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Abstract

Existing state-of-the-art electrochemical devices like polymer-electrolyte fuel cells (PEFCs)
and other growing applications like separation membranes, protective coatings, photonics,
nanocomposites, and microelectronics utilize polymers of thicknesses less than 100 nm. These thin
and ultra-thin polymer films provide ease of processing, application-specific tunable properties,
and reduction in material cost. Nano-confined polymer thin films, however, often display surface
and thickness-dependent behavior that results in deviation from well-characterized bulk properties.
As a result, they pose significant challenges to predictability, optimization, and performance. In
PEFCs, thin film ion-conducting polymers (ionomers) of thickness < 100 nm serve as functional
binder in the catalyst layers (CLs), aiding proton conduction and extending the reaction zone of
the CL porous electrode. Unfortunately, these same ionomer thin films contribute to large proton-
and gas-transport losses in PEFCs, thereby considerably limiting commercialization of affordable,
low precious-metal catalyst-loaded fuel cells. Remediation of this phenomenon requires
fundamental understanding of thin film behavior near interfaces and surfaces and quantification of
an ionomer’s thickness-dependent properties. Furthermore, design improvements circumventing
the losses aforementioned will require establishment of correlations between tunable variables and
ionomer thin-film properties under a range of operating conditions. This dissertation aims to carry
this out in three interconnected ways. First, model systems are used to develop fundamental
understanding of dimensional swellability and thermal relaxation of ionomer thin films proximal
to supports and dynamic interfaces that mimic phenomena in CLs. Second, ionomer thin film
structure-property relationships are established through exploring and exploiting ionomer
counterion identity and thickness variation. Third, properties like ionomer thin-film gas transport
are quantified as a function of thickness to create a direct link between losses observed in the CL
to local alterations in thin-film properties.

Understanding pairwise interactions between gas/ionomer thin film, ionomer/substrate, and
gas/substrate are critical for decoupling the impact of substrate and interface from intrinsic
ionomer thin-film properties driven by a finite-size effect. Swelling and thermal relaxation of
ionomer thin films on different supports are explored in Chapters 2 and 3 to provide meaningful
insights that may also occur at interfaces in the electrode. Swelling behavior, morphology, and
mechanical properties of ionomer thin films (~50 nm) spin coated onto the platinum (Pt) support
were exposed to both H> and Air as experimental systems that mimic anode and cathode CLs and
their Pt/ionomer system. Findings indicate lower uptake, increased densification of ionomer
matrix, and increased rate in relative humidity-induced aging in a reducing environment as
compared to an oxidizing and/or inert environment. Intrinsic mobility of ionomer chains anchored
by strong interaction with substrate were additionally explored via thermal relaxation. The change
in thermal transition temperature is a key marker of stiffness and polymer-chain mobility and has
direct implications on ease of water and gas transport through polymer films. An increase in
thermal transition temperature in ionomers supported on silicon (Si/SiO;) is observed with
decrease in thickness. Thermal relaxation dynamics observed result from the positive effect of
increased chain mobility at the free surface and the hindered motion at the strongly interacting
substrate interface. Monitoring of swellability in alternative gas-environment experiments
demonstrated that substrate/ionomer interface can dictate water distribution through the thin film.
Absent a dynamic interface and hydration, anchoring of ionomer chains at the substrate interface
creates a distributed degree of chain mobility across the thickness that is overpowered by the
influence of substrate interaction with further reduction in thickness.
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Water uptake and chain mobility findings from these model systems have implications that
translate to ion conductivity and gas transport in PEFCs. This correlation is established through
structure-property relationships, notably altering cation as a proxy of tuning the nature of ionomer
with no additional synthesis as explored in Chapter 4. Alteration of intermolecular forces in the
conventional, proton conducting, acid-form ionomer was conducted via exchange with metal
cations. Water-uptake capacity, mechanical property, and thermal transition were explored for
these exchange ionomers. For monovalent cations with varying cation size and Lewis acid
strength, water content showed an inverse relationship with the former and direct relationship with
the latter. Hydration is reduced by the increase in mechanical strength upon cation exchange, which
is a result of solvation and thermodynamic energy equilibrium in the ionomer matrix. Similar
insight was gained for thermal expansivity; an increase in thermal transition temperature was
observed in cation exchanged ionomers with a minimal dependence on ionomer thickness. Upon
confinement, the interplay between chain mobility at the free surface and near the substrate is
dominated by internal hindered motion of ionomer chains tethered to the strong cation. Findings
also provide awareness to the impact of ionic contamination in operating PEFCs.

Lastly, links from property measurements in well-defined model systems to real PEFC
performance metrics must be established. In this work, quantification of ionomer gas-transport
property is carried out in three separate methods to account for variable pertinent conditions for
operation (temperature, humidity, and potential). Constant-volume-permeation method showed
that unsupported films under dry concentration gradients demonstrated a slight increase in gas
permeability with reduction in thickness. However, this data suffered from various sources of
inaccuracies due to the fragile nature of thin films under high concentration gradients. Oxygen
permeation via luminescent quenching method overcomes this challenge by employing supported
thin film system that maintains integrity of thin films during experiment. Additionally, humidity-
and potential-dependent microelectrode method was also utilized. Both methods reflect an order
of magnitude reduction in gas permeability for thin films of thickness 260 to 440 nm relative to
the bulk ionomer membrane counterparts. However, more work is needed to ensure confidence in
these findings and explore wide range of thicknesses under variable conditions essential to PEFC
CLs.

Electrodes in electrochemical devices are somewhat of a black box with minimal direct insights
and predictions. Improved understanding of confinement related performance losses at surfaces
and interfaces can help expand ionomer thin-film functionality and affordability of energy-
conversion devices by providing critical design metrics and research directions. It is therefore
essential to employ model systems and investigate properties of ionomer thin films with
perturbations similar to those in operating devices. Such insights are not only useful for PEFCs,
but also extend fundamental insights into thin functional polymer films employed in various
applications.
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1. The Critical Role of lonomer Thin films in Fuel Cells

1.1. Brief Overview

A growing rise in extreme weather events, increase in ocean acidity, and shrinking of glacial
landmass are few of the several indicators of the Earth’s unsustainable rise in temperature.’
Understanding the inevitability of the dire consequences without additional action, 195 nations
have pushed climate change agenda to the global stage, reaching an agreement to limit global
temperature rise by 2°C above the pre-industrial average (Paris 2015, COP21).2 Although much
remains to be accomplished to meet this target, clean-energy momentum has been decoupled from
reflexive response to climate change to market driven, competitive landscape. Emission reduction
has just become one of the factors critical for good business.® This is even more true for energy-
conversion and -storage technologies that are already contributing to the fight against climate
change by increasing energy-conversion efficiency and minimizing emissions.* More specifically,
clean transportation holds the key for reducing transportation-related emissions that are expected
to rise with the almost tripling of passenger cars by 2050.° Hydrogen-powered clean vehicles
present a low-carbon option by offering long range per tank, zero emission, fast refueling speed,
low maintenance cost, higher efficiency, and fuel security.> For these reasons, hydrogen-powered
fuel-cell vehicles are the main focus of this dissertation. Critical to their widespread application
are transport losses that occur at high current densities required for optimal transportation end use.
These losses occur at the electrode triple-phase region, where electrons from the carbon support
meet with protons and gas transported through the ion-conducting thin polymeric coating at the
precious-metal platinum interface. This work is conducted to understand and mitigate these
transport losses:

e Dby exploring the platinum/ion-conducting polymer interface under various gaseous and
humidified conditions,

e by examining ion-conducting polymer relaxation properties near interfaces under
various tuning parameters, and

e Dby developing different methodologies that can capture and correlate these losses to
functionalities observed outside of the fuel cell.

1.2. Introduction to Fuel Cells and Electrochemical Devices

The core utility of electrochemical devices relies on the spatially separated reactive surfaces
(anode and cathode) that catalyze balanced reactions. This geometry creates an electrochemical
potential gradient that is balanced by the external circuit that selectively transmits electrons, and
the electrolyte that provides electroneutrality and ion-conduction pathways for mobile ions
generated at the electrode while electrically insulating electrodes. Conventionally, the task of the
electrolyte is achieved using dissolved salts or acid-containing liquid electrolytes (e.g., sulfuric
acid in a lead-acid battery). However, vast commercialization of electrochemical devices with
minimal losses and safety concerns have propelled solid polymer electrolytes to the forefront of
electrochemical device design. Although ion mobility in solid polymer electrolytes is significantly
reduced relative to their liquid analogues as a result of reduced degree of dissociation and steric
effects of the polymer matrix host, in many electrochemical applications their advantages far
outweigh these drawbacks. Solid polymer electrolytes (ionomers) offer flexibility in cell and
electrode design, reduce weight and cost, expand range of operating temperature by increasing



decomposition temperature, minimize possibility of leaks and reactant crossover, and improve cell
robustness and shock resistance due to their all solid-state architecture.®’” As a result of these gains,
electrochemical devices employing solid electrolytes have infiltrated all aspects of the 21 century
human activity and life. Energy storage devices like Li-ion battery cells are utilized in everyday
consumer goods like cellphones and laptops. Various energy-storage and -conversion devices are
emerging to meet short and long-term distributed and centralized energy needs more efficiently
and in manners that minimize negative impacts on the environment. Redox flow batteries are
enhancing the expansion of renewable energy like solar and wind by providing grid balance and
storage to these intermittent resources.* Large stationary fuel cells are making energy utilization
more efficient by supplying combined heat and power and making backup and distributed energy
more affordable.® Nowadays, automotive transportation is also employing electrochemical devices
to tackle transportation-caused air pollution, greenhouse gas emission, and introduce automation
technology.®* Electrolyzers and solar-to-fuel conversion devices are bringing innovation to
classical chemical processes and fuel production and transforming economies at a large scale.*113
Additionally, issues of water shortage and fresh-water contamination impacting millions of low-
income people in the world are also being addressed by electrochemical processes.'* Continued
expansion of energy production and storage via electrochemical technologies is an inevitable
future as Nobel laureate scientist Friedrich Ostawald predicted in 1894.%°

1.2.1. Introduction to Polymer Electrolyte Fuel Cells (PEFCs)

The fuel cell, a critical electrochemical energy-conversion device utilized today, dates its
fundamental origin to the early 1840°s.2° Its current form as polymer-electrolyte fuel cell (PEFC),
utilizing a solid polymer electrolyte is a more recent development dating to 1950°s.® PEFCs have
gained significant notoriety in the past decade thanks to their unique fuel conversion and electric
efficiency as high as 60%, combined heat and power efficiency as high as 90%, and zero energy-
production emission.'® In PEFCs, the exothermic, but spatially segregated, reaction of oxygen (O2
or Air) and hydrogen (H.) gas to form water and generate power(Equation 3). Pure H> gas is fed
through the porous gas diffusion medium (DM) as shown in Figure 1-1 and undergoes hydrogen
oxidation reaction (HOR) at the anodic catalyst layer (Equation 1). These catalyst layers (CLs) are
critical microporous components consisting of 2 to 5 nm platinum (Pt) nanoparticles supported on
20 to 30 nm primary carbon(C) particles bound with 2 to 70 nm thin-film ionomer coating.*’*°
The protons released from HOR travel through the bulk ion-conducting polymer (proton-exchange
membrane, PEM) to the cathode forcing electrons to travel through the external circuit and do
work. At the cathode CL, Oz gas (or air), protons (from the ionomer), and electrons (from the
carbon) react on the surface of Pt via oxygen-reduction reaction (ORR) to form water (Equation
2). The produced water moves through the DM to the O flow field to be removed.?° CLs are
deposited on both sides of the bulk ionomer electrolytes to form a membrane-electrode assembly
(MEA). (See components of a basic PEFC in Figure 1-1). Low-temperature PEFCs commonly
operate at 50 to 80°C at less than 5 atm pressure and provide power density ~1 W/cm? at 40 to
70% voltage efficiency.?

HOR: H,(g) » 2H* + 2e~ (1)
ORR;: 4H* + 4e™ + 0,(g) » 2H,0(D) )
Overall: 2H,(g) + 0,(g) = 2H,0(D) (3)
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Figure 1-1: Polymer electrolyte fuel cell (PEFC) components of single unit. Reprinted by permission from
Springer Nature Debe,?” Copyright 2012.

The electrode on each side of the MEA is a three-dimensional structure composed of carbon
(C)-supported Pt catalyst, ion-conducting polymer (ionomer) functional binder, and porosity with
a total thickness of ~5 to 25 pm.'®1%2% When Pt nanoparticles are deposited on the C support, Pt’s
Galvani potential raises the electronic density and lowers the Fermi level to accelerate Pt’s
electrocatalytic activity.?*2% Therefore, the stability and accessibility of the C support is critical to
the electron conductivity and performance of the PEFC. The fine carbon nanoparticles allow for
close to 100% accessible active Pt surface area.?* Reaction in the electrode occurs at the Pt surface
where gas, electrons, and ions meet. This is commonly referred to as the triple-phase boundary
although the reaction probably occurs more along a two-phase contact line. To execute these
reactions at a fast turnover rate while ensuring high utilization of the Pt electrode has to be very
small (2.2 to 4.5 nm nanoparticle) with high surface area (62 to 120 m?/g Pt as measured by CO
chemisorption) and well dispersed in the electrode. Other alternatives to the current C-supported
Pt nanoparticle structure are explored later in this chapter. Current state-of-the-art PEFCs rated for
typical 90 kW,1W/cm? MEA have 4.5g anode CL and 18g cathode CL total Pt loading.?” The 4x
or more difference in CL Pt loading is explained by the variation in ORR and HOR kinetics. To
bind the Pt/C electrocatalyst, an ionomer loading on the order of 40 to 60 v-% (30 to 50 wt-%) is
used.?®2° |deal performance has been observed to be at ionomer to carbon (I/C) ratio of 0.3 to 0.4
resulting in ionomer thickness distributions that range from 2 to 70 nm.*° The rest of the electrode
is composed of gas pores that allow gas and water to be shuttled in and out of the CL. This porous
electrode is fabricated using an electrode ink (composed of ionomer, Pt/C, and solvents) followed
by various coating and drying techniques that dictate its microstructure.®! Resultant of the complex
ink composition and solution processing is the formation of electrode agglomerates that are non-
uniformly distributed within the bulk electrode.’®3? Consequently, variation in accessibility
electrocatalytic sites is experienced due to the existence of primary (small) and secondary (large)
pores in the electrode.*® These anodic and cathodic electrodes are then pressed on each side of the
PEM (to compose the MEA) and supported by DM and bipolar plates that provide electrode
mechanical support, facilitate species transport, and serve to transfer current.



1.2.2. Drivers of PEFC Adoption and Commercialization

The promise of high efficiency, low CO2 emission, and potential independence from traditional
sources of energy make PEFCs highly desirable energy conversion device. In just the recent past
few years (2014 thru 2016) companies worldwide have shipped ~370 MW of fuel-cell power in
transportation alone; almost 60% percent of that was shipped in year 2016 demonstrating the
exponential growth trend of fuel cells in energy supply and transportation sector.3334 Despite this
fact, PEFC proliferation in the energy landscape still lags. Adoption barriers can be grouped into
technological and institutional barriers. Institutional barriers include key economic drivers like
material suppliers, domestic manufacturing structure, and fuel supply and delivery infrastructure.
These also involve codes and standards and factors affecting public’s ease of adoption or
technology awareness.>® Despite PEFCs continued struggle for recognition, progress is actively
being made to provide incentives, introduce policies, and set targets in Japan, US, Europe, and
UK. A notable boost in public awareness occurred with the advertising campaign of Toyota Mirai
and Honda Clarity in 2015 and 2016, respectively.®® Other highlights contributing to shift this
barrier include effort from state governments and private actors including, but not limited to,
increased adoption of more than 2780 PEFC cars and buses, deployment of 11,600 PEFC powered
forklifts (some delivery vans also), and expansion of 70 H refueling stations especially in
California just in 2018 alone.>343637

Technological barriers, on the other hand, include PEFC cost and lifetime concerns and fuel
production and storage costs and capacity needs that remain unmet. Major cost of PEFCs is due to
(1) the rare and expensive precious-metal based electrocatalyst, (2) the large performance losses
that remain unmitigated and (3) durability concerns that limit the longevity of these devices. Much
has been done and is currently underway to minimize Pt group metal (PGM) loading in PEFC
electrodes. Cost competitiveness with conventional internal combustion engines will require a
stretch goal of < 6 g total loading per vehicle (compare to ~23 g PGM loading of state-of-the-art).*
The U.S. Department of Energy (DOE) has a target goal to decrease the cost of an automotive
PEFC from $55/kW to $30/kW at high manufacturing volumes with an increase in durability from
~3900 to >5000 h and less than 20% performance degradation over its lifetime.'®® Current
estimates of stack cost, assuming a 500k car production per year, show 50% of cost stack cost
stemming from Pt loading at the cathode. This cost can successively be reduced with a drop in Pt
loading. However, without global market strategies that facilitate high economies of scale even
~5g PGM loading will not result in major stack cost reduction.® Therefore, it is necessary to (1)
make R&D efforts to move away from conventional Pt/C electrocatalyst, (2) minimize losses in
the electrode to improve Pt utilization, and (3) reduce the cost of the rest of the PEFC components
and establishment of infrastructure. The first is a topic of discussion in section 1.4.1. The second
is conducted as part of this dissertation by exploring the origins of transport resistances at the
confined ionomer/Pt/C interface; it is discussed further in section 1.4.3. (3) requires reduction in
cost of bipolar plates, PEM membranes, and Hz production and delivery; it involves new, low-
weight, low-cost material pathways, manufacturing methods, and economies of scale that are
outside the scope of this dissertation. However, it is with this broad contextual perspective that we
approach our view towards improving design and optimizing performance of PEFCs, especially
as we narrowly focus on ionomers.



1.3. Introduction to lon-Conducting Polymers (lonomers)

Central to the operation of PEFCs and other electrochemical devices are solid polymer
electrolytes that selectively conduct ions and inhibit electrons. lonomers are simply polymers
containing single or multiple ionic groups. Different from highly charged polyelectrolytes,
ionomers only contain ~15 mol % ionic group as calculated from the number of backbone atoms
or repeat units where they are attached.®® lonomers are also insoluble in polar solvents (like water)
at room temperature but can be neutralized by presence of counterions.*® Early industrial and
academic research interest in ionomers dates back to the mid-1960°s when property changes of
neutralized polymers were observed to be altered by the presence of different counterions.*
Properties in ionomers are, therefore, governed both by ionic interaction and polymer-chain
aggregation and the thermodynamic energy balance of these seemingly disparate phases especially
in the presence of solvents.** Desired qualities of a high performing ionomer membrane in
electrochemical devices are (1) selective ion transport, (2) no electrical conductivity, (2) high
counterion mobility, (3) high chemical stability, (4) high mechanical stability, (5) low fuel species
crossover (low gas and liquid permeability) and (6) ease of processing.*®

Depending on the specific application, ionomers transport different counterions. Optimal
transport of ions of interest through a polymer electrolyte is dictated by concentration of ion, size
of counterion, solvation of counterion, and anion-counterion interaction.*? The concentration of
ions (counterions) in an ionomer can be quantified by the ion-exchange capacity (IEC, mequiv/g).
The main route of ion transport is solvent mediated and through the hydrophilic-phase, ionic
network embedded in the polymer matrix. As a result, varying the IEC of the ionomer membrane
can control both its solvent uptake and conductivity. Increasing conductivity by increasing ion
content (increasing IEC) in the ionomer must always be balanced by other aspects of ionomer that
may decrease as a result. High IEC can increase swellability and ionic-network pathways, but will
also compromise mechanical integrity and possibly durability of the ionomer.*® Optimizing these
desired ionomer qualities for specific application/device and developing ionomer design criteria
have been the focus of research over the past three decades.

1.3.1. Common Architecture of lonomers in Electrochemical Devices

Basic requirements and aspects pertaining to the physical, chemical and mechanical makeup
of ionomers is shared among many electrochemical devices (including PEFCs). Common ionomer
architecture is composed of an (1) inert polymer backbone that is populated with (2) side chains
containing the (3) ionic group of interest. Altering the chemical and physical structure of these
three building blocks can tune an ionomer’s desired property, resulting in optimal performance in
an electrochemical application.

The chemical nature and structure of the backbone of the ionomer is critical for providing
thermal, mechanical, and chemical stability, thereby influencing ionomer lifetime and its
degradation mechanism. Many ionomers considered for PEFC application have so far been
perfluorinated or hydrocarbon based. Although the thermal and chemical stability of linear
perfluorinated-backbone ionomers have been the benchmark for a long time, hydrocarbon-based
ionomers are promising low cost, safe, and tunable chemical-synthesis pathways for emerging
ionomers.’>4 Hydrocarbon-based ionomers usually contain monomers based on sulfonated
aromatic polymers, e.g, polyphenylenes, polyketones, polysulfones, and polyethers.*44
Sulfonated hydrocarbon-driven ionomers allow tailoring of length and block distribution of the
precursors resulting in better microphase hydrophobic backbone/hydrophilic sidechain copolymer



separation that results in well-connected ionic channels.**#%47 However, these same ionomers
suffer from low oxidative(chemical) stability compared to their perfluorinated counterparts due to
their aliphatic character.** Addition of imide group to aromatic ionomer backbones tends to turn
this trend around as observed with six-membered polyimide ionomers demonstrating relatively
high thermal stability, high mechanical strength, good film-forming ability, low gas permeability,
and superior chemical resistance.***8 Incorporating aromatics, nitrogen atoms, and phosphorus to
the molecular architecture of polyphosphazene ionomer backbone has shown low fuel crossover
and ease in processing with tunable side-chain attachment synthesis scheme.™#* Despite
polyphosphazene’s high performing metrics, it still suffers from failure in mechanical integrity
especially upon hydration, limiting its use in highly hydrated electrochemical devices like direct
methanol and polymer electrolyte fuel cells.** The improvement in a given property alone is not
sufficient to provide maximal performance. Performance Maximization of ionomers requires
optimization on multiple fronts of ionomer design.
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Figure 1-2: General chemical formula for the PFSA ionomers of various side-chain length and key chemical
structural parameters governing their phase-separated morphology. Image adapted with permission from
Kusoglu and Weber, *® Copyright 2017 American Chemical Society.

