation behavior that collapses when inks are reduced to the same pH.
The findings presented herein have potentially far-reaching implications for enhanced control over
ink properties and engineering for various electrochemical technologies, enabling one to tune both
solvent (viscosity, evaporation rate, hydrophobicity) and pH (electrostatic aggregation) effects
independently.

3.6 Supplementary Information

3.6.1 pH Measurement Corrections

To calculate percent protons measured, the concentration of measured protons was divided by
theoretical proton concentration. The number of theoretical protons is readily calculated from the
concentration of Nafion added to the dispersion, the number of sidechains expected from that
concentration using the equivalent weight (grams of polymer per mole sulfonic acid groups), the
assumption that every SO3"is associated with one proton, and the volume of solvent. The measured
proton concentration is determined from the measured pH value, assuming a unity activity
coefficient. This is inherently an incorrect assumption, but not a bad one as discussed below.

The measured pH value depends on activity coefficients, concentration, and junction potentials,
the latter of which is minimal. Therefore, it is necessary to determine whether the observed pH
changes are a result of concentration differences (i.e. morphology changes) or activity coefficient
differences. To distinguish the two cases, an acid baseline was studied, as shown in Figure S3.7.
Solutions containing less than 20% nPA seem to be nearly ideal; the measured proton value
matches the theoretical proton value with >95% accuracy, suggesting the activity coefficients do
not alter pH values in this system. For solvents containing more propanol, the measured proton
value plateaus to around 80%. The values for Nafion systems however, reach as low as 30%. While
a detailed study of proton activity coefficients in these systems is outside the scope of this work,
this demonstrates that up to 50% of the deviations expected cannot be explained solely by the
effect of protons existing in different solvent environments (only about 20% can), and therefore
the majority must be attributed to the influence of solvent water:n-propanol ratio on the sidechain
orientation in the aggregate structures. The percent protons measured data in Figure 3.3 therefore
represents a corrected version of the data in Figure S3.7, in which the theoretical proton
concentration has been scaled by the amount you would expect to measure in that solvent
environment (taking into account these activity coefficient differences of the acid baseline).
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Figure S3.7. Uncorrected data of percent protons measured of acids and different Nafion loadings as a
function of water concentration.

3.6.2 Inks
The data for pH 1 is shown in Figure S3.8. The bare carbon ink crashes out of solution and has a

zeta potential of around O (indicative of instability). Above pH 1, the bare carbon is stable,
indicating that the isoelectric point occurs around pH 1.
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Figure S3.8. The average diameter and zeta potential of the aggregates in inks adjusted to pH 1. Comparing
no ionomer to higher ionomer-to-carbon (I:C) ratios shows that ionomer stabilizes the dispersions.

3.6.3 Dispersion Aggregate Structure
Cryo transmission electron microscopy images were taken on Talos Arctica (Thermo Scientific)

and JEOL 3100 FFC microscopes, each equipped with Gatan K2 Summit detectors. Samples were
cast onto holey carbon grids and frozen in liquid ethane.

(b)

Figure S3.9. cryo-TEM images of 0.2% Nafion solutions in (a)-(c) 50, 70, and 90% water, respectively.

Figure S3.9a-c show the cryo-TEM images of 0.2 wt% Nafion dispersions. The nPA-rich
dispersions form extended rods, while the water-rich dispersions exhibit more clustered structure,
with high density (dark colored) points in the middle. Combining micrograph images and pH data
allows us to hypothesize the ionomer aggregate conformation in solution, particularly the sidechain
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versus backbone orientation. This is shown schematically in Figure 3.4: at low concentrations in
high water contents, the backbone clusters in the middle, and then extends outward, allowing
nearly all of the sidechains to be solvated. In propanol-rich solvents, there is less driving force for
the backbones to aggregate, or for the sidechains to extend into solution, so the ionomer forms a
rod-like aggregate structure that exhibits a more basic pH. Furthermore, as ionomer concentration
is increased and more secondary aggregates form, there are less accessible protons. This explains
why higher weight percent dispersions exhibit lower percent protons measured (Figure 3.3) for all
water contents.
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4 Aging Influences Structure and Properties of lonomer Dispersions

4.1 Abstract

It has recently been established that different
solvents alter the properties of ionomer

dispersions;  these  different  dispersion . W dispersions
conformations affect the structure and resulting Tl L + Time i.
properties of thin films and membranes once ,"./"’. — Q ‘ thin films
cast and dried (as discussed in Chapter 2). ol o e 1_

Importantly however, ionomer used in inks is
often diluted from a stock dispersion. This
dilution causes the ionomer to change solvent
environments and concentrations compared to Figure 4.1. Schematic depicting a summary of

‘Fhose ,Of .the stock ‘dlspers10n. No previous Chapter 0: dispersion conformation changes with age,
mvestigation has studied changes that oceur due propagating to affect the properties of dispersions,
to this dilution process, or how the time from thin films. and membranes.

dilution affects dispersion properties or films

cast from them. Herein, we use pH measurements to probe dispersion behavior and demonstrate
that all dispersions studied become more acidic with time from dilution, stabilizing after
approximately two weeks. Importantly, the more dissimilar the new dispersion conditions are (in
terms of solvent composition and ionomer concentration), the more the ionomer dispersion
changes over time. When the time from dispersion preparation/dilution is increased (aged),
scattering peaks due to hydrophilic domains (the ionomer peak) change from their “new” values
depending on solvent composition. Interestingly, membranes cast from both solvent extremes
studied become more conductive as the dispersion used to cast them is aged because of these
structural differences. In total, this study explores dispersion aging as an important variable
(dispersion age) that controls ionomer structure-property-processing relationships, creating the
possibility to use aging to tune cast ionomer properties during manufacturing.

membranes

4.2 Introduction

Catalyst layers (CLs) are prepared through solution-processing techniques, in which the catalyst
particles and ionomer are first dispersed in an ink, before casting and drying the electrode.?’” The
interaction between these components in-solution determines the final structure and properties of
the CL, as discussed in Chapter 1.8 Notably, the ionomer conformation is dramatically influenced
by the dispersing solvent.’” 3657 39, 146-147 Ty Chapter 2,'*® we showed that these differences in
dispersion conformation affect how ionomer aggregates coalesce and form films. Different thin-
film and membrane structures arise after casting, and these solvent-induced differences persist
even after thermal annealing, propagating to affect device-relevant metrics such as conductivity
and water uptake.
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Generally, polyelectrolyte dispersion aggregation/conformation is determined by a balance
between entropic/hydrophobic interactions and electrostatic repulsion,'* often resulting in the
formation of core-shell particles'® (as has been observed for PFSA!%: 14%) Notably, these
interactions are modulated by solvent properties'*°, and depending on the solvent, the polymer
may be unstable or meta-stable (i.e. changing conformation with time). Time-dependent
aggregation has been observed for various ionomer and polyelectrolyte systems, including
polyurethane ionomers,'>! S-P3MEET,'>? Carbopol,'** and poly(allylamine),'>* among others.

This time-dependent behavior also persists once these polymers are cast. Physical aging due to
changes in ionic domains have been observed for sulfonated polystyrene'*® and ethylene-based
ionomers.'*® This phenomenon (often termed hygrothermal aging) has been extensively studied
for PFSA membranes.” 1716 Therefore, because PFSAs are subject to membrane-based temporal
instabilities, dispersion-level dependences likely also exist.

Evidence suggesting that dispersions change with time may be gathered from ink-aging studies.
Ink aggregate sizes,’® *° viscosity,'®* and hydrophobicity'®® change with time, impacting CL
microstructure'®® and electrochemical surface area,'¢” catalyst mass activity,'®’ and selectivity.!®
Although there are certainly many complex interactions occurring in these ink systems as a
function of time, likely the behavior is in part due to ionomer differences in solution. Isolating the
effect of ionomer dispersion aging is critical to understanding ink structure-property-processing
relationships and controlling CL microstructure and performance.

In this chapter, we systematically explore how PFSA dispersions change with time from dilution.
The strong effect of solvent on PFSA conformation and solvent interactions has previously been
demonstrated to be due to changes in electrostatic persistence length;*”-*” time-dependent behavior
is likely to be a function of solvent environment. Therefore, we extend Chapter 2’s investigation
on the impact of solvent on PFSA properties'*® by introducing time from dilution as an additional
variable. We probe the dispersion behavior in this solvent-time parameter space via pH
measurements (as established in Chapter 3), and then cast membranes of different solvent
compositions at various time points to unravel how structure (via x-ray scattering) is influenced
by dispersion age. Finally, we correlate the effects of these different structures on membrane
conductivity. In this way, we elucidate the intricacies of ionomer/solvent processing, and find that
aging is an important, underappreciated parameter that strongly impacts dispersion properties.

4.3 Experimental Methods

4.3.1 Dispersions

All ionomer dispersions were prepared by diluting stock 20 wt% Nafion dispersion (D2021, Ion
Power, Inc.) to either 0.5, 2, or 4 wt/v% (gNafion/MLsolvent, i.e. 0.005, 0.02, or 0.04 gNafion/mLsolvent,
hereafter referred to as “0.5, 2, and 4% Nafion). The dilution used various ratios of water (18
MQ, Milli-Q) and n-propanol (>99.9% purity, Sigma-Aldrich), considering the inherent water and
propanol in the stock dispersion (D2021 is approximately 20% Nafion, 46% water, and 34% n-
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propanol, by weight), to bring the total solvent composition to either 30, 50, 70, or 90 wt% water.
We also investigate the use of a Swt% stock dispersion (Nafion D521, Ion Power, Inc.). Dispersion
ionomer concentrations were chosen to encompass a range of industrially-relevant and practically-
constrained values (i.e. thin films and spray-coated CL inks are always prepared from lower
concentrations, membranes and more viscous inks used in doctor blading/roll-to-roll are prepared
from higher concentrations, etc.). Upon dilution, dispersions were mechanically mixed for 1
minute, followed by bath sonication (Branson) for 30 minutes. The sonicator was equipped with a
water recirculator set at 10°C to ensure the dispersion did not increase in temperature during the
course of sonicaton. Dispersions were either used immediately (within thirty minutes from the end
of sonication) or stored at room temperature for a specified amount of time. All dispersions were
remixed (but not resonicated) for one minute if they were used again (to measure pH, cast
membranes, efc.)

The pH of the dispersions (0.5, 2, and 4% Nafion dispersed in 90, 70, 50, and 30% water, balance
n-propanol) was measured over the course of two weeks with an Orion Star A211 pH meter and a
ROSS Ultra Triode pH/ATC probe (Thermo Fisher Scientific). Before each measurement, the
probe was calibrated with appropriate standards. During the measurement, the dispersion was
stirred at 400 RPM with a magnetic stir bar. Multiple replicate dispersions were measured each
day; error bars represent standard deviations among the samples.

4.3.2 Membranes

To fabricate membranes, 4% Nafion dispersions prepared as above (dispersed in a range of 30-
90% water, balance n-propanol) were poured into custom-made glass wells such that the same
mass of ionomer was added to each. They were then heated at 35°C for 1 hour and annealed at
150°C for an additional hour in a vacuum oven, before slowly cooling back to room temperature
overnight (still under vacuum). They were then carefully removed from the glass, and the dry
thickness of all membranes was measured at 16 +/- 5 um with a thickness gauge (Heidenhain).
The same dispersions were used to fabricate membranes on day 0 and on day 7. The membranes
will hereafter be referred to by the age of the dispersion used to cast the membranes (e.g. Day 7).
Note that this does not mean the membrane itself is 7 days old.

Hydrated membrane structure was probed with small angle x-ray scattering (SAXS) at beamline
7.3.3. of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL).
The X-ray wavelength used was A = 0.124 nm, with a monochromator energy resolution of E/dE
of 100, and the presented patterns were collected using a 2D Dectris Pilatus 2M CCD detector
(172 pm x 172 um pixel size). The scattering wave vector, q = 4x sin(0/2)/A, where 6 is the
scattering angle, was in the range of 0.001 to 0.04 A"'. SAXS images were collected by immersing
the samples in DI water in custom-made solution cells with X-ray transparent Kapton™ windows.
All of the experiments were carried out at 25°C immersed in liquid water; the samples were
equilibrated at least 24 hours prior to imaging.
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The collected two-dimensional scattering patterns were azimuthally integrated to generate 1-D
intensity profiles, I(q), which were corrected for background scattering. From the SAXS data,
hydrophilic-domain spacing and inter-crystalline spacing, and full-width half-max (FWHM), were
calculated using a Gaussian fit to the (ionomer scattering) peaks.

Day 0 and day 7 membranes used for the conductivity measurements were equilibrated in DI-water
for at least 24 hours before their wet thickness and width were measured. The resistance of the
membranes was then measured using a four-point probe (BekkTech) and potentiostat (BioLogic)
to sweep the voltage from —0.1 to 0.1 V and record the current as described previously.'"
Conductivity was calculated from the resistance measurement using the dimensions of the cross-
sectional area of the membrane and the spacing between the electrodes. Three different membranes
for each solvent ratio were measured.

4.4 Results & Discussion

4.4.1 Dispersions

pH measurements are a fast and facile way to probe ionomer/solvent interactions (discussed
previously in Chapter 3).®” Here, we use pH to screen all of the ionomer dispersions studied (three
concentrations of four solvent ratios each) as a function of time. Figure 4.2A-C gives the pH of
0.5, 2, and 4% Nafion dispersed in 90, 70, 50, and 30% water as a function of time. As has been
previously established, higher water-content dispersions are more acidic than low-water-content
dispersions, and this difference cannot be attributed solely to changes in dielectric permittivity/ion
pairing (likely suggesting conformational ionomer differences).®’ Interestingly though, these pH
values are not stable. All dispersions become slightly more acidic with time. In panels D-F of
Figure 4.2, we plot the percentage proton increase defined as

[Hf]-[Hg] 107 —107Pf (4.1)
T T e

% proton increase =

where subscripts 7 and 0 refer to the ith and initial day of the measurement, respectively. As a
reference, the pH of the stock D2021 dispersion is roughly 1.01 (and D521 is 1.57). Additionally,
if all protons contributed to bulk pH (which we know they don’t from Chapter 3) the minimum
theoretical pH is 2.34, 1.74, and 1.44 for the 0.5, 2, and 4% Nafion dispersions, respectively,
assuming an EW of 1100.

62



S T L. 2% 7 190rC Ay
185
28 1 225
1.80
. e E .-. | 2_1: Ii. 50%
5 nle) 175
&0, 50%
.“ 70% Y 20 70% w & 0%
24 .i 0% @O 90% ® 1.70 -'t.
(']
¢ W e ° 1.65 @ 90%
65+ o b
22 Cl L 17 L L L L 1 1
0 5 10 0 5 10 0 5 10
100 F'p. 0.5% } e FE 2% g FF. 4% ' g
@
w
8 75} 1 . 1 L 1
T
r— 50 - - 2 o - -
[72] . =
s ®
5 el 8 | e : i )
7 08 i o L
5 olphed 800 w0 ool 3833
i O 4 v = - Y -
= =
0 5 10

Days Days Days

Figure 4.2. pH of (A.) 0.5, (B.) 2, and (C.) 4% Nafion dispersions, dispersed in various water to n-propanol
ratios, reported as the percentage water in the figures (30 to 90%). Panels (D.-F.) correspond to (A.-C.)
respectively, transforming the pH data into percentage increase in proton concentration as calculated from
the pH measurement, normalized to the initial day 0 concentration.

Figure 4.2 reveals a few notable points. First, the dispersions do not uniformly become more acidic
with time. Generally, the solvent extremes (90 and 30% water) experience greater changes than do
the intermediate water-concentration dispersions. This has previously been observed with 3M
PFSA dispersions: 100% water dispersions exhibited much greater changes than 50% water
dispersions.'®® Additionally, low-concentration dispersions (Figure 4.2D) become much more
acidic with time than do high-concentration dispersions (Figure 4.2F). 0.5% Nafion dispersed in
90 and 30% water becomes roughly 30 to 40% more acidic over ten days, while 4% Nafion in the
same solvent becomes only 5% more acidic.

pH measurements have previously been suggested to be a proxy for dispersion conformation, as
described in Chapter 3. If this is true, the change in pH with time suggests changing conformation
in response to ionomer/solvent interactions. Ideally, solution structural information of these
dispersions would also be gathered (with resonant x-ray scattering or neutron scattering).
However, pH represents a facile screening tool that would complement these data. When the
dispersions are prepared, the ionomer is moved from a high concentration state dispersed in
intermediate water concentrations (roughly 50% water) to a lower concentration in various
water/alcohol ratios. Higher concentrations would promote more aggregation (and therefore less
accessible protons/higher pH values compared to a strong mineral acid at the same
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concentration).®” As the ionomer adapts to its new solvent environment, the aggregate size may
shrink. This is consistent with the fact that lower concentrations and solvents that are more
dissimilar to the initial state experience greater changes over time. Therefore, the equilibration
time of the ionomer to adapt to this new solvent environment is longer than the mixing time and
continues to evolve over the course of many days.

Figure 4.3 shows the behavior of Nafion dispersions prepared from D521 (rather than D2021 as in
Figure 4.2). As discussed above, D521 is a stock dispersion containing 5 wt% ionomer, rather than
20 wt% as in D2021. When using D521 to dilute, the same pH behavior is observed as when using
D2021: increasing acidity with time, with more pronounced acidity changes for low ionomer
concentrations and water content extremes. However, the D521 dispersions are all initially more
acidic than the D2021 dispersions. This makes sense given the above hypothesis: the initial lower
stock dispersion concentrations (and smaller aggregates) would yield more acidic dispersions
when diluted to similar concentrations as a dispersion prepared from a higher-concentration stock
(with larger aggregates). The two dispersion types do converge to the same pH values within a few
days.
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Figure 4.3. pH of (A.) 0.5, (B.) 2, and (C.) 4% Nafion dispersions prepared from Nafion D521, dispersed
in various water to n-propanol ratios, reported as the percentage water in the figures (30 to 90%). Panels
(D.-F.) correspond to (A.-C.) respectively, transforming the pH data into percentage increase in proton
concentration as calculated from the pH measurement, normalized to the initial day 0 concentration.
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The changes in pH over time have important implications for CLs. It was recently reported that
inks with high water contents experienced more cobalt leaching from alloyed-platinum catalysts,
due to the more acidic environment.!”® Because the pH will continue to become more acidic, the
nature of the catalyst, in addition to the ionomer, may change over time with aged inks.

Furthermore, the electrostatic interaction between the ionomer and catalyst particles will change
with time due to the increase in charges. As will be demonstrated in Chapter 5, the ionomer’s
charge strongly affects its adsorption behavior: ionomers with a higher charge density adsorb less
to carbon surfaces and more to platinum surfaces under typical mixed water/propanol ink
conditions.'®® This will ultimately affect how the ionomer coats the catalyst particles, and the
ionomer distribution in the final CL. CL performance (electrochemical surface area,’® mass-
transport resistance,® efc.) and durability (CL cracking)!’! are directly impacted by ionomer
distributions. Aging therefore offers opportunities to both understand and directly control this
distribution.

4.4.2 Membranes

We next analyze membranes cast from dispersions of different ages (0 and 7 days): first exploring
structure via SAXS, and then investigating how that structure impacts metrics like conductivity.
Figure 4.4 displays the scattering linecuts of hydrated membranes (in liquid water) cast at 0 days
or 7 days from varying water/propanol compositions after thermal annealing. The typical inter-
crystalline (representing crystalline domain spacing) and ionomer (representing the hydrophilic
water domains) peaks’ are observed. Notably, the peaks change both as a function of dispersion
water content and dispersion age. Even more importantly, how they change with age is a function
of dispersion water content, in agreement with the data presented earlier.

0
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Figure 4.4. Small-angle x-ray scattering linecuts of Nafion membranes cast from 4% Nafion dispersions in
(a.) 30, (B.) 50, (C.) 70, or (D.) 90% water (balance n-propanol). The same dispersions were used to cast
membranes on the initial day and 7 days later.
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Initially, the membranes cast from 90% water on day O display almost no observable phase
separation, while the membranes prepared from the other water compositions do. The d-spacing
of the ionomer peak also increases as dispersion water content increases from 30 to 70% (see Table
4.1). When membranes are cast from the same dispersions one week later, very different structures
arise. Both of the extremes (90 and 30% water) display higher ionomer peak intensities with larger
full-width half max (FWHM) values, indicating greater phase separation with a larger distribution
of domains, as compared with both their day 0 counterparts, as well as the other day 7 water
composition membranes (50 and 70%). These diverging trends with time (middle versus extreme
water compositions) parallel the dispersion pH measurements, where the extreme compositions
had different behavior than the middle compositions.

Table 4.1. domain (d) spacing and full-width half max (FWHM) of the ionomer peak, and FWHM of the
inter-crystalline peak calculated from SAXS membrane experiments. Some cells are empty (--) because the
peak was to weak to fit, as seen in Figure 4.4.

90%, 0 90%, 7 70%, 0 70%, 7 50%, 0 50%, 7 30%, 0 30%,
Days days Days Days Days Days Days 7
Days
d-spacing - 4.02 + 4.05 + 3.86 4.03 + -- 4.00 £ 4.02
ionomer 0.75 0.67 0.35 0.77 0.67 *
peak (nm) 0.75
FWHM -- 0.048 0.042 0.024 0.049 -- 0.043 0.048
ionomer
peak (nm-
Y)
FWHM -- 0.030 0.028 -- 0.031 -- 0.037 0.031
inter-
crystalline
peak (nm-

1)

While in-plane conductivity does not correlate exactly with ionomer peak measurements
(conductivity will also be a convolution of tortuosity/connectivity, which is not probed in
scattering experiments), conductivity is a useful indicator of how the ionomer domains are
connected, and can serve to complement SAXS data. Figure 4.5 displays the results of in-plane
conductivity measurements on similar membranes that were measured above in Figure 4.4.
Conductivity of day 0 membranes increases with increasing water content, in agreement with
previously observed trends in Chapter 2.1 Differences in quantitative values between these results
and previous ones could be due to differences in environmental conditions during the casting
process (temperature has previously been shown to affect dispersion pH).!”
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Figure 4.5. In-plane conductivity of Nafion membranes cast from 4% Nafion dispersions in various water
to n-propanol ratios (reported as a function of water content). The same dispersions were used to cast
membranes on the initial day (0) and 7 days later. Error bars represent the values of multiple unique samples.

When considering membranes prepared from 7-day-old dispersions, a familiar trend arises:
membranes cast from extreme water-content dispersions have similar behavior, as do intermediate
water-content dispersions. More specifically, the extreme water compositions both become more
conductive with time (although the increase for the high-water content may be within error), while
the intermediate concentrations remain the same. The increase in conductivity is consistent with
the increase in phase separation and increased FWHM experienced by these membranes as
calculated form the SAXS data. However, it is unclear why the intermediate concentrations remain
the same (rather than decreasing in conductivity in accordance with the expected trends from the
SAXS data). This again suggests that there are additional differences between these membranes
related to connectivity of water domains that cannot be probed from SAXS alone. Additionally,
these differences may manifest in other transport-property measurements (e.g., through-plane
conductivity, gas permeability) that are influenced by membrane domain tortuosity.

4.5 Summary

In summary, we have shown that dispersion acidity changes as a function of time from dilution.
This is particularly true for water/propanol ratio extremes, and very dilute dispersions. From a
practical standpoint, this may also mean using Nafion D2021 vs D521 may result in different
ionomer and perhaps catalyst-layer behavior, and care must be taken to ensure that experimental
replicates have the same processing history. Importantly, the differences in dispersion behavior
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propagate to membranes: when comparing one solvent composition, different structures are
observed before and after aging. Notably, the pH changes for the high concentrations used to cast
the membranes were minimal, but the structural changes were still present. This suggests that high
concentration dispersions may experience conformational changes that are not detected by pH
measurements, and also implies membranes or thin films cast from lower ionomer concentrations
may experience even greater structural differences. Similarly, this raises an important question:
are the high-concentration stock dispersions themselves stable? Further investigation into
dispersion structures (via neutron scattering or resonant x-ray scattering techniques) is necessary
to understand fully how time affects the ionomer “equilibrium” conformation. Additionally, thin-
film studies are necessary to understand how this time-dependent process impacts catalyst layers.
Despite these gaps, this chapter raises critical processing considerations that undoubtedly influence
all data using these types of materials. Additionally, one may contemplate leveraging these aging
effects (such as improved conductivity) to age dispersions selectively to obtain appropriate
metastable states for enhanced performance.
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S  Probing Ionomer Interactions with Electrocatalyst Particles in
Solution*

5.1 Abstract

The interaction between ionomer (ion-conducting

polymer) and catalyst particles in porous electrodes S 8
of electrochemical energy-conversion devices is a jﬂ) gf\ /#@/)
critical yet poorly understood phenomenon that & /o,) i
controls device performance: electrode morphology fm" g
@

is controlled by ionomer/particle interactions in
precursor inks during electrode formation. In this
chapter, we probe the origin of this interaction in inks
to unravel the complexities of the ionomer/particle particle surface type
adsorption interactions. Quartz-crystal microbalance
studies detail ionomer adsorption (with a range of
charge densities) to model surfaces under a variety of
solvent environments, and isothermal-titration-
CZ‘lIOIjlmej[I'y exp‘erlments §Xtract thermodynamic nanoparticles is affected by the charge density of
binding information to platinum- and carbon-black o ionomer, the particle surface chemistry, and
nanoparticles. Results reveal that under the the surrounding solvent environment.
conditions tested, ionomer binding to platinum is

governed by a similar mechanisms but weaker magnitude as adsorption to carbon, suggesting that
adsorption to platinum-on-carbon catalyst particles in inks is likely dictated mostly by entropic
interactions with the carbon surface. Furthermore, water-rich solvents (relative to mixed
water/propanol) promote ionomer adsorption, as first indicated by ink aggregation studies in
Chapter 3. Finally, ionomer dispersions change with time as discussed in Chapter 4, yielding
dynamic ionomer/particle binding interactions.

Figure 5.1. Schematic depicting a summary of
Chapter 5: ionomer adsorption  onto

5.2 Introduction

Many studies have characterized dried catalyst layers (CLs) to understand structure-property-
performance relationships.®1%41-8 However, little is known about how to direct specific structures
during fabrication, which to date has been primarily empirical and thus non predictive. Enabling
next-generation CLs and designing them a priori necessitates understanding the forces controlling

! This chapter was previously published as “Berlinger, S. A.; McCloskey, B. D.; Weber, A. Z., Probing Ionomer
Interactions with Electrocatalyst Particles in Solution. ACS Energy Lett. 2021, 6, 2275-2282.” and is adapted with
permission from all co-authors.
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formation and structure, especially the ionomer/particle interaction (as discussed in Chapter 1).5>
173 This ink-to-CL progression is depicted in Figure 5.2.

Solvent identity is a critical parameter that impacts ink properties and CL microstructure. The
contrasting hydrophobic backbone and hydrophilic sidechains of perfluorosulfonic acid (PFSA,
structure shown in Figure 1.4) have competing preferences in solution, and changing solvent type
(including the water:propanol ratio, two common ink solvents) causes PFSA to adopt
conformations that reflect this.”> 3436 5% 67.96-98. 146 (Here and throughout we mean “in solution” to
mean dispersed in a solution of solvents. This does not suggest that the ionomer or nanoparticles
are fully solubilized.) These different ionomer conformations (i.e. dispersion structures) affect the
self-assembly of ionomer aggregates and the properties of their films post-drying (Chapters 2 and
3).103: 148 Fyrthermore, different conformations will alter how the ionomer adsorbs to catalyst
particles. Changing the water:propanol ratio affects the acidity of dispersions, impacting
electrostatic interactions between the ionomer and particles.’’” Atomistic molecular-dynamics
(MD) simulations reveal that both solvent and ionomer charge density (equivalent weight, EW, g
polymer/mol SO3°) control ionomer adsorption to model carbon surfaces.'** Additionally, there
seems to be a hydrophobic interaction between the ionomer backbone and the carbon surface.
Because the sidechains extend from the ionomer aggregate, this suggests that the sidechains are
very flexible and can move out of the way during adsorption to allow the backbone the be
accessible, the aggregate rearranges upon adsorption, or that smaller individual chains (and not
large aggregates) are the adsorbing entities. The impact of solvent>® 67-70- 88,95, 174-175 and particle
type®® 176 on ink aggregation is attributed to differences in ionomer/particle interactions, which
propagate to impact the overall current-voltage behavior of the device.!? 404750 60,7275, 88,90-91, 175
Metrics like ink zeta potential correlate well with mass activity, non-Fickian resistance, and
limiting current density and depend on ink water:propanol ratios: maximum performance of each
of these parameters is observed at intermediate water concentrations.®® This can be explained by
competing microstructural changes: increasing ionomer coverage of the agglomerates and
increasing agglomerate size as ink water content increases.®® Clearly, ionomer/particle
agglomerates are impacted by the interactions between these components in solution. However,
decoupling particle type, solvent, and EW influences on ionomer adsorption behavior remains a
challenge.

In short, CL performance depends greatly on the ionomer/particle interaction. Despite the various
previous investigations, fundamental questions remain regarding the specifics of this ink
interaction: what is the mechanism for ionomer adsorption to particles? Does the ionomer
preferentially interact with certain materials rather than others? How does the presence of different
solvents alter this interaction? Answering these questions is vital toward understanding CL inks
and eventual control of CL structure and performance. In this chapter, we explore these interplays
by systematically measuring ionomer adsorption onto model surfaces (to understand the impact of
platinum and surface hydrophobicity) with quartz-crystal microbalance (QCM) to screen
adsorption as a function of solvent (water and n-propanol), EW, and surface type, as illustrated in
Figure 5.2. For the majority of this study, we use 3M PFSA as a model ionomer due to the range
of EWs available (refer to Figure 1.4 for 3M PFSA structure). To complement the QCM adsorption
screening, we ascertain quantitative thermodynamic binding information (binding strength and
mechanism) using isothermal titration calorimetry (ITC) on carbon and platinum nanoparticles.

70



We conclude by discussing how other important parameters, including dispersion age and
sidechain chemistry alter binding behavior.

Ink Electrode Energy Conversion
Device

Fuel Cell
Electrolyzer
CO, Reduction
ete.

syringe
ionomer
+ solvent

Isothermal Titratrion

Calorimetry
Adsorption
Thermodynamics

Quartz Crystal Microbalance
Adsorption Parameter Screening

QCM Crystal Top View QCM with
lonomer Dispersion

Figure 5.2 Ink-to-electrode progression, depicting that ionomer adsorption to catalyst particles
impacts electrode structure. In this chapter, we probe these interactions with both isothermal
titration calorimetry (adsorption thermodynamics) and quartz crystal microbalance (QCM, to
screen the influence of solvent, surface type, and ionomer charge density parameters on
adsorption) as illustrated.
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5.3 Experimental Methods

5.3.1 Ionomers

For this study, two types of perfluorosulfonic-acid (PFSA) ionomers are used. The majority of the
study employs 3M PFSA (structure shown in Figure 1.4) at three different equivalent weights
(EW) to investigate the effect of sidechain density: 620, 825, and 1000 g polymer/mol SOs3". The
tetrafluoroethylene (TFE) backbone spacing (x in Figure 1.4, where x indicates the number of TFE
groups) is roughly 2.4, 4.5, and 6.2, respectively. The molecular weight (Mw) of the 3M polymers
is roughly on the order of 250 kDa. We also compare 3M 1000 against Nafion 1100 (Ion Power,
Inc.), shown in Figure 1.4 (x is 6.5). All dispersions were prepared by diluting the stock dispersion
provided by 3M (or purchased from Ion Power, Inc. for Nafion) to the appropriate wt/v% in solvent
(mixtures of water and n-propanol, nPA) as detailed below. All water used was 18 MQ Milli-Q
deionized (DI) water (Millipore). nPA was purchased from Sigma Aldrich (99.9% HPLC grade).

5.3.2 Quartz Crystal Microbalance (QCM) Experiments
5.3.2.1 Crystal Surface Functionalization

Adsorption of different 3M PFSA EWs (620, 825, 1000) in a variety of solvents (water:nPA ratios)
onto model surfaces was studied using QCM (full parameter matrix reported in Table 5.1). The
QCM technique relies on measuring the resonant frequency of the quartz crystal. Adsorbates on
the crystal surface dampen the crystal’s resonant frequency by increasing the force experienced by
the crystal surface as it oscillates. Using a model (e.g. Sauerbrey or Voigt) one can convert
frequency changes (Af) to mass changes (Am) with ng/cm? resolution. Frequently, the crystal
surface is functionalized in some way to probe specific adsorbate/surface interactions. Here, to
understand the impact of particle hydrophobicity (relevant for carbon supports) and metal type,
model surfaces were chosen to encompass a range of surface wettability. 5 surfaces were studied:
platinum, gold, one model hydrophobic, and two model hydrophilic surfaces. 1-inch 5 MHz AT-
cut quartz crystals (Maxtek) were purchased with either polycrystalline gold or platinum surfaces.
Platinum and gold crystals were used as received, following a DI-water rinse, ethanol rinse, and
plasma-cleaning protocol. Model hydrophilic and hydrophobic surfaces were created on gold
electrodes by first cleaning in the same manner, and then creating self-assembled thiol-based
monolayers using 1-decanethiol (hereafter referred to as alkane-modified, hydrophobic), 11-
mercaptoundecanoic acid (carboxyl-modified), and 11-mercapto-1-undecanol (hydroxyl-
modified). The model hydrophilic surfaces were chosen to mimic the charged aspect of the carbon
surface: Vulcan has a negative surface charge, and carboxylic acid is one of the most common
functional groups on Vulcan. All thiols had greater that 97% purity and were purchased from
Sigma Aldrich. Functionalization occurred in a custom-built cell that allowed only the front of the
QCM crystal to contact the thiol solution. The front of the crystal was immersed in a 2 mM thiol
solution in 200 proof ethanol (Koptek) for 24 hours in an inert nitrogen environment, before rinsing
thoroughly in ethanol. For the carboxylic-acid thiol, pH of the thiol solution was also adjusted to
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2 using 37% hydrochloric acid (OmniTrace, EMD Millipore), but otherwise had the same
functionalization procedure. Upon rinsing, crystals were used immediately. Before every QCM
experiment, the water contact angle of the crystal was verified using a goniometer with at least
three droplets of ~100 pL each at different locations across the surface (to verify surface
uniformity). Droplets were placed by contacting the droplet (released from a pipet) with the crystal
surface. Contact angles and associated water-droplet images are shown in Table 5.1 and Figure
5.3, respectively.