Aside from ionomer backbone, the chemical nature of the side-chain is another lever of
ionomer design that can be modulated for desired function. As one of the most commonly
employed ionomers in PEFCs, perfluorosulfonic-acid ionomers (PFSA) are prime examples for
examining side-chain effects. PFSAs are composed of random copolymer of tetrafluoroethylene
(TFE) backbone sequence (~87 mol % at 0.91 IEC) with a perfluorinated vinyl ether comonomer
and a pendant side chain of sulfonic acid moeity.*3* See Figure 1-2. Incompatibility of the ionic
group with the non-polar TFE backbone results in nanophase separated morphology where ionic
domains (hydrophilic) are distributed in the TFE matrix (hydrophobic). This physiochemical
structure of PFSAs results in high conductivity and good chemical, physical, and mechanical
stability making them ideal candidates for PEFCs and related electrochemical applications. When
fully hydrated, PFSAs demonstrate conductivities as high as 0.1 S/cm, while enduring mechanical
swelling strain of added water molecules of up to 40% by volume.***° However, improving the
conductivity of these ionomers at low relative humidity (e.g. during start/stop of car operation)
and degradation concerns (due to the oxidative nature of the PEFC environment) remain
challenges.



One pathway that has been pursued to modify PFSA for improved performance is altering side-
chain length and chemistry to produce short side-chain ionomers (like 3M and Aquivion, see
Figure 1-2). Reduction in side-chain length increases IEC by reducing the amount of polymer per
acid (ion carrying) site and increasing conductivity compared to the benchmark long side-chain
PFSA, Nafion.>®®! Altering side-chain length and chemistry can also impact backbone/side-chain
interaction resulting in changes ionomer aggregation, backbone and side-chain stiffness, and
ultimately impacting ionic channel networks.*® Reduction in side-chain length and especially the
removal of the flexible ether bond increases side-chain stiffness and IEC, and has been shown to
improve Pt electrode/ionomer interface and ionomer phase separation even under dry conditions.>?
As previously stated, increasing IEC has to be balanced with maintaining or improving mechanical
integrity and minimizing dissolution upon exposure to solvent.** Additional performance gains via
side-chain modification have also been accomplished by keeping the main components of PFSA
and attaching imide groups and aromatic moieties.>>* These side-chain chemistries result in multi-
acid side-chain ionomers, like perfluoroimide acids and Ortho Bis Acid, with increased proton
concentration (higher IEC), resulting in improved ionomer ion transport.>® Additionally, the
differentiation between types of protons near imide, aromatic, and sulfonic-acid groups
corresponds to water retention, especially at low humidification. Low acidity protons attached to
aromatic sulfonic-acid groups exhibit significantly lower conductivity relative to perfluorinated
imide acid groups, which are considered to be stronger Brgnsted acids.>

The remaining lever that can be used to alter ionomer architecture is the nature of ionic group
commonly found tethered to the pendant sidechain. In an anhydrous system like that of solid-state
Li-ion battery, ions in solid-state electrolytes use the non-polar polymer matrix as their mode of
mobility. As such, long-range polymer segmental mobility is key to raising conductivity in these
ionomers. Conversely, in almost all PEFCs, water is present as product and/or reactant. As such,
the mode of ion (usually OH™ and H*) conduction has an alternative pathway of transport where
ions are shuttled through water domains via vehicular or hopping mechanisms. As a result of this
critical role of water in PEFCs, water management is necessary for optimal transport. Other
electrochemical systems like flow batteries, chloroalkai process, water electrolyzers, and water
desalination via electrodialysis require transport of other counter ions of interest such as Na*, K*,
Ca?*, Zn?*, etc.*®>® In a hydrated operation, the water content of the ionomer strongly depends on
the nature of cations present in the membrane. More hydrated ions, those with high hydration
number and smaller solvation size, remain mostly dissociated in the water channel and can be
shuttled through the water network.>” Those with low hydration and strong association with fixed
anion charges in the membrane are hindered in their transport. Mobility of these ions is hindered
by their own size and charge density; Cs ion would have a lower overall diffusion coefficient,
because of its larger mean-free path in diffusing through the polymer, compared to sodium ion.
Specific interaction with different parts of the ionomer also impact the ease by which cation
moves.*** One consequence of this is a change in stiffness and physical crosslinking due to the
presence of strongly ionic monovalent or divalent cations.>*%! Although strong association of
cations with polymer sidechains improves thermal and mechanical stability, it impedes ionomer
phase separation and ion diffusivity. Therefore, understanding the nature of cation is critical for
understanding the ionomer’s properties and performance.

1.3.2. Chemical Structure and Morphology of Perfluorosulfonic Acid lonomers

The bottom-up approach of altering the chemical nature of the backbone, side-chain, and ionic-
group chemistry cannot be detangled from the morphological effects that molecular assembly of
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ionomer chains has on property and function. Central to performance of ionomers and embedded
in their natural selective transport is their morphology and nano-phase separated structure. In
hydrated systems, like that found in PEFCs, ionomer hydration and solvation of ionic groups in
water molecules is in constant balance with the hydrophobic polymer matrix that sustains the
overall integrity of the membrane.®? Such morphology also dictates water and gas transport in
ionomers, where phase separation is correlated with ionomer-chain aggregation size and
hydrophilic network and available free volume for gas permeation.>® Tunable nanostructures that
control the extent of hydration and transport pathways can be designed via synthesis or processing
techniques for well-ordered ionomers like sulfonated block or graft co-polymers. However, for
disordered copolymers like PFSA, the extent of hydration is preparation-dependent (i.e. pre-
treatment, cation contamination) and stimuli driven (i.e., humidity, temperature, and solvent).
Nonetheless, various researchers have proposed morphological descriptions of PFSAs in different
conditions that can explain the relationship between ionomer nanostructure and resultant property
observed experimentally,3940434458.63-65 The physical structure of benchmark PFSA, Nafion®, has
been probed by various imaging techniques including Small Angle X-ray Scattering (SAXS),
Small Angle Neutron Scattering (SANS), Quasielastic Neutron Scattering (QENS), and
Transmission Electron Microscopy (TEM). Figure 1-3 shows two morphological depictions of
structure and a cryo-TEM 3-D image of Nafion. One of the oldest morphological descriptions from
Yeager et al. concluded Nafion to be a three-phase system consisting of a TFE crystalline backbone
(A region in Figure 1-3a), inhomogeneous amorphous matrix phase (B region) consisting of
pendant side-chain, and ionic-cluster containing end groups, counterions, and water (C region).5¢:¢7
The volume fractions of these regions can alter transport pathways, e.g., water and ion transport
are mainly through polar ionic pathways, while gas dissolution is dominant in non-polar regions
of the ionomer.>® Figure 1-3b shows morphological features of Nafion proposed from SAXS and
USAXS (Ultra Small Angle X-ray Scattering) observations. Elongated rods with local features of
3 to 5 nm separation between ionic groups were reported along with long rod-like aggregates of
80 nm.*® These rods were proposed to be bundled into large isotropic aggregates using SAXS
information.*® More recently, Allen et al. showed a first 3-D direct-imaging via cryo TEM
tomography (Figure 1-3c). The structure reveals a locally flat interconnected channel-type network
where hydrophilic (yellow phase) domains ~3.5 to 5 nm (dry to hydrated membrane) diameter
were observed that change from spherical to locally flat upon hydration.®* Although PFSAs are
random copolymers, morphological visualizations highlight hydration-dependent phase-separated
structure and network that ultimately impacts properties. Other ionomers like block copolymers
and graft copolymers also show similar relationship where, for instance, increases in phase
separation between ionic and non-ionic domain result in ion-conductivity enhancment.*8:68



a) Three Region Model

Figure 1-3: PFSA ionomer (Nafion) morphology: (a) Proposed three region model. Reprinted with
permission from Yeager et al.®® J. Electrochem. Soc., 128, 1880 (1981). Copyright 1981, The
Electrochemical Society. (b) Proposed elongated polymeric aggregates (cylindrical or ribbon-like
aggregates) Reprinted with permission from John Wiley and Sons Fuel Cells Gebel et al.*® Copyright 2005
(c) 3-D reconstruction of the frozen- hydrated as-cast Nafion membrane from transmission electron
microscopy (TEM).®* Image reprinted with permission from Allen et al.®* Copyright 2015 American
Chemical Society.



1.4.  Performance Challenges and Limitations in PEFCs

As previously noted in section 1.2.2, mitigating losses experienced by PEFCs is critical to their
widespread adoption and commercialization. A PEFC experiences various losses upon
polarization (extraction of energy from the system) that reduce its usable energy (equation 3).
These are commonly referred to as overpotentials. Losses in a typical PEFC can be grouped into:
kinetic, ohmic, and mass-transport losses and are shown in Figure 1-4.2° Kinetic losses are
associated with the turnover rate and reactivity of species on the catalytic surfaces. The rate of
reaction of HOR >> ORR on Pt surfaces (three orders of magnitude faster). Thus ORR results in
the largest overall loss of around 0.3 V at low current densities.®®-"* Research focusing on catalytic
surface structure and nature to minimize these losses is key to fast tracking PEFCs into mainstream
use. The second type of losses, ohmic losses, are prevalent at moderate current densities and scale
linearly with current density. These are due to electronic contact resistances between the flow-
fields and DM as well as hindered ion conductivity through the PEM separator.?®"* At this point
the cell performance becomes limited by the number of protons required to be shuttled to the
catalytic site and potential varies linearly with current density. At high current densities, losses are
overwhelmed by mass-transport resistances. Reactants are depleted expediently and voltage
rapidly drops as the supply of reactant reaching the catalytic site is limited. This loss usually occurs
between 0.6 VV window which is the critical operating window for car and stationary operation.®
This high current density regime is also necessary for fast start/stop activity, as well as high
acceleration or large power withdrawal. Even during low overall current density performance,
local high current densities are likely to be present. Additionally, this is where performance and
cost optimization face their largest strain; with decreasing Pt loading, required for low-cost fuel
cells, lower cell voltage output is experienced at higher local current density.?
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Figure 1-4: Polarization curve of low-Pt loaded PEFC showing voltage loss terms in a low-Pt PEMFC
operated under differential cell conditions operated at Ha/air, 150 kPa, 80°C, and 100% RH. The symbols
represent the experimental data. Reprinted with permission from Springer Nature Kongkanand et al.,*°
Copyright 2018.
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1.4.1. Progress and Challenges to Addressing Kinetic Limitations in PEFCs

An active catalytic site is a highly dynamic interface that encounters multiple species (gas,
protons, electrons, and water). Therefore, minimizing losses at this interface requires activity
maximization and improvement of accessibility to this interface. Research efforts have been
focused on designing new catalyst structures such as Pt-alloys, Pt-shell non-precious core
geometries, non-precious metal catalysts, nano frames, nano cylinders, and nanostructure thin film
(NSTF). Figure 1-5 shows specific activity improvement of some of these electrocatalysts
compared to the conventional benchmarks, i.e., polycrystalline Pt and Pt/C. These new geometries
have shown 3 to 20x activity improvements relative to the traditional Pt electrocacatalyst.!"2%:2771
Significant improvements to specific ORR activity has been achieved for Pt alloyed with base
metals such as Fe, V, Co, Ni, Mn, Cr, and Ti.?>">72 Reasons for observed increase in activity are
still under debate but include preferential Pt crystal orientation as a result of co-alloy, improvement
of the Pt-Pt inter-atomic distance facilitating O-O bond cleaving, and lattice strain to downshift
Pt’s d-band center with alloying critical for improved O adsorption process.?t7:7374 A Pt-shell
non-precious core consisting of Au, Ni, Pd, Co, or Cu have also reported performance
improvements of a factor of 10 relative to polycrystalline Pt.?2%":"® This concept was also extended
to the current Pt/C structure to produce C-supported PtsCo nanoparticles that have shown kinetic-
rate increases of up to a factor of ~3, especially after heat treatment.?>’® A notable standout of
electrode structures that have significant extended surface area and ORR activity improvement of
5 to 10x are nanostructure thin films (NSTF) and mesostructured thin films (MSTF).?2"™ NSTFs
are composed of thin film of Pt alloy coated on individual single crystalline 0.5 to 1 um long
whiskers of an perylene red organic compound.?2%""® (See Figure 1-5) Advantages of these
nanostructures stem from their electrically non-conductive whiskers, their low susceptibility to
electro-oxidative corrosion, and the semi-continuous bulk Pt-like characteristics in this
microstructure.?”">76 However, widespread deployment of such a structure requires efficient
fabrication methods that can translate electrodes from the laboratory into MEA that can be
manufactured at a large scale which is yet to be accomplished. Additionally, introduction of
ionomer thin film for improved proton conductivity that has resulted in unexpected ionomer-
coating-dependent mass-transport limitation in these NSTF electrodes.*®"® Pursuit of non-PGM
electrodes are also being considered. Non-precious metal electrocatalysts containing metal oxides
doped with C and nitrogen are reaching notable turnover rates and lifetimes.”>’” However, their
power density and durability at high current density is not sufficient for widespread application.”
Despite the high activities of these new electrocatalysts commonly reported from rotating-disk
electrode studies, performance metrics are still unable to translate directly to MEAs. The
heterogeneous structure and complex environment of a PEFC electrode is a major hurdle limiting
the incorporation of these electrocatalysts into existing electrode structure. Deployment of these
alternative electrocatalysts into PEFCs also has to involve efforts to ensure unimpeded
accessibility to catalytic sites in the current state-of-the-art PEFC electrodes.
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Figure 1-5: Electrocatalyst structures and materials under development and their activity for Oxygen
Reduction Reaction (ORR) relative to conventional polycrystalline Pt and Pt/C structure. Reprinted by
permission from Springer Nature Stamenkovic et al.? Copyright 2016.

To date, the dominant path for electrode-structure optimization has occurred through variations
in the electrode-ink preparation, i.e., varying carbon support types, ionomer/carbon (I/C) ratio, Pt
loading, and solvent type and content.3%:"® Solvents utilized to prepare these electrode dispersions
dictate the C/ionomer, ionomer/Pt, and Pt/C interactions even prior to electrode formation. Effects
of solvents like isopropyl alcohol, water, N-Methyl-2-Pyrrolidone, and Dimethyl sulfoxide have
been explored in ink state as well as in electrode form.”8% Jonomer ionic and non-ionic segment
chain confirmation can be impacted by the solvent pH, electrostatic effects, viscosity, surface
tension, dielectric constant, and solubility parameter.38182 Final ionomer film formation,
morphology, and performance, therefore, depends on the various binary interactions.””® Varying
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accessibility of the C support in the electrode can also impact electrode activity by supporting
uncoated Pt, which is thought to have improved activity due to uninhibited access to gas and
electrons. Carbon supports are manufactured from petroleum-driven aromatic residue oils or via
thermal decomposition of acetylene and range from porous to solid.?°2*® Most popular carbon
supports employed are moderate-surface-area solid carbon supports with good corrosion resistance
like Vulcan (solid) and high-surface-area porous supports suitable for Pt deposition like
Ketjenblack (porous).*® Figure 1-6 shows schematics of components and interfaces of of PEFC
CL at different length scales. The key component of the electrode interface and the main focus of
this work is ionomer thin film and the dynamic Pt/ionomer interface. Optimizing performance of
electrode interface in PEFC requires maximization of proton conductivity to and from Pt active
sites while minimizing ionomer thickness for high gas and water transport. The challenges and
limitations are discussed in the following section.

1.4.2. Performance Defining Phenomenon in Nanometer Thin Films and Interfaces

Two (micrometer-thin) electrodes pressed against a solid electrolyte PEM make up the
essential core of PEFC energy-conversion system. However, this seemingly simple structure
contains many interfaces at different length scales that are critical for power generation. Figure 1-6
shows a schematic of the various components of PEFC at a range of length scales. Key exchanges,
interactions, and reactions occur at the nanometer length electrode interface that define
performance at the system level. The focus of this work revolves around this critical interface. Due
to the CLs relatively small thickness and heterogeneous nature, identifying the source of mass-
transport resistances from limiting-current results lacks precision.®® Transport resistance in the CL
occurs due to minimized accessibility to active sites and species (H*, electrons, and gas).
Accessibility to H* in the CL results from impeded ion transport through the ionomer thin film.
This could be due to ionomer morphological variation that result in reduced proton mobility in-
plane, due to surface water distribution, or reduction in overall water content in ionomer thin film.8
Accessibility to electrons has to do with C support; porosity and pore geometry of the C inside the
CL can impact gas-transport resistance. High-surface-area C supports have numerous primary
pores and allow Pt nanoparticles to be deposited inside nanometer pore space.?>%® As a result of
this structure, there is increasing amount of uncoated active Pt sites, increase in electroactive
surface, and increase in H* shuttled via condensed water without requiring diffusion through an
ionomer thin-film coating.®® Accessibility of gas has to do with a resistive coating on Pt and
available Pt active site. The latter resistance is associated with access to Pt sites that can be limited
due to Pt oxidation and ionomer sulfate adsorption at the Pt active surface.®”®® The former
resistance is commonly assigned to the total sum of resistance at the Pt/ionomer interface, through
the ionomer thin film, and at the ionomer/pore(gas) interface.’®?# A clear delineation and
quantification of the contribution of each source of resistance requires in-depth understanding of
the impact of ionomer confinement at near-free (air/gas) surfaces and solid interfaces.
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Figure 1-6: Schematic of fuel cell components at different length scales. Catalyst layer schematic reprinted
from J. Power Sources, 344, Cetinbas, F. C.; Ahluwalia, R. K.; Kariuki, N.; De Andrade, V.; Fongalland,
D.; Smith, L.; Sharman, J.; Ferreira, P.; Rasouli, S.; Myers, D. J., Hybrid Approach Combining Multiple
Characterization Techniques and Simulations for Microstructural Analysis of Proton Exchange Membrane
Fuel Cell Electrodes, 62—73, Copyright (2017), with permission from Elsevier.

1.4.3. Proton Conductivity and Gas-Transport Losses in PEFC Electrodes

The ionomer binder in the CL is critical to create a well-bonded and connected electrode-
membrane interface and allow optimal transport of H*, gas, and water to/from the catalytic sites.
In CLs, recast thin-film ionomers of thicknesses < 100 nm aid proton conduction and extend the
reaction zone of the CL.%° As catalyst binders, ionomer thin films at the Pt surface have slightly
different requirements and challenges relative to bulk PEM ionomer electrolytes. An ideal thin
film exhibits (1) fast gas/species transport, (2) good connective interface with catalytic site, (3)
compatibility with electrolyte and catalyst support for ease of casting, (4) ability to withstand
highly oxidative environment (5) high ion conductivity, (6) high mechanical, thermal, and
chemical stability, and (7) ease of processability during ink casting. The later three are
requirements shared with bulk PEM electrolyte and reasons for employment of PFSA ionomers
both as electrode binder and solid electrolyte separator. The former four are unique to the ionomer
in the electrode and a case for separating ionomer design for CL and membrane separators.
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Additionally, the first two requirements are key bottlenecks for CL performance in PEFCs as they
contribute 60 to 80% of total mass-transport losses.®** Several investigators have provided
significant insight into these losses in CLs, with operando studies employing MEAs with varying
Pt and ionomer loading. In doing so, they identified an unknown source of mass-transport
resistance, which is a lumped sum of local resistances comprising the gas/ionomer and Pt/ionomer
interfaces as well as resistance to transport through the ionomer.198993.95-98 Ejqjre 1-7 shows these
local resistance increases with a decrease in Pt loading. However, a clear quantification of the
contribution each source of resistance is lacking. Concurrently, voltage loss in electrodes is also
experienced due to loss in proton conductivity, especially at low relative humidity (RH). Recent
CL studies have reported through-plane proton conductivity as low as two orders of magnitude
lower than bulk PEM at ~35% RH and low ionomer/C ratio.8%1% These CLs contained an
average ionomer thickness ~2 nm reflecting the impact of ionomer confinement on critical
performance metrics. Findings also reported ionomer/C ratio dependent loss in water content of
CL, indicating impact of ionomer thickness on performance.®>%* Although these findings shed
light on the reduction in transport property experienced in an operating PEFC, sources of loss in
gas and ion transport remain highly coupled with the nature of the nanometer thin-ionomer film
and the heterogeneous structure of the CL. Understanding the impact of confinement, thickness,
surfaces, and interfaces on ionomer thin film ion and gas-transport properties in an isolated manner
can elucidate the sources of losses in the PEFC and expand the ionomer’s functionality in PEFCs
as well as other solid-state energy devices.
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Figure 1-7: Unexplained, pressure independent transport resistance as a function of Pt loading at 80°C near
100% relative humidity(RH) from refs,30:93.95.96.98,102,103

1.5. Confinement Effects in Thin Film Polymers and lonomers

The need for minimizing material waste, rising interest in microelectronics, and use of
polymers in electronic devices, coatings, displays, sensors, optical equipment, and electrochemical
devices results in accelerated use of nanometer thin-film polymers.!® The definition of what is
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traditionally termed ‘bulk’ polymer is referring to >10 pum thick, commercially available polymers
whose intrinsic property has not demonstrated any thickness dependence. However, thickness-
dependent behavior in polymer films has been observed for thicknesses ranging from several
micrometers to nanometer thin films. These are commonly referred to as thin film and ultra-thin-
film ionomers (see schematic in Figure 1-8). The general term describing the overall phenomenon
that results in thickness-dependent property as polymer-film thickness approaches its characteristic
polymer-chain length is termed confinement. Confinement describes a unique state of polymer
when the polymer chains are far from their equilibrated state, and experiencing high strain, friction
or adhesion imposed by processing conditions. As such, thin and ultra-thin film polymers prepared
by various casting methods commonly on different supports demonstrate property deviations from
their bulk counterparts.'® Confinement effects in thin polymer films can be induced due to
polymer/surface interaction, polymer/free-surface interaction, and finite-size effects.!% Confined
polymer thin films therefore exhibit properties that are influenced by entropic effects that depend
on polymer chain density and distribution, nature of interaction with substrate (positive, negative,
neutral), characteristic molecular lengths (like radius of gyration, cooperative chain length), and
nature of polymer and chain entanglement.?”1% Since many or all of these parameters are present
in a polymer thin film, perturbations can result in unexplainable responses that deviate from the
bulk.
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Figure 1-8: Approximate thickness regimes and labels indicating when intrinsic property becomes thickness
dependent.