Table 5.1. Parameter matrix of the 3M EWs studied (+ Nafion) in each solvent (reported as wt% water,
balance n-propanol) per QCM surface type studied. Equilibrium water contact angles of the five surfaces
are also reported in the last row.

Solvent (% Water) platinum hydroxyl- gold carboxyl- alkane-
modified modified modified
100 620, 825, 620, 825, 620, 825, 620, 825,1000 620, 825, 1000
1000 (+Nafion 1000 1000 (+Nafion 1100)
1100)
70 620, 1000 620, 1000
50 620, 825, 620, 825, 1000
1000
30 620, 1000 620, 1000
Water Contact Angle 19+2 24+ 4 52+3 55+5 105+4

©)

e mi— i o,

platinum hydroxyl gold carboxyl alkane

Figure 5.3. Water droplets (~100 pL) used to determine water-contact angles on the five QCM surfaces
studies. Platinum and gold surfaces were supplied by the manufacturer. Hydroxyl, carboxyl, and alkane
surfaces were prepared by creating self-assembled monolayers on the gold surface of 11-mercapto-1-
undecanol (hydroxyl-modified), 11-mercaptoundecanoic acid (carboxyl-modified), and 1-decanethiol
alkane-modified).

5.3.2.2 Experimental Protocol

All ionomer dispersions were prepared by diluting the stock dispersion (provided by 3M) with the
appropriate solvents to 5 mg/mL, and sonicating for 20 minutes in a bath sonicator (Branson)
equipped with custom temperature control set at 10°C such that the dispersions experienced no
temperature rise during sonication. They were then used immediately. The low weight-percent
value was chosen such that there were no discernible viscosity or density changes between the
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pure solvent and the ionomer dispersion in the same solvent. (As will be described below, the
frequency change due to adsorption is referenced to the frequency of the crystal in pure solvent. If
the densities/viscosities were not matched, this frequency change upon flowing in ionomer
dispersion would be a convolution of both the liquid property changes as well as adsorption.)
Additionally, this ionomer concentration was not too high or too low such that the data depended
on the ionomer concentration, but rather was dictated by the surface interactions. The solvents
used to dilute the dispersions were 100, 70, 50, and 30 wt% water, balance nPA, and the final
dispersions are referred to by these percentages. However, because the stock solution provided by
3M contained 25% polymer in a 75:25 ethanol:water mixture, the actual solvent composition of
the dispersions is slightly different, because the native solvent of the stock dispersion must be
accounted for. The actual solvent volume percentages are reported in Table 5.2.

Table 5.2. The composition of the final dispersion solvent, and the associated name used. Components are
reported in weight percentages of the total solvent, rounded to the nearest half percent.

Dispersion Name 100% Water 70% Water 50% Water 30% Water
Water (%wt) 99 69 49.5 30

n-Propanol (%wt) 0 30 49.5 69
Ethanol (%wt) 1 1 1 1

After contact-angle verification, the crystal was loaded into the sensor cell, which was kept in an
environmental oven (Thermotron) set at 25°C +/- 0.2°C. The sensor cell used for all experiments
was a closed flow-cell holder with a sample chamber volume of roughly 200 pL (openQCM).

All experiments were conducted in an identical manner: the solvents, ionomer dispersions, and the
sensor module (with the crystal) were equilibrated in the oven for 45 minutes. Then, the frequency
of the bare crystal was recorded (and used as fo below in Equation S5.1) before pure solvent was
introduced into the sensor chamber at a rate of 0.1 mL/min. The cell was flushed at the same rate
for 30 min, to allow for mechanical equilibration. The frequency value at the end of this time
period was set as the reference frequency to which further frequency change (Af) was measured
against. Example raw data are shown in Figure 5.4 (these are data for 3M 1000 on a gold crystal
in 100% water, but they are representative for all experiments discussed). The equilibration time
is seen prior to the dotted line in the region labeled “solvent,” with a Af of zero.
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Figure 5.4. Example raw QCM data (for 3M 1000 on a gold crystal adsorbing from 100% water) depicting
the frequency shift at the third overtone (Afs) relative to the pure solvent (here water) frequency and
dissipation. Dashed vertical lines around 38 and 98 minutes indicate where feed solution was changed.

Taking care not to introduce any air bubbles into the feed lines, the 5 mg/mL 3M PFSA solution
(dispersed in the same solvent used in the initial 30 minutes), was fed in at the same flow rate. This
period is shown by the section designated “solvent + ionomer” between the two dashed vertical
lines in Figure 5.4. The ionomer solution pumped through the cell for one hour while monitoring
frequency continuously at the third overtone. This time period was purposefully longer than the
initial adsorption period to ensure equilibrium was attained. The overtone was chosen to maximize
the balance between signal-to-noise ratio and measurement sensitivity. The frequency change was
taken to be the difference between the shift upon adsorption once the signal plateaued of the whole
adsorption region, and the steady-state value of the crystal in contact with the solvent alone. After
the one-hour adsorption (during which the signal plateaued indicating adsorption was complete),
pure solvent was again pumped through the cell to monitor desorption. In all cases, the ionomer
desorbed, indicated reversible adsorption, as seen in Figure 5.4.

To transform frequency data into mass data, both the Sauerbrey!”” and Voigt'’® viscoelastic models

were assessed. While the viscoelastic properties of each of these EWs has not been fully
characterized, they are likely not too dissimilar from Nafion, where there have been extensive
mechanical-property measurements.” Using the shear modulus and viscosity of Nafion to guide a
sensitivity analysis (discussed in Section 5.6), the Voigt model gave almost identical results to the
Sauerbrey model (within 1 ng/cm?). While the Sauerbrey model was originally derived for a rigid,
solid layer, it gave very similar results to the viscoelastic model, and was therefore chosen to use
for data analysis because of its transparent, linear transformation of frequency into mass. The
Sauerbrey equation (Equation S5.1 in Section 5.6) requires only the frequency change (Af) at a
given overtone (n) order (as well as the bare crystal frequency which is a constant) to calculate the
mass change (i.e. no additional assumptions); both the measured frequency change (Af/n) and
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calculated mass change (Am) from Equation S5.1 in Section 5.6 are reported for the QCM plots in
Section 5.4.1. Error bars represent propagated error of noise in one experiment (of the adsorption
plateau region) and the standard deviation of multiple unique experiments.

By assuming an ionomer aggregate shape in solution, one can also calculate surface coverages on
the QCM crystal. If we estimate the ionomer is a ~3nm x 10nm cylinder®®, with a density of 2.1 g
cm 113114 we can predict 50 ng cm™ (i.e. the areal mass measured in the QCM experiment) would
correspond to a roughly 10% surface coverage, 400 ng cm™is 80% coverage, and 800 ng cm™ is
160% coverage (values encompassing the range seen in Figure 5.6 and Figure 5.7). This greater-
than-100% coverage could indicate multilayer adsorption. However, it is known that PFSA
aggregate shape changes with solvent, and it is possible the aggregate density and shape also
change with EW. No studies have measured the solution structures/densities of these ionomers in
these solvent ratios at these concentrations; such an analysis is beyond the scope of this study.
More accurate coverage estimates would require this information. Therefore, these predicted
coverages are imprecise, and should be used only to observe general trends.

5.3.3 Isothermal Titration Calorimetry (ITC) Experiments
5.3.3.1 Experimental Details

The QCM data explore adsorption to model planar surfaces. This is important to understand the
relative impact of surface type, EW, and solvent on the adsorption behavior of PFSA, but does not
yield quantitative information regarding binding. Therefore, we conducted isothermal titration
calorimetry (ITC) experiments in water using nanoparticles likely to be found in ink systems, to
gain thermodynamic information regarding the ionomer/particle interaction. While ITC is
traditionally employed as a biological tool to study macromolecule/ligand binding, it had been
successfully used in similar systems,!” and recently demonstrated with another PFSA
chemistry.'® The ITC technique allows one to calculate association constants (Ka), as well as
decouple entropic and enthalpic contributions to binding free energy. In our ITC experiments,
ionomer dispersions are titrated into a sample cell containing nanoparticles (in pure water) while
the power required to keep the cell at a constant temperature is monitored. By integrating the power
over time, adsorption heats and binding isotherms are measured. The data shown here are
parameters (association constant, Ka, adsorption enthalpy and entropy) extracted from an
independent (Langmuir) binding model fit with appropriate subtraction to remove heats of
mixing/dilution. Additional fitting details are presented in Section 5.6.

Importantly, the QCM data suggests that the thermodynamics of binding are reversible (Figure
5.4), due to the relatively facile complete desorption profiles observed. This condition is necessary
to apply appropriately ITC binding isotherms. The ITC sample matrix is shown in Table 5.3. For
each of these conditions, we studied both fresh dispersions (prepared that day) and dispersions that
were prepared two weeks prior and sonicated before using.
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Table 5.3. Parameter matrix of the 3M EWs studied (+ Nafion) per nanoparticle type studied with ITC.

Platinum black nanoparticles Vulcan carbon nanoparticles
100% Water 620, 825, 1000 (+Nafion 1100) 620, 825, 1000 (+Nafion 1100)

To minimize noise in the measurement, all ionomer samples for ITC were dialyzed in water in
2000 MWCO cartridges (Thermo Fisher) prior to use and consisted of the same EW series used
for the QCM data. Experiments were conducted on a NanolTC (TA Instruments). All ITC
experiments used only water as the solvent to remove any heat of mixing solvent effects. The
syringe contained 3.25 mg/mL ionomer, and the cell 0.5 mg/mL nanoparticle. Nanoparticle types
included platinum black powder (TKK) and Vulcan XC-72 carbon (Fuel Cell Store), and were
used as received. Every ITC binding experiment (polymer into particle) consisted of twelve 8 pL.
injections of polymer into particles, with an injection time of 900 seconds. The injection interval
was determined by trial-and-error to ensure that all measurements returned to the baseline after
each subsequent injection. A 4 uL injection preceding every experiment, to ensure no bubbles or
diffusion during equilibration impact the results (this data point was omitted from subsequent
analysis). Stir rate was kept constant at 150 RPM. The reference cell was filled with deionized
water. Temperature was set to 25°C. Example representative binding data (for 3M 1000 into
platinum black) is shown in Figure 5.5a. In all cases, minimal baseline drift was observed,
indicating minimal secondary particle aggregation. This suggests that the added ionomer adsorbs
to the nanoparticle aggregates, and does not induce excessive further aggregation (due to the lack
of baseline drift). This is important to properly interpret the ITC data; if the nanoparticles were
continuously aggregating during the course of the experiment, the surface area of the substrate
would continuously change, rending interpretation difficult.

For every binding experiment (ionomer into nanoparticle), background controls (water into
nanoparticle, ionomer into water, water into water) were measured to account for heats of
dilution/mixing, and were subtracted from the binding experiment. Each peak was then integrated
to obtain energy (enthalpy) per injection, and the total adsorption enthalpy was calculated. These
data were fit to an independent binding isotherm, excluding the first injection (in TA Instruments
NanoAnalyze software). The fit and data are shown in Figure 5.5b. From the isotherm fit, binding
constants were determined (discussed more in Section 5.6). Error bars in the represent confidence
intervals of this fit.
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Figure 5.5. Example ITC data of 3M 1000 binding to platinum black. (a.) Raw ITC data, before background
subtraction. The first injection is omitted in the fitting to ensure no air bubbles/diffusion of polymer during
equilibration impacts the measurement. Minimal baseline drift (baseline indicated by dashed gray line) is
observed. (b.) The same data, and the independent binding model isotherm fit to that data, as a function of
mass ratio of polymer to particle.

The concentrations used in determining the binding constants are units of L/g; as such, the binding
constants reported in Section 5.4.2 and 5.4.3 are specific, rather than molar, properties. These
specific properties are useful to the community because literature reports ink properties on a weight
basis, and it requires no assumptions to obtain these values. However, it is important to note that
because a gram of platinum and a gram of carbon have a very different number of binding sites,
one should not compare the binding-constant magnitude across different material types.

5.4 Results & Discussion

5.4.1 Adsorption Screening

Different solvents impact how the ionomer interacts with the catalyst particles and how these
ionomer/particle aggregates interact with each other. In most ink-level studies, these two effects
are extremely difficult to decouple. QCM is uniquely suited to study the ionomer/particle
interaction: by holding the surface constant, thereby removing the impact of solvent on particle
aggregation, one can systematically investigate the impact of solvent on ionomer adsorption to a
surface. The most common surfaces found in these classes of electrocatalyst nanoparticles are
platinum and carbon. Therefore, we use model platinum and functionalized-gold QCM surfaces to
probe the ionomer/platinum and ionomer/substrate interactions across a range of different substrate
hydrophobicities (a key parameter for carbon supports): hydrophobic (alkane-thiol self-assembled
monolayers, SAMs) and hydrophilic (hydroxyl- and carboxyl-terminated SAMs) functionalized
gold, as well as pristine gold and platinum surfaces. For each surface studied, the ionomer EW
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(620, 825, or 1000 g/mol SO37) and the solvent used to disperse the ionomer are varied, creating a
substrate/EW/solvent parameter matrix (shown in Table 5.1). Although the planar QCM geometry
differs from the spherical aspect ratio of nanoparticles, these results elucidate the relative
importance of each parameter on PFSA adsorption from solution. By looking at the raw data, one
can determine that ionomer adsorption to these surfaces is reversible (an example is shown in
Figure 5.4), and that adsorption kinetics for all tested conditions proceed at the same rate Figure
S5.12).

To explore the effect of solvent, the two EW (620 and 1000) and substrate (in terms of contact
angle: alkane-thiol and platinum) extremes are used. Higher EWs indicate relatively fewer
sidechains per gram of polymer, or greater sidechain spacing (more backbone tetrafluoroethylene
groups, see Figure 1.3). 3M 1000 has the maximum spacing (equal to Nafion explored later) of the
ionomers studied. The ionomers are dispersed in various water:n-propanol ratios. The frequency
change of the quartz crystal due to ionomer adsorption in solvent, relative to the frequency of the
crystal in pure solvent, and the associated adsorbed polymer mass is plotted in Figure 5.6.
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Figure 5.6. Frequency change (Af) measured at the third overtone and associated mass change (Am) due to
ionomer adsorption in solution (as compared with pure solvent) on (a.) alkane-thiol and (b.) platinum model
surfaces, respectively, for ionomers with EWs of 620 and 1000 g/mol SO;™ dispersed in a range of water:n-
propanol ratios, reported as weight percentage water.
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Adsorption depends strongly on EW and solvent, in agreement with MD simulations.'** Increasing
water content from 30 to 100% promotes ionomer adsorption, likely a result of entropic
hydrophobic interactions (as discussed below and consistent with the ITC results). This also agrees
with the data presented in Chapter 3 Figure 3.6 which showed increasing aggregation of ionomer
and catalyst particles at higher water contents.

If the interaction between the surfaces and the ionomer is driven by hydrophobic interactions, more
water in the dispersion would induce hydrophobic entities in solution to minimize their contact
area with water. This would cause both more ionomer backbone aggregation/association in the
dispersion (i.e. phase partitioning of hydrophobic components), and also cause the ionomer to be
less well-solubilized, driving adsorption to other surfaces (i.e. nanoparticles, the crystal surface,
etc.). Because the adsorption trend holds across different surfaces types (the platinum and alkane-
thiol surface), this suggests adsorption is controlled by solvent-driven interactions (i.e.
hydrophobic interactions), rather than specific ionomer/surface interactions (although the
magnitude of adsorption is indeed affected by surface type — and is greater on the hydrophobic
alkane surface than the platinum surface). Previous Chapters established the micellar nature of the
ionomer aggregates. To be consistent with that picture, hydrophobic association between the
backbone and the particle or crystal surface indicates that either the sidechains are long and mobile
enough to move out of the way during adsorption, smaller aggregates (or individual chains) are
the adsorbates, or the ionomer conformation completely rearranges upon adsorption. Because
adsorption is reversible (Figure 5.4), the latter option is likely not true, suggesting that either the
smaller aggregates preferentially adsorb, or the sidechains are mobile enough to move and expose
the backbone. Centrifugation adsorption studies to fractionate the ionomer aggregates according
to size could reveal this, but that is beyond the scope of this study.

The conformation of the ionomer (as a result of ionomer/solvent interactions) also likely impacts
adsorption behavior. Moving to the propanol extreme (0% water), adsorption again increases (see
Figure S5.11). This increase is likely due to changing ionomer conformation: at the solvent
extremes, the ionomer adopts a denser, smaller structure,*”> > that is likely able to pack and adsorb
more readily than the swollen structures at intermediate water contents.

When comparing the 30% water-content results to the >80% water-content, 3M 1000 adsorbs
roughly 200% more onto platinum surfaces and 3M 620 adsorbs about 300% more. These values
correspond to ~20% coverage on the crystal at low-water contents to near-complete coverage at
high-water contents (coverage estimates discussed in Section 5.6). A similar trend has been
observed by AFM studies: more ionomer aggregates adsorb on platinum at higher water
concentrations.'®! These adsorption differences are significant and dictate the amount of ionomer
interacting with catalyst particle surfaces versus free in solution, the latter of which likely leads to
large ionomer agglomerates upon drying and CL formation. Therefore, tuning the water:alcohol
ratio directs how much ionomer adsorbs to particles, thereby controlling CL
morphology/performance.® 1>
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Figure 5.7. Frequency change (Af) measured at the third overtone and associated mass change (Am) due to
ionomer adsorption in solution (as compared with pure solvent) for a range of EWs on surfaces with alkane
(-CH3), platinum (Pt), gold (Au), hydroxyl (-OH), and carboxyl (-COOH) functionality in (a.) 50:50 (wt%)
water:n-propanol and (b.,c.) 100% water.