Probes aimed at understanding these dynamic properties of thin-film polymers have started to
take center stage after two and half decades.’®® Evidence of confinement on thin-film polymer
properties and structure has been studied via spectroscopic ellipsometry (SE),*°7 X-ray
reflectivity (XR),'81° Brillouin light scattering (BLS),*?*'?! second harmonic generation
(SHG),*?? nano-indentation,? fluorescence techniques,12113122124-126 atomic force microscopy
(AFM),*27128 Fourier transform infrared spectroscopy (FT-IR),*® cantilever beam bending,*2%%°
capacitive scanning dilatometry®3!, dielectric spectroscopy*®+132, positron lifetime spectroscopy
(PAL), and gas permeability*33!34 starting in the late 1990°s. Examination of thin films have
focused on three main aspects: (1) intrinsic changes to polymer thin-film property due to finite-
size effects, (2) pinning and polymer chain/substrate interaction for substrate supported thin films,
and (3) changes to chain mobility and relaxation near free surface interface for both free-standing
and supported thin films. Finite-size effects in thin-film polymers arise as polymer thickness
approaches cooperative length in the polymer. As a result, polymer dynamics and properties that

16



involve cooperation are effectively altered in thin-film polymers relative to their bulk form.1%

Finite-size effects can alter relaxation dynamics, mechanical properties, glass-transition
temperature, ageing and relaxation property, and polymer density. Confinement to dimensions on
the order of few radii of gyration of the polymer has been shown to change chain dimensions
parallel to surfaces.*® Chain confirmation and configurations observed with scattering techniques
indicate elongated in-plane persistent length in polystyrene thin films.**® Increase in viscoelasticity
and entanglement has also been reported for ultra-thin polyphenylmethysiloxane polymers
confined to mica supports.3” Due to confinement physical ageing, a phenomenological approach
towards some equilibrated state for inherent in the naturally non-equilibrated glassy polymers, is
expected to result in a drift in measured property as a function of time and is accelerated in thin-
film polymers 133138

Proximity to free (vacuum/air) and rigid (substrate/interface) surfaces also impacts packing
distribution, morphology and orientation as well as relaxation dynamics in thin-film polymers.
Using substrate supported polymer thin films, Virgiliis et al. demonstrated that near-free surfaces
experience ease in hydrogen bonding and reduced polymer-chain sterics, and are associated with
enhanced mobility of chains while reduced mobility and restricted dynamics are observed near
supported surfaces.’®® Experimentally, employing X-ray reflectivity, Reiter demonstrated
polystyrene films supported on a glass substrate have a density distribution that decreases with
increasing distance from substrate.*® Such a distribution is argued to increase mobility near-free
surfaces.*! Relaxation dynamics observed using dye molecular probes and atomistic molecular
simulations have also reported similar differences in mobility near substrate and free surfaces.'4>
144 Priestley and co-workers demonstrated impeded relaxation (factor of 2 to 15x), in poly(methyl
methacrylate) (PMMA) polymers near the substrate with influence that spanned more than 100 nm
into the film interior.** Frank et al. used small-molecule-tagging experimental techniques to
capture reduced polymer thin-film chain self-diffusion of polystyrene with reduction in thickness;
a drop in bulk polymer self-diffusion coefficient began ~150 nm.*> These examples denote that
deviation from bulk properties starts to take place at thicknesses greater than cooperative length
scales, which points to the critical role of substrate and free-interface interactions.?%146 The
interaction with substrate and free surface has also resulted in conflicting results that are
compounded by other factors like nature of the polymer/substrate interaction and molecular-weight
effects. That is, near free surfaces low molecular-weight polymers show increased mobility
whereas high molecular weight polymers demonstrate no significant change.4>4’ However, at
solid surfaces positive, negative, and neutral interactions between polymer/substrate dictate the
resultant change in properties of thin films from bulk properties. Attractive interactions between
polymer and substrate increase the glass-transition temperature and mechanical properties.
Negative/neutral interaction are dominated by free-surface effects that result in the opposite trends.
Thin-film PMMA supported on silicon supports with a native oxide reportedly increase glass-
transition temperature, and modulus especially at the immediate vicinity of the substrate due to
enhanced hydrogen bonding.!1%148-150 Alternatively, weakening interaction via non-interacting,
hydrophobic or brush or grafting techniques results in variations that depend on processing
conditions, wettability of substrate, and degree of polymer-chain adsorption at the
interface.110,124,132,135,146,1517153

Similar phenomena can be expected for ionomer thin films found in the CL. There is growing
evidence of change in structure and property ionomers confined to thin film (< 1 um) and ultra-
thin film (< 100 nm) thicknesses that are highly influenced by processing and operating conditions.
At these thicknesses, ionomers are approaching the elongated ionomer rod length or the same order
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of magnitude as ionomer coils and therefore highly sensitive to interfaces. Although some
consensus has been built around the effect of confinement on thin-film homopolymers; ionomer
thin film literature mainly focusing on PFSA shows scattered and at times contradictory
results.”1%84 This is mainly due to the fact that there is variability in processing solvents, casting
methodology, post-film formation heat treatment, and variation in storage and test environmental
conditions.®* The hygroscopic nature of ionomers also adds complexity to these phenomena. Both
structure and properties are changing due the presence of water.

Current studies of ionomer thin films show evidence for deviation of ionomer thin-film
properties from that of bulk. The molecular origin of this deviation is largely speculative and
remains unknown. Notably, reduction in ionomer thin-film conductivity by 2/3™ to 1/7" of bulk
ionomer has been reported with experiments employing ionomer thin films coated on planar
electrodes.’> 157 Activation energy of conductivity was also observed to increase by a factor of 3
from the bulk ionomer, reflecting the increased limitation in proton mobility experienced in thin
films.1°81%% Water uptake and transport has also been shown to be dramatically impacted by
confinement to thicknesses < 100 nm.*384160 Reduction in swelling dimension of ionomer thin
films supported on various substrates has been reported for thicknesses < 1 um.%%164 Eastman et
al. demonstrated reduction of through-plane water diffusion coefficient from bulk values. A rapid
loss by orders of magnitude in water diffusion coefficient was observed for thicknesses beginning
~200 nm.!® An increase in modulus upon confinement has also been shown by a few
researchers.’*166.167 Opserved property changes are highly correlated with substrate impacts,
thickness, and morphological changes in ionomer thin films.%41% For instance, loss of crystallinity
in spin-cast thin-film ionomers and localization of crystallites near the substrate caused by
annealing has been invoked to explain impeded proton diffusion near the electrode/ionomer
interface.1>>160.16% Spectroscopic studies looking at ionomer orientation on different supports
report greater parallel structural alignment near metallic surfaces, which has been shown to impact
activation energy of proton transport.’¢1"% Substrate-dependent morphological changes like
increased anisotropic parallel orientation on Pt and loss in phase separation with thickness have
also been reported from scattering studies.**®#* Exploring, understanding, and correlating structural
and molecular origins of ionomer thin films with their thickness-dependent property is the goal of
this work. In this study, model ionomer/substrate systems are utilized to characterize ionomer thin-
film behavior.

1.6.  Use of Model Systems to Probe Thin-Film lonomers and Interfaces

CL ionomer thin-film performance metrics like gas transport and proton conductivity are
strongly correlated to ionomer processing, chemistry, and structure. Transmission electron
microscopy (TEM) images of actual electrodes show variable distribution of ionomer on the
surfaces of both Pt and C particles.!”* As already noted, the electrode structure is complex with
variable C-support porosity and non-uniform Pt-site distributions. The interface is further made
complex by operating conditions (like temperature, humidity, and potential) that impact the
surfaces in different ways and by operation events like start/stop cycles as well as continual
withdrawal of power for extended periods of time. Additionally, the CL electrode interface is a
high Kkinetic and transport traffic site where multiple species (water, gas, protons, and electrons)
are shuttled at varying rates and routes. Therefore, detangling the impact of one component,
condition, or factor from the observed performance is a challenging task. Model systems of
ionomer-coated substrates offer elementary units that can progressively build to resemble the
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complex structure of CL electrodes and interfaces (see Figure 1-9). Model systems allow for
improved control of operating conditions, surface variability, ionomer chemistry, gaseous
environment, reactions, etc. In such controlled scenarios, the impact of the multitudes of factors
and species conveying through the interface can be detangled from the fundamental underlying
dynamics that result in a given performance in the electrode. Prime model systems employed in
this dissertation are ionomer thin films coated on silicon (Si/SiO2) substrates. Such model systems
also allow translation of technique and understandings between non-ionic polymer thin films
examined in the polymer thin-film community to ionomer thin film exploration studies that remain
largely unexplored. Introduction of factors pertinent to PEFC electrode interfaces can be
accomplished by using additional substrates (Pt, C, Au), alternating substrate identity
(interdigitated electrodes), inducing potential gradients (using planar or disk electrodes), exposing
to gaseous environments (oxidizing, reducing and inert gases), and varying ionomer thickness
(using coating techniques) and chemistry (Nafion, 3M, multiple IEC). It must be noted that model
systems can never truly represent the complex structure and activity that an electrode or even a
single Pt site may experience. Bulk planar surface ( like continuous polycrystalline Pt substrate)
does not adequately describe the highly rough interface the ionomer thin film binder experiences
in areal CL. Additionally bulk planar surfaces also limit observed phenomenon ( like gas diffusion,
volume expansivity) in only one dimension perpendicular from the substrate, while real thin films
in the CL have activities that need to be captured in all three dimensions. In model systems multi-
dimensional, multi-species and multi-interface interactions are forsaken for a focused glimpse into
single measurable properties under well-defined constraints. Therefore, it is not necessary for
model systems to capture all phenomena, rather critical that they elucidate the influence of a single
factors with direct observable properties that can accurately be captured. This makes model
systems ideal in providing tunable variables and surface specific parameters that are critical for
systems scale modeling and design optimization.
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Figure 1-9: Role of model systems as a way of simplifying complexity and improving control of highly
complex, heterogeneous system like catalyst layers.

1.7.  Overall Research Objectives and Chapter Outline

This study aims to understand the impact of confinement, substrate, and surface interaction on
the properties and performance of ionomer thin films employed in PEFC electrodes. This work
aims to answer critical questions around the impact of nanometer thin-ionomer films like:

e How does confinement alter ionomer structure and transport properties?
e Does confinement explain the transport limitations observed in PEFC CLs?
e What tunable parameters control confinement effects and deviations of properties from that
of bulk behavior?
e What lessons can we draw about designing ionomer systems that induce favorable thin-film
ionomer behavior?
e How can ionomer thin-film interactions be controlled to optimize performance and stability?
In pursuit of answering these questions, the following chapters discuss details of explored
parameters and insights gained as a result.

Chapter 2: lonomer thin film-coated Pt surfaces can serve as model systems providing a
focused glimpse into the heterogeneous dynamics and complex interfaces of the catalyst layer.
Water-vapor sorption dynamics of dispersion-cast Nafion thin films under reducing (H), oxidizing
(Air), and inert (Ar, N2) environments are investigated to understand the Pt/ionomer interaction in
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both the anode and cathode catalyst layers. Findings in this chapter indicate decreased swelling,
increased densification of ionomer matrix, and increased humidity-induced aging rates in reducing
environment as compared to oxidizing and inert environments. Observed phenomenon are related
to underlying Pt/gas interaction dictating Pt/ionomer behavior.

Chapter 3: This chapter highlights the effects of confinement and interface-dependent
interactions of ionomer thin films by exploring thin-film thermal-transition temperature. Change
in thermal-transition temperature in polymers is an indicator for chain relaxation and mobility with
implications on properties like gas transport. Results point to an interplay between increased chain
mobility at the free surface and hindered motion near the rigid substrate interface, which is
amplified upon further confinement. Understanding the molecular/morphological origins of
relaxation dynamics, therefore, can help establish bottom-up approaches for designing polymers
with desired structure-function relationships.

Chapter 4: This chapter extends the fundamental insights from bulk PFSA membranes to thin-
film ionomers coating the electrocatalyst. Although both thin-film ionomers and bulk membranes
are sourced from the same polymer, confinement and finite-size effects in thin films point towards
deviation of thin-film ionomer behavior from bulk membrane, as discussed in Chapter 1. As such,
local impacts of co-alloy leaching and cation contamination in thin ionomer films requires
additional attention. Impact of cations on thin-film ionomers so far remains unexplored with few
studies focused on the impact of transition-metal cations limiting fundamental understanding to
specific cations. In this work, water uptake and morphology of ionomer thin films of thickness 20
to 200 nm are investigated as a function of different cation doping amounts. Metal-cation
exchanged ionomers demonstrate strong ionic association in the ionomer, making the
intramolecular forces within the matrix dominate over the forces present at the ionomer/substrate
interface.

Chapter 5: Local gas-transport limitation attributed to the ionomer thin film in the catalyst
layer is a major deterrent to widespread commercialization of PEFCs. Thus far, measurements of
ionomer thin-film gas-transport parameters have involved several in-situ techniques. This chapter
discusses gas permeability of bulk ionomers, parameters that control their properties, and extends
the main insights gained to ionomer thin films. To that effort, three different methods aimed at
capturing ionomer thin-film gas permeability are surveyed. By combining these methodologies
with Chapters 2 thru 4, new understanding of confinement effects on gas transport is gained.

Chapter 6: The final chapter in this dissertation contextualizes the work with greater research
and development needed for the advancement of PEFCs. It also provides a summary of findings
and future directions relevant to the development and optimization of materials for solid-state
energy-conversion devices.
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2. Substrate/lonomer Interaction Under Oxidizing and Reducing
Environments

2.1. Introduction to the Dynamic lonomer/Platinum (Pt) Interface

As discussed in Chapter 1, polymer electrolyte fuel cells (PEFCs) are composed of two
diffusion mediums (DMs), two catalyst layers (CLs) separated by a selective, hydrogen-ion
conducting polymer electrolyte membrane. CLs (anode and cathode) are microporous components
consisting of 2-10 nm platinum (Pt) nanoparticles supported on 20-75 nm carbon (C) particles
bound with coverage of a thin coating of ion-conducting polymer (ionomer).%? Oxidation and
reduction reactions are catalyzed at CLs via the consumption of hydrogen and oxygen gas and
produce water.® Unfortunately, the local reaction site at the cathode CL where gas (Oz), ions (H*),
and electrons meet on the Pt catalyst interface has very sluggish reaction rate and remains
unoptimized and poorly understood.}*® Mitigation of this underperformance requires high kinetic
activity catalyst, and a catalytic interface with unobstructed Pt sites for gas adsorption, fast proton
and gas transport through the ionomer thin film, and good Pt/C contact for abundant access to
electrons. However, real catalysts are far from this idealized nature required for optimal
performance. Figure 2-1 shows high definition transmission electron microscope (TEM) images
of real CLs.%®° In real CLs, there is a variable distribution of ionomer on the surfaces of Pt particles
and C particles (Fig. 2-1b). Additionally, accessibility to the C support could be limited due to
internal porosity and blockage by water, non-uniform distribution of Pt sites (Fig 2-1c), and non-
optimized continuity of the ionomer layer and gas flow networks (See Figure 2-1a). Non-idealities
in the CL are further complicated with additional operational factors including start/stop cycles,
continuous withdrawal of power for extended period of time, humidity, temperature and voltage
cycling. As a result of the complex heterogeneous structure and high activity traffic, real CLs have
vulnerabilities that result in non-optimal power output or lifetime.
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TEM images of real catalyst layers (CLs)
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Figure 2-1: (Top) Heterogeneous structure of real catalyst layer containing Platinum (Pt) nanoparticles
supported on carbon covered by ionomer thin film visualized by high resolution transmission electron
microscope from ref.” (Bottom) Particle distribution of platinum in the catalyst layer (left) ionomer
thickness distribution in the catalyst layer. (right) Variability with voltage cycling at 60% relative humidity
from ref.5° Reprinted with permission from Morawietz et al.2 J. Electrochem. Soc., 165 (2018). Copyright
2018. The Electrochemical Society.

Limitations in optimal CL output can be grouped into two general categories i.e. performance
losses and degradation. Degradation concerns in PEFC electrodes commonly unfold when a cell
is utilized under operating conditions repeatedly and continuously. They are commonly evaluated
under accelerated stress tests that involve humidity and voltage cycling and hold. Degradation
losses eventually overwhelm the electrode resulting in considerable reduction in efficiency,
utilization and maybe even cell death. Divergently, performance losses in the electrode are related
to normal or side electrochemical reactions and phenomenon that result in reduction in theoretical
energy withdrawal. Therefore, these losses are usually (but not always) present in cell from onset.
Some examples of performance losses in CL include sluggish oxidation reaction kinetics, high
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local transport resistances, reduction in proton conductivity, Pt surface oxidation, 1°*° flooding of
electroactive sites, and Pt sulfonate adsorption.'®1® Degradation, on the other hand, pertains to any
chemical or mechanical mechanisms that result in loss of integrity of component or dramatic loss
in operation performance. Examples include Pt detachment and dissolution, C corrosion, fuel
starvation, membrane contamination and pinhole formation, degradation due to temperature
fluctuation and failure in other supporting components.t®2! Degradation and performance losses
in CLs are not mutually exclusive. Some performance losses like flooding of electroactive sites
can enhance the rate of Pt detachment causing significant reduction in power withdrawn.
Therefore, even as we investigate local Pt/ionomer interactions in this chapter, property changes
as a function of humidity cycling and alternating gaseous environment can provide insight into the
interrelated nature of performance loss in ionomer and degradation in the CL.

The Pt/ionomer interface has already been identified as a significant contributor to mass-
transport related performance losses in the CL (See Chapter 1).>%2 Notably, Pt/ionomer local
interfacial resistances are caused by morphological and structural changes and partial
electrochemical deactivation of the Pt surface.?>2® Furthermore, researchers have shown the
existence of oxide coverage and side-chain sulfonate group adsorption on the Pt surface that can
result in reduced activity and increase transport resistance at the Pt/ionomer interface.1316-1827 |t
is well known that Pt nanoparticles can undergo electrochemical oxidation during potential
cycling.t152830  Insitu  particle-distribution  characterization  techniques  combining
electrochemical cells with anomalous small angle X-ray scattering (ASAXS) and small angle X-
ray scattering (SAXS) have documented particle-size growth of 1 nm attributed to anodic oxide
shells forming around Pt particles in the CL.3132 Although the mechanism and nature of Pt-oxide
is not completely clarified, these findings are supported by several studies of oxidation of noble
metal electrodes.®** Performance of electrochemically active surfaces in the CL are highly
coupled with the oxidation of Pt. Surface oxidation of Pt can further hamper the already sluggish
oxygen reduction reaction kinetics at the cathode.*?**27 Pt surface oxidation has also been linked
with catalyst degradation mechanisms.®” Binding of ionomer film to the Pt catalyst has also been
shown to be impacted by oxide formation on Pt nanoparticles.?

Parallel to the ever changing Pt interface, surface- and interface-dependent ionomer thin film
behavior and performance can be impacted.383° Dynamic transition of structure and orientation of
ionomer in the presence of Pt bare and oxide layer has been postulated as a real phenomenon that
occurs during cycling.?” Using a large, flat, bulk, substrate Borges et al. showed surface-ionomer
interaction impacts thin film morphology and structure.** To add to that, Ono et al. have
demonstrated the impact of substrate on thin film Nafion ionomer conductivity.*! However, this
possible picture could change as a result of experiencing a dynamic reducing and oxidizing
environment, which has not been explored. Full comprehension of the impact of dynamic Pt
surface on the effects of gas, water and ion transport is necessary for CL design and improved
performance. It is in that spirit that this chapter examines the impact of surface oxidation on thin
film ionomer behavior and properties.

lonomer thin films cast onto a Pt surface can serve as model systems providing a focused
glimpse into the heterogeneous dynamics and complex interfaces of the catalyst layer. A bulk,
continuous polycrystalline Pt surface does not fully describe Pt nanoparticle phenomena that are
present in real CLs of PEFC. 243 However, ionomer thin-film coated Pt can still elucidate surface
specific interactions that can impact ionomer property and morphology. Although the impact of
Pt substrate on ionomer performance has been shown, efforts to clarify the source of this impact
have at times been contradictory, 2! especially in elucidating the role of water on oxidized and
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unoxidized Pt surfaces.***> Additionally, the extent of ionomer impact due to the Pt surface as it
experiences oxidation and reduction during operation has not been explored, especially as CLs
function in oxidizing and reducing potentials and environments. In this study, water-vapor
sorption dynamics of dispersion-cast Nafion thin films under reducing (H>), oxidizing (Air), and
inert (Ar, N2) environments are investigated to understand the Pt/ionomer interaction in both the
anode and cathode catalyst layers.

2.2. Materials and Experimental Methods

2.2.1. Substrate Preparation and Characterization

Substrates used in this study were Silicon (Si 100 n-type), gold (Au) and platinum (Pt)
wafers. Pt and Au wafers were made by automatic deposition of titanium (2 to 5 nm) as an adhesion
layer, followed by Pt or Au (~60 nm) sputtering on Si substrate at 2 nm/s via electron-beam
physical-vapor deposition. Wafers were cut up into 1/2-inch squares before cleaning with distilled
water and then twice with isopropyl alcohol (IPA) followed by nitrogen drying after each rinse.
Rinsed Pt wafers were additionally cleaned with plasma using Argon (Ar) gas (83-90 sccm) for
six minutes using a Harrick Plasma PDC-001 operating at a 10.5 W medium RF power.

Substrates surface energy was characterized in this study mainly via Goniometer. Presence
of Pt surface oxide (PtOx) was investigated via X-ray photoelectron spectroscopy (XPS). Uncoated
Pt substrate interaction with different gas atmosphere (Hz, N2, O2) was also explored via frequency
shift using Quartz Crystal Microbalance (QCM). Goniometers provide highly focused droplet
images that can be analyzed using software packages to determine droplet properties such as
contact angle, surface tension, and volume. A Ramé-Hart goniometer was used to take pictures of
50uL water droplets that were deposited on substrates (Si, Pt, Au). Drop-Image software was used
to control the deposition of water and to take images. Contact angle measurements were analyzed
by fitting the Young-Laplace equation to an image of a droplet using low-bond axisymmetric drop
shape analysis (LBADSA) method; this method is rigorous and accurate even for low contact angle
droplets.*® ImageJ, image analyzer combined with LBADSA method was used to extract manually
the contact angle. The contact angle of each side of the droplet was measured 3 times and averaged
to find the representative contact angle.

To understand the surface composition chemistry of Pt supports, XPS spectra were
acquired on a Kratos Axis Ultra DLD X-ray photoelectron spectrometer using a monochromatic
Al Ka source operating at 150W. Substrates were mounted using conductive double-sided tape
and no use of charge neutralization was necessary. All XPS data were collected at the Joint Center
for Artificial Photosynthesis, a Department of Energy scientific hub for solar to fuel energy
conversion. Data analysis and quantification were performed using CasaXPS software. Sensitivity
factors provided by the manufacturer were utilized. A 70% Gaussian/30% Lorentzian line shape
was utilized in the curve-fit of the spectra.