Figure 5.7 examines the relationship between EW and surface type. By comparing Figure 5.7a
with Figure 5.7b, it is evident for all EW that more ionomer adsorbs to alkane-thiol and platinum
surfaces in 100% water than in 50:50 (wt%) water:n-propanol (see Figure 5.6). In both solvent
mixtures, as EW decreases, ionomer adsorption to platinum increases. This same trend is observed
for the other hydrophilic surfaces studied in Figure 5.7c. Importantly, PFSA adsorption to platinum
represents the lowest adsorption magnitude among the surfaces studied (in agreement with other
studies that showed the PESA/platinum interaction was weaker than the PFSA/gold interaction®
182) 'Some hypothesize that there is a strong specific interaction between PFSA sulfonate groups
and platinum, and that this interaction drives PFSA adsorption to catalyst particles in inks.
However, we do not see indications of this (due to low adsorption), counter to other experimental
evidence®!"% 13 that shows sulfonate adsorption to platinum surfaces. This is rationalized because
the platinum in those experiments was polarized (relative to the potential of zero charge),!8*18
while ours is under no applied potential. Additionally, in the operando PFSA/platinum interaction
studies, the platinum is likely in a metallic state; conversely, the platinum surfaces here (and found
in inks) will have some native oxide coverage, which has been shown to impact PFSA behavior.!®’
Therefore, the PFSA/platinum interaction in solution versus in operating CLs is different, likely
due to different surface charge states. An explanation as to why PFSA adsorption increases with
decreasing EW could be that as the ionomer becomes more hydrophilic (as shown by increased
acidity in Chapter 3),%% %7 it can more readily interact with platinum; scattering studies show PFSA
backbone chains orient on hydrophobic surfaces differently than they do on hydrophilic ones. '8
189 The PFSA/platinum interaction is discussed further below.

Based on the platinum adsorption trend, one might expect the opposite trend for the hydrophobic
surface: as ionomer EW increases, so would adsorption. This is seen weakly in the 50% solvent
environment, but the trend very obviously deviates for 100% water. In the 50% solvent, the
ionomer has a loose, lamellar structure (given phase-diagram dielectric-constant predictions®), in
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contrast with the tight, condensed rods observed at higher water contents.’” 3% 67 This loose
structure could result in high sidechain mobility, allowing for adsorption to scale with EW in a
more linear manner than at higher water contents. With more collapsed conformations in pure
water,®”> % it is reasonable to expect different trends. While additional solution structure data is
needed to confirm this, it is possible that 3M 825 possesses an appropriate ratio of hydrophilic and
hydrophobic moieties such that its conformation in water is optimal for adsorption to hydrophobic
surfaces; ITC data presented in the next section confirms that 3M 825 also possesses the strongest
binding constant among the ionomers studied to hydrophobic surfaces. Indeed, this may be
consistent with the fact that 3M 825 is 3M’s commercial dispersion for fuel cells. Additional
reasons for the nonlinear EW trend could be due to differences in molecular weight?* between the
ionomers. However, because the trends change as a function of surface type and solvent, and
because the molecular weights are so large (~250 kDa), we expect molecular weight effects to be
secondary to the impact of EW. Ofnote, it is possible that in highly concentrated polymer regimes,
these effects may have more influence.'”*!! To decouple EW and molecular weight effects,
systematic studies of polymer series of the same EW with varying molecular weights should be
conducted.

5.4.2 Thermodynamics of Binding

To gain quantitative thermodynamic binding information and delineate the ionomer/particle
interactions, ITC is performed with the various ionomers and platinum or Vulcan-carbon
nanoparticles, where the latter is typically used in CLs and, as will be shown, is approximated by
alkane-thiol SAMs in the QCM experiments. Both freshly prepared dispersions (like those used in
the QCM experiments) and aged dispersions (prepared two weeks prior and remixed before using)
are studied. Figure 5.8 shows Ka for the three EWs on Vulcan carbon and platinum-black
nanoparticles. Because the binding constants are on a gram basis, one should not compare values
across different particle types (they will have a different number of binding sites per gram, molar
data is presented in Figure S5.15). We first consider the new dispersion data. Notably, the EW
trends on carbon and platinum are the same as those observed in the QCM experiments (Figure
5.7b): weaker binding is observed on platinum as EW increases, and binding to carbon has the
same nonlinear EW dependence; the alkane-thiol surface is therefore a good proxy for Vulcan.
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Figure 5.8. Association constants (Ka) of ionomer binding to (a.) carbon or (b.) platinum nanoparticles for
freshly prepared (New) or older (Aged) dispersions as a function of ionomer EW in water. Note quantitative
comparisons should not be made between (a.) and (b.) because K4 is on a gram basis. (c.) Stacked plot
displaying the absolute value of the enthalpic and entropic contributions to the positive binding free energy
for the New dispersions (all values indicate spontaneous adsorption).

The enthalpic (—AH) and entropic (TAS) contribution to the positive free energy (JAG|=RTIn[Ka])
for PFSA binding is plotted in Figure 5.8c (fitting discussed more in Section 5.6). Energy values
are in agreement with those calculated for other ionomer isotherms,'® and are similar or weaker
than those observed for protein/surface interactions,!*?1** although quantitative values depend on
molar-conversion assumptions (see Section 5.6). Immediately evident is that the entropic
contribution is larger than the enthalpic contribution, regardless of EW or particle identity.
Enthalpic signatures are representative of specific-binding, hydrogen bonding, efc., while
spontaneous entropically-driven binding in aqueous solutions is often due to hydrophobic
interactions.'”> 1°* These entropic hydrophobic interactions arise (at small distances) because
liberated water molecules (excluded solvent) gain entropy when surfaces come together, offsetting
the loss in conformational entropy of the adsorbate. The entropically-driven ITC data are
consistent with previous MD!43 174176 and experimental'® results that conclude adsorption to
carbon surfaces is driven by hydrophobic interactions with the backbone. Interestingly, PFSA
adsorption to platinum is also entropically-dominated, suggesting specific-binding between
sulfonate and platinum (which would manifest as an enthalpic ITC signature) is not the primary
ionomer/platinum interaction under these (non-polarized) conditions. This agrees with one study
that noted the co-adsorption of fluorocarbon groups in addition to sulfonate at elevated potentials.®?
These results indicate that the ionomer/platinum interaction is not especially strong (at least
compared to the ionomer/carbon interaction) in inks, and that adsorption to platinum is controlled
by a similar mechanism as to carbon.
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Therefore, given the larger surface area of carbon relative to platinum in most electrocatalyst
particles, PFSA/particle adsorption (and subsequent aggregation) in inks is likely dominated by
the PFSA/carbon interaction. Indeed, carbon treatment methods to tune the PFSA/carbon
interaction have been successfully employed to control CL performance.”” '°® Similarly, one
metric often reported is the ionomer-to-carbon (I/C) ratio, where optimal ratios?® 80 83-84. 86, 144, 197
seem dependent on carbon type; given the results herein, ideal ratios will also likely vary with
solvent and EW. The effect of particle surface functionality will be explored in Chapter 6.

5.4.3 Additional Parameters

Another consideration is how these PFSA/particle interactions vary with time. As discussed in
Chapter 4, the dispersions change over time (from time of dilution), which will likely also impact
how they interact with nanoparticles. PFSA conformational changes are evidenced by the
significant change in dispersion pH®” as a function of time (Figure S5.17), following the same
trends exhibited by the Nafion data presented in Chapter 4. This corroborates the hypothesis that
there is a slow equilibrium timescale for reorganization when these dispersions are prepared, and
that they maintain some memory of their previous state (considering that pH changes are greater
the more dissimilar the dispersion solvent is from its initial solvent). This is likely true for all PFSA
systems, given the same behavior displayed by Nafion and 3M. Additional factors that could
influence dispersion conformation over time could result from radical formation during
sonication'®®, although this is unlikely given the sonication power used here. These time-dependent
results have critical implications for CLs cast from inks of different age, and may help explain
changes in CL microstructure and performance.'®

This increase in acidity indicates that there is a greater density of sidechains on the exterior of the
ionomer aggregates. This would cause greater electrostatic repulsion between them, and perhaps
limit the adsorption interaction strength onto nanoparticles. If the binding behavior of these
dispersions is measured two weeks later, the interaction strength and trends change, as seen for the
aged data in Figure 5.8. Indeed, the ionomer/particle interaction generally becomes weaker with
time. However, the binding mechanism remains entropically driven (in fact, even more so as
shown in Figure S5.16).

Finally, it is of interest to understand the role sidechain length and chemistry play on these
interactions. To examine this, Figure 5.9 compares Nafion 1100 and 3M 1000 as they have same
sidechain spacing but Nafion has a longer sidechain with an extra ether oxygen (see Figure 1.4).
Within error, binding of these two ionomers to both particle types and adsorption to both QCM
surfaces is the same. This indicates that EW is a stronger predictor of binding affinity than
sidechain length, in agreement with model thin-film'*® and CL studies.?®
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Figure 5.9. (a.) Association constants (Ka) of 3M 1000 versus Nafion 1100 binding on carbon and platinum
black nanoparticles from ITC measurements. (b.) Frequency change (Af) measured at the third overtone
and associated mass change (Am) due to ionomer adsorption (3M 1000 or Nafion 1100) in 100% water
onto alkane-thiol-modified and platinum QCM surfaces.

5.5 Summary

In summary, we used both QCM and ITC data to understand the influence of solvent environment,
EW, surface type, and sidechain length on PFSA adsorption. PFSA adsorption strongly depends
on solvent environment: as the water:propanol ratio increases from intermediate water
concentrations to high water concentrations, PFSA adsorption increases regardless of surface type,
suggesting both that hydrophobic partitioning and ionomer conformation drive adsorption in
water/alcohol solvents. When holding solvent constant, adsorption depends on EW and surface
type. Interestingly, ITC data suggest the binding mechanism to platinum versus carbon is similar
(entropic/hydrophobically driven). Given this, and considering that adsorption from ink-relevant
solvents is lower on platinum versus hydrophobic QCM surfaces, it is likely that ionomer/particle
aggregation in inks is dominated by ionomer/carbon rather than ionomer/platinum interactions,
especially when considering the larger carbon surface area relative to platinum in many platinum-
on-carbon nanoparticles. This is contrary to the hypothesis that sulfonate group/platinum
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interactions control ink adsorption. While these sulfonate interactions dominate in operating
devices, the QCM and ITC data presented herein suggest these interactions are not controlling in
ink systems, where surface charge states of platinum (oxide) are different. Importantly, these ink
interactions will control agglomerate microstructure formation, and thus will also control the
amount of ionomer (and sulfonate groups) available to interact with the platinum surface once
under applied potential. While additional work is needed to understand more completely how
dispersions change with time, these ionomer/particle interactions are dynamic and have the
potential to significantly influence ink aggregate structures (and eventual CL structures/interfaces).

The complex surface/EW/solvent parameter space explored in this chapter controls the forces
between ink constituents and determines the CL microstructure upon drying; thus, the data
presented herein is critical in unraveling the governing interactions and phenomena. More
importantly, with this new understanding we can now engineer inks to promote (or demote)
adsorption to specific surfaces in order to control optimal CL performance and electrode designs
for many energy-conversion technologies.

5.6 Supplementary Information

5.6.1 QCM Model Sensitivity Analysis

To convert the frequency signal to a mass response, a model is required. The two most common
are the Sauerbrey and Voigt Models. The Sauerbrey model is appropriate for thin, rigid solids in a
vacuum, though is often used for many other systems. Here, the frequency response (Af) is linearly

related to a change in mass per area (Am):'”’
o Pababf (S5.1)
O 2fF n

by a proportionality constant that depends of the material properties of the quartz crystal (the
density, p, and the shear modulus, u), the frequency of the unloaded crystal, s, and the overtone
the crystal is driven at, n. This model is often used because of its simplicity.

The Voigt model is more complex. For thin polymer layers adsorbed to a surface, immersed in a
liquid, the frequency response may be written as'’®

I (m 2z mp w? (S5.2)
Af ~ e (Rt pppo = 20y (3) 2
f 2mpghy (61 pPp® P&/ 2+ w?nj

Here, subscripts /, p, and ¢, denote properties of the liquid overlayer, polymer adsorbed layer, and
quartz crystal, respectively. i represents the layer thickness (so hy,p, represents the areal mass

density Am given by Sauerbrey). The viscoelastic properties are given by the shear viscosity, 7,
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and shear modulus, u. w is the angular frequency of oscillation, and & is the viscous penetration
depth (how far the shear-wave propagates), given by

- (S5.3)
pw

According to the Voigt model, the viscoelastic properties of the polymer, as well as the properties
of the solvent overlayer, affect the frequency response. To assess how much they alter the results
as compared with using the Sauerbrey, we performed a sensitivity analysis.

For this sensitivity analysis, we simulated the frequency response of a film with properties similar
to ours (as described below), to understand what the frequency response would be for identical
films if fit by either the Voigt model or the Sauerbrey model. First, we evaluated the impact of
polymer viscoelastic properties. The properties of hydrated 3M at each of these EWs have not been
measured, however, extensive mechanical tests have been conducted on similar PFSAs (largely
Nafion).” Likely, the addition of more sidechains (in the case of 3M 620 and 825) will alter the
shear modulus, and so using Nafion properties as a guide, we chose values that are much lower
and higher than would be expected for similar systems’ (in order to ensure we cover the whole
range of possible values) using Poisson’s ratio®' to convert from Young’s modulus to shear
modulus. We performed a similar sensitivity analysis on shear viscosity, using value ranges
extrapolated from literature,>”> and there was minimal impact on the frequency response
(viscoelastic properties are dominated by the high modulus). Therefore, to assess the impact of
viscoelastic properties, viscosity was held constant, the overlayer was set to water, and modulus
was varied as described above. The results of this are shown in Figure S5.10a, where the y-axis
displays the calculated frequency difference between the two models. The Voigt model did not
change the expected frequency response in an appreciable manner (perhaps one or two Hz for thin
layers).

To assess impact of liquid overlayer properties, we held the polymer layer properties constant
(using an intermediate value of shear modulus), and varied solvent properties, as shown in Figure
S5.10b. The Voigt model correction to Sauerbrey is even smaller in this case. Obviously, these
effects can compound each other, but should only provide a minor correction of a few Hz that is
within error of the measurement. These polymers are sufficiently stiff such that the solid
approximation used by Sauerbrey is sufficient.
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Figure S5.10. Calculated deviation from the Sauerbrey model as a function of layer thickness for a thin
polymer layer immersed in an infinite liquid overlayer. (a.) Varies the value of shear modulus, while holding
the shear viscosity constant at 2 x 10" Ns/m?. The overlayer properties are that of water. (b.) Examines the
effect of changing the solvent overlayer using the properties of water and n-propanol mixtures (water
percentages are balanced by propanol), setting the polymer layer properties to p = 17 x 10° N/m? and n =2
x 10" N/m?. Density of the PFSA film was assumed to be 2 g/cm? '3

It is worth noting that the modulus of the adsorbed film may not be that of a thin film, and that the
layer may not be homogeneous. However, there is no QCM theory model currently that accounts
for this two-phase physics.

5.6.2 Adsorption Behavior
5.6.2.1 Water Content

To complement the data in the chapter’s main text, we also extended the 3M 1000 adsorption data
to the propanol extreme (0% water, 100% propanol) as shown in Figure S5.11. Only 3M 1000 was
explored at the propanol extreme due to limited availability of 3M 620. Here, we see a U-shaped
behavior, where adsorption magnitudes start increasing again in the absence of water. The
beginning of this upturn can also be observed for 3M 620 in the 30% water environment. This
increase at both extremes is likely due to changing ionomer conformations: at the extremes, the
ionomer adopts a smaller, more micellar structure,®”>>° which is likely able to pack and adsorb
more readily than the swollen structure at intermediate water contents.
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Figure S5.11. Frequency change (Af) measured at the third overtone and associated mass change (Am) due
to ionomer adsorption in solution (as compared with pure solvent) on (a.) alkane-thiol and (b.) platinum
model surfaces, respectively, for ionomers with EWs of 620 and 1000 g/mol SO3- dispersed in a range of
water:n-propanol ratios, reported as weight percentage water.

5.6.2.2 Adsorption Kinetics

By looking at the adsorption kinetics, one may also learn something about the PFSA binding
behavior. In Figure S5.12, we plot the raw QCM data, in which solvent flows in before time zero,
and, at time zero, solvent/ionomer dispersion is introduced into the feed lines. The initial lag is due
to the time it takes for the ionomer to move through the tubing and reach the sensor cell. The
frequency change (Af) of the adsorbed ionomer (i.e. frequency of ionomer/solvent dispersion
minus that of pure solvent) is normalized to the maximum frequency change (adsorption plateau
value) such that all the frequency changes scale between zero and one. Figure S5.12 shows an
overlay of data from many representative experiments, spanning the entire range of
solvent/EW/surface-type parameter space studied here. Based on this, it is clear that the slopes of
all the adsorption curves, as well as the point where they plateau, are very similar, suggesting the
adsorption kinetics are not controlled by any of the experimental parameters. It is also not limited
by the amount of ionomer flowing into the cell. In fact, the amount that adsorbs is significantly
less than the total ionomer flowing through the cell. The dispersion flows at a rate of 5 x 10°
ngionomer/min, which is significantly in excess of the amount that adsorbs (on the order of 100 s of
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nanograms). Therefore, adsorption of PFSA to the QCM crystal, regardless of EW, surface type,
or solvent, proceeds in a similar manner.