QCM is technique utilized to detect mass variations per quartz crystal surface area (full
QCM details can be found in Appendix B). Clean and bare Pt coated quartz crystals were placed
into the QCM holder and the loaded QCM holder was exposed to dry and humidified gas of pure
H2, Oz, and N2 in a sealed chamber. All gases used in this study were >99.9% pure and obtained
from Praxair. Shifts in frequency upon interaction of Pt coated quartz crystal substrate with
gaseous environment was detected and findings are discussed later in section 2.3.
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2.2.2. lonomer Thin Film Preparation

A stock solution of 5wt% Nafion (1100EW from Sigma Aldrich) was diluted in IPA to 1wt%
and stirred overnight on a stir plate for at least 12 hours. The solution was then filtered using a
Millex-SV 5.0um filter unit with a syringe to remove any large particulates and aggregates.
Filtered solution was then degassed for 21 minutes using a 5510 Branson Ultrasonic to remove
trapped air bubbles and ensure good dispersion of polymer in the IPA/water solvent. 350 pl of
solution were deposited on wafers via spin-coating at 2000rpm for 1minute (Laurell WS-650-23B
model) to obtain Nafion thin films of thickness 50nm. Samples were then annealed in a Binder
vacuum oven at 150°C for 1 hour. To minimize ageing effects, water uptake measurements were
done immediately (within 20mins) after removal of samples from vacuum oven.

2.2.3. Water Uptake Measurement via Spectroscopic Ellipsometry

Annealed Nafion thin film samples cast on Pt and Si were exposed to humidified gas at ambient
temperature. Humidified gas was supplied to the environmental cell containing the sample by
combining dry and saturated gas with varying ratios to match the set point relative humidity.
Humidity was measured and logged right outside of the environmental cell via Omega RH sensor
(Omega). The change in thickness of the thin film was monitored in-situ using spectroscopic
ellipsometry (J. A. Woollam). Ellipsometry measures the changes in polarized light reflected from
the substrate-supported ionomer thin films by capturing the change in wave amplitude (¥) and
phase shift (A) caused by constructive interference of light. A multi-layered model is constructed
to fit ¥ and A data and calculate the sample’s index of refraction as a function of wavelength (See
detailed description in Appendix A). As a transparent polymer film, the Nafion thin film layer was
modeled by the Cauchy equation with two fitting constants. Model fits demonstrated good
agreement with a mean squared error (MSE) maintained below 2x107 for dry conditions and
3.5x107 for samples partially saturated with water vapor. To create a consistent water-uptake
history, all measurements were preceded with a dry to saturated hour-long step. Figure 2-2 shows
humidity protocol used and thickness change with time. The thin films were allowed to equilibrate
for 30 min and final thickness (Lgy) was calculated from the average of the last 10 min. The
change in swelling is calculated relative to the dry thickness ( L,) as

Change in Thickness (%) = 100 X LR’Z—_LO (1)

o
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Figure 2-2: Humidity protocol used for water uptake measurement and change in thickness over time. Initial
hour-long dry and saturated step is used to create consistent history. In-situ thickness as a function of time
is given by L(t). Final thickness (Lgp) was calculated from the average of the last 10 min. The change in
swelling is calculated relative to the dry thickness ( L,)

2.2.4. Grazing Incidence Small Angle X-ray Scattering (GISAXS) Measurement

Pt-supported Nafion thin films were placed into an in-house built environmental chamber with
X-ray transparent Kapton windows as described in Ref 26, The sample was equilibrated in dry H;
and N gas at room temperature, and GISAXS patterns were collected after multiple purges for 5
to 10 minutes in each gas. GISAXS patterns were collected at varying incidence angles (ai) above
the critical angle (ac) for Nafion (oc = 0.2°) but below that for Pt (o = 0.2°). All X-ray scattering
experiments were performed in beamline 7.3.3 of the Advanced Light Source (ALS) at Lawrence
Berkeley National Laboratory (LBNL). Sample to detector distance was approximately 1.8 m and
25 cm for the GISAXS and GIWAXS configurations, respectively. Exposure time for the collected
images was 20 s. The X-ray energy applied was 10keV, with a monochromator energy resolution
E/dE of 100. Patterns were acquired with a 2D Dectris Pilatus 1M CCD detector (172 pum x 172
pum pixel size).

2.2.5. Thin Film lonomer Mechanical Property Measurement

For mechanical property measurements,! Nafion thin films (100 nm) prepared on Pt-coated
thin Si-cantilever wafer (105um thickness by approximately 0.5 cm x 4 cm). The coated sample
was clamped in an environmental cell that allowed for humidified gas feeds. Constrained swelling
caused by the presence of the substrate results in a compressive force, which bends the thin Si
cantilever. Using a laser array reflected off the backside of the sample, the change in curvature of
the substrate is measured. Using Stoney’s thin film equation the stress-thickness ost; can be
calculated via

1 Mechanical property measurements were conducted in collaboration with Peter J. Dudenas
(PhD candidate, Chemical and Biomolecular Engineering, University of California, Berkeley)
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= O-ftf (2)

where E, vg, Ak and hg are the Young’s modulus, Poisson’s ratio, change in curvature, and
thickness of the substrate, respectively.*” The measured cantilever force (AF.) is equal to the
average biaxial stress of the Nafion film (o) multiplied by its thickness (t;). A full description of
the method can be found in ref. * Ellipsometry gives the strain (equation 1) under the same
conditions. From these two experiments, stress-strain curves are generated. Integrating the area
under the curve gives the deformation energy of the sample.

2.3. Dynamic Interaction of Platinum (Pt) Substrate with Gaseous Environment

The thin film ionomer binder in the catalyst layer sees various surfaces including Pt, C and
their different oxidation states either upon potential cycling or degradation. As such, it is critical
to observe how these surfaces behave separate from their ionomer coating counterparts. For the Pt
surface, its oxidation state is of interest due to different environmental and potential operating
conditions as mentioned above. Pathways to surface oxidation of Pt can be grouped into two:
electrochemical and thermo-chemical (See Figure 2-3).4° Electrochemical oxidation of Pt, as
shown in Figure 2-3 (top), involves low-potential half-monolayer formation as a result of water
molecule discharge, followed by continued monolayer growth, eventually leading to formation of
platinum oxide lattice as a result of place exchange at the Pt interface at high potential 33343649
Such surface oxide is formed during PEFC operation and can affect available surface area for
electrochemical reaction. Thermo-chemical oxidation of Pt surface, on the other hand (shown in
Figure 2-3 bottom), occurs due to interstitial sites and defects in the Pt lattice that allow for
progressive coordination of oxygen into the Pt surface®>l. Thermo-chemical oxidation is
facilitated by external temperature, pressure, and presence of water. Exposure to ambient gaseous
environment and water vapor can build an unstable thermo-chemically passivated layer on the bulk
Pt substrate used in this study. Ar plasma treatment, utilized here, has been demonstrated as one
way to remove this platinum oxide (PtOx) as well as any organic remnants from as deposited on
the Pt surface.> Extended and harsher exposure to Ar plasma was avoided to prevent change in
roughness of the Pt surface.

38



a) Electrochemical Oxidation of Platinum @ @ @ @ Adsorption of surface
water molecules

> SRR R R IR
| ' IOODRVRR (PE-PL) --=-- OH;
I
AA N
o @ @ @ @ Formation of 1/2
= . PPN R | monolayer chemically
9 > R ERERE adsorbed O atom
< | Pt---(Ocnem)---Pt
= 1 H' H |
w_ 7
. — 4%
e 8-
. Discharge of
OO0 |monolayer due to
' ' ) O000000 rcp'usive (Pt-Pt)-Ochem
0.0 0.4 0.8 1.2 1.6 I
Y
E / V RHE 0 ' 0°'0"'0 Formation of 3D
* VP 2+ 2- ;
Pt<* - O“ moeity due
+ QOO 000 000 'ty cu

@ H,O molecule @ Ptsurfaceatom @ O atom to place exchange

b) Thermochemical Oxidation of Platinum

@ @ @ Molecular and atomic

adsorption of oxygen and

Pt surface oxide
///surface edge formation can occur at Pt
surface edges, kinks,
vacancies and clusters
even at low temperatures

vacancy

surface cluster
Figure 2-3: Oxidative pathways of Platinum (Pt) surface. (a) Electrochemical oxidation of Pt. (b) Thermo-

chemical oxidation of Pt surface. Schematics inspired in part by ref 334953,

The chemical nature of Pt surfaces as deposited and cleaned was compared to Pt surfaces
treated with Ar plasma and evaluated using X-ray photoelectron spectroscopy (XPS) and contact
angle (via Goniometer) as shown in Figure 2-4. XPS spectra and contact angle of Pt surfaces after
different treatments is compared against other substrates (Si, Au). Si is one of the oldest and most
commonly employed substrates in polymer thin film research. It is an ideal substrate because it is
cheap, easy to clean, stable, easy for surface characterization, modification or chemistry and
widely available. Most reference studies in exploring ionomer thin films use Si. However,
ionomer-Pt metal interactions are of interest to real PEFC systems.** In this work, to gain a more
comprehensive understanding, examinations of Pt surfaces are compared against Si as well as Au
supports to leverage the vast amount of literature and understanding in the polymer thin film field
as well as to expand the understanding of metal-ionomer interactions by employing a more stable
metal substrate i.e. Au.

Figure 2-4a & b show XPS spectra of a plasma treated and non-treated Pt substrate. Limited
effect of plasma applied on surface roughness was verified with Atomic Force Microscopy
topography (Figure 2-4c). Figure 2-4d shows plasma treatment significantly reduces the contact
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angle of surfaces by a factor of four. This is equivalent to the contact angle observed for a standard
clean Si surface. Almost all Si surfaces are commonly covered by a 1-3nm of native silicon oxide
(SiO2) surface. Therefore, Si substrates here are referred to as Si/SiO> surface. XPS is an ideal tool
for investigating surface oxidation due to its surface limited (10nm depth of penetration)
sensitivity. There are indicators for presence of PtOx via XPS: Pt spectra indicating various
oxidative states of Pt and Oxygen spectra indicating the nature of various oxides at the surface.
XPS Pt 4f spectra (Figure 2-4a) of both plasma treated and non-treated samples revealed the
presence of Pt oxide indicating that a stable oxide layer had already formed during substrate
preparation and remained despite plasma treatment. However, the Ol1s peaks in Figure 2-4b
showed a slight shift from higher binding energy of organic chemical state (531.5-533 eV) for non-
plasma treated surfaces to a lower binding energy with a more pronounced shoulder indicating
PtOx chemical state (529 — 530eV).>® These results indicate that the plasma treatment employed
here contributed significantly in the removal of organics from the Pt surface but did not remove
existing surface PtOx. Therefore, the improved contact angle from the baseline (non-treated case)
is a reflection of removal of organics and associated oxides and not a reflection of the removal of
PtOx.
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Figure 2-4: Effect of plasma treatment on platinum (Pt) substrate characterized by XPS (a & b), AFM(c)
and contact angle (d). (a) XPS 4f Pt spectra of non-plasma treated Pt substrate show similar PtOy as plasma
treated Pt substrate (inset). (b) XPS O 1s spectra shows organic peaks that are not present in plasma treated
substrates. (c) AFM images show roughness of plasma treatment remains unaffected compared to non-
plasma treated substrate (RMS = 0.42 - 0.52). (d) Contact angle changes with different time exposure to
plasma treatment.



To understand the interaction of Pt surface with gaseous environments, a Pt-coated quartz
crystal was exposed to reducing (H2), oxidizing (O2), and inert (N2) gaseous environments. Figure
2-5a show change in frequency of Pt QCM during dry gas exposure to Hz, O2 and N». Both O and
N2 exhibit an increase in crystal frequency implying mass loss due to removal of surface dust,
organics, contaminants, and moisture during the positive flow of dry gas over the bare quartz
crystal. However, upon exposure to Hz, Pt coated quartz crystal shows a reduction in frequency
indicating mass gain due to H» adsorption on Pt QCM crystal surface. Same Pt quartz crystals were
then exposed to water vapor saturated H> and O gas for 3 hours continuously at ambient room
temperature and pressure. Figure 2-5b shows mass of surface adsorbed water detected on bare Pt
QCM over the time span of exposure. Change in frequency during saturated gas sorption was
converted to mass using Sauerbrey equation (See Appendix B for details). Mass of water adsorbed
in Hz environment is five-fold of that in O». Differences in water adsorption under oxidizing and
reducing environment has to do with gas-substrate interaction and the resultant nature of surface
hydrophobicity/hydrophilicity.

From findings in Figure 2-4 it is clear that Pt substrates utilized in this study exist with
some surface oxidation as they are stored in ambient room conditions. The oxidized surface
continues to grow with continued exposure to an oxidizing environment via thermo-chemical
surface oxidation. Alternatively, weakly formed oxides on Pt surface have been shown to be
reduced and saturated with dissociated atomic hydrogen during H2 exposure; a phenomenon that
has been reported experimentally and computationally 3-8 This is consistent with the
phenomenon directly observed on the bare Pt-coated crystal in QCM in Figure 2-5a. Adsorbed
hydrogen reduces the solid-surface free energy,®® resulting in a more hydrophilic but non-polar
Pt/H interface compared with that of oxidized Pt represented. This relatively greater affinity for
water on Pt/H interface is consistent with greater water sorption detected by bare Pt coated QCM
crystals exposed to saturated Hz and Oz gases in Figure 2-5b.
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Figure 2-5: (a) Change in frequency of bare platinum (Pt) coated quartz crystal under dry Hz, O, and N2 gas
exposure. Positive shift associated with mass loss of crystal due to moisture and organic particulates
removal. Negative shift is associated with mass gain due to gas adsorption on to Pt crystal. (b) Change in
mass of Pt coated quartz crystal during saturated H, O, gas exposure.

2.4. Impact of Gas/Substrate Interaction on lonomer Thin Film Water Uptake

Comparison of different humidified gas feeds on the ionomer thin film (~50nm) swelling on
Pt and Si/SiO. support is shown in Figure 2-6. Swelling values measured here are between those
reported by Kusoglu et al. ?® and Murthia et al. 4. Differences are believed to be due to variation
in sample preparation, thickness, substrate history, and ageing effects prior to measurements. The



results demonstrate a depression in swelling for ionomer thin films exposed to an environment of
H> on both ionomer thin films cast on Pt and Si/SiOo.
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Figure 2-6: Water-vapor sorption dynamics of spin-cast Nafion thin films (50 nm) on Pt substrate (a) and
Silicon (Si/Si0O,) (b) under Hz (diamond) and Air (square) gas environments as a function of relative
humidity.

Changes in ionomer thin film swelling under reducing and oxidizing environments were
also monitored for morphological changes associated with substrate/ionomer interaction with
gaseous environment. Change in structure of Nafion thin film coated on Pt substrate was tracked
by GISAXS during exposure to dry Hz and N2 gases at varying incidence angles as shown in Figure
2-7. Scattered intensity is experienced when X-rays travel through a material elastically striking
electrons within the material. Specific repeated features and structural arrangements with in the
material show electron density contrast that appears as scattering at unique positions and incident
angle. When the incident angle (;) of the X-ray beam is below the critical angle (a.) of the
polymer film, total external reflection occurs and scattering is surface sensitive, penetrating a few
nanometers into the film.>® See Figure 2-7. Above a, of the film, the X-ray beam penetrates
through the entire polymer film and scattering from the paracrystalline Pt surface. Figure 2-7,
shows the absence of any scattering intensity in N2 until the paracrystalline peak appears at a; =
0.16. For H; appearance in scattering intensity does not happen until a; =0.18 in a H> environment,
indicating an increase in the polymer’s critical angle. Above this «., broad semi-circle halo dome
is observed indicating an ionomer peak (at gpeak = 2 to 2.5 nm™) in both H2 and Na, signifying the
phase-separated nanostructure with a correlation length of 27/qpeak = 2.5 t0 3 nm as expected for
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this ionomer. a, is a function of chemical structure and material density. Therefore, the positive
shift in a. indicates restructuring of the ionomer during exposure to Hz, including possible
rearrangement of the hydrogen bonding of sidechains near the Pt/H interface, resulting in a more
effectively packed, dense, hydrophobic ionomer structure.
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Figure 2-7: 2D Grazing Incidence Small Angle X-ray Scattering (GISAXS) pattern of Pt-supported Nafion
thin films (50 nm) equilibrated in dry N, and H; gas. The Pt paracrystalline peak is visible at &; = 0.16 in
N2 environment, while in H, environment the peak is only visible at a¢; > 0.18.
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Figure 2-8: Stress-strain curves in both hydrogen and nitrogen environments. The nitrogen sample shows a
larger area under the curve, indicating a higher deformation energy.

The mechanical response of substrate-supported ionomer thin films exposed to humidified
H> and N provides yet further evidence to the more hydrophilic but weakly interacting interface
induced by H». Stress-strain curves produced from the cantilever-beam bending and ellipsometry
measurements were used to calculate the deformation energy of these thin films in Hz and N2 (see
Figure 2-8). Integrating the area under the curve to a strain value of 0.08 yields a deformation
energy. The higher the energy, the more resistance to deformation the material exhibits. In other
materials, stress-strain curves are carried out to the point of material failure and the area under the
curve is known as ‘toughness’.®% Here, without reaching failure, area under the curve is interpreted
as the energy generated during material deformation. The average deformation energy was found
to be lower in Hz than N2 (539 versus 680 kJ/m®), which is consistent with the greater
hydrophilicity at the Pt/H interface creating a water-rich layer (see schematic Figure 2-9), thereby
resulting in a reduced translation of ionomer deformation onto the substrate.

The findings in Figure 2-6 through Figure 2-8 are consequence of changes at the ionomer/Pt
interface induced by the gas/Pt interaction. As noted in section 2.3 in a thermo-chemically oxidized
Pt surface, exposure to an oxidative gaseous environment like air will enlarge oxidized metal
islands on the Pt surface, while exposure to a reducing environment like H> can reduce the unstable
passivated surface even under ambient conditions. **-°161 Thus, the ionomer thin film experiences
different forces in the two environments: polar forces induced by the negatively charged oxygen
atoms on an oxidized Pt surface, and the comparatively more hydrophilic but nonpolar Pt/H
interface induced via the reducing environment. The balance in these forces yields different water
uptake of the thin films as depicted in Figure 2-6. The Pt/H interface exhibits enhanced
hydrophilicity and nonpolar Pt-H bond promotes non-polar interface that lacks strong electrostatic
interactions. As a result, the ionomer possibly restructures to maximize hydrophilic sidechains
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towards the Pt/H interface, where water molecules are likely to gather thereby creating a dense
region of hydrophobic ionomer away from the interface. In such a scenario, with sidechains trussed
close to the hydrophilic Pt/H interface, the ionomer behaves like a higher equivalent-weight
ionomer and demonstrates lower water uptake. On the other hand, the negatively charged oxygen
atoms on an oxidized Pt surface, which, while comparatively less hydrophilic, induce a strong
polar dipole and enhance electrostatic interactions between hydronium ions and sulfonic-acid
moieties. These interactions enhance the overall effective water uptake within the ionomer. This
scenario is consistent with the greater effective water uptake calculated by He and coworkers in
an ionomer on an oxidized Pt compared to an unoxidized Pt nanoparticle surface via molecular-
dynamics simulations.*® Similar to the Pt scenario under ambient conditions, growth of native
oxide layer expected on a Si substrate. Continued layer-by-layer growth of SiO2, however, requires
presence of both water and oxygen. 52%% Although reduction of oxide layer is not occurring under
H> environment on Si/SiO> support, oxide formation is actively being facilitated under humidified
air. Overall water uptake in the ionomer is heightened by strong electrostatic interactions with
negatively charged oxygen atoms on SiO resulting in more stabilized hydronium and sulfonic-
acid groups similar to that seen on Pt-oxide.
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Figure 2-9: Schematic of platinum (Pt)/ionomer thin film interface in oxidizing and reducing environments.

2.5. Impact of Humidity Cycling on lonomer Thin Film Water Uptake

The reversibility and persistence of the impact of the gaseous environment on ionomer
swelling was explored using relative humidity (RH) cycling with alternating inert and reducing
gas feeds. In-situ thickness change was monitored over three cycles: first, thin films were exposed
to solvent history setting RH cycle of dry to 96% RH gas exposure (Cycle 0), then, the same gas
was used to bring the thin film back to dry condition and RH was stepped (Cycle 1). Finally, the
gas type was switched as the film went down to dry conditions and back up in humidity once again
(Cycle 2). Figure 2-10 and Table 2-1 give the RH cycle protocol applied and combination of gases
used for analysis.
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Figure 2-10: Humidity protocol used for relative humidity cycling experiment. In-situ monitoring of
thickness was conducted both in different gases and as a function of changing relative humidity.

Table 2-1: Different combination of inert and reducing gas scenarios applied during relative humidity
cycling protocol.

Scenario | Cycle0 | Cyclel | Cycle 2
Case | Ar Ar
Case Il Ho H2
Case Il Ha Ar
Case IV Ar Ha
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Slightly different from the analysis in Figure 2-2, with each case, the reference dry
thickness (Lg-,) Was set to the equilibrated dry thickness at ~0% RH in Cycle 0 and the reference
saturated thickness (Lg,;) Was set to saturated RH thickness in Cycle 0; therefore Cycles 1 and 2
are compared against Cycle 0.

Figure 2-11a shows the change in dry thickness during RH cycling in each gas
combination. RH cycling in an inert gas environment (Ar— Ar— Ar) maintains the dry ionomer
initial condition. However, cycling in Hz only (Ho—»H2 —H>) and Hz then Ar (H2—H2 —Ar)
introduces a continual increase in ‘dry’ thickness with cycling. Swelling in Ar then H>
(Ar—Ar—-H>) cycling demonstrates a large relative shift in ‘dry’ thickness immediately after Hz
exposure. These findings confirm the formation of hydrophilic, water-rich interface under
conditions that facilitate Pt/H interface as already suggested in section 2.4.