14

Normalized Af

1 1 1 1
10 20 30 40 50
Time (min)

Figure S5.12. Frequency change divided by maximum frequency change (normalized Af) for fifteen

representative experiments encompassing all solvents, equivalent weights, and surfaces studied as a
function of time from which dispersion is introduced.

5.6.2.3 Surface Contact Angle Screening

From the ITC data, it is clear that hydrophobic interactions are important in dictating PFSA
adsorption. Therefore, we transform the adsorption data in Figure 5.7 by plotting adsorption as a

function of the contact angle of the surface for PFSA adsorption (see Table 5.1) in pure water, as
shown in Figure S5.13.
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Figure S5.13. The calculated mass change (Am) for adsorption of 3M PFSA of different EWs in pure water,
as a function of the water contact angle of the surface it adsorbs to.

Generally, when comparing the contact-angle extremes, more ionomer regardless of EW adsorbs
onto the highest contact-angle than the lowest contact-angle surfaces. In the intermediate contact-
angle regions, 825 displays no clear trend, while 3M 620 and 1000 are mostly constant as a
function of surface type, with the exception of the carboxylic-acid surface (around 55°). Likely,
the carboxylic-acid surface deviates from this trend due to hydrogen-bonding effects, consistent
with the fact that the binding enhancement increases with the number of sidechains. The lack of
strong trend with contact angle corroborates the data in Figure 5.6 and Figure 5.7 that adsorption
is primarily dictated by ionomer/solvent interactions. Of note, these trends are in pure water and
may change when dispersed in different solvents.

5.6.3 ITC Fitting

As discussed in Section 5.3, in an ITC experiment, we measure power as a function of time during
sequential injections (refer to Figure 5.5). These power spikes can be integrated to get the energy
as a function of how total injection amount. Example data for 3M 1000 binding to carbon (Vulcan
carbon black nanoparticles) are shown in Figure S5.14. Data are fit to an independent binding
isotherm model in NanoAnalyze (TA Instruments).
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Figure S5.14. Data of sequential injections of ionomer (3M 1000) into carbon nanoparticles, as a function
of the ionomer-to-carbon (I:C) weight ratio in the sample cell. The dotted light blue line is the independent
binding model fit to the data. The total energy (enthalpy) change is indicative of the binding mechanism,
the slope of the curve gives the binding affinity (Ka) and the concentration to reach 50% saturation gives
the binding stoichiometry, n.

Generally, the adsorption may be written as a reaction

K
I+P SIp (854)

in which ionomer (I) and particles (P) combine to form an ionomer-particle complex (IP), with a
forward reaction given by the association constant, Ka (the reverse reaction is given by the
dissociation constant, Kp). Ka is given by the concentrations of all species:

[1P] (S5.5)

The units of the association constant are therefore inverse concentration. One may write the
particle fractional coverage, 6

”_ K,[1] (S5.6)
14+ K4
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The heat released, Q, is related to the heat of adsorption, AH, 4,

Q = VnAH,4s[P]6 (S5.7)

where V is volume and n denotes any binding stoichiometry (that may modify the above reaction
equations). Each differential heat,

AQ; = Q; — Qi1 (S5.8)

is regressed. The association constant is related to the slope of the fit line, and the total energy
change reveals information about the binding mechanism. The above analysis holds whether the
units are defined on a gram or mole basis. However, to calculate the free energy (AG,qs) and
entropy (AS,4s) of adsorption, one must use molar units and the following equations:

AG,qs = RTInK, * [1 M] (S5.9)

AHads - AGads

ASadS = T

where T is temperature, R is the ideal gas constant, and the free energy is calculated using a
reference concentration of 1 M.

5.6.4 Molar Conversion of ITC Data

To extract the entropy of adsorption, concentrations used in the binding isotherm must be on a
molar basis. However, converting the mass concentration of PFSA (with an unknown and possibly
changing molecular weight across the EWs) and nanoparticles to molar concentration is not
straightforward. Therefore, we used the molar concentration of monomers for the PFSA
concentration, by dividing the mass concentration by EW. 3.25 mg/mL PFSA yields 3.25 mM 3M
1000, 3.94 mM 3M 825, and 5.24 mM 3M 620. To obtain moles of nanoparticles, we calculated
the moles of binding sites, effectively normalizing the mass concentration by surface area. By
taking into account density of platinum (21.45 kg/m®) and Vulcan (2.64 kg/m®) nanoparticles,
particle size (primary particle diameter for Vulcan set at 50 nm and for platinum black at 30 nm),
and binding site size (we assumed this was the projected area of the solution aggregate size,>4>>%
as discussed in the coverage section above), we calculate the carbon and platinum concentrations
to be 0.054 mM and 0.0011 mM binding sites, respectively. These molar concentrations were then
used to extract the entropic and enthalpic contributions to the free energy. Importantly, the
quantitative values of these parameters may change as a function of the molar-conversion
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assumptions. For this reason, binding constant data in the main text are reported in mass units
(requiring no assumptions) rather than molar units. However, the trends extracted from the molar
conversion should remain the same, regardless of exact quantitative values used as model inputs.
The molar binding constants (association constants, Ka) extracted from the independent binding
model are presented in Figure S5.15 for both fresh and two-week old dispersions. These
complement the gram-basis Ka values shown in Figure 5.8.
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Figure S5.15. Association constants (K4) of ionomer binding to (a.) carbon or (b.) platinum nanoparticles
for freshly prepared (New) or older (Aged) dispersions as a function of ionomer EW in water.

It is important to note that all ITC experiments were conducted in pure water. Additional
experiments in other solvents are necessary to understand fully the thermodynamics of binding as
a function of solvent concentration.

5.6.5 Dispersion Ageing

To see if the binding mechanism changes for dispersions measured two weeks after sample
preparation, the entropic and enthalpic contributions to the free energy are shown in Figure S5.16
(new dispersions shown in Figure 5.8c). The aged dispersions exhibit the same trends as the new
dispersions: namely, that the entropic contribution dominates over the enthalpic one. In fact, when
comparing this data with Figure 5.8c, it is seen that the entropic fraction is actually slightly larger
in these aged dispersions.
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Figure S5.16. The enthalpic and entropic contributions to the binding free energy to carbon and platinum
for aged dispersions of varying EW.

Clearly, these dispersions change with time. To probe this further, we looked at the 3M dispersion
pH (proxy for ionomer conformation, as shown in Chapter 3%7) as a function of time, as we did in
Chapter 4 with Nafion. To do so, we prepared dispersions of 5 mg/mL 3M PFSA (either 3M 1000
or 3M 620) in 100% water or a mixture of 50 wt% water:50 wt% nPA. They were sonicated for
30 minutes, and then allowed to equilibrate for 45 minutes at room temperature. The pH of the
dispersions was then measured with an Orion Star A211 pH meter and a ROSS Ultra Triode
pH/ATC probe (Thermo Fisher Scientific). The probe was calibrated before each use with
appropriate known standards. Samples were stirred at 400 RPM for the course of the pH
measurement. The dispersions were then stored at room temperature, and their pH was measured
each day over the course of ten days. Three unique dispersions for each sample set were measured
and monitored for this length of time. The results of this are shown in Figure S5.17. As seen in
Chapter 4, the dispersions in 100% water become quite a bit more acidic over time, while the 50%
water:nPA dispersions exhibit less of a change. All dispersions seem to stabilize after
approximately one week, and their final pH values are consistent with those previously reported
for Nafion as a function of water concentration (Chapter 3).®” As discussed in Chapter 4, it is
possible that these dispersions maintain a memory of their previous solvent environment and take
a while (longer than the mixing time) to equilibrate to the new solvent. However, unlike the Nafion
dispersions explored in Chapter 4, the stock 3M dispersions come in 25% water/75% ethanol.
Because higher alcohol concentrations are expected the exhibit less acidic behavior, that could
explain why the dispersions prepared in 100% water display a large increase in acidity (solvent
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environment is very different initially), while those in 50% do not (i.e., solvent environment is
more similar).
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Figure S5.17. pH of 3M 1000 and 3M 825 in either (a) 100% water or (b) 50% water/50% n-propanol
measured as a function of the days after sample preparation.
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6 Fuel-Cell High-Current-Density Performance and Platinum
Loading: Insights from Catalyst/Ionomer Ink Interactions*

6.1 Abstract

Catalyst layers (CLs) are heterogeneous
structures, often with uneven ion-conducting
polymer (ionomer) coverage and underutilized
catalyst. ~ Various platinum-supported-on-
carbon nanoparticles are used, but little is
known about how or why changing the primary
particle loading (PPL, or weight fraction of
platinum on a carbon support) impacts
performance. By investigating CL gas-
transport resistance and zeta potential ({) of

corresponding inks as a function of PPL, a Figure 6.1. Schematic depicting a summary of
direct correlation between CL high-current- Chapter 6: as platinum primary particle loading
density performance and ink C is revealed. This increases, ionomer coverage on the particle’s surface
correlation stems from changes in ionomer becomes patchier thus increasing transport resistance
distribution as a function of PPL as observed in catalyst layers.

by pH, {, and impedance measurements. These findings are critical to unraveling ionomer
distribution heterogeneity in the CL and enabling enhanced Pt utilization and improved device
performance for fuel cells and related electrochemical devices.

1 platinum loading = paticher coverage

6.2 Introduction

As discussed in the preceding chapters, polymer-electrolyte fuel cells (PEFCs) present an attractive
clean-energy alternative to conventional energy sources in myriad sectors, especially
transportation. However, their wide-scale commercialization is limited due to high costs associated
with the use of platinum (Pt) in their catalyst layers (CLs). Unfortunately, reducing CL Pt loading
induces significant transport losses and poor performance, particularly gas-transport losses in the

! This chapter will be published as, “Berlinger, S. A.*; Chowdhury, A.*; Van Cleve, T.; He, A.; Dagan, N.; Neyerlin,
K.C.; McCloskey, B. D.; Radke, C. J.; Weber, A.Z., Fuel-Cell High Current-Density Performance and Platinum
Loading: Insights from Catalyst/Ionomer Ink Interactions, in preparation.” and is adapted with permission from all
co-authors. * indicates co-first author.
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cathode CL.!"- % Mitigating these losses while maintaining low Pt loadings is paramount to the
widespread deployment of this technology.

As described in Chapter 1, CLs in PEFCs are complex porous-electrode structures consisting of
agglomerates of Pt-supported-carbon catalyst particles (referred to hereafter as catalyst particles)
and ion-conducting polymer (ionomer) binder.® ' Of note, the platinum loading on this carbon
support (termed primary particle loading, PPL) and the ionomer-to-particle weight ratio (typically
expressed as ionomer-to-carbon, I:C) can vary. The carbon, platinum, ionomer, and void-space
pathways create a triple percolated network for the transport of various species to and from the
reaction sites: reactant gas (H,, O,), product water, protons (H"), and electrons (e™). Using
microscopy,?*22% ptychography,?” and tomography® 2! 21° techniques, studies have revealed the
heterogeneous nature of CL structures: there are non-uniform ionomer distributions (with a
significant fraction of Pt not in direct contact with ionomer), isolated ionomer domains, and wide
variability of agglomerate sizes and ionomer film thicknesses. When platinum particles are not
near or in contact with the ionomer, they do not contribute to the electrochemical surface area
(ECSA). Optimizing CL structure with well-distributed phases is essential to allow for efficient
species transport and high Pt utilization (and therefore reduced capital costs).

As described in Chapters 1 thru 5, CLs are fabricated from inks containing catalyst particles and
ionomer dispersed in solvent (typically water:alcohol mixtures). The interactions between the
components in solution govern how these agglomerates self-assemble (Chapter 3) and how the
ionomer adsorbs to the catalyst particles (Chapter 5).2” 7% 2! Upon drying, these ink-level
interactions manifest and control the eventual CL microstructure, the nature of the ionomer/particle
interface, and the properties of the ionomer (Chapters 2 and 4). Ink properties (e.g., ink zeta
potential, , agglomerate size, efc.) have been shown to correlate well with CL performance (mass
activity, gas-transport resistance, efc.) as a function of ink water:alcohol ratio*® and I:C ratio®'2.
Importantly, the surface chemistry of the catalyst particles (platinum content and distribution,
carbon identity, efc.) alters how the ionomer interacts with them, as evidenced by rheological
measurements.®® Furthermore, the calorimetry and adsorption measurements of Chapter 5 reveal
that when subject to no applied potentials, binding strengths of ionomer are higher on hydrophobic
(carbon) surfaces than on platinum surfaces when using Nafion (a prototypical ionomer, although
depending on ionomer charge density this relationship may change, as discussed in the preceding
chapter).'® One would therefore expect that as the PPL varies (i.e. the surface area of platinum
relative to carbon), ionomer/particle interaction strengths would differ (decreasing interaction with
increasing platinum surface area), which could propagate to impact device power output. Higher
PPL is also known to result in larger Pt nanoparticle size.?> 23

In this study, we probe the influence of PPL on both ink and CL properties, using Vulcan-supported
particles and Nafion as a model support and ionomer, respectively. Ink ionomer/particle
interactions are explained with { and pH measurements as a function of I:C. We link ink
interactions to CL properties by investigating both gas-transport resistance and  of corresponding
inks as a function of PPL. Additionally, CL findings are validated by double-layer capacitance and
H* transport-resistance measurements. In this way, we probe the influence of carbon and platinum
surface area (SA) on ink properties to understand how they determine CL transport, revealing
important implications for controlling ionomer distribution heterogeneity and Pt utilization.
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6.3 Experimental Methods

Ink preparation and measurements: Inks for electrode fabrication were prepared by dispersing
ionomer dispersions” (Nafion®, D521, Ion Power, Delaware, USA) and Pt-nanoparticle catalyst
supported on Vulcan carbon (TECIOVI10E, TECIOV30E and TEC10V50E from TKK, Tokyo,
Japan) in a solvent mixture of 18 MQ deionized water (Millipore Milli-Q® IQ 7000 Water
Purification System, Millipore Sigma, Massachusetts, USA) and n-propyl alcohol (>99.9 % purity,
Sigma Aldrich, Missouri, USA) in a 1:1 weight ratio. For bare carbon samples, Vulcan XC72 was
used (Fuel Cell Store). The carbon-to-solvent weight ratio was kept constant at 0.03 wt. % for low
Pt-loading electrode samples (0.05mg/cm? electrode geometric surface area) and zeta-potential
measurements. For higher Pt loading samples (0.1mg/cm? electrode area), the carbon-to-solvent
weight ratio was increased to 0.1 wt.%. All inks were manually agitated followed by sonication
for 30 minutes in a bath sonicator (Branson) maintained at 10°C using a water recirculatory/chiller
(F25-HL Refrigerated - Heating Circulator, Julabo Inc, Pennsylvania, USA). Zeta potentials of the
inks were measured immediately after sonication via electrophoretic light scattering (NanoPlus3,
Micromeritics, Georgia, USA), modeled using the Smoluchowski equation.’’ To understand
ionomer/particle interactions in inks fundamentally, pH measurements were conducted of inks
containing a wide range of I:C ratios. Inks were prepared in a similar manner as above, with a
fixed carbon-to-solvent ratio of 0.1%, dispersed in varying ionomer concentrations using diluted
ionomer (Nafion®, D2021, Ion Power, Delaware, USA). pH measurements were taken with an
Orion Star A211 pH meter and a ROSS Ultra Triode pH probe with automatic temperature
compensation (ATC) (Thermo Fisher Scientific). The probe was calibrated before each use with
appropriate known standards. Samples were stirred at 400 RPM for the course of the pH
measurement; most samples equilibrated in less than thirty seconds.

Electrode fabrication: Electrodes were prepared by spray coating inks using a Sono-Tek ultrasonic
spray coater and a 25 kHz AccuMist nozzle (Sono-Tek Exacta Coat, New York, USA). The
working electrode (WE) was spray-coated onto a NR212 Nafion membrane (Ion Power, Delaware,
USA) while the counter electrode (CE) was spray-coated on the gas-diffusion layer (GDL)
(Sigracet 25BC, SGL Wiesbaden, Germany). In the WE, the total Pt mass loading was maintained
at 0.05 mg/cm® and 0.lmg/cm? for CL gas-transport resistance and EIS measurements,
respectively. CE utilized a total Pt loading of 0.3mg/cm?. Nafion ionomer binder at an I:C ratio of
0.7 and 0.9 was utilized for all WEs and CEs, respectively.