Figure 2-11b shows swelling under saturated (96% RH) conditions during cycling for each
gas combination. The thickness change in humid inert gas environment (Ar—Ar—Ar) is
maintained despite the repeated tension and relaxation (swelling and de-swelling) introduced by
changes in RH. However, RH cycling in both Hz only (H2—H2 —H2) and Hz then Ar (H2—»H2 —Ar)
reduces maximum water-uptake capacity, at about the same rate, as indicated by the slope. The
impact of the reducing environment not only reduces ionomer uptake successively upon cycling,
but does so to a greater extent than an inert environment. Switching the order of Hz then Ar (Ho—H>
—Ar) to cycling in Ar then Hz (Ar—Ar —H>) exhibits a reduction in swelling under saturated
conditions at a rate that is between that of Hz-only and Ar-only environments; confirming the
impact of the Hz environment on the effective water content of ionomer (as discussed in section
2.4).
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Despite being the least understood component, the gas/ionomer/Pt interface in the catalyst
layer bears the utmost duty for PEFC performance. Thus, there is need for greater understanding
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of pairwise interaction between gas/ionomer, ionomer/Pt, and gas/Pt interfaces to reduce critical
transport losses and improve electrode design. To that effect, this chapter focused on how the
gas/Pt interaction impacts the Pt surface and thus the ionomer thin film morphology and properties.
Unexpectedly, a reduced water uptake was observed for ionomer thin films exposed to a reducing
environment, H», relative to an oxidizing environment, Air. Increased densification in dry
conditions, decreased deformation energy, and continual reduction in effective water uptake
(measured via swelling) in the ionomer during cycling were observed under H.. Such
morphological changes are closely coupled to the ionomer thin film’s transport properties.®* These
observations demonstrate the coupled impact of gas/substrate and ionomer/substrate interactions
that can influence ionomer behavior. Therefore, there is a need for increased electrode-specific
investigations and perhaps separate ionomer design for anode and cathode catalyst layers. The
impact of electronic potential going from oxidation to reduction potentials can also affect the
surface state identity and thus the morphology of the ionomer thin film, which is discussed in
further chapters of this thesis. Furthermore, the existence of a water-rich phase at the Pt/ionomer
interface in a reducing environment can impact surface conductivity significantly, which may not
occur in an oxidizing environment. The findings herein also indicate heightened vulnerability to
delamination of ultra-thin ionomer films in the anode or perhaps during electrolysis or possibly
anodic potentials due to increased water-layer thickness with cycling and reduced deformation
energy.
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3. On Thermal Relaxation of lonomer Thin Films and Gas Transport

3.1. Relationship Between Thermal Transitions and Gas Transport in Polymers

Though polymers are macromolecules comprised of thousands of atoms and covalent
bonds in varying coordination, they have characteristic properties that define them. Transition
temperature is one example. Thermal transitions of polymers are associated with thermodynamic
phase transitions from one phase into another. Since polymers contain both amorphous and
crystalline phases, their phase transition is usually reflected in change in slope, discontinuity or
continuity of the first partial derivative with respect to temperature of a given continuous state
function (e.g. chemical potential, volume or enthalpy).* For an amorphous or semi-crystalline
polymer, the temperature at which change in slope as of a state function occurs is referred to as
thermal transition. Transition temperature reflects the energy required for molecular rotation and
motion of polymer segments, thus, it is highly sensitive to structure.! One of the most commonly
utilized types of thermal transition is glassy to rubbery transition, which is referred to as the glass
transition temperature (Tg). Polymers in glassy state are thought to be rigid and solid-like, whereas
polymers in a rubbery state are flexible and behave liquid-like. Glassy polymers are commonly
utilized at temperatures below their Ty, and therefore are not in a state of thermodynamic
equilibrium. Ty is considered to be a characteristic thermodynamic transition temperature, but is
also kinetically controlled. This means that the thermally induced relaxation phenomenon
dependens on time and rate of heating, and can be altered via processing conditions. When a
polymer is cooled below its melting temperature, a super-cooled liquid is obtained. As the
temperature is reduced, the rate of cooperative intermolecular rearrangement is significantly
slowed compared to the timescale of the experiment. The polymer viscosity increases as the Tg is
approached, and the number of energy minimum configurational states is greatly reduced.? This
transition temperature, therefore, has implications for physical properties that affect performance
such as the modulus, specific heat capacity, thermal expansion coefficient, and gas-transport
properties.

Two physical polymer-membrane properties of interest associated with Ty are mechanical
strength and gas-transport properties. Gas transport through dense polymers involves dissolution
of gas/membrane interface followed by a diffusional transport process, which is driven by a
chemical-potential gradient through the membrane and available free-volume in the polymer.® The
accessible free volume represents a distribution of transient void spaces resulting from the
molecular and morphological arrangements of polymer chains. Therefore, available free volume
for gas transport is a function of penetrant gas size and type as well as the chemical and physical
nature of the polymer. For glassy, rigid polymers, accessible free volume is restricted by prohibited
rotation of polymer segments. Low chain agility in glassy polymers decreases diffusive transport.
However, with increase in temperature towards Ty and transition into the rubbery state of polymer,
accessible free volume significantly increases the mobility of polymer chains, thereby improving
transport rates by orders of magnitude.® Similar phenomenological dynamics can be extended to
mechanical properties. Mechanical properties are critical indicators for structural stability, thermo-
mechanical impact resistance, and withstanding chemical-mechanical stressors and degradation
during processing and operation. Near characteristic phase-transition temperatures, viscoelastic
dynamics in polymers is influenced by chain aggregation size, crystallinity and stiffness.* This
change in dynamics near characteristic temperatures results in temperature-dependent segmental
mobilities that dictate deformation and mechanical properties like modulus, stress-strain response,
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and expansivity. Experimentally, mechanical properties of polymers are controlled by varying the
chemical nature, molecular coordination, and processing conditions. Examples include varying
molecular weight to control brittle strength, incorporating ether linkages for improved chain
flexibility and rotation, and varying processing temperature to induce varying crystallinity.* From
such a vantage point, mechanical properties and gas-transport behavior are, therefore, interrelated
as the mobility of polymer chains and crystallinity control accessible local sites for dissolution and
diffusion of gas through polymers. Understanding the molecular/morphological origins of
relaxation dynamics, therefore, can establish bottom-up approaches for designing polymers with
desired structure-function relationships. It is with this lens that this chapter examines thermal
transitions in perfluorosulfonic ionomer (PFSI).

3.2.  Thermal Transitions and Relaxation of Bulk Perfluorosulfonic lonomer

In this chapter, the general term PFSI is used and represents both the acidic form
perfluorosulfonic acid (PFSA) discussed in pervious chapters and other cation exchanged
perfluorosulfonic ionomers. The random copolymer nature of PFSI results in significant
differences in relaxation behavior from homopolymers. Relaxation dynamics further complicated
by the tethered ionic end groups (Figure 3-1). One key difference is that using T as a single marker
for PFSI relaxation behavior, as is frequently utilized for neutral homopolymers, is not an adequate
descriptor for observed mechanical and relaxation behaviors. Additionally, PFSIs have multiple
thermal transitions (T+) whose nature and source is long-debated.>® PFSIs’ antipodal composition
of hydrophobic tetrafluoroethylene backbone and hydrophilic perfluorovinyl ether side chains
containing an ionic end group —SOsH results in nano-phase separated, complex ionic structures
that possess four thermal transitions (y, B, B, a).>!° (See schematic in Figure 3-1) T, (100 to —
80°C) occurs due to local short-range motion in the backbone -CF>- chains independent of
counterion type (SOs-M).>’ B> and B relaxation have been attributed to ether side-chain motion
and main-chain motion in PFSI network, respectively.”* Ty relaxation is considered equivalent to
the Tg in classical glassy polymers, which marks the onset of transition from glassy (brittle) to
rubbery (viscous) behavior.® For PFSI in H* form, B relaxations have been reported to be around
—60 to 23 °C.° However, exchanging H* with different counterions (M*) results in distinct
dynamic-mechanical analysis peaks for the ether side-chain T (near —20 to —30 °C) and ionomer
matrix, Tg (around 130-170 °C).%" The final thermal transition, a-relaxation, T, (87-120 °C in H*
form and 210-240 °C in various M* form),31212 is attributed to relaxation of the clustered ionic
domains scattered within the nonpolar ionomer matrix. Although the Tt are discussed here as
discrete, small-scale chain motion local relaxations, they can still influence gas transport by
impacting segmental mobility, molecular packing, and available free-volume, independently as
well as in a coupled manner as exemplified in other polymers.141°
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(a)

(c) CF,

(e)

Figure 3-1: Schematic of possible PFSI physiochemical origins of molecular motions and relaxation modes
observed at different temperatures. (a) y-relaxation refer to local backbone vibrations; (b) f’-relaxation refer
to sidechain rotation and motion; (c) B-relaxation are due to main-chain long-range mobility; (d) &(e) a-
relaxation of ionic end-group mobility with varying spheres of influence for (d) T, in proton form or (e) T,
in different metal cation type; has larger sphere of influence due to strong ionic association with sulfonic
acid group.

For PFSIs used in electrochemical devices, characteristic transition temperatures are
critical for understanding relaxation dynamics, mechanical integrity, and gas transport useful for
defining optimal operating conditions and explaining failures. In bulk PFSI (thickness typically
>10 um), EW (equivalent weight), and side-chain length and chemistry dictate polymeric packing,
torsional movement, and chain relaxation required for gas adsorption, solubility, and
permeation.**1®18 In thin film (thickness < 100 nm), temperature driven structural relaxation
phenomenon and behavior in PFSIs is additionally influenced by local interfaces and finite size
effects of confined ionomer films as discussed below, %%

3.3.  Thermal Transition in Thin and Ultra-Thin Perfluorosulfonic lonomer Films

Use of nanometer-scale polymer films has accelerated coating-application technology, gas-
separation systems, and energy-conversion devices by reducing cost and material waste.?%
However, deviation of thin film polymers from measured bulk physical property adds significant
uncertainty to their utility.?*2” As polymer film thickness approaches the molecular length scale,
the influence of local surface and interface effects are amplified, resulting in thin film structure
non-uniformity, stability differences, and variations in dynamics compared to bulk behavior.?328-
30 As previously discussed in Chapter 1, such is the case for ion-conducting polymer (ionomer)
thin films employed in polymer-electrolyte fuel cells (PEFCs) and related technologies.®%
Studies focusing on nano-confined PFSI ionomers have demonstrated the effect of thickness and
substrate on morphology and domain orientation that alter an ionomer’s proton conductivity on
carbon and platinum surfaces.36-% In addition, changes in ionomer ion-exchange capacity (inverse
of EW), variability in processing conditions, and differences in surface wettability and interaction
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have already been proven to impact mechanical properties and water-uptake capacity of ionomer
thin films.>** Following these trends, it is reasonable to presuppose similar nano-confinement
effects on relaxation dynamics and gas permeability to explain the aforementioned inferred PFSI
thin film gas-transport limitations.*® However, a direct correlation of gas transport to confinement-
driven parameters in ionomer thin films has yet to be established. Utilizing Tt as characteristic
thermodynamic transition of structural relaxation, this study aims to develop understanding of
confinement-driven changes in Tt of PFSIs (Nafion and 3M) in the 30 to 250°C range as a proxy
for chain mobility and packing impacting critical properties like gas permeability. Spectroscopic
ellipsometry technique of substrate-supported ionomer thin films characterizes local changes in
mobility and evaluates the dependence of Tt on electrostatic network via metal counterion
exchange (Na*, Li*, Cs").

3.4. Materials and Experimental Methods

3.4.1. Substrate Preparation

Substrates used in this study were silicon (Si 100 n-type). Wafers were cut into 1/2-inch
squares before cleaning by rinsing with water and then twice with isopropyl alcohol (IPA) with
nitrogen drying after each rinse.

3.4.2. lonomer Thin film Preparation

H* form Thin film Sample Preparation: Commercially available Nafion resin (5wt%) from Sigma
Aldrich and manufacturer provided 3M PFSA resin (25wt%) were used as stock solutions. EW of
Nafion resin solutions were 1100 g/mol, while 3M resins of EW 825 and 725 g/mol (IEC = 0.91,
1.21, 1.38 meq/g respectively) were used. Stock solutions were diluted (0.4 wt.% to 3.6 wt.%
ionomer) to result in desired film thickness. Diluted solutions were filtered (Millex-SV 2-5.0um,
EMD Millipore Corporation) to remove contaminants or large aggregates, sonicated for 20 min
(5510 Branson Ultrasonic) to ensure thorough dispersion, and allowed to equilibrate for at least 24
hours prior to casting. Solutions were spun cast on Si substrates at variable speeds of 500 to 3000
rpm for 1 minute (Laurell WS-650-23B model) to obtain the desired film thickness. The resultant
spin-cast thin film was annealed to remove residual solvents in vacuum oven at 150 °C for 1 hour
(Binder) and immediately removed. These un-exchanged thin PFSI films are referred to as ‘H"’
form thin films.

M* form Thin film Sample Preparation: Spin-cast, annealed samples were immersed in 0.5 M
solution of their respective sulfate salts (Na2SOs, Cs2SO4, Li.SO4) for 5.5 hrs. Exchanged thin PFSI
films are referred to as ‘M*” form thin films depending on type of cation exchanged. Re-exchanged
samples are those that were turned back to cast ‘H*” form by immersing cation exchanged samples
in 0.5 M H2S0O4 for 5 hrs.

3.4.3. lonomer Thin Film Thermal Expansion via Heated-Cell Ellipsometry

In this work, in-situ temperature-induced thickness change (thickness expansivity) was
measured using a variable-angle spectroscopic ellipsometer (VASE) M-2000D Model from J. A.
Woollam (Expanded details on spectroscopic ellipsometer are found in Appendix 1). Cast and
annealed samples were immediately removed into ambient conditions to ensure an initial trapped
amorphous state. A slow cooling and heating rate of 1°C/min was applied to ensure that the
thickness change was properly observed. A low-flow dry nitrogen environment was applied during
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heating and cooling to facilitate removal of adsorbed water, as well as to prevent water
reabsorption from the surrounding environment. By working in the spectral range of 400 to 1000
nm at a single incident angle of 70°, the ionomer thin film thickness supported on Si wafer was
accurately captured. A two-layer model (Si, SiO2 and Cauchy material) was constructed as the
optical system. The optical model shows presence of SiO layers of 1 to 4 nm in thickness. Model-
fit mean-squared error ranged from 1.5~16x1073. It is critical to note that thickness and refractive
index values are strongly correlated in ellipsometry, particularly for thinner films.
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Figure 3-2: Example of heating protocol applied to PFSI thin film samples supported on Si/SiO; substrate.
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3.5.  Characterization of lonomer Thin Film Transition Temperature

Tt in thin film polymers can be obtained via volume expansion,*” segmental mobility,*® and
viscoelasticity*® tracking techniques. Heated-cell ellipsometry is commonly employed to monitor
transition temperature via one-dimensional thickness changes. Figure 3-2 shows heating protocol
applied and expansive and depressive thickness response of a Nafion ionomer thin film as
monitored in-situ via heated-cell experiments. Initial depression in thickness during heating in
Figure 3-2 is associated with residual water loss from the film, which is thickness dependent (see
Figure 3-3b). Expansion dynamics during the first heating cycle is highly influenced by processing
history. Therefore, transition temperatures were evaluated using data acquired during the cooling
protocol. Second heating was also explored, but changes in thickness during the first cooling and
second heating remained very similar (see Figure 3-3a).
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Figure 3-3: (a) Example of heat-cool-heat protocol initially applied PFSI thin film samples. Water loss is
observed during first heating. First cooling and second heating show similar expansion dynamics. (b)
Residual water loss from ionomer thin films during first heating.

Figure 3-4 shows the normalized thickness profile of Nafion thin films in acid (H*) and
cationic (Li*, Na* and Cs*) forms obtained via in-situ heated-cell ellipsometry. Linear thermal-

expansion coefficients (o) in pre- and post-transition temperature regimes are calculated via

1 AL
a = -5 1)

where L, is the ambient, dry thickness at the end of the run and AL and AT represent change in

thickness and temperature, respectively. Figure 3-6 shows Tt and pre- and post- o, of PFSI-H™ as
a function of thickness, extracted from similar measurements shown in Figure 3-4.
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Figure 3-4: Change in normalized thickness (L/ Lo) of Nafion (1100 EW) thin films with respect to dry
thickness (L) during cooling used for calculating transition temperature (Tt) and pre- and post-transition
expansion rate (apre and oipost). Curves are offset in the y-axis for improved visibility.

Reversibility of ion-exchange process was ensured by re-exchanging select Na* PFSI ionomer
samples back to H" form and monitoring expansion rate (see Figure 3-5). Expansion trends were
reproduceable.
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Figure 3-5: Expansion of pristine (as cast) PFSI-H* ionomer thin film cast on Si substrate compared to
exchanged (PFSI-Na*) and re-exchanged (re-PFSI-H*) thin films. Expansion in PFSI-Na* is reversible
upon re-exchange to acid form.

3.6.  Impact of Confinement on lonomer Thin Films Thermal Transition

Given a system of confined ionomer thin film supported on a solid substrate, with a
significantly small thermal expansion rate, differential expansion is expected to be detected only
in the ionomer layer and perpendicular to the support. Therefore, for an equivalent comparison,
the anisotropic, 1-dimensional thin film expansion, o, is compared to the isotropic, 3-dimensional
volumetric thermal-expansion coefficient, av, of bulk PFSI obtained from the average bulk linear
expansion coefficient, where av ~ 3-appuk from ref.55! (See Figure 3-6) Both thin film Tt and o
demonstrate no significant correlation with PFSI EW. This is counter to the reported increase in
T+ of ion-containing systems with increase in ion content (decrease in EW) reported by Yeo et.
al.>> However, as also discussed in the same paper, impact on transition temperature is observed
as a result of varying water content and crystallinity in the bulk system. In the thin film ionomer
scenario, it is expected that the ionomer is amorphous and contains no bound water within the Tt
evaluation window (first cooling stage). The relative difference between pre- and post-expansion
rate and range of Tt observed for thin film PFSI-H" indicates that T+ is likely T,. The Tt of thin
film ionomers >100 nm in Figure 3-6a are lower than T, of cast bulk Nafion in H* form (~87 °C),%3
and an increase in Tt with decreasing thickness is observed with some data variability. opre remains
somewhat constant while apost decreases with decreasing thickness (Figure 3-6b), consistent with
the raised Tt evaluated. Thermal transition and subsequent relaxation behavior in thin film
polymers is governed by chain conformation change upon confinement, polymer dynamics at the
free-surface/polymer, and substrate/polymer interfacial interactions.>* It is well documented that
polymer chains adsorbed at attractive interfaces induce changes in orientation and local packing
that results in a decreasing polymer density distribution away from the surface.>>® Spatially
opposite to the polymer/substrate interface, the free-surface/polymer interface has unhindered
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mobility and enhanced configurational freedom, thereby improving long-range motions and
lowering T+.>>® High wettability and low surface energy of the Si/SiO, support results in
favorable adsorption of the PFSI-H* side-chain moieties,>>®*®! pining ionomer chains and
increasing local packing near the ionomer/substrate interface in dry conditions. Consequently,
PFSI-H* thin films have significantly restricted chain mobility below T, as is reflected by the low
apre as illustrated in the schematics in Figure 3-6. As the temperature exceeds T, entropically-
frozen ionomer chains gain enough thermal energy to break electrostatic interactions between
PFSI-H* side-chains and substrate, thereby relaxing the substrate-imposed constraints and
resulting in an oapest Similar to bulk PFSI. With a further decrease in thickness, the relative
contribution of substrate interaction is amplified, resulting in a positive shift in Tr.
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Figure 3-6: (a) Transition temperature and (b) Linear expansion coefficient, opre and opost, OF thin film PFSI-
H* cast on Si/SiO, substrate compared to bulk Nafion linear expansion from Ref. °
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3.7.  Impact of Metal Cation on lonomer Thin film Thermal Transition

Figure 3-7 shows T, apre, and apost OF ionomer thin films in Li*, Na* and Cs* forms as well
as bulk film. Both apre and apost are similar to the expansion rates observed in bulk Nafion around
the B transition.”* Here, unlike the PFSI-H* for which Tt was assigned to the a transition, the Tt
for PFSI-M" is attributed to the B transition due to (1) only a single Tt observed for PFSI-M* thin
films and (2) the large positive shift (> 100 °C) expected in both T, and Tp with neutralization, as
reported extensively in bulk PFSI literature.>®!152 PFSI-M* exhibits very small deviation from
bulk Tp in the range of film thicknesses explored, contrary to PFSI-H* (Figure 3-7a). Table 3-1
compares PFSI T, and Tp reported in literature with substrate-supported thin film PFSI Tt
measured in this study. It is readily evident that the nature of the counterion (H* vs. M") can
significantly alter relaxation behavior (a to ) causing a break in slope at high temperatures for
strongly interacting, electrostatic network present in PFSI-M™. Similar molecular origins have been
shown for thermal and mechanical relaxation of bulk PFSI neutralized with various counterions.3>2
Systematic spectroscopic and x-ray scattering studies correlating relaxations with morphological
origins are required to confirm the speculated nature of Tt measured in PFSI-H" and PFSI-M™ as
T, and Tp respectively.

Table 3-1: Comparison of T for bulk and thin film PFSI in different forms.

Tp To Ref.
PFSI-H* (Bulk) —20 to —30°C 87 to 115°C 6-12
PFSI-M* (Bulk) 130 to 170°C 210 to 240 °C
PFSI-H* (Thin film)
>100nm Tt not observed. 70to 85 °C This work.
<100nm 70t0 130 °C
PFSI-M* (Thin film)
>100nm 140 to 170°C Tt not observed. | This work.
<100nm 140 to 170°C
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3.8.  Effect of Confinement and Counterion on Thin film Relaxation and Transport

Figure 3-6 and Figure 3-7 point to two pathways towards controlling ionomer relaxation
dynamics, i.e. confining ionomer thin films to the nanometer scale, and addition of metal
counterions. Together they portray a complementary view of relaxation dynamics in PFSI thin
films. High mobility near the free-surface/ionomer interface reduces Tt of PFSI-H* thin films >100
nm relative to bulk as represented schematically in Figure 3-6. As ionomer chains tether to a solid
structure and finite-size effects set in, mobility is restricted and expansion is unidirectional and
anisotropic relative to the 3-dimensional expansion observed in bulk. T+ of PFSI-H* thin film,
confined to thicknesses below 100nm, increases due to amplified impact of substrate interaction,
likely through strong hydrogen bonding between the substrate and PFSI-H*. Similar phenomenon
impacting ionomer chain-end groups increases the thermal transition temperature in the presence
of metal cation. Addition of metal cations increases the strength of electrostatic network in the
PFSI-M* matrix increasing physical crosslinks, resulting in reduced conformational relaxation and
subsequent increase in Tt, as depicted in Figure 3-8. Presumably, strong ion-polymer
intermolecular interactions in PFSI-M* dominate (almost point of nullifying) the PFSI-H*
substrate/ionomer interactions upon confinement such that T, opre, and apost are similar to bulk
PFSI-M* values regardless of film thickness.

Bulk: 3-D Expansion . Nafion-H*
< YIY Y Y et
3a ~0-© o2 v L(T)
S 5ubstrate e
Heat i film/substrate interactions lonic crosslinking
: Reduced expansion
Thin film: 1-D Expansion Nafion-Na+ Increased stiffness
o )
—— — e ¢%5 'IL(T)
Heat

nullified substrate effect

Figure 3-8: Illustration summarizing effect of confinement and counterion in ionomer thin film thermal
relaxation. (on left) Comparative volumetric expansion of PFSI in bulk vs. thin film. (on right) lonomer
thin film expansion in acid form (H*) vs. cation (Na*) form.

This is the first time that spectroscopic ellipsometry is employed to evaluate thermal
transitions in PFSI. Findings in this chapter confirm the strong influence of substrate and free
surface upon confinement witnessed in neutralized polymer thin films.?325762 |ncreasing T+ with
confinement and presence of large univalent counterions point towards increased ionomer chain
stiffness that could result in reduced gas permeability (see illustrations in Figure 3-1, Figure 3-6,
Figure 3-8). In agreement with our findings, a study focusing on Cs* and Pt?* ion-exchanged Nafion
by Mohamed et al. showed greater free-volume thermal expansion in H* form.%® The study also
revealed chain stiffening-induced reduction in gas permeation with counterion exchange despite
the higher free-volume measured. Confinement and counterion-induced chain stiffening has been
observed with rise in modulus relative to bulk PFSI.13426465 Although the polymer thickness at
which the confinement effect commences does not always directly correlate with Tt deviations
from the bulk value, the trend is in accord with the trends in moduli of various thin film
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polymers.26%6 Similarly, confined (<100 nm) and cation-exchanged PFSI impeded chain mobility
and increased stiffness induced by substrate interactions and by physical ionic crosslinks, as
evidenced by their higher Tt. lonomer chain crosslinking is the stiffening of ionomer chain as a
result of more rigid bond with counterion i.e. ionic bond between metal cation end group with
side-chain of ionomer. Increased stiffness and low chain mobility can result in reduced gas
permeability. Figure 3-9 shows this relationship between ionomer thin film chain mobility with gas
permeability utilizing data obtained from electrode diagnostics®®> and microelectrode
investigations.®* T+ of a representative electrode ionomer thin film thickness of 46 nm was utilized
to capture ionomer chain mobility at a given operating temperature (Tt -T); chain mobility
increases with as T approaches T+. Despite the fact that impact of water on ionomer chain mobility
was not explored here, Figure 3-9 shows a strong relationship between reduction in ionomer chain
mobility and decrease in ionomer thin film oxygen permeability.
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Figure 3-9: Nafion thin film oxygen permeability from catalyst layer resistance®® and microelectrode
measurements® as a function of PFSI-H* thin film (46 nm) mobility represented by T+-T.

3.9.  Summary

PFSI thin films in energy-conversion devices have limitations in functionality attributed to
confinement-driven and surface-dependent interactions. This study highlights the effects of
confinement and interface-dependent interactions of PFSI thin films by exploring thin film thermal
transition temperature (T1). Change in Tt in polymers is an indicator for chain relaxation and
mobility with implications on properties like gas permeation. This work demonstrates an increase
in Tt with decreasing PFSI film thickness in acid (H") form (from 70 to 130°C for 400 to 10 nm,
respectively). In metal cation (M™) exchanged PFSIs, Tt remained constant with thickness. These
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results point to an interplay between increased chain mobility at the free surface and hindered
motion near the rigid substrate interface, which is amplified upon further confinement. This
balance is additionally impacted by ionomer intermolecular forces, as strong electrostatic networks
within the PFSI-M™ matrix raises Tt above the mainly hydrogen bonded PFSI-H" ionomer. For
expanded insights, complementary methods tracking change in ionomer density as a function of
ionomer thickness are needed to elucidate effect of confinement on ionomer chain packing.
Additional synergistic surface characterization techniques like nano-indentation and techniques
that can probe molecular fluctuations like broadband dielectric spectroscopy can further explore
confinement-induced changes in ionomer properties. Such studies can expand this work to
elucidate confinement-driven changes to gas transport under real device operating conditions,
especially in the presence of water. Overall, findings in this chapter signify the interplay between
the surface and electrostatic interactions controlling the thermal transitions in confined ionomer
films, which could be harnessed to understand and tune ionomers’ gas-transport properties and
functionality in porous electrodes of electrochemical energy-conversion devices.

3.10. References

(1) van Krevelen, D. W. Chapter 6 Transition Temperatures. In Properties of Polymers; 20009.

(2) Hill, A. J.; Tant, M. R. The Structure and Properties of Glassy Polymers. In American
Chemical Society; 1999; Vol. 710, pp 1-20.

(3)  Yampolskii, Y.; Pinnau, I.; Freeman, B. D. Transport of Gases and Vapors in Glassy and
Rubbery Polymers. In Materials Science of Membranes for Gas and Vapor Separation;
2006; pp 1-48.

(4) vanKrevelen, D. W. Chapter 13: Mechanical Properties of Solid Polymers. In Properties of
Polymers; 20009.

(5) Osborn, S. J.; Hassan, M. K.; Divoux, G. M.; Rhoades, D. W.; Mauritz, K. a.; Moore, R. B.
Glass Transition Temperature of Perfluorosulfonic Acid lonomers. Macromolecules 2007,
40 (10), 3886-3890.

(6) Matos, B. R.; Dresch, M. A.; Santiago, E. I.; Linardi, M.; de Florio, D. Z.; Fonseca, F. C.
Nafion -Relaxation Dependence on Temperature and Relative Humidity Studied by
Dielectric Spectroscopy. J. Electrochem. Soc. 2012, 160 (1), F43-F48.

(7)  Kyu, T.; Hashiyama, M.; Eisenberg, A. Dynamic Mechanical Studies of Partially lonized
and Neutralized Nafion Polymers. Can. J. Chem. 1983, 61, 680-687.

(8) Page, K. A.; Cable, K. M.; Moore, R. B. Molecular Origins of the Thermal Transitions and
Dynamic Mechanical Relaxations in Perfluorosulfonate lonomers. Macromolecules 2005,
38 (15), 6472-6484.

(9) Kusoglu, A.; Weber, A. Z. New Insights into Perfluorinated Sulfonic-Acid lonomers.
Chem. Rev. 2017, 117, 987-1104.

(10) Mauritz, K. a; Moore, R. B. State of Understanding of Nafion. Chem. Rev. 2004, 104 (10),
4535-4585.

(11) Page, K. A,; Landis, F. A.; Phillips, A. K.; Moore, R. B. SAXS Analysis of the Thermal
Relaxation of Anisotropic Morphologies in Oriented Nafion Membranes. Macromolecules
2006, 39 (11), 3939-3946.

(12) Fan, Y.; Tongren, D.; Cornelius, C. J. The Role of a Metal lon within Nafion upon Its
Physical and Gas Transport Properties. Eur. Polym. J. 2014, 50, 271-278.

(13) Shi, S.; Weber, A. Z.; Kusoglu, A. Structure-Transport Relationship of Perfluorosulfonic-

70



(14)

(15)

(16)

(17)

(18)

(19)
(20)

(21)
(22)

(23)
(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

Acid Membranes in Different Cationic Forms. Electrochim. Acta 2016, 220, 517-528.
Yampolskii, Y.; Pinnau, 1.; Freeman, B. D. Materials Science of Membranes for Gas and
Vapor Separation; 2006.

Pixton, M. R.; Paul, D. R.; Yampol’skii, Y. Relationships between Structure and Transport
Properties for Polymers with Aromatic Backbones. In Polymeric Gas Separation
Membranes; CRC Press: Boca Raton, FL, 1994; pp 83-154.

Shimizu, R.; Park, Y.-C.; Kakinuma, K.; liyama, A.; Uchida, M. Effects of Both Oxygen
Permeability and lon Exchange Capacity for Cathode lonomers on the Performance and
Durability of Polymer Electrolyte Fuel Cells. J. Electrochem. Soc. 2018, 165 (6), F3063—
F3071.

Mohamed, H. F. M.; Ito, K.; Kobayashi, Y.; Takimoto, N.; Takeoka, Y.; Ohira, A. Free
Volume and Permeabilities of O2 and H2 in Nafion Membranes for Polymer Electrolyte
Fuel Cells. Polymer (Guildf). 2008, 49 (13-14), 3091-3097.

Buchi, F. N.; Wakizoe, M.; Srinivasan, S. Microelectrocle Investigation of Oxygen
Permeation in Perfluorinatecl Proton Exchange Membranes with Different Equivalent
Weights. J. Electrochem Soc. 1996, 143 (3), 927-932.

Keddie, J. L.; Jones, R. A. L.; Cory, R. A. Size-Dependent Depression of the Glass
Transition Temperature in Polymer Films. Europhys. Lett. 1994, 27 (1), 59-64.

Frank, B.; Gast, A. P.; Russell, T. P.; Brown, H. R.; Hawker, C. Polymer Mobility in Thin
Films. Macromolecules 1996, 29 (20), 6531-6534.

Brauman, J. I.; Szuromi, P. Thin Films. Science (80-. ). 1996, 273 (5277), 855.

C. W. Frank, V. Rao, M. M. Despotopoulou, R. F. W. Pease, W. D. Hinsberg, R. D. M. and
J. F. R. Structure in Thin and Ultrathin Spin-Cast Polymer Films. Science (80-.). 1996, 273.
Alcoutlabi, M.; McKenna, G. B. Effects of Confinement on Material Behaviour at the
Nanometre Size Scale. J. Phys. Condens. Matter 2005, 17 (15), R461-R524.

Rowe, B. W.; Freeman, B. D.; Paul, D. R. Physical Aging of Ultrathin Glassy Polymer
Films Tracked by Gas Permeability. Polymer (Guildf). 2009, 50 (23), 5565-5575.
Rittigstein, P.; Priestley, R. D.; Broadbelt, L. J.; Torkelson, J. M. Model Polymer
Nanocomposites Provide an Understanding of Confinement Effects in Real
Nanocomposites. Nat. Mater. 2007, 6 (4), 278-282.

Torres, J. M.; Stafford, C. M.; Vogt, B. D. Elastic Modulus of Amorphous Polymer Thin
Films: Relationship to the Glass Transition Temperature. ACS Nano 2009, 3 (9), 2677—
2685.

Harry D. Rowland, William P. King, John B. Pethica, G. L. W. C. Molecular Confinement
Accelerates Deformation of Entangled Polymers During Squeeze Flow. Science (80-. ).
2008, 322, 720-724.

Russell, T. P.; Chai, Y. 50th Anniversary Perspective: Putting the Squeeze on Polymers: A
Perspective on Polymer Thin Films and Interfaces. Macromolecules 2017, 50 (12), 4597—
4600.

Napolitano, S.; Glynos, E.; Tito, N. B. Glass Transition of Polymers in Bulk, Confined
Geometries, and near Interfaces. Reports Prog. Phys. 2017, 80 (3), 1-51.

Askar, S.; Torkelson, J. M. Stiffness of Thin, Supported Polystyrene Films: Free-Surface,
Substrate, and Confinement Effects Characterized via Self-Referencing Fluorescence.
Polym. (United Kingdom) 2016, 99, 417—426.

Gottesfeld, S., Raistrick, I. D., Srinivasan, S. Oxygen Reduction Kinetics on a Platinum
RDE Coated with a Recast Nafion Film. J. Electrochem. Soc. 1987, 134 (6), 1455-1462.

71



(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Parthasarthy, A.; Srinivasan, S.; Appleby, A. J.; Martin, C. R. Electrode-Kinetics of Oxygen
Reduction at Carbon-Supported and Unsupported Platinum Microcrystallite Nafion(R)
Interfaces. J. Electroanal. Chem. 1992, 339 (1-2), 101-121.

Nonoyama, N.; Okazaki, S.; Weber, A. Z.; Ikogi, Y.; Yoshida, T. Analysis of Oxygen-
Transport Diffusion Resistance in Proton-Exchange-Membrane Fuel Cells. J. Electrochem.
Soc. 2011, 158 (4), B416-B423.

Kudo, K.; Jinnouchi, R.; Morimoto, Y. Humidity and Temperature Dependences of Oxygen
Transport Resistance of Nafion Thin Film on Platinum Electrode. Electrochim. Acta 2016,
209, 682—690.

Suzuki, T.; Kudo, K.; Morimoto, Y. Model for Investigation of Oxygen Transport
Limitation in a Polymer Electrolyte Fuel Cell. J. Power Sources 2013, 222, 379-389.
Ohira, A.; Kuroda, S.; Mohamedz, H. F. M.; Tavernier, B. Effect of Interface on Surface
Morphology and Proton Conduction of Polymer Electrolyte Thin Films. Phys. Chem.
Chem. Phys. 2013, 15, 11494-11500.

Kusoglu, A.; Kushner, D.; Paul, D. K.; Karan, K.; Hickner, M. a.; Weber, A. Z. Impact of
Substrate and Processing on Confi Nement of Nafi on Thin Films. Adv. Funct. Mater. 2014,
24 (30), 4763-4774.

Nagao, Y. Proton-Conductivity Enhancement in Polymer Thin Films. Langmuir 2017, 33
(44), 12547-12558.

DeCaluwe, S. C.; Kienzle, P. A.; Bhargava, P.; Baker, A. M.; Dura, J. A. Phase Segregation
of Sulfonate Groups in Nafion Interface Lamellae, Quantified via Neutron Reflectometry
Fitting Techniques for Multi-Layered Structures. Soft Matter 2014, 10 (31), 5763-5776.
Kusoglu, A.; Dursch, T. J.; Weber, A. Z. Nanostructure/Swelling Relationships of Bulk and
Thin film PFSA lonomers. Adv. Funct. Mater. 2016, 26, 4961-4975.

Frieberg, B. R.; Page, K. A.; Graybill, J. R.; Walker, M. L.; Stafford, C. M.; Stafford, G.
R.; Soles, C. L. Mechanical Response of Thermally Annealed Nafion Thin Films. ACS
Appl. Mater. Interfaces 2016, 8 (48), 33240-33249.

Page, K. A. .; Kusoglu, A.; Stafford, C. M. .; Kim, S.; Kline, R. J.; Weber, A. Z. .
Confinement-Driven Increase in lonomer Thin film Modulus. Nano Lett. 2014, 14, 2299-
2304.

Paul, D. K.; Shim, H. K. K.; Giorgi, J. B.; Karan, K. Thickness Dependence of Thermally
Induced Changes in Surface and Bulk Properties of Nafion ® Nanofilms. J. Polym. Sci. Part
B Polym. Phys. 2016, 54 (13), 1267-1277.

Tesfaye, M.; MacDonald, A. N.; Dudenas, P. J.; Kusoglu, A.; Weber, A. Z. Exploring
Substrate/lonomer Interaction under Oxidizing and Reducing Environments. Electrochem.
commun. 2018, 87, 86-90.

DeCaluwe, S. C.; Baker, A. M.; Bhargava, P.; Fischer, J. E.; Dura, J. A. Structure-Property
Relationships at Nafion Thin film Interfaces: Thickness Effects on Hydration and
Anisotropic lon Transport. Nano Energy 2018, 46, 91-100.

Weber, A. Z.; Kusoglu, A. Unexplained Transport Resistances for Low-Loaded Fuel-Cell
Catalyst Layers. J. Mater. Chem. A 2014, 2 (¢), 17207-17211.

Dalnoki-Veress, K.; Forrest, J. a; Murray, C.; Gigault, C.; Dutcher, J. R. Molecular Weight
Dependence of Reductions in the Glass Transition Temperature of Thin, Freely Standing
Polymer Films. Phys. Rev. E 2001, 63 (3), 031801-1-10.

Hall, D. B.; Miller, R. D.; Torkelson, J. M. Molecular Probe Techniques for Studying
Diffusion and Relaxation in Thin and Ultrathin Polymer Films. J Polym Sci B Polym Phys

72



(49)
(50)
(51)
(52)
(53)

(54)

(55)
(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

1997, 35, 2795-2802.

Buenviaje, C.; Dinelli, F.; Overney, R. M. Glass Transition Measurements of Ultrathin
Polystyrene Films. In Techniques; 2000; Vol. 77, pp 1-18.

Ho, C. Y.; Taylor, R. E. Thermal Expansion of Solids, Vol. 4.; ASM International, 1998.
Takamatsu, T.; Eisenberg, a. Density and Expansion Coefficients of Nafion. J. App. Poly.
Sci. 1979, 24, 2221-2235.

Yeo, S. C.; Eisenberg, A. Physical Properties and Supermolecular Structure of
Perfluorinated Ion-containing (Nafion) Polymers. J. Appl. Polym. Sci. 1977, 21 (4), 875—
898.

Schaberg, Mark S.; Abulu, J.E.; Haugen, G.M.; Emery, M. A.; O’Conner, S. J.; Xiong, P.N_;
Hamrock, S. J. New Multi Acid Side-Chain lonomers for Proton Exchange Membrane Fuel
Cells. ECS Trans. 2010, 33 (1), 627-633.

Hammerschmidt, J. A.; Gladfelter, W. L.; Haugstad, G. Probing Polymer Viscoelastic
Relaxations with Temperature-Controlled Friction Force Microscopy. Macromolecules
1999, 32 (10), 3360-3367.

De Virgiliis, A.; Milchev, A.; Rostiashvili, V. G.; Vilgis, T. a. Structure and Dynamics of a
Polymer Melt at an Attractive Surface. Eur. Phys. J. E. Soft Matter 2012, 35 (97), 1-11.
Pham, J. Q.; Green, P. F. The Glass Transition of Thin Film Polymer/Polymer Blends:
Interfacial Interactions and Confinement. J. Chem. Phys. 2002, 116 (13), 5801-5806.
Priestley, R. D.; Ellison, C. J.; Broadbelt, L. J.; Torkelson, J. M. Structural Relaxation of
Polymer Glasses at Surfaces, Interfaces, and in Between. Science 2005, 309 (5733), 456—
459,

Burroughs, M. J.; Napolitano, S.; Cangialosi, D.; Priestley, R. D. Direct Measurement of
Glass Transition Temperature in Exposed and Buried Adsorbed Polymer Nanolayers.
Macromolecules 2016, 49 (12), 4647-4655.

Paeng, K.; Swallen, S. F.; Ediger, M. D. Direct Measurement of Molecular Motion in
Freestanding Polystyrene Thin Films. J. Am. Chem. Soc. 2011, 133 (22), 8444-8447.
Ruhe, J.; Novotny, V.; Clarke, T.; Street, G. B. Ultrathin Perfluoropolyether Films---
Influence of Anchoring and Mobility of Polymers on the Tribological Properties. J. Tribol.
1996, 118 (3), 663-668.

Rihe, J. G. V. J. T. G. B., Blackman, G., Novotny, V. J., Clarke, T., Street, G. B., & Kuan,
S. Terminal Attachment of Perfluorinated Polymers to Solid Surfaces. J. Appl. Polym. Sci.
1994, 53 (6), 825-836.

Priestley, R. D.; Mundra, M. K.; Barnett, N. J.; Broadbelt, L. J.; Torkelson, J. M. Effects of
Nanoscale Confinement and Interfaces on the Glass Transition Temperatures of a Series of
Poly(n-Methacrylate) Films. Aust. J. Chem. 2007, 60 (10), 765-771.

Mohamed, H. F. M.; Kobayashi, Y.; Kuroda, C. S.; Ohira, A. Free Volume and Gas
Permeation in lon-Exchanged Forms of the Nafion® Membrane. J. Phys. Conf. Ser. 2010,
225, 1-8.

Albe, N. D.; Bas, C.; Reymond, L.; Dane, A.; Rossinot, E.; Flandin, L. Key Counter lon
Parameters Governing Polluted Nafion Membrane Properties. J. Polym. Sci. Part B Polym.
Phys. 2009, 47 (14), 1381-1392.

Page, K. A.; Shin, J. W.; Eastman, S. A.; Rowe, B. W.; Kim, S.; Kusoglu, A.; Yager, K. G.;
Stafford, G. R. In Situ Method for Measuring the Mechanical Properties of Nafion Thin
Films during Hydration Cycles. ACS Appl. Mater. Interfaces 2015, 7 (32), 17874-17883.
Tweedie, C. A.; Constantinides, G.; Lehman, K. E.; Brill, D. J.; Blackman, G. S.; Van Vliet,

73



K. J. Enhanced Stiffness of Amorphous Polymer Surfaces under Confinement of Localized
Contact Loads. Adv. Mater. 2007, 19 (18), 2540-2546.

74



4. Impact of Metal Cations in lonomer Thin Films

4.1. Introduction to Cations in Bulk Perfluorosulfonic lonomers

Introduction of metal cations into electrochemical devices has three main pathways: (1)
transition metal and lanthanoid cations are intentionally introduced into a membrane-electrode
assembly (MEA) to improve overall performance and stability, (2) group I, group Il and other
metals are incorporated into the ionomer structure to alter mechanical and rheological behavior,
and (3) cationic contaminants migrate into the ionomer from other components of the
electrochemical device or operating environment. Discussion and exploration of the root cause
underlying the effects of metal cations in electrochemical devices, and more specifically ionomers,
started in the 1980s. Table 4-1 summarizes the types of metal cations found in different
components, introduction route, and characterization techniques used. As discussed in Chapter 1,
innovative electrocatalyst designs in fuel cells alloying platinum(Pt) metal with transition metal
(such as Pd, Fe, V, Co, Ni, Cu, Cr, and Ti) have demonstrated oxygen-reduction Kinetics
improvements from 3 to 22 fold.!~® These alloys, however, cause stability and durability concerns
as Pt-metal electrodes suffer from higher performance degradation rate compared to classical Pt
electrodes,® exhibit supporting metal loss and relocation from electrode into membrane during
cycling,” and lack long-term stability and retention of geometry in the highly acidic environment
present in PEFCs. A consequence of Pt-metal electrode degradation is the relocation of metal
cations in the thin film ionomer binder in the electrode and ionomer electrolyte separator due to
the high affinity of M** for sulfonate groups (SOs") end groups over H'.
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Table 4-1: Introduction and final location of cationic contaminants and characterization techniques

utilized

Metallic and Cationic
Contaminants

Location

Characterization Method

Ref.