Cell Assembly for CL gas-transport resistance measurements: Membrane-electrode assemblies
(MEAs) were prepared by stacking the CE sprayed onto the GDL against the Nafion membrane

* Consistent with the rest of this thesis and the terminology in the field, we use the term ionomer “dispersion” to mean
an ionomer and solvent system. Importantly however, given the { trends presented in the rest of this chapter and the
pH data of Chapter 3, “solution” may be a more appropriate term based on observed tendency of the ionomer to
uniformly distribute in the ink at high I:C and control “bulk” behavior.
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with the WE sprayed on the other side. Additional GDL sheets were added on the WE-side during
measurements. The active cross-sectional area, determined by the WE electrode cross-sectional
area directly in contact with the GDL, was limited to 2 cm?. The remaining area was covered by
impermeable Teflon gaskets (PTFE, McMaster Carr, Illinois, USA) to prevent gas exposure.
Teflon gaskets also help seal the cell, achieve desired GDL compression, and maintain their
position. The entire assembly was mounted in a single cell with graphite flow-fields (total area 5
cm?) and single serpentine flow-channels (Fuel Cell Technologies Inc, New Mexico, USA). The
cell was operated using a commercial test stand (850e Multi-Range Fuel Cell Test System,
Scribner Associates, North Carolina, USA) that allowed control of gas flowrates, humidity, cell
temperature, and cell backpressure. Cyclic voltammograms and limiting-current measurements
were recorded via a Biologic VSP potentiostat (Biologic, Seyssinet-Pariset, France).

Cell Assembly for EIS and polarization-curve measurements: MEAs as described above were
sandwiched between two 25 cm?* SGL29 BC GDLs, at 25% compression and placed between the
flow fields with the cell bolts tightened to 40 in-pounds. 25 cm? double/triple (CE/WE) serpentine
flow fields were used.

Break-in protocol: A modified version of the break-in protocol described by Ono et al.?'* was
adopted for this study. The samples were maintained at a constant potential (0.2 V referenced to
the CE) for 12 hours at 80°C, 100% relative humidity (RH), and 50 kPa gauge pressure while
flowing pure H: (flowrate of 400 std cm?/minute) on CE side and air (flowrate of 800 std
cm’/minute) on WE side.

ECSA measurement: Electrochemical surface area (ECSA) was estimated by CO-stripping
voltammetry as described by Schuler et al®'> at 40°C, 80% RH, and ambient pressure (same
operating conditions as limiting-current measurements). Both electrodes were flushed using
humidified Ar for 1 h to hydrate the sample at the desired RH. The CE feed was then switched to
2% H2 in Ar, and 20 cleaning cycles were performed between 0.08 to 0.95 V (referenced to the
CE) at a scan-rate of 50 mV/s, followed by additional 20 cleaning cycles over the same potential
range at a scan-rate of 100 mV/s. The WE was thereafter fed with 1% CO diluted in Ar at 500 std
cm?/min for CO adsorption for 5 min to allow CO adsorption. Next, Ar purged the WE at 500 std
cm?/min for 15 min to remove any excess CO and obtain monolayer adsorption. Finally, three CV's
were recorded by sweeping the WE potential between 0.08 to 0.95 V (referenced to CE) at a scan-
rate of 100 mV/s. ECSA was calculated from the charge integration of the CO peak. The second
and third CVs served as a baseline for charge integration of the CO peak. A CO-monolayer
oxidation charge of 420 mC/cm? was assumed in all the calculations. The surface-area roughness
factor 77, commonly used to characterize electrodes and defined as the ECSA normalized to

electrode geometric area, was estimated from the ratio of ECSA to WE active area (2 cm?). TF
values are reported in Table S6.4 of Section 6.6.

Transport-resistance measurement. Electrode transport resistances were estimated from limiting-
current measurements using the Ha-pump configuration and test protocol as described by Spingler
et al.*'® and Schuler et al.>'> A 2% H: in Ar mixture was fed to the CE to minimize crossover
current while maintaining a stable potential. To achieve the mass-transport limit on the WE, low
concentration gas mixtures of 1000 ppm Hz in Ar were utilized. The flowrates maintained were
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1000 std cm®/min on the WE, and 500 std cm®/min on the CE. The setup was maintained at 40°C,
80 % RH, and ambient pressure during the measurements.

To record the limiting current, the cell was flushed using humidified Ar for 45 min. The CE feed
was then switched to 2% Hoz in Ar, and 20 cleaning cycles were performed between 0.08 to 0.95
V (referenced to CE) at a scan-rate of 50 mV/s, followed by additional 20 cleaning cycles over the
same potential range at scan-rate of 100 mV/s. Thereafter, the potential on the WE was maintained
constant at 0.3 V (referenced to the CE) to record the crossover current. The WE gas was then
switched to 1000 ppm Hz to record the total steady-state current density. Limiting current density
is obtained by subtracting the crossover current density from the total current density.

The total cell resistance Ry,;q; 1S given by the ratio of average feed reactant concentration (on the
WE) to the measured limiting current i;;,,, as

A
nF.CF:é% 6.1)

Total =
liim

where n (= 2) is the number of electrons in the overall reaction. Ry, for the Ha-pump
configuration is composed of transport resistances from the GDL and the WE,

Rrotat = NRgpr, + Rey, (6.2)

where N is the number of GDLs stacked on the WE, Rp; is the transport resistance of a single
GDL, and R;, is the WE transport resistance. R;p;, is determined from GDL stacking experiments
where Ry,¢q; is measured as a function of N and other system parameters are kept constant.?!® The
slope of Rryeqr Versus N represents R;p;. R is determined by subtracting the total GDL
resistance NR;p; from Ry,tq;. Measurement precision is maintained since both R, and NRgp;
have similar magnitudes (much higher than experimental error).

Impedance Measurements: Electrochemical impedance spectroscopy (EIS) experiments were
prepared on fully conditioned 25 cm* MEAs with WE Pt loading of 0.1 mg Pt/cm? using a Gamry
Reference 3000 Potentiostat connected to a Gamry 30k Booster. EIS experiments were conducted
at 80°C with 1 atm pure H, and N, flowing at 100 cm*/min at CE and WE gas lines, respectively.
Experiments were run at 10, 25, 50, 75, and 100 % RH with 30 to 60 min equilibration time before
each measurement. EIS was measured 50 kHz to 50 mHz at 0.45 and 0.2 V versus RHE with 10
mV oscillations for CO-free and CO-doped experiments, respectively. The WE was exposed to
1% CO/N, feed for 15 min to allow for CO adsorption, then purged with pure N, prior to CO-
doped experiments. Residual CO was oxidized after CO-doped EIS experiments and before CO-
free EIS measurements via CO stripping voltammetry.
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Double-Layer Capacitance (Cay): As previously described,*®2!7 double-layer capacitance for an
individual EIS spectra was determined by finding the y-intercept of o vs -1/mZimg plot using the
linear region present at low frequency (typically 0.1 to 0.5 < o2 < 2.5 rad?/s?). Ionomer fractional
capacitance on Pt and C surfaces were determined by comparing the changes in Ca taken under
wet and dry conditions with and without CO exposure*® 2!7. Uncertainty of the y-intercept
associated with the least square linear regression fit were propagated through both ionomer
coverage calculations.

Sheet Resistance Determination: The CL sheet resistance (Rsheet) was determined by fitting EIS
data (between 50 kHz and 0.5 Hz) from 100% RH H2/N2 EIS spectra to a spherical diffusion
model?'® (Equation 6.3) with an Open Source Impedance Fitter (OSIF)?!° tool,

Rsheet (6'3)

+
\/Rsheethl(iw)d)COth\/Rsheethl(iw)d) -1

Z = (iw)?€ + Rypy

where Z is complex impedance, ¢ is inductance of nonideal inductor, w is frequency (rad/s), Ry,
is high frequency resistance element, Rgjq¢ 1S CL sheet resistance, Q4; is double layer capacitance
of nonideal capacitor, and 8, ¢ are phase elements corresponding to nonideal inductor and
capacitors, respectively. Due to the relative thinness of these CLs, the spherical diffusion model
gave better fits compared to an analogous transmission-line model with capacitive and inductive
elements modeled as constant-phase elements.

H,/Air Polarization Curves: The cell was maintained at 80°C, 150 kPa total pressure and varying
RH. H: and air were fed to the counter electrode (CE) and working electrode (WE), respectively.
The test protocol involved measuring the current versus voltage curves from 0.3 V to open-circuit
voltage (OCV) for 4 min per point (average of last 1 min used). Currents were normalized by
ECSA to account for differences in Pt surface area with varying PPL loading.

SEM Imaging (Electrode and electrode thickness): SEM images of the CLs were obtained using a
SEM FEI Quanta 250 FEG equipped with a Bruker Quantax 200 EDX detector. For CL thickness
measurements, the samples were freeze-fractured under liquid nitrogen. Average thickness from
three different CL locations is reported.

6.4 Results & Discussion

6.4.1 Particle Description
Varying PPL changes the relative amounts of carbon and Pt surface area (SA) of the catalyst

particles: estimates indicate that the carbon SA decreases from 100% to 70 to 80% while the Pt
SA increases from 0% to 20 to 30% as Pt PPL increases from 0 to 46 wt.% These estimates are
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adapted from from Padgett et. al., as follows.*® As a reference, unloaded Vulcan Brunauer-Emmett
Teller (BET) surface area is roughly ~ 250 m?/g.qrpon- The BET surface area of loaded catalyst
particles is attributed to both carbon and platinum surface area, and the total surface area should
not change significantly. Pt surface area is reported from ECSA measurements.*>

We consider two extreme cases to bound the expected surface area values. First, we assume all the
surface area measured from BET is external surface area, and that the Pt particles are spherically
shaped. We can therefore decouple platinum and carbon surface area by considering the projected
circular Pt area (equal to 1/4™ the total Pt surface area, assuming spherical particles). The projected
Pt area is subtracted from the total BET surface area to calculate carbon surface area.

Table 6.1. Relative platinum and carbon surface area estimates, assuming zero percent internal porosity.

Pt Surface Area (per gram carbon) Carbon surface area (corrected for Pt:C surface area
Pt) (per gram carbon) ratio
10wt.% 68m?/gp. = 7.56 Mm%/ gcarbon 248.1 m?/gearbon ~0.03
a6wt. % | 45m?/gp, = 38.33 Mm%/ Gcarbon 240.4m?/ Gearbon ~0.16

Although Vulcan carbon is considered fairly compact and non-porous, one can ascribe an extreme
of ~30% porosity to the particles as an upper bound.*> The above calculations can thus be corrected
for this porosity and internal surface area, considering an external BET surface area of ~

175 mz/gcarbon-

Table 6.2. Relative platinum and carbon surface area estimates, assuming 30% internal porosity.

Pt Surface Area (per gram carbon) Carbon surface area (corrected for Pt:C surface area
Pt) (per gram carbon) ratio
10wt.% 68m?/gp. = 7.56 Mm%/ gcarbon 173.1m?/gcarbon ~0.04
a6wt. % | 45m?/gp, = 38.33 Mm%/ Gcarbon 165.4 Mm%/ gearbon ~0.23

While there is a large spread in the values between Table 6.1 and Table 6.2, they illustrate that
typically the carbon surface area is much larger than the platinum surface area, and that the Pt:C
surface area ratio increases as loading increases. The actual surface areas will likely be between
these two extreme cases.
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It is worth noting that SA does will vary linearly with Pt content since carbon and Pt have
drastically different specific (mass-normalized) SAs. Additionally, because Pt is slightly
hydrophilic and Vulcan carbon (C) is slightly hydrophobic, varying PPL alters the
hydrophobic/hydrophilic nature of catalyst particles, thereby influencing ionomer adsorption onto
catalyst particles (see Chapter 5).'¢

6.4.2 Ink Characterization

{ can be thought of as an effective surface potential of the agglomerates in the ink and is also an
indicator of colloidal stability: higher-magnitude-{ particles will experience more electrostatic
repulsion and will therefore tend to aggregate less than low-( particles. It has previously been
established that ( is closely coupled with I:C ratio (see Chapter 3),%” indicating { is strongly
dependent on ionomer/particle interactions. Therefore, it is expected that the C/I:C dependence
should change as a function of PPL. To probe this, Figure 6.2 shows the ink { as a function of I.C
ratio (Nafion is used as the ionomer) for bare C (0% Pt), 10, and 30% Pt/C. A 1:1 water:n-propanol
solvent composition is used for all inks in this study. We observe a U-shaped dependence of { on
the I:C ratio for the three PPLs. Figure S6.7 also plots { for a much wider range of I:C using bare
carbon particles (without platinum). Generally, { is proportional to the charge on particle and
inversely proportional to the ionic strength of the surrounding medium.'?> While there should
certainly be a correction to classical double-layer theory due to the large size of Nafion (discussed
more in Section 6.6), these general trends with charge and ionic strength should still hold.
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Figure 6.2. Zeta potential of inks of varying ionomer-to-carbon (I:C) ratios, containing (A.) 0 wt.% Pt (bare
carbon) (B.) 10 wt.% Pt, or (C). 30 wt.% Pt-on-carbon catalyst particles. The dashed light blue vertical line
indicates where the marginal ionomer added switches from adsorbing to the catalyst-particle surface
(because the surface is unsaturated, Uns) versus no longer adsorbing (because the surface is saturated, Sat).
(B.) and (C.) are reproduced with permission from Anamika Chowdhury.*'?
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We will first examine the initial part of the U-shaped curve at low I:C ratios in Figure 6.2A. In a
dispersion, the acid group in the sulfonate sidechain dissociates to form H* and negatively charged
SOs™ groups.®® ¢ { of pure Nafion in this solvent is difficult to measure (indeterminate
experimentally via electrophoretic light scattering). The increase in { magnitude (more negative)
therefore cannot be simply due to the addition of ionomer, but because the agglomerates are
becoming more negatively charged. In other words, ionomer adsorption onto the agglomerate
surface initially causes a more negative ( as I:C increases due to negatively charged SOs3™ groups
associated with the adsorbed ionomer.

At a certain [:C ratio, the { value plateaus, and then decreases in magnitude. This I:C transition
ratio occurs at ionomer saturation points confirmed by other adsorption studies,'®® '3 and at a
similar saturation point as measured from the ITC adsorption isotherms of Chapter 5. Therefore,
it is likely that transition occurs when the agglomerate surface is saturated by ionomer. After the
transition, additional ionomer behaves like the addition of small-molecule salts and acids (Figure
S6.7B): the ionomer is likely no longer interacting strongly with the agglomerate surface, and
instead adding to the ionic strength of the surrounding solvent medium. In other words, the
additional ionomer added beyond the transition point dissociates and behaves like dissolved ions
in the bulk solvent. This increase in ionic strength causes ( to trend toward zero.

Interestingly, the I:C transition ratio is a function of PPL. For bare carbon (0% Pt, Figure 6.2A),
this transition region occurs at an [:C of 1. As PPL increases, the jump in { progressively shifts to
lower I:C ratios: 0.8 for 10 wt.% Pt and I:C ratio of 0.7 for 30 wt.% Pt, as indicated by the light-
blue dashed vertical lines in Figure 6.2. As discussed in Chapter 5, Nafion adsorbs more strongly
onto Vulcan than onto Pt under similar conditions.!®® As the carbon SA available for the ionomer
to interact with decreases (Table 6.1 and Table 6.2), the amount of ionomer the catalyst-particle
surface can accommodate also decreases, in agreement with the decreasing threshold I:C with
increasing PPL.

To explore the relationship between PPL and ionomer/particle ink interactions further, pH is
measured during ink titration with ionomer (as in Figure 3.5),®” and compared with the pH of
ionomer-only dispersions at the same ionomer concentrations. The pH of both the ink (with 0, 30,
and 46 Pt wt. % catalyst particles) and the dispersion (no particles) are plotted on the y- and x-
axis, respectively in Figure 6.3. The raw data of ink pH versus I:C is shown in Figure S6.9.
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Figure 6.3. Measured pH titrating in ionomer of an ink containing either bare carbon (C), 30, or 46 wt.%
platinum on carbon (Pt/C) as a function of the measured pH of ionomer-solvent dispersions of the same
composition containing no particles. Dashed lines are meant to guide the eye. The dotted gray line indicates
a one-to-one correlation.

Because the ionomer is acidic, low pH values (bottom left of Figure 6.3) represent the highest
ionomer concentrations (highest I:C). In this regime, the pH of the ink and the ionomer dispersions
agree directly, thus indicating that the ionomer contributes to the bulk pH in a similar manner with
and without nanoparticles. However, at low ionomer concentrations (moving to the top right of the
figure), a clear deviation from this linear behavior (evidenced by a slope change) from this
relationship between the ink and dispersion pH is observed. This difference could be due to the
nanoparticles or the ionomer/particle interactions. For bare carbon, we see the low I:C ink pH is
quite a bit higher than the dispersion pH, likely due to the slightly basic nature of Vulcan (without
platinum deposition). Notably, the ink pH is relatively insensitive to ionomer concentration when
ionomer is first increased. Figure S6.9 replots the ink pH data as a function of I:C. This insensitivity
could only be because the ionomer is not contributing to the bulk pH in this region, suggesting that
it is bound/adsorbed to the nanoparticle, and therefore the ions cannot freely distribute in the bulk
solution. Below pH ~4, a noticeable slope change occurs; the dispersion and ink pH values
converge because the particles are saturated. Again, the deviation between ink and dispersion pH
is due to adsorption of the ionomer to the catalyst-particle surface, as seen in Figure 3.5, and pH
may be thought of as a measure of bulk (free) ionomer.