Ca2+
Co?*, Pd?*, Pt?*, Ni*

Membrane Electrode
Assembly (MEA)

from co-alloy metals,
and gas and coolant

supply

Electrochemical Impedance spectroscopy
(EIS), scanning electron microscope (SEM),
energy dispersive X-ray spectroscopy
(EDX), micro-computed tomography,
Synchrotron micro-X-ray fluorescence (p-
XRF), accelerated stress tests (ASTS), in-
operando anomalous small angle x-ray
scattering (ASAXS), X-ray absorption
spectroscopy, Inductive Coupled Plasma
Optical Mass spectroscopy

(ICPMS), Transmission electron microscopy
(TEM), Atomic-level chemical mapping
enabled by STEM-EELS, Electron probe
microanalysis (EPMA), High-Resolution
Electron Microscopy (HREM), Rotating
Disk Electrode

13-
8,11-15

Li*, Na*, K*, Cs*, Ru*
Mg?*, Ca?*, Sr?*, Ba?*
Sc¥, Y3, Fe?t, Fe?*, Ni%,
CU2+, Zn2+, Crz+, Ag+
Al3*, SpZ*

Eu®t, La®*, Ce**

Polymer Electrolyte
membrane (lonomer
Separator)

From bipolar plates,
fabrication method,
piping tubes,
humidification and
coolant reagent, gas

supply.

Ultraviolet-Visible Spectroscopy (UV-Vis),
Dynamic Scanning Calorimetry (DSC),
Dynamic Mechanical Analysis (DMA),
Dynamic Thermogravimetric Analysis
(DTG), Small Angle X-ray scattering
(SAXS), Wide Angle X-ray Scattering
(WAXS), Small angle neutron scattering
(SANS), Nuclear Magnetic Resonance
(NMR), Spectrophotometer, Fourier
transform infrared spectroscopy (FTIR),
XRD, Mechanical Testing, Dielectric
Spectroscopy, Viscometer

16-49

Ni%*, Co?*, Ce**

lonomer thin films
(<10pm)

XRF, EIS, Microelectrode,
Inductive Coupled Plasma Optical Emission
Spectroscopy (ICP-OES)

50,51

Introduction of metal cations into ionomer can occur during electrode preparation and
PEFC operation. lonomers can be contaminated by foreign cationic ions (such as K*, Na*, AI**,
Fe3*, Ca®*, Ba?") originating from pollutants in gas supply and coolant reagent, during fabrication
of the fuel cell, and as a result of corrosion of bipolar plates and leaching form other
sources.” 12234052 gych contaminants are revealed through electrochemical impedance
spectroscopy, accelerated stress tests and post-mortem analysis. Even at low ppm levels, metal
cation contaminants with lower mobility have been shown to replace protonic sites, reduce
transference number of conductive species, lower ionomer/membrane conductivity,?>*4° hinder
oxygen-reduction reaction kinetics,>>°*** reduce membrane water retention, and promote peroxy
radical formation resulting in chemical degradation, rise in cell temperature, enhanced pinhole
formation and cell death.> Mitigating these negative impacts is critical for meeting durability and
lifetime requirements for increased commercialization and marketability of PEFCs.%6:57

Due to direct cation’s impact on electrostatic interactions with the fixed anionic groups in
ionomers, intentional introduction of distinct cations in the ionomer can provide an alternative
means of changing ionomer properties. By varying the cation-ionomer interaction, modulation in
ionomer behavior can be accomplished without requiring synthesis of new materials. lonomer
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properties can be controlled by key factors like local interaction of cation with polymer matrix,
concentration of cations, nature of cation, ionomer backbone and side-chain nature and length,
etc.36%8:59 These factors have been used to modify properties of various other ionomers outside of
PFSAs such as sulfonated polystyrene, polyurethane, and poly (ethylene-co-acrylic acid). These
alternative ionomers are utilized as battery separators/electrolytes, where tethered metal-ion
mobility and thermo-mechanical properties are highly coupled with ionomer aggregation structure
that is influenced by counterion type, neutralization level, and cation-anion spacer length. % In
bulk PFSA ionomers, metal cations impact thermostability, water sorption, conductivity, gas-
transport coefficients, density, mechanical properties, relaxation dynamics, and morphological
structure, 21-26:30-32.34-37161-65 Ag 3 result, it is expected that metal cations can also impact ionomer
thin films in the electrode. Impact of group | monovalent cations on ionomer thin film thermal
relaxation has already been discussed in Chapter 3. This chapter uses monovalent cations as a
jump-off point towards a comprehensive understanding of impact of metal cations on confined
ionomer thin film properties. Water uptake, structure, and mechanical properties of group-I, some
group-I1 and transition-metal cation-exchanged thin film ionomers of varied thickness are explored
in this chapter. However, prior to discussing ionomer thin films, it is worthwhile to examine key
cation factors responsible for determining ionomer behavior.

Discussion on the impact of metal cations on bulk PFSA ionomer in the literature has
largely focused on group | and group Il metals; discussion on the impact of transition metals like
Al and Zn are few and primarily focused on electrode performance. Metal neutralized or
exchanged ionomers are impacted by ionic charge-to-size ratio. Eisenberg et. al. first demonstrated
ionic-potential-controlling coulombic attraction between cation and anion as a parameter
controlling inter-chain spacing (d-spacing) and storage modulus of styrene-based ionomers,
especially for monovalent group-I metal cations.®® This finding has been supported by various
studies that came after examining thermal stability and water uptake of PFSA ionomers.?-314° |n
an aqueous environment, the implication of these findings is that ions with the lowest surface
charge density are preferentially absorbed into ionomer structure with greater affinity.5” In a dry
or humidified environment, Lewis-acid strength (LAS) appears to be the more structure-function
defining parameter compared to ionic radius. LAS quantifies the affinity of cation with anion
(sulfonate anion attached to the ionomer side-chain). Critical transition for properties like the
temperature window of degradation and solvation of water in ionomer has been observed to be
around LAS of 0.27, which is equivalent to the approximated Lewis-base strength of sulfonate
anion.® lonomers neutralized by cations with LAS < 0.2 showed strong cation/sulfonate anion
interaction resulting of improved side-chain stability and thermal stability whereas cations with
LAS > 0.3 showed reduced stability due to increased polarizing effects.?*% Location of solvating
water molecule in cation-exchanged ionomer is also impacted by LAS, increasing and decreasing
LAS above or below a critical value, results in cation-anion interaction that is disrupted by water
molecules instead of water molecule enveloped cation-anion pair.2%*® The extent of this disruption
is a result of additional factors including cation covalent nature, hydration energy, size, and
valence.

Strong cations with large charge-to-size ratios and high hydration energies are found in the
more aqueous ionic domains, whereas weaker cations like Cs™ are commonly located near the
polymer matrix wall charges with weaker hydrogen bonds with water.8” This observation agrees
with the separation of ionomer morphology into nonpolar fluorocarbon backbone, ionic cluster
region, and interfacial side-chain-rich regions.*® Such localization of cations depends on the
covalent nature of the cation; this trend is more evident when observing trends across the periodic

77



table row than down the column. Visser and coworkers observed cation-dependent ionic
aggregates in the order of Cd?*< Ni?* < Na* < Sr?*< Ca?* cations in sulfonated polyurethane
ionomers.>®%° Within the same column, the size of aggregate decreased with decrease in cation
radius, while within the same row and charge, more covalent metals like Ni>* and Cd®* had larger
size than Ca?*. The local area near the transition-metal cation becomes more ordered, inducing
ionic aggregates that result in physical crosslinks and stiff ionomer chains.®®% Expanding on this
finding, Pan et. al demonstrated oxygen/transition metal coordination distances in hydrated and
dry ionomers to be similar to transition metal( Ni—Ni) crystal distances.*! Such cation-ionomer
coordination can result in cation dependent electrostatic networks, aggregation size, chain
mobility, all impacting transport properties. Findings from Goswami and coworkers corroborate
the relationship between ionic aggregation and transport as they report an inverse relationship
between polymer volume fraction and self-diffusion coefficient of monovalent and divalent ions
in Nafion.t”® More explicitly, cation-metal-dependent morphology has been shown
experimentally via relaxation studies®*"° and computationally by Bolintineanu et. al.,*® Li et. al.,
and Daly et. al.”*

This chapter extends the fundamental insights from bulk PFSA membranes to thin film
ionomers coating the electrocatalyst. Although both thin film ionomers and bulk membranes are
sourced from the same polymer, confinement and finite size effects in thin films point towards
deviation of thin film ionomer behavior from bulk membrane, as discussed in Chapter 1. As such,
local impacts of co-alloy leaching and cation contamination in thin ionomer films requires
additional attention. Impact of cations on thin film ionomers so far remains unexplored with few
studies®* so far focused on impact of transition-metal cations limiting fundamental understanding
to specific metals alone. In this work, water uptake and morphology of ionomer thin films of
thickness 20-200 nm are investigated as a function of different cation doping. Monovalent cations
(Li*, Na*and Cs™) are explored as baseline cations to contrast proton form (non-doped, baseline
ionomer) to elucidate impact of ionic size and ionic crosslinking on water uptake and ionomer
nanostructure. Relaxation dynamics of Li*, Na"and Cs* exchanged ionomer thin films of thickness
50 to 300nm explored in Chapter 3 revealed similar expansion dynamics as bulk ionomer due to
dominating strong ionic interactions over confinement. Similarities and deviations from this
expected outcome are discussed. In addition, impact of divalent and transition metal cations (Mg?*,
Co?* and Ni?*) on ionomer thin film water-uptake capacity and relaxation dynamics are also
explored in section 4.4.

4.2. Materials and Experimental Methods

4.2.1. Substrate Preparation

Substrates used in this study were Silicon (Si 100 n-type). Wafers were cut into 1/2-inch
squares before cleaning. Gold (Au)-coated quartz crystal substrates were also used for select water-
uptake measurements. The square wafers and Au crystals were rinsed with water, and then rinsed
twice with isopropyl alcohol (IPA) with nitrogen drying after each rinse. For improved film
adhesion and removal of additional organic contaminants, rinsed substrates were treated with a
benchtop ultraviolet ozone cleaner for 15 min (Novascan).
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4.2.2. lonomer Thin Film Preparation

Commercially available Nafion resin (5 wt%) from lon Power was used as a stock solution
and diluted to 0.4 to 2.95 wt.% ionomer in isopropyl alcohol (Sigma Aldrich) to result in desired
film thickness (20 to 200 nm, respectively). Diluted solutions were filtered (Millex-SV 2-5.0um,
EMD Millipore Corporation) to remove contaminants and large aggregates, sonicated for 20 min
(5510 Branson Ultrasonic) to ensure thorough dispersion, and allowed to equilibrate for at least 24
hours prior to casting for consistent film formation. Solutions were spun cast on clean Si substrates
at variable speeds of 1000 to 3000 rpm for 1 minute (Laurell WS-650-23B model) to obtain the
desired film thickness. The resultant spun-cast thin films were annealed in vacuum oven at 150°C
for 1 hour (Binder) to remove residual, trapped solvent and immediately removed into ambient lab
environment.

4.2.3. Cation (M) Exchange of lonomer Thin Films

To ion-exchange Nafion thin films, spun-cast samples were immersed in 0.5 M aqueous
solution of their respective sulfate salts (Li2SO4, Na2SOas, Cs2S04, MgSO4, NiSO4, CoSO4) for 5
hrs. Exchanged samples (except Ni* and Co* form) were then removed from the exchange-salt
solutions, thoroughly rinsed with deionized water (18MQ-cm, Milli-Q), and heat treated at 100°C
for 1 hour (Binder) to remove surface water and dry the samples. This was done for equivalent
comparison against un-exchanged (H* form) ionomer thin film samples and bulk membrane
literature data (where bulk samples were dried in a similar manner?). Impact of post-exchange
heat treatment on Ni* and Co* form ionomer thin films will be discussed later in this chapter
(Section 4.4)

4.2.4. Water-Uptake Measurement via Quartz Microbalance and Ellipsometry

Relative humidity induced changes in thickness and sorbed water mass of Si/SiO, and Au
supported Nafion thin films were captured by tracking changes in polarized light via in-situ
spectroscopic ellipsometry (J. A. Woollam) and quartz-crystal microbalance (QCM). Clean and
bare Au-coated quartz crystals were placed into the QCM holder to obtain baseline bare crystal
reading for 2 hr. Thin film samples were then spun cast and annealed on the Au crystal as described
above. Samples were then loaded in QCM holder exposed to dry and humidified gas N in a sealed
chamber (See Appendix B for discussion on QCM) While mass uptake is being tracked by QCM,
change in thickness is simultaneously tracked by spectroscopic ellipsometry (See Appendix A for
spectroscopic ellipsometry).

All samples used a leak-proof environmental cell; the cell was provided by J. A. Woollam
for spectroscopic ellipsometry only measurements while combined QCM-ellipsometry
measurements used in-house made custom environmental cell. N2> was used as humidifying gas at
a flowrate of 500 sccm for all set points. To minimize sample-to-sample variability and to create
a consistent water history, all measurements were preceded with 30 min of dry (0%) and saturated
(100%) relative-humidity (RH) exposure, followed by 30 min hold step from 0% to 100% at 25%
RH intervals; total in-situ tracking time was 3.5 hrs. In spectral range of 400 to 1000 nm at single
incident angles of 70°, ionomer thin film thickness supported on Si wafer was accurately modeled
using a two-layer model (Si, native SiO2, and Cauchy material). The optical model shows presence
of SiO> layers of 0.2 to 4 nm in thickness. For Au-coated quartz crystals, thin film thickness was
accurately modeled using a two-layer model (Au substrate and Cauchy material). Mean-squared
error for samples was in the range of 1-4x1073. Equilibrated thin film thickness at a given RH, Lgrn,
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is the average thickness from the last 2 to 5 min of the selected humidity step. The change in
swelling is calculated relative to the dry thickness taken as the average thickness of the second 0%
RH step (Lo),

AL Ley — L
Swelling Fraction(%) = —— x 100 = % x 100 @)
o o

Fractional swelling associated with one-dimensional swelling in these thin film ionomers
can be converted to local water content, A, quantifying number of water molecules per sulfonic
acid group (mol H20/ mol SO3’) via

AL E WN afion (2)

L, My " PNafion

where EWnarion IS equivalent weight of Nafion (1100 gpolymer/mO0lso3-), Mw is molar mass of water
(18 g/mol) and pnafion iS Nafion polymer density. Properties pertaining to cations, and ionomer
exchanged cations are given in Table 4-2,

Table 4-2: Properties of Cations and Cation exchanged Nafion.
HsO*  Lit Na* Cs*  Mg**  Ni#* Co*

Cationic radius(re, pm)-: 60 90 116 181 86 72 74
lonic potential (g% re, nm™) 16.7 111  8.62 5.5 46.5 55.6  54.1
Hydration radius (pm)”® 382 360 329 470 404

Primary Hydration Number™ 10 5 5 28 14 135 133
lonic Mobility (Dm+, x10°cm?/s)¢  9.31 1.03 1.33 0.71

Hydration energy (kJ/mol)™ 1091 513 409 264 1921 2105 1996
lonomer 2075 2078 2113 2304 2.2°

Dry Density(g/cm?) 26:64.76.77
LAS?3:35 0.33 0.22 0.16 0.08 0.36 0.50 0.40
a Solvation number from Table 2.7 ref. 7
b Estimated Density
¢ D+ are at infinite dilution in water at 25 °C’®

4.2.5. M* Thin Film lonomer Structure via Grazing Incidence Small Angle X-ray Scattering
(GISAXS)

The GISAXS experiments were carried out in beamline 7.3.3 of the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory (LBNL). Si/SiO2 supported Nafion thin films
were placed into an in-house built environmental chamber with X-ray transparent Kapton windows
as described in ref .”® The sample was equilibrated in humidified N2 gas at room temperature and
GISAXS patterns were collected in-situ. GISAXS patterns were recorded at varying incidence
angles (ai) above the critical angle (o) for Nafion film (~0.18) but below that for Si/SiO. substrate
(~ 0.2°). Sample-to-detector distance was approximately 1.8 m. Exposure time for the collected
images was 20 sec. The X-ray energy used was 10 keV, with a monochromator energy resolution
E/dE of 100. Patterns shown were acquired with a 2D Dectris Pilatus 2M CCD detector (172 pum
x 172 pm pixel size).
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4.2.6. Thin film lonomer Mechanical Property Measurement

For mechanical-property measurement?, cation-exchanged Nafion thin films were prepared
on a thin Si cantilever wafer (105 um thickness by approximately 0.5 cm x 4 cm). The sample was
clamped in an environmental cell that allowed for humidified gas feeds. Constrained swelling
caused by the presence of the substrate results in a compressive force, which bends the thin Si
cantilever. Using a laser array reflected off the backside of the sample, the change in curvature of
the substrate is measured. Using Stoney’s thin film equation the stress-thickness oy t; is calculated
via

Esh2Ak
AFC = 6(1-v5) = O-ftf (3)

where Eg, vg, Ak and hg are the Young’s modulus, Poisson’s ratio, change in curvature, and
thickness of the substrate, respectively 8. The measured cantilever force (AF.) is equal to the
average biaxial stress of the Nafion film (o) multiplied by its thickness (t;). A full description of
the method can be found in ref.® Ellipsometry gives the strain (equation 1) under the same
conditions. From these two experiments, stress-strain curves are generated. Integrating the area
under the stress-swelling strain curve gives an estimate for mechanical energy associated with
deformation of the sample during swelling. Although quantification of thin film deformation is not
trivial, results from this test still provide valuable insight for obtaining qualitative trends and
comparison between different samples.

4.3. Impact of Monovalent Cations on Sorption Property of lonomer Thin Films

4.3.1. Impact on Structure and Aggregation of lonomer Thin Films

Figure 4-1 shows GISAXS morphological patterns in thin film ionomers in H*, Li*, Na*, and
Cs™ form. Figure 4-1a shows strongly phase separated ionomer peak halo in H™ and Li* form thin
film under saturation, while Na* form shows only faint peak and Cs* form displays no discernable
peak in the 2D GISAXS spectra. Cations with large radius induce lower hydration energy as water
molecules surrounding the cation preferably interact with each other instead of strongly associating
with the counterion.?8! As a result, cations with large ionic radii, like Cs*, allow greater
coordination geometry and large aggregation and reduced phase separation.*® This is reflected in
the Figure 4-1b in-plane line-cut intensity profiles where minimal structural features are observed
for Cs* form thin film followed by a broadening but growing ionomer peak in Na*, Li* and H*
form around q = 1.7 nm*, indicative of a wider domain size-distribution. Cs* cation, due to its
much larger size, appears to cause a notable change in structure. Here, it is important to note that,
X-ray scatting patters of Cs™-exchanged ionomers are weak and have broad peaks with large
background scattering. This is a consequence of the cation’s large size, electron density and
polarizability and results in reduced certainty around structural implications for Cs™ ionomer.
Figure 4-1c reflects this degree of phase separation via the full-width at half-maximum (FWHM)
analysis of the observed ionomer peak. The lower the FWHM, the narrower the distribution of

2 Mechanical property measurements were conducted in collaboration with Peter J. Dudenas
(PhD candidate, Chemical and Biomolecular Engineering, University of California, Berkeley)
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ionomer hydrophilic domains, indicating stronger nanophase separation upon hydration. FWHM
increases with cation ionic radius similar to bulk membranes,?! signifying similarly, locally, phase-
separated morphology both in bulk and in thin film ionomers. The takeaway in these findings is
that cation-induced structural changes are present in thin films as well as in bulk ionomers; as such,
bulk to thin film property deviation reflects the additional roles of confinement and substrate
effects.

a) 2D GISAXS Spectra of Cation-exchanged Nafion Thin Films at Saturation (~100% RH)
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Figure 4-1: (a) GISAXS 2D spectra (b) scattering profiles, and (c) corresponding full-width half-max
(FWHM) of ionomer peak as a function of cation ionic radius of Nafion thin films of different
monovalent cation forms in saturated conditions.

4.3.2. Coupled Impact of Substrate and Confinement on Water Sorption Dynamics

Water-sorption isotherm of bulk Nafion membrane and thin film ionomer (~100nm) in acid
(H*), monovalent (Li*, Na* and Cs*) and divalent (Mg?*, Co?* and Ni?*) metal cation forms are
shown in Figure 4-2. Water contents for bulk Nafion (N212, thickness = 50.8 pum) are reprinted
from Shi et al. 2* in H*, Li*, Na*, Cs*, and Mg?* form. Water-uptake data on bulk Nafion in Co?*
and Ni?* form does not exist in the literature. Therefore, water-sorption isotherms of bulk Nafion
in Zn?* and Fe?* forms are used as analogous comparison; Zn®* and Fe?* have similar properties
(ionic radius, hydration energy, LAS) to Co?" and Ni?*. Bulk membrane sorption isotherms are
plotted without residual water for a more equivalent comparison with water content in ionomer
thin films. Residual water refers to remaining water content in membrane at 0% relative humidity.
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PFSA ionomers are highly hygroscopic and, depending on the cation form retain strongly bound
water molecules up to 21 (H20 molecule/sulfonic acid site, SOz’) in the primary hydration shell
even in dry conditions.”® Confined ionomer thin films spin cast on substrate show no bound water
content, perhaps due to the significantly restricted and strained state of ionomer chains. Therefore,
water-content isotherm in ionomer thin films are compared with bulk sorption dynamics that
excludes residual water. Monovalent cation exchanged thin film sorption shows decreasing water
content with increase in cation size and decrease in LAS. Water uptake in divalent-cation
exchanged ionomers does not show significant variability despite an increase in LAS. This tracks
well with transition LAS value of ~0.27 as discussed above. Divalent cations compared here are
also variable in nature. Although, they all have comparable cation size, hydration number and
energy, transition metals Ni?* and Co?" have a more covalent nature.
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Figure 4-2. Comparative water sorption isotherm of Nafion (Bulk) from Ref.?! compared to thin film
ionomer(100nm) on Si/SiO- support at 25°C in different cation exchanged form. Sorption isotherm of bulk
membrane precludes residual water.

Consistent with Chapter 1 and literature for Nafion-H* 8284 all thin films demonstrate a
reduction in water-uptake capacity compared to their bulk membrane analogues. Figure 4-3 plots
the overall reduction in water content between bulk and 100nm thin film ionomer at 100% RH as
a function of LAS. The largest loss in water content is observed for the low charge density metal
cation (Cs™), while the lowest water-content loss is seen for the transition metals. Water-content
reduction percentage decreased with increasing LAS, signifying strong affinity for anion (high
LAS) improves water retention, while weak affinity (low LAS) results in the significant loss in
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water content upon confinement. Interestingly, total amount of water loss in thin film form relative
to bulk (ABulk,m+ - AThin Film,m+) ShOWS increase in amount of water molecules lost from hydrophilic
phase, peaking around LAS ~ 0.24. This reiterates the trends discussed above around critical LAS
and the impact of the coordination of cation to the structure of the ionomer as well as location of
water molecule around the cation/anion pair. Findings here indicate that water molecules
surrounding the cation/sulfonate anion pair are easier to remove than water molecules found
disrupting the cation/sulfonate direct coordination.
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Figure 4-3: Fractional water content loss in ionomer thin film(100nm) in different metal cation forms as
compared to bulk PFSA at saturated conditions (~95%RH); there is an inverse linear relationship as a
function of Lewis acid strength of cations (LAS).