This same trend is seen for the Pt/C data: all inks display relatively insensitive pH responses with
increasing ionomer concentration at low I:C ratios. The Pt/C values are also initially more acidic
than bare C due to differences in surface chemistry induced by the acidic platinum deposition
process. (It should be noted therefore that the bare carbon did not undergo a similar treatment
process, and the ionomer/carbon interactions are likely inherently slightly different between
untreated bare carbon and the carbon. The data are presented however to understand the intrinsic
ionomer/Vulcan interaction.) For the Pt/C ink pH data, the adsorption of ionomer on the catalyst
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particles scavenges ionomer from solution. Below pH ~4, enough ionomer is present to overcome
adsorption loss of ionomer on catalyst particles

In our inks, the fact that ionomer does not contribute to bulk pH at low ionomer concentrations
(likely due to interactions with the nanoparticle surface) and does at high concentrations
corroborates the U-shaped { behavior, in which at low concentrations the ionomer does not add to
ionic strength but rather lowers  due to adsorption. At high ionomer concentrations, the additional
ionomer (beyond the saturation point) remains dispersed in the solvent, thereby increasing the bulk
ionic strength. Furthermore, the pH transition region occurs at similar I:C ratios (Figure S6.9) as
the (-transition values. However, it is important to note that the  trend may not hold for inks with
very low carbon concentration (i.e. if the amount of ionomer adsorbed to the carbon surface area
negligibly affects the bulk ionomer concentration).

6.4.3 CL Investigation

To understand how these varying PPL-influenced ink interactions affect CL performance, Figure
6.4A shows the effect of PPL on CL gas-transport resistance and corresponding ink {, using bare
C (0% Pt), 10, 30, and 46 wt% Pt/C catalysts. Gas transport was not measured for bare carbon
because it is a poor Hz catalyst. CL gas-transport resistance is composed of the total transport
resistance for the gas to diffuse through the CL thickness to the Pt reaction sites. At low Pt CL
loadings (as is the case here), the overall CL gas-transport resistance is dominated by local gas-
transport resistance which is composed of ionomer thin-film transport resistance and an interfacial
resistance at the Pt/ionomer interface.*® We therefore attribute trends in CL gas-transport resistance
to local gas-transport resistance. All inks/CLs were prepared in an identical manner with the same
total platinum loading and solvent composition (1:1 water:n-propanol). All CLs were fabricated
with a fixed I:C of 0.7 to capture behavior on either side of the {-plateau value for the varying
PPLs (i.e., 10% should be to the left of, 30% should be on, and 46% should be to the right of the
plateau values as seen in Figure 6.2). Because total platinum loading was maintained constant
(0.05 mg/cm?), each CL had a different nominal thickness due to the varying PPL used: CLs
fabricated from high primary particle loadings have less total carbon (and are therefore thinner).
Additionally, ECSA varied widely across the CLs with different PPL (Table S6.4). This probably
results from changes in Pt nanoparticle size as a function of PPL.?* '3 The CL gas-transport-
resistance data presented in Figure 6.4A is therefore normalized to the average ECSA (see Section
6.6).

As mentioned above, C has previously been shown to correlate well with CL high current-density
performance*® 2!2; changes in CL structure are triggered by differences in ionomer/particle
interactions. In Figure 6.4, we see this strong relationship as a function of PPL. CLs with low PPL
demonstrate low CL gas-transport resistance and high  magnitudes. At 46 Pt wt.% PPL, a sharp
increase in CL gas-transport resistance occurs concurrently with a sharp decrease in { magnitude.
The gas-transport resistance data agree with previous studies that report decreases in CL high
current-density performance with increased PPL.!® The previous studies attributed these trends to

crowding of carbon surface by Pt particles, resulting in low flux per Pt particle. '® However, the
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coincidental € trends with high gas-transport resistances indicate microstructural changes of the
CL (more aggregation).
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Figure 6.4. (A.) Gas-transport resistance of catalyst layers (CLs) containing the same total platinum loading
(0.05 mg/cm?), but varying primary particle platinum loading. The zeta potentials of the inks used to cast
these CLs are also shown. Scanning electron microscopy images of CLs manufactured with (B.) 10 wt%
Pt/C and (C.) 46 wt% Pt/C (the same samples measured in (A.)).

From the { measurements, we would expect the majority of ionomer to adsorb to the nanoparticles
at low PPL because we are on the left side of the U-shaped adsorption curve (I:C of 0.7). At high
PPL, we would conversely expect to have some free ionomer, since we have already passed the
I:C ( transition value. This non-uniform ionomer coverage (discussed further below) at high PPL
correlates with the increases local transport resistances observed in Figure 6.4A.

Both low-magnitude { and high gas-transport resistances indicate microstructural changes of the
CL, likely more/larger agglomerates. A lower magnitude ¢ dictates less repulsion between the
catalyst particles in the ink. This likely results in aggregation and the formation of larger
agglomerates, in turn, increasing the local transport resistance due to the more tortuous pathways
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the gas must take to reach buried platinum on the inside of the aggregate. To verify this hypothesis
and study the structure, SEM was used to image the CLs via as shown in Figure 6.4B-C for CLs
fabricated with PPL of 10 and 46 Pt wt.%, respectively. The 10 wt.% sample exhibits a highly
porous structure with well-formed pores while the 46 Pt wt.% sample displays a more aggregated
structure, in agreement with the gas-transport resistance and { data.

Double-layer capacitance (Cg4;) is used to verify the ionomer distribution within the CL, as
previously described.* Briefly: under dry conditions only the particle surface covered by ionomer
contributes to C4;. Under wet conditions, likely the entire surface of the catalyst particles contribute
to Cy; due to the presence of both water and ionomer pathways. Capacitive measurements are
related to ionomer coverage and the dry-to-wet ratio of Cy; is indicative of the fraction of particle
SA covered by ionomer (though there may not be a strictly linear relationship due to differences
in the dielectric permittivity of hydrated versus dry Nafion). When this measurement is repeated
with CO (adsorbed on Pt), the capacitance is attributed primarily to carbon (it is assumed that
adsorbed CO insulates the platinum surface area)*®. The Pt capacitance contribution under dry and
wet conditions is isolated by subtracting the Cy; with CO adsorbed from the total Cg;. The results
are presented in Figure 6.5. Note that these data are related to the percentage surface of carbon and

platinum, respectively, covered by ionomer, and the two values should not necessarily sum to one
(both could be 1).

1.0 T T T 1.0 T T T T T

30 F b

Rsheet/LcL (M)
o
——

Fractional C Capacitance
Fractional Pt Capacitance

10 30 46 T 30 46 20 40
Pt PPL (Wt%) Pt PPL (Wt%) Pt PPL (Wt%)

Figure 6.5. Fractional (A.) carbon and (B.) platinum double-layer capacitance due to ionomer coverage on
those respective surfaces. (C.) Bulk catalyst layer (CL) sheet resistance (R¢.), normalized by thickness of
the CL (Lcz). All data are for electrodes containing 0.1 mg/cm? platinum loading, achieved while varying
the Pt PPL.

The ionomer coverage on carbon is within a small range across all samples, suggesting similar
ionomer/carbon interactions across all samples. However, there is a clear steady increase in
fractional carbon capacitance as PPL increases (Figure 6.5A). Concurrently, the total carbon
surface area available for ionomer to interact with steadily decreases as PPL increases. Because
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the surface area decrease is larger than the capacitance increase, the overall amount of ionomer
adsorbed to C actually decreases, consistent with ( predictions. This trend is also consistent with
the hypothesis that the carbon surface becomes more saturated faster with increasing PPL (due to
lower total available carbon SA).

The Pt fractional capacitance exhibits a sharp change in magnitude between 30 and 46% Pt PPL,
which is where we would expect a behavior change from the ¢ measurements (because the 46%
is to the right of the U-shaped curve). This higher coverage on Pt at higher PPL is not evident from
ink ¢ or prior adsorption studies.'®® This trend could be due to spillover from adsorption onto
carbon. Alternatively, higher ionomer coverage on Pt at high PPL could potentially result from the
drying step in CL fabrication. As the solvent evaporates, the free ionomer (for high PPL samples
that are on the right side of the U-shaped ¢ curve) is forced to deposit on available free SA
(including Pt SA). Such induced deposition in a relatively fast drying step that occurs during spray
deposition can result in non-uniform ionomer coverage or isolated ionomer aggregates, in
agreement with the SEM images (Figure 6.4B-C). Combined with patchier coverage due to less
carbon SA, this may yield poor ionic conductivity.

This is consistent with observed high CL sheet resistance (Rsieer) at high PPL. CL Rsieer measures
through-plane H" transport resistance. Since high PPL CLs are thinner at fixed nominal Pt loadings
(0.1mg/cm?), CL Ryheer values were normalized in Figure 6.5C by the thickness of CL (Lct) cross
sections measured by SEM (summarized in Table 6.3). When normalized by the thickness,
differences in Rsneer are a direct result of changes in ionomer distribution (since the ionomer should
have the same intrinsic conductivity in all electrodes and the same amount). A high Rsnees/LcL
indicates a heterogeneous ionomer distribution with poor ionomer connectivity, such as ionomer
aggregates connected by thin ionomer strands and/or a highly tortuous ionomer network (although
Rsneet will be dominated by the path of least resistance throughout the layer, and not necessarily all
of the paths).

Table 6.3. CL thickness (L., ) measured from CL cross-sectional SEM.

Pt/C wt% 10 wt. % 30 wt. % 46 wt. %

CL Thickness (um) 11.75£1.38 5.08+1.86 1.61+0.65

It is important to note however, that despite the larger normalized resistances (Figure 6.4A and
Figure 6.5C), higher PPLs allow for thinner electrodes, which will reduce the total through-plane
gas and H*-transport resistance, allowing for higher Pt utilization throughout the CL thickness.
The nominal resistance values may be more important than normalized values for dictating
performance under certain PEFC operating conditions with high water production. Polarization
curve plots (corrected by multiplying with the sample 77 and dividing by average 7y ) in Figure 6.6
demonstrate superior performance of CLs with higher PPL compared to 10 wt.% PPL, likely due
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to these thickness differences (Table S6.4). CLs with 30 wt.% PPL seem to provide the optimal
CL structure, balancing between the local and through-plane transport resistances, and thus the
best performance. Trade-offs between local interactions and macroscopic processes must both be
considered.
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Figure 6.6. H,-Air polarization curves obtained from CLs using different PPL on the WE, with a total Pt
loading of 0.1 mg/cm?. Operating conditions were 80°C, 150 kPa backpressure, and either (A.) 40% relative
humidity (RH) or (B.) 75% RH. The voltage is corrected for high-frequency ohmic resistance (HFR), and
the current density is normalized to Pt specific surface area.

The results in this chapter agree with prior studies in which low PPL catalysts demonstrated
superior current-voltage behavior when CL thickness was held constant across all samples by
carbon dilution, likely due to improved local transport.!® Even when polarization curves are
corrected for ohmic resistance and hydrogen crossover, low PPL still demonstrate better
performance, confirming that the polarization curve differences arise due to varying local transport
resistance. However, Schuler et. al. did not observe much impact of PPL on local resistance likely
because they used a high-surface-area carbon support in which a significant fraction of Pt particles
are located in interior micropores.®® Thus, the carbon versus platinum exterior surface area is not
significantly impacted by PPL for these types of catalyst particles. This again highlights the
interplay between various CL parameters such as PPL and carbon support type and the need to
account comprehensively for all CL parameters to achieve optimal CL design/structure.

6.5 Summary

Inks for PEFC CLs consist of various components (solvent, ionomer, and catalyst particles) and
the interactions between the components can critically influence CL microstructure and
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performance. In this current study, the impact of platinum primary particle loading (PPL) on
catalyst/ionomer ink interactions and subsequent effects on CL microstructure and thus gas- and
H™-transport resistance was explored. Nafion ionomer preferentially adsorbs to carbon surfaces in
the inks (rather than platinum) as discussed in Chapter 5. As PPL is increased and the available
carbon surface area (SA) decreases, the carbon surface saturates at a lower ionomer content and
additional non-adsorbed ionomer remains dispersed in the solvent. This results in higher ionic
strength (therefore lower ink ), and thus a more agglomerated CL structure. These trends agree
with results from ink { and pH investigations, SEM imaging, and capacitance measurements. This
non-adsorbed ionomer may deposit non-uniformly during the CL fabrication process, resulting in
observed poor H* conductivity. Hence, low PPL catalysts are preferred to improve local transport
processes. However, higher PPL catalysts with low CL thickness are advantageous with respect to
reducing through-plane reactant gas- and H*-transport resistances, thereby providing better Pt
utilization. The two different transport resistances (local and bulk) need to be optimized, and this
optimum point undoubtedly varies depending on the target operating conditions. Based on the
above results, it seems moderate PPLs with I:C ratios, where the zeta-potential magnitude is
maximized, provide an optimal balance between all of the effects studied in this chapter. Of note,
the ionomer/catalyst interactions probed here are known to depend on solvent composition (as
discussed in the previous chapters), highlighting the large ink variable space that can be
manipulated to alter CL structure. Further studies are required to understand this parameter space
and their impact on final CL performance, including the delineation between local and
macroscopic properties. Importantly, this study demonstrated a direct link between ink interactions
and CL performance metrics, revealing critical insights into how ionomer coverage and transport
processes are affected by carbon and platinum SAs. Such information is imperative to optimize
inks for enhanced CL transport and improved platinum utilization.
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6.6 Supplementary Information

6.6.1 Ink Zeta Potential and pH
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Figure S6.7. (A.) Zeta potential of 0 wt% Pt/Carbon (bare carbon) inks containing 0.1 wt% nanoparticles
as a function of ionomer to carbon weight ratio, exhibiting U-shaped behavior (B.) Zeta potential of 0 wt%
Pt/Carbon (bare carbon) inks with constant I:C ratio of 1 and additional electrolyte/acid to increase ionic
strength (corresponding to the range enclosed by the dashed gray box in Figure A). Figure A. data is plotted
for reference. All ink dispersions show similar behavior of increasing zeta potential (decreasing magnitude)
with higher ionic strength. lonic strength for the ionomer dispersions was calculated assuming all charges
contribute to the ionic strength. The dashed boxes in (B.) are used in further analysis below.

Debye-Hiickel (DH) theory predicts that C is directly proportional to the Debye length A

e = qA o [T1/2 (S6.4)

where € is the medium dielectric permittivity, q is the charge density on the particle surface, and
I is the solvent ionic strength. For dilute solutions with small electrolyte ions (such as NaCl), A is
given by:

(S6.5)

eRT
F2 Y, z2CEulk
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z; and is the valence and bulk phase concentration of ion i. )}; z represents the ionic
strength, I, of the dispersion. Therefore, { is also inversely proportional to the square-root of I. We
can thus write the following equation for the ratio of { and corresponding I at constant particle
surface charge:

(S6.6)

where the subscript “0” indicates a reference ionic strength.

Figure S6.8 plots the ratio of { versus the square-root of inverse of I for NaCl-ink dispersions from
the values in Figure S6.7. We ignore the contribution of ionomer added until the transition region
(I:C ratio 1) since it primarily adsorbs to the carbon particles and does not contribute significantly
to the bulk ionic strength. The data point at I of ~7x1073M (highlighted in Figure S6.7 in the red
box) is used as the references ({,, [). Overall, we observe a good agreement between ratio of
and the square-root of inverse of I.
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Figure S6.8. {versus 1/+/I, normalized by reference point {, and I, (highlighted in Figure S6.7). The dashed
grey line represents 1:1 correlation.

Data points with I higher than 0.1M and lower than 0.007M did not follow the trend and are
excluded from the plot. At high I, this is probably due to ion condensation or crowding effects.
The cause of deviations at low [ is unknown and could result from experimental error.

114



For large molecules such as polymer chains, it is essential to modify the DH A equation to consider
finite-size effects. Using the modified Poisson Boltzmann and Bickermann equation, Agj,e_corr fOr
dispersions with large ions is??0-2%!

2
A—_Z = F
Slze—corr ERT

(ZiziviCiBulk)z (56.7)
B Z v2(CBulk
[ A}

where v; is the volume occupied by ion i and is calculated using the hard-sphere assumption,
corrected by the packing coefficient p.

%nR?NA

p

(S6.8)
U=

R; is the radius of ion i. p = 0.64 for random close packing.

The second term on the right of Equation S6.7 is greater than zero and reduces the impact of I.
Asize—corr ©Stimated using Equation S6.7 is thus larger than A calculated from Equation S6.5,
resulting in a higher magnitude ¢. This is also observed experimentally in Figure S6.7B where the
inks with added ionomer demonstrate higher { compared to ink with added acids or salts.

To verify that the differences in ¢ between ink dispersions with ionomer and with added NaCl is
due to ion size, we calculate the ratio of Agj,e_corr fOr ionomer-ink dispersions to A for NaCl-ink
dispersion and compare it to the ratio of {. We use the data points with [~1072M for this analysis
(highlighted in Figure S6.7B) as it is above the transition region but is lower than high I = 1071M
where other effects such as ion condensation can become important. Once again, we ignore the
contribution of ionomer added up to the transition region (I:C ratio 1) to bulk solvent ionic strength
[ and assume that the I is contributed only by ionomers added beyond the transition region (I:C
ratio 1).

By denoting the ionomer monomer charge as m and bulk ionomer monomer concentration as

Bulk : : + - : Bulk ;
Cionomer» the concentration of the counterion H™ is then equal to m times C;;y,pmmer- Equation

S6.7 is re-written for the ionomer-ink dispersion as

A2 = F_Z (1+ )CBulk _ Cilz)%lokmermz(Ri - RE)Z (S6.9)
srescom TR [ T onomer T GnRE 4 RE)

where R, and R_ are the effective radius of cation (H") and anion (monomer), respectively. Since
R, < R_, the above equation can be further simplified to be:
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F2 F? (36.10)

-2 _ Bulk Bulk 2] — Bulk
7\size—corr - eRT [m(l + m)Cionomer - Cionomerm ] - €RT mCionomer

Asize—corr =

The equivalent NaCl-ink dispersion (at the same I) will have bulk ion concentration of mCZ4

ronomer
(both ions) and I = 2mCBUlk 1 thus is

RT (S6.11)

2 Bulk
F 2n?'(:ionomer

The ratio Agize—corr t0 A is thus equal to v/2. This ratio is in excellent agreement with experimental
data at I~1072 M where the { of NaCl and ionomer-ink dispersions are ~ 23.49 mV and ~34.22
mV respectively and confirms that the lower ¢ of ionomer-ink dispersions is due to size effects.

The above analysis importantly confirms that the { data (and the pH data) at high I:C may be
explained by the ionomer’s ability to distribute uniformly and affect the bulk ionic strength.

The titration data of Figure 6.3 may be replotting to more explicitly show how ink pH changes as
a function of I:C ratio, as displayed in Figure S6.9.

30% Pt/C

T 5FY T~o N 1
= R

£ 46% Pt/C N

\ .

SN
S

I:C Ratio

Figure S6.9.The measured pH titrating in ionomer of an ink containing either bare carbon (C), 30 wt%, or
46 wt% platinum on carbon (Pt/C) as a function of the added ionomer, reported as ionomer-to-carbon
weight ratio (I:C). Dashed lines are meant to guide the eye.
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6.6.2 ECSA Correction

The CL gas-transport resistance includes through-plane diffusion resistance, and a local gas-
transport resistance (Ry,.q;) due to transport resistance through the ionomer film and is given by:

L 1 S6.12
Rep =75~ +— ( )

For low Pt-loadings, the through-plane resistance is minimal and R ,.,;, Which includes diffusion
resistance through the ionomer film and an interfacial resistance at the ionomer/Pt interface,
dominates, i.e.?!3

1 S6.13
RCLN_RLocal ( )
Ty

where 7% is the CL roughness factor, defined as ECSA per unit CL geometric area. To account for
differences in ECSA across various samples, the measured CL gas-transport resistance is
multiplied with the corresponding sample 7¢ and divided by the average 7y (averaged across all
samples).

For the polarization-curve data reported in Figure 6.6, the current is corrected by multiplying with
the sample 7 and dividing by average 5. This correction however does not consider the different
thicknesses of CLs with varying PPL. At high total Pt loadings, such as 0.1 mg/cm?, the through-
plane gas-transport resistance, i.e., the transport resistance through the thickness of the CL can
become dominant. This likely underestimates the current output of CLs with low PPL and
overestimates the current output at high PPL.

Table S6.4. 77 (ECSA normalized to CL geometric area) at various total Pt loadings of WE.

10 wt. % 30 wt. % 46 wt. %
0.05 mg/cm? 22.64+0.2 37.98 £+ 1.06 54.48 + 1.55
0.10 mg/cm? 30.57 48.10 72.03
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6.6.3 CL Thickness Measurement

30 wt% qt'/c

Figure S6.10. Freeze-fractured cross-sectional SEM images of CLs with varying primary particle Pt wt%
loadings, and a total loading of 0.1 mg/cm?. Cross-sectional thickness is indicated by black arrow in images.
CL thickness measurements were averaged from three different locations. Results are reported in Table
S6.4.

6.6.4 H' Transport Resistance Correction

Using EIS from the 100% H2/N2 experiments, we measure the total HT-transport resistance
through the thickness of the CL. However, as highlighted in Table S6.4, the CLs with different
PPLs exhibit varying thicknesses and porosity. Since the I:C ratio was maintained constant,
different porosity would result in varying ionomer volume fraction. We correct for these variations
in CL sheet-resistance measurements:

Rsheet _ 1 (8614)

L¢y, PDionomerGionomer

Ry+ ¢ (corrected) =

where L., is the CL thickness (measured from cross-sectional SEM). Assuming the intrinsic
ionomer conductivity Gjonemer 18 @ constant, the differences in Ry+ ., are due to differences in
ionomer distribution and porosity of CLs.

118



7 Summary & Outlook?*

The electrochemical performance of energy-conversion devices, including fuel cells, depends on
the properties of their catalyst layers (CLs). The size of the agglomerates of catalyst particles that
form, the catalyst particle/ionomer interface, ionomer coverage, and additional deterministic
microstructural signatures directly depend on the interaction between these components in
precursor CL inks. To understand and control the CL fabrication process, this dissertation
investigated the fundamental governing interactions between the ionomer, the particles, and the
solvents in CL inks.

Beginning with Chapter 1, we detailed why this problem is so complex. Namely:

(1) The parameter space is massive. Figure 1.2 details a subset of the most commonly altered
variables, but this list is not exhaustive. Catalyst type (carbon support and platinum
loading), ionomer chemistry (equivalent weight, sidechain length, and side-chain
functional group), solvent type (solvent identity and mixture ratio if multiple are used), and
processing parameters (total ink solids loading, ionomer-to-carbon ratio [I:C], deposition
method [ultra-sonic spray, slot-die, gravure coating, etc.], drying/heating protocols) all
vary.

(2) Traditionally, focus has been placed on analyzing CL microstructures and relating them to
performance. Emphasis on explicitly and transparently reporting ink parameters has been
missing in the community. Therefore, while CLs have been used and researched for
decades, these studies are not easily relatable to each other or reproducible due to lack of
reported fabrication details; they reveal little insight into how ink parameters affect
reported properties. Furthermore, there is a larger question of explicitly which metadata
are actually sufficient/necessary to reproduce data.

(3) Within recent years, there has been a shift toward ink-focused papers. However, there is
no standard ink recipe or protocol in the research literature. Therefore, when comparing
ink papers across different groups, many variables change, and it is extremely difficult to
isolate the effect of just one.

The above issues necessitate the fundamental investigation undertaken in this dissertation. The
two most important interactions (ionomer/solvent and ionomer/particle) identified in Chapter 1 are
explored throughout this dissertation and are summarized below.

t Portions of this chapter were previously published as “Berlinger, S. A.; Garg, S.; Weber, A. Z., Multicomponent,
multiphase interactions in fuel-cell inks. Current Opinion in Electrochemistry 2021, 29, 100744,” and are adapted
with permission from all co-authors.
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7.1 ITonomer/Solvent Interactions

Due to the ionomer’s hydrophobic backbone and hydrophilic sidechains, solvent identity affects
the ionomer dispersion conformation in accordance with these competing sidechain/backbone
preferences. Rods, random coils, blobs, micelles, and core-shell particles have all been used to
describe these solvent-influenced dispersion structures.>” 3433 6. 103 Water-alcohol mixtures are
some of the most commonly studied solvents due to ease of processability; this is the solvent
system explored in this dissertation.

As revealed in Chapter 2, these dispersion conformations modulate the properties of films and
membranes once cast.”?19% 192198 1 giny scattering was employed to understand the dispersion-to-
film transition, and how different solvents determine the evolution of thin-film morphology during
drying.!%% %8 Conductivity and water-uptake measurements show that as the water content in the
dispersion increases relative to propanol, the transport properties of the cast film improve.'*® It is
possible the enhanced limiting-current density in Figure 1.5 witnessed at higher dielectric
permitivities (g, higher ratios of water relative to propanol) could be due in part to this effect.

Chapter 3 investigated how changing the water:propanol ratio changes the relative acidity of
ionomer dispersions. This is hypothesized to be due to sidechain-versus-backbone/solvent
interactions.®’ Namely, the sidechains of PFSA may preferentially extended outwards into solution
in water-rich solvents, whereas in propanol-rich solvents PFSA conformation may have a more
hydrophobic exterior. Similar structures were predicted using MD simulations, whereby explicitly
considering both solvents demonstrated that different solvents partition inside versus outside the
ionomer aggregate.>’

The fact that solvent type alters the final structure and properties of thin films has additional
implications. PFSA used in ink formulations and thin-film studies is often diluted from stock
dispersions that come in various different solvents themselves. One must consider both the solvent
used to dilute (i.e. the ink solvent) as well as the native stock solvent, as these will both alter PFSA
behavior.

Additionally, the time from and magnitude of dilution is critical. As explored in Chapter 4, the pH
of dispersions (discussed more in Chapter 3) decreases as time from dilution increases. Solvent
ratios (extremes on the water/propanol spectrum), and dilution concentrations that are dissimilar
from the stock dispersions are affected more. This suggests that these ionomers have a very slow
equilibration time to adapt to new solvent environments. If films are cast from dispersions prepared
at different times, their structure is influenced both by dispersion solvent (as in Chapter 2) and how
that solvent-induced morphology is influenced with time. These structures then impact ionomer
performance metrics. Importantly, these dispersion conformation changes impact how the ionomer
interacts with nanoparticles. The direct results of Chapter 4 were studied in Chapter 5:
ionomet/solvent/temporal effects propagated to weaken ionomer/particle interaction strengths.

The above studies have revealed important insights into the nature of the ionomer. While the
literature typically considers the ionomer as a dispersion due to the presence of ionomer
aggregates, these aggregates are concentration (and solvent) dependent. One might not expect that
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these aggregates can behave like small molecules, but the investigations in Chapters 3 and 6
demonstrate that the ionomer at low and moderate concentrations can affect bulk properties like
pH and ionic strength in a manner similar to small molecules (with deviations from small-molecule
values attributed to conformation/size effects). Therefore, the ionomer in solvent behaves both like
a “dispersion” with a non-solubilized backbone, and like a “solution” affecting bulk electrostatic
behavior. Of course, the degree to which it affects that bulk behavior depends on the ionomer
conformation, which is directly impacted by solvent and concentration.

Importantly, these different solution conformations (aggregate size, degree of
hydrophilicity/hydrophobicity, acidity, efc.) will influence how the ionomer adsorbs to catalyst
particles in solution (altering the ionomer/particle interaction, discussed in the next section, and
further detailed in Chapter 3). Modified Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has
been applied to ink systems to try to understand aggregation processes.’® °> While these are
important first steps in modeling ink interactions, they overlook some important physics. In DLVO
theory, solvent modifies the Hamaker attraction term and the electrostatic repulsion potential
through changes in €. However, in addition to changing ¢, solvent alters the physical characteristics
of the ionomer aggregate as discussed above. Both of these effects will influence overall
aggregation behavior, and the coupling between them cannot be ignored. Figure 1.5 demonstrates
this point: solvent ¢ definitively changes CL performance, but the ionomer/catalyst particle
aggregation process is not governed solely by classical (electrostatic) DLVO forces (exemplified
by lack of correlation between the aggregate-size and zeta-potential trends).

7.2 Tonomer/Particle Interactions

The ionomer/particle interaction encompasses both the ionomer/platinum and the ionomer/support
(carbon) interaction. In terms of the ionomer/carbon interaction, MD simulations have shown that
PFSA interacts with carbon surfaces via backbone adsorption;'** ! this interaction is likely
hydrophobic in nature.!’* Importantly, adsorption was predicted to be a strong function of solvent
environment and EW.'* This was verified experimentally by quartz-crystal-microbalance (QCM)
experiments in Chapter 5.'° Higher ratios of water to propanol promote adsorption to carbon
surfaces. Additionally, PFSA binding behavior to carbon was probed with isothermal titration
calorimetry (ITC), where analysis of the entropic and enthalpic contributions to the binding free
energy reveal that the binding process is entropically-dominated.!® 8% This also points to
hydrophobic interactions between PFSA and the carbon surface.

Ionomer/platinum interactions have received much attention in operating fuel cells, due to
sulfonate/platinum interactions that effectively poison the catalyst. A number of groups have
extrapolated the results of these operando studies, and have assumed there is a strong, inherent
platinum/sulfonate interaction; they postulate this interaction drives adsorption to agglomerates in
the ink. However, it is important to note that this interaction is potential-dependent, and primarily
noted at potentials above the potential of zero charge. > #3184 Additionally, spectroscopic studies
have shown that in addition to sulfonate groups, there is co-adsorption of fluorocarbon®?-63 18! and
ether-oxygen groups.® In inks, Chapter 5 demonstrates that while binding strength does increase
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with decreasing EW, the amount of ionomer that adsorbs to platinum under no applied potential is
less than the amount that adsorbs to a hydrophobic (carbon-like) surface.'®® Moreover, the binding
mechanism is entropically driven, similar to that seen with carbon.!®

All of the above information suggests that the ionomer/platinum ink interaction is different than
that in operating fuel cells: in inks it is not particularly strong, as compared with the other
interactions present. While ex-situ thin-film studies have revealed different behavior on platinum
versus on silicon,'®! 187 it is possible this is merely due to changes in substrate hydrophobicity,
rather than due to strong specific-ion binding between sulfonate and platinum. In fact, ionomer
structures have been shown to order differently on substrates of varying hydrophobicity.'*® These
ionomer/platinum ink interactions are also subject to dispersion solvent effects: atomic-force-
microscopy studies reveal that ionomer films are smoother when they adsorb from mixed water-
propanol solvents onto platinum, rather than from high-water concentration solvents,'8! and the
QCM experiments of Chapter 5 exhibit increased ionomer adsorption at higher water contents.'®

Given the differences (and similarities) between the ionomer/platinum and ionomer/carbon ink
interactions, and due to the larger surface area of carbon relative to platinum on the exterior of
catalyst particles, it is likely that solution-level interactions are primarily controlled by
ionomer/carbon interactions. This indicates that different carbon types or functionalization should
manifest different ionomer/carbon interactions; the impact this has on CL performance should be
evident when exploring I:C ratio. This is seen in Figure 1.6: parameters have different trends as a
function of I:C when using Vulcan carbon versus high-surface-area carbon supports (that have
varying surface hydrophobicity).

Because ionomer/carbon interactions are stronger than ionomer/platinum interactions, the
ionomer/catalyst particle interaction strength will vary (weaken) as platinum loading on the
particle surface is increased. As studied in Chapter 6, higher platinum loading results in weaker
ink zeta potentials, likely patchier ionomer coverage, larger CL agglomerates, and worse local
transport resistances due to altered ink interactions. This further demonstrates the direct link
between ink properties and CL performance and exemplifies how ink components may be
strategically selected to tune interactions. Possible avenues to do so will rely on altering either the
hydrophobic or electrostatic interaction between the ionomer and the particles. Treating the carbon
or imbuing it with a surface layer to make it more hydrophobic (or hydrophilic) would alter the
strength of interaction between the backbone and the carbon surface. Similarly, adding charged
groups to the catalyst particle would cause additional electrostatic repulsion (or attraction,
depending on the polarity) between the ionomer and the particles. These concepts can also be
extended to altering the ionomer chemistry either by changing the backbone, or by adding
additional ionic groups to the sidechains. Already in the last three years, researchers are employing
these techniques to affect ionomer/particle interactions??> with modified supports,’’: 223224
additives'®® (including ionic liquids),??>2%¢ and novel ionomers.??’
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7.3 Concluding Remarks

Ultimately, the goal is to predict catalyst-layer (CL) performance given certain ink parameters, or
even better, to determine how an ink would need to change to achieve optimal CL performance
via optimized structure. If a more active catalyst type is created, or a more conductive and stable
ionomer is synthesized, one could know a priori how it would affect CL properties and how to
tune ink ratios and processing conditions without the need for months of empirical optimization.
To make this a reality, we must understand how ink parameters impact ink interactions (and
identified interaction descriptors), and in turn how these interactions dictate CL parameters.
However, due to disparate material sets used and often incomplete experimental methods detailing
CL fabrication, it is difficult to make use of the wealth of CL literature. Rather, systematic, ink-
focused research is needed, and the community must make a concerted effort to report all relevant
ink details (i.e. metadata) moving forward.

Despite these challenges, this dissertation has made significant progress toward understanding how
ink parameters influence ink interactions, in particular, ionomer/particle and ionomer/solvent
interactions. Key in both of these interactions is the ionomer itself. Small angle x-ray and neutron
scattering has greatly aided in understanding the general conformation of the ionomer. However,
molecular-level information 1is still missing, and is required to understand truly the
ionomer/particle interface both in inks and during fuel-cell operation. pH measurements
(corroborated by molecular-dynamics simulations) may be a way to elucidate sidechain structure,
but additional direct experimental observation is necessary. How do the sidechains orient in
solution? What is the exact structure of an ionomer aggregate? Importantly, does this aggregate
structure rearrange upon adsorption? What is the ionomer orientation when adsorbed on a particle,
both in an ink and dried in a CL? Advances in chemically-resolved microscopy and scattering
techniques are necessary to probe ionomer structure on a molecular level with elemental and
orientational specificity. Additionally, the protein community has answered many of these
questions to unravel protein structure; there are significant opportunities to apply similar
techniques to ionomer studies.

On a more macroscopic level, it is imperative to link measurable ink interaction descriptors (i.e.
zeta potential, agglomerate size, pH) to CL parameters, moving beyond the correlations presented
in Chapter 1. This linkage will undoubtedly involve modeling/simulation of some kind.
Possibilities include modifying a DLVO-type framework to consider additional ionomer physics,
or larger-scale phase-field or particle-dynamics simulations. Importantly, this dissertation has not
considered the deposition method or drying process, which will influence the final CL structure.
This drying step will also need to be incorporated into modeling efforts. In this way, we can
completely understand (and therefore control) the ink-to-CL fabrication process, enabling ink
engineering for smarter CL design for a wide range of energy-conversion devices.
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