Figure 4-4 shows saturated swelling behavior of Li*, Na*, and Cs* exchanged bulk PFSA,
and thin (160 nm) through ultra-thin film (26 nm) ionomers. Results demonstrate the impact of
confinement on decreasing water content, in agreement with literature reports of acid form.82-8
However, thickness of Li*, Na*, and Cs* exchanged thin films show minimal effect of thin film
thickness (within the range explored) on water uptake except for the 26 nm case. It has previously
been reported that hydration of Na*-exchanged ionomer thin films (610 to 70 nm) exhibit minimal
thickness dependence; however, no literature data exists for other monovalent cations in thin film
form.®* In a mainly hydrogen-bonded polymer matrix of Nafion-H*, impact of substrate interaction
exacerbates finite-size effects in thin films. Crothers et. al has shown that solvation in bulk PFSA
is controlled by balancing forces of electrostatic attraction between the cation/sulfonate anion and
solvation energy of cation.® However in thin film ionomers, the additional local constraints placed
by the mechanical strain exerted on ionomer chains has to be accounted for. The presence of an
interacting substrate interface could reduce the degrees of freedom of ionomer chains, imposing
mechanical constraints against reorganization that results in reduced equilibrium water content, as
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shown in Figure 4-4. This phenomenon is consistent with the confinement-driven stiffening in thin
films, the moduli of which were shown to be 3 times higher than that of a bulk membrane.® With
the introduction of cations, specifically monovalent cations, factors such as cation size, hydration
energy as well as electron density play dominant roles before surface effects become prominent.
This was also true for thermal relaxation dynamics observed for monovalent cation exchanged
relative to acid form thin films as discussed in Chapter 3. The finding here is further corroborated
by the sorption measurements conducted on gold (Au) in Figure 4-5. Literature on water uptake
of ionomer thin films on Au supports is highly scattered and overall shows increase in water
content with decrease in thickness which is inconsistent with the findings here. However, ionomer
thin film preparation technique in the literature is wide-ranging and many have yet to address the
root of this variability.”® Within our set of experiments, Na* and Cs* exchanged ionomers exhibit
minimal differences in water uptake in Si/SiO2 and Au substrates indicating a minimal substrate
effect. However, for the 26 nm ultra-thin films, water uptake on Au displays the similar disparity
reflected in H+ form ionomer thin films. Factors impacting cation-exchanged ionomer water
uptake also affects ionomer morphology, as discussed in the next section.
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on Si//Si0O,. Li*, Na*, and Cs* exchanged monovalent cations are compared to H* form at ~95% relative
humidity and 25°C.
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4.3.3. Role of Cations in Inducing Mechanical Property

The sections above demonstrated that monovalent cation-exchanged Si/SiO-supported
ionomer thin films exhibit a reduction in water uptake that tracks with reduction in the degree of
phase separation, LAS and monovalent cation size. It has also been shown that the impact of
thickness and confinement effects are significantly diminished for Li*, Na* and Cs* ionomer thin
films with the exception of ultra-thin film (26nm). Finding here is consistent with prior work that
demonstrated that the water content of monovalent cation-exchanged bulk ionomer also decreases
with increases with increase in ionic radius and LAS.?* Hydration in PFSA ionomers is a balance
between the chemical energy of solvation and the mechanical deformation forces related to
stretching of the ionomer chains.”® As such, altering stored mechanical energy by subjecting
ionomers to confinement, shear strain(during spin-coating), and addition of cations can ultimately
tip this balance impacting effective solvation. The impact of monovalent cations in increasing
chain strain and restricting mobility discussed in Chapter 3 also results in mechanical strains that
increase resistance to local deformation required for swelling and incorporation of water molecules
in the ionomer matrix. Shi et al. have shown this to be the case by measuring dry storage modulus
and water content in bulk PFSA; they observed an inverse linear relationship. Figure 4-6 shows
dry storage modulus of bulk PFSA,?* H* form thin film modulus from Page et al.® along with the
measured ionomer thin-film moduli via the cantilever bending-beam method. Figure 4-6 shows
the introduction of confinement effects induces a nonlinear relationship that increases H* form thin
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film ionomer modulus (~800MPa) with decrease in thickness resulting in low water content. The
same nonlinear trend is observed for the different cationic forms. By looking at the full spectrum
of dry modulus and water content for various thicknesses, for acid form(H™) and monovalent metal
cation forms (Li*, Na*, Cs*) two trends emerge. H+ form ionomer shows an increase in stiffness
and dry modulus driven via confinement results in reduction in water content. Water-content-loss
trend is observed for all monovalent metal cations, where increase in ionic size, reduction in LAS
raises dry modulus of the membrane that initially dictates water content reduction but is then
additionally strained by confinement resulting in similar trend in water content loss as in H*.
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Figure 4-6:Relationship between modulus and water content in bulk membrane and thin film ionomers in
baseline acid form (H*) and in different cationic exchanged forms (Li*, Na*, Cs*). Bulk modulus values
reproduced here from ref.?! and thin film H* form are reproduced here from ref.%

4.4. Impact of Transition Metal Cation-Exchanged Thin Film lonomer

The growing interest in Pt-Co and Pt-Ni alloys as cathode catalyst nanoparticles, due to their
increased kinetics, is countered with co-alloy particle loss and dissolution into the cell that reduces
activity/performance and accelerates MEA degradation. Therefore, there is need to understand the
impact of dissolved transition metals (Ni?*and Co?*) on the ionomer thin film. Using the model
system of Si/SiO.-supported, transition-metal-exchanged ionomer thin films, water-uptake
behavior can reveal thermodynamically driven structure-function relationships that can explain
ionomer thin film performance within the transition-metal loaded supported MEAs. To
understanding these phenomena, transition metal exchanged ionomer are subjected to variety of
heat treatments. This is done for two reasons: to reveal the nature of cation-exchanged ionomer
after exposure to liquid salt solutions, and to mimic temperature effect during MEA fabrication.
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During MEA fabrication, ink containing electro-catalytic material and ionomer are initially in
solution. After being casted via variety of ways (blade coating, ink jet, slot die, etc.), electrode-
membrane assembly are heat treated at variety of temperatures (70-140 °C). Figure 4-7 shows the
change in swelling fraction of thin films exchanged with varying external concentrations of Co?*
and dried at different post ion-exchange heat treatments in a vacuum oven. Samples were
monitored for 1 hr hold in dry N2 gas, followed by water saturation at 95 % RH for 1 hr. Figure
4-7a shows that water content is impacted by exposure to Co?* even at the lowest concentration
studied (0.001 M). This is indicative of lack of concentration dependence in the range explored.
Nasef et al. examined heavy metal ion adsorption using spectrophotometer and reported that Co(l1)
and Ni(Il) adsorption into Nafion 117 membrane cease to depend on cation external concentration
at concentrations as low as 1.5 mg/L (~2.5x10° mol of transition metal per liter (M)) within 1 hr
of exposure.32
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Figure 4-7:(a) Impact of concentration and post exchange heat treatment (0.5 M) on water uptake of Co?*
exchanged thin film ionomers (170 nm) compared to H* form. (b) In-situ tracking of Co?* exchanged (0.5M)
ionomer thin film expansion during heating. Expansivity lines are shifted to increase visibility.
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An interesting trend is observed for exchanged thin films subject to varying post-exchange
heat treatment. Figure 4-7a compares maximum swelling of 170 nm thin films in H* form, Co?*
form with no post-exchange heat treatment, followed by 4 different post Co?*-exchange heat
treatment ranging from 50 to 200°C. Trends display an increase in swelling fraction in Co?* form
up to 50°C, followed by a decrease in uptake at 100°C and an increase at 150°C and finally lowest
uptake observed in Co?* form at 200°C. Unexpectedly, Co?*-exchanged ionomer thin films show
an increase in dimensional swelling fraction by a factor of 2 to 2.5 (up to 50% increase in water
content) relative to the H*-form thin films. In-situ monitoring of impact of heat on Co?*-exchanged
ionomer thin films was done via heated-cell ellipsometry. Here, it is critical to note the fact that
the transition metals studied are divalent cations, and at fully exchanged level their concentration
is half of the concentration of H* and other monovalent forms discussed above (per
electroneutrality). However, transition metals show 1.5x or more the water content of H* ionomer.
Given the fact that there are half the cationic sites in the ionomer after exchange, the increase in
water content is not expected. Additionally, conversion to water content, A, uses EW of H" for
conversation to equivalent water molecules per cation. However, EW of ionomer could be altered
by the presence of Co?" now associating with two sulfonic acid sites rather than one in H* form,
or non-uniformities in the ionomer exchanged could result in some protonic locations un-
exchanged but still containing CoSOs in the thin film. Proper visualization technique with
spectroscopic capabilities or post measurement exact ion content evaluation is needed to clarify
this observation. The most likely reason for the unexpected rise in water uptake is that the
hydration energy of H3O" is ~4 times that of Co?*.8” However, this water content is disrupted by
an increase in applied heat energy. Heat could be removing weakly bound water or change ionomer
thin film density. The latter requires further work and measurement of density using QCM to
validate this hypothesis. The former could be associated with the water-field stabilization energy,
which is a unique feature of transition-metal ions upon hydration.”* Water-field stabilization
energy arises from interaction of coordinated water molecules around a transition metal cation.
Lone pairs electrons of the oxygen atom from the water molecules exert a repulsive force on the
d-orbital valence electrons of the transition-metal ion creating a high hydration energy orbital and
lower hydration energy d-orbital. This results in water molecules stabilized ion with lower energy,
and leads to a more negative heat of hydration. Given this fact and trends in Figure 4-7a, the two
lowest swelling fractions observed at ~100°C and ~200 °C could indicate water removal from the
lower energy water bonds and then from the higher energy water bonds, respectively. This increase
and decrease in thickness with heat treatment has also been observed via in-situ thickness tracking
in upon heating in dry environment (Figure 4-7b). Increase in swelling fraction at 50°C and 150°C
could then be associated with film expansivity prior to first water removal, and then thermal
breakage of ionic crosslinks around the possible transition temperature (likely to be around 220 to
340 °C), respectively.

To compare with other cations, post-exchange heat treatment of 100 °C was used (similar
to previous monovalent cations). Figure 4-8 shows water uptake as function of thickness in
different transition metals. Uptake is compared against Mg?* exchanged ionomers as a reference
for more equivalent comparison. Water content in Co?* and Ni?* exchanged ionomer thin films
show no discernable thickness dependence. Mg?* cations exhibit higher water content similar to
transition metals. Some unexpected ionomer thickness dependence is observed but further work is
necessary to validate this trend. Overall increase in water content is observed for divalent cations
over H* form. This is likely due to the high hydration number of these cations. Additionally,
infrared studies from Falk et al., evaluating types of water stretching bonds has also demonstrated
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that the high LAS and nature of Mg?*, Co?" and Ni?* cations results in strong coordination with
SOs™ groups that causes similar amount of water molecules to locate near cation( near SO3) as well
as between cation and SOs ( fluorocarbon facing).?*
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Figure 4-8:Water content of divalent cation (Mg?*) and transition metal cations (Co?* and Ni?*) as a
function of thickness.

45. Summary

Understanding the impact of presence of cations in ion-conducting polymer (ionomer) thin
film holds the key to predicting stability and function of electrolyte thin film binders utilized in
fuel cell and other solid-state energy-conversion device electrodes. Mitigating the impact of
cationic contamination and co-alloy leaching requires closer investigation into the cation-induced
thermodynamic and morphological changes in thin film properties and underlying structure-
function relationship. In this chapter, affinity for anion (LAS), nature of cation, cation interaction
range, coordination with structure, hydration size, cation induced morphological aggregation of
ionomer chains and mechanical property of these ionomer chains have been identified and
discussed as possible explanations for observed property changes. Figure 4-9 outlines these factors
and their order of influence for the set of cations explored. From the figure, it is easy to see that
while monovalent cations follow a somewhat consistent cation-size and LAS dependent trend,
divalent cations, especially transition metals, exhibit various irregularities that limit extrapolation
toward cohesive trends. These factors have already been shown to influence critically the
functionality of bulk PFSA. However, the existence of additional finite-size effects and surface-
specific interactions endemic to thin films compounds interpretation. In this study, monovalent
cation containing ionomer thin films (H*, Li*, Na" and Cs™) exhibit reduced water uptake and
weaker phase-separation in their nanostructure, compared to bulk. Counter to the trends observed
for H* form ionomer thin films, Li*, Na* and Cs* thin films had minimal substrate and thickness
dependence, with the exception of 26 nm thickness, indicating dominating influence of ionic
networks with-in ionomer over substrate/ionomer interaction. This finding is consistent with
lessons learned from thermal relaxation of monovalent cation exchanged thin films in Chapter 3.
The overall reduction in water-uptake capacity upon confinement from bulk is the unavoidable
reduction of swelling dimension in the presence of a substrate interface (i.e., confinement).

92



Additional reduction in water uptake in H™ ionomer thin films can be due to strong hydrogen
bonding to the substrate upon film formation, resulting in a stiffer ionomer matrix with minimal
flexibility for accommodating more water molecules. This was shown to be consistent with the
increase in modulus observed with decreasing thickness. Initial exploration into divalent cations
(Mg?*, Ni?*, Co?") indicate significantly higher uptake than H* form, owing to high hydration
number and more negative hydration energy. Results here could provide insight into effect of
cations on ionomer performance in fuel-cell catalysts which has implications for MEA
manufacturing and processing, an area of great interest for further exploration. Findings also aid
in providing tunable levers that alter ionomer thin film’s mechanical property, ion transport (via
cation doping and altering water content) and likely gas transport properties as well as they alter
chain stiffness, accessible free volume and relaxation dynamics. Altering cation-ionomer
relationship via controls like LAS, hydration shell, and coordination in ionomer structure can
provide an alternative route to ionomer design without new material synthesis.
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5. Understanding Gas Transport in lonomer Thin Films

5.1. Gas Transport in lonomers in Catalyst Layers

The performance of fuel cells and many other electrochemical devices depends strongly on
the durable, selective, gas-impermeable solid-electrolyte separator. Use of these low-gas
permeability separators impacts fuel efficiency (by minimizing reactant gas crossover), fuel
utilization (by reducing leaks of fuel and balance gases) and overall cell durability (by decreasing
harmful peroxide radical formation).>? The minimal gas permeability requirement ideal for
performance as a separator electrolyte, is counter to the desired high gas transport rates required
for optimal activity of ionomer thin film binder used catalyst-layer. Historically, ionomer thin film
binder was incorporated into polymer-electrolyte fuel-cell (PEFC) electrode structure to
circumvent anionic adsorption issues brought about by liquid electrolytes.®* However, addition of
ionomer in the electrode provides significant unexpected advantages. lonomer thin film binder (1)
increases the three-dimensional electrochemically active surface area, (2) reduces in electrode
thickness (due to improved interfacial area) with subsequent improvement in exchange current
densities, (3) supplies highly acidic protons due to the superacid nature of PFSA especially upon
hydration, and (4) increases the solubility of oxygen relative to traditional liquid electrolytes and
alternative solid electrolytes.®>’ The ability of ionomers to be cast (and recast) into very
thin(nanometers thick) film is an additional advantage that minimizes ohmic losses inside the
electrode.® Despite their benefits, ionomers (2 to 70 nm) in the catalyst layer(CL) are reportedly
responsible for the high transport resistance observed in electrodes with low Pt loadings or minimal
catalytic sites, especially at high current densities,®** one of the most significant problems facing
fuel-cell commercialization today. So far, reported transport resistances cannot be explained fully
by transport properties observed in bulk ionomers. This fact has borne a need for quantification of
gas permeability of ionomer thin films. In doing so, it is critical to contextualize the transport
properties of ionomer thin films observed mainly from in-situ catalyst layer electrochemical
measurements with bulk (micrometer thick) ionomer membranes used as electrolytes. Therefore,
this chapter discusses gas permeability of bulk ionomers, parameters that control their properties,
and extends the main insights gained to methods aimed at capturing ionomer thin film gas transport
parameters.

Gas transport through dense polymeric materials involves dissolution of the gas at the
membrane’s surface, followed by a transport process driven by a pressure or concentration gradient
through the membrane, and finally desorption at the opposite surface.'* Therefore, gas permeation
through polymers is a cumulative effect of solubility and diffusivity. Gas transport measurements
of bulk (25 to 180 um thickness) perfluorosulfonic acid (PFSA) membranes have commonly been
carried out via three different methods: ex-situ measurements involving pressure cells, %
electrochemical methods involving the use of microelectrodes,®?*%" and electrochemical
monitoring cells'?8-32 to capture transport parameters like diffusivity and solubility. Pressure cells
commonly involve imposing pressure gradients across the ionomer and flux detection via pressure
sensors in dry conditions or use of gas chromatograph/mass spectroscopy in hydrated conditions.
Use of pressure cell is discussed in this chapter in section 5.2. Electrochemical monitoring cells
can apply similar pressure gradients as pressure cells under humidified conditions. However, the
flux across the membrane is measured via current detected by electrodes positioned downstream
of the pressure gradient. The last method of gas transport parameter measurement involves use of
microelectrodes which was initially developed to understand local electrode kinetics and surface
interactions impacting electrochemical performance via very small (um in diameters), well-
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defined electrode surfaces. Microelectrodes are now more widely utilized to understand both
kinetics and transport behavior of ionomers including capturing interfacial dynamics and
resistances near electrode surfaces as well. As a result of their electrochemical nature,
measurements are commonly utilized under hydrated conditions and require electrochemical
techniques to isolate gas-transport related currents. Despite their growing use, the sensitivity of
microelectrodes to various interactions makes them susceptible to inaccuracy, over interpretation,
and uncertainty. Microelectrodes are discussed later in section 5.3.2. of this chapter. Operando
techniques like hydrogen crossover measurements have also been used to measure gas permeation
of PFSAs.®® To a lesser extent, other additional methods like positron annihilation lifetime®* and
molecular simulation® have also been used to study transport parameters such as free volume,
adsorption dynamics, and self-diffusion coefficient of bulk ionomers in dry and hydrated states.
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Figure 5-1: Gas permeability of bulk PFSA(Nafion) membranes from select literature sources using
pressure cell method,*>1¢1819 positron annihilation lifetime,* electrochemical monitoring cell technique,®
and gas-crossover method.*® Image adapted with permission from Kusoglu and Weber,*” Copyright 2017
American Chemical Society.

Figure 5-1 shows select gas permeability of various gases as a function of humidity
measured via different techniques discussed above from recent review paper of PFSAs.®” As a
semi-crystalline polymer, PFSA ionomer gas transport is influenced by segmental motion in the
polymer chains, size of penetrant gas, and type of interaction of penetrant with the polymer matrix
and moieties. As a result, limited transport is expected in the crystalline backbone, while an
intermediate region containing flexible polar side-chains, amorphous backbone, and the
hydrophilic-domain regions with sulfonic-acid end groups can provide diffusion pathways for
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transport.1®32% Domain swelling due to water uptake into the intermediate and hydrophilic region
and higher diffusivity in water results in an increase in permeability with increase in humidity and
in liquid water as shown in Figure 5-1. Figure 5-1 also shows variability in the literature data set
even within bulk membranes of similar fabrication.?®3 Sources of this variations could be lack of
consistency among various methods, variability in estimation of critical parameters like
electroactive area, employing varying membrane pre-treatment protocols, and unreliability around
the exact amount of membrane water content. Variability in the data also affects permeability
selectivity that is critical for understanding effective anode/cathode gas separation and losses
associated with gas crossover through the membrane. Figure 5-2 shows H2/O> selectivity as a
function of temperature and humidity from select references. Although selectivity overall
decreases with rise in humidity and temperature, the trend is inconsistent and variable across
methods. Such variability is the motivation behind employing a single technique of measurement
across nanometer to micrometer ionomer thicknesses, which will be discussed later. Selectivity
is, however, related to the effect of temperature and humidity on gas adsorption, solubility, and
diffusivity. Adsorption of gas in Nafion has been demonstrated to have low coverage especially
for nonpolar gases like O, and H2.% As a result, solubility of O, and H: is proportional to
concentration and follows Henry’s law. With the introduction of water, phase segregation of the
ionomer results in fewer gas molecules dissolved in the hydrophilic, water-phase resulting in lower
solubility with rise in water content. Reduction in solubility is also seen with increase in
temperature due to increase in entropy. However, enlarged hydrophilic phase and high temperature
enhance diffusivity, resulting in dominant transport of gases through water-phase and reducing
overall selectivity. Such a trend with temperature and humidity is also expected for nanometer
thin ionomer coating the electrode.
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Figure 5-2: Ho/O selectivity of gases in Nafion as a function of humidity and temperature from literature
sources,1115:16.29

Thus far, measurement of ionomer thin film gas transport involved several in-situ
measurements using limiting current in conjunction with hydrogen/oxygen pump to measure
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overall catalyst layer (CL) resistance,***® and microelectrode methods®23244951 with the

exception of a single electrochemical monitoring cell.*® (See Chapter 1- Section 2.1 for details).
Due to the heterogeneous nature of the CL and the varying distribution of ionomer thin film binder
coating in the electrode, in-situ measurements of gas transport are usually extracted using various
experimental controls (varying pressure, thickness of electrode, Pt loading, etc.) and employing
mathematical models. Variability in the ionomer thickness is inferred from experimentally varying
ionomer to carbon ratio and Pt loading. Upon using these parameters as a proxy to ionomer
thickness and isolating ionomer transport resistance by decoupling it from other resistances in the
cell, researchers unanimously report a pressure independent resistance that increases with decrease
in effective ionomer thickness (decrease in platinum loading and increase in ionomer to carbon
ratio).>? Figure 5-3 summarizes O; (:and H,) gas permeability as a function of ionomer thickness
from various literature sources at 80°C and 90% relative humidity (RH).11523.2443-45474851,53
Permeability in the ionomer was calculated from reported pressure independent transport
resistances corrected for variability in roughness factor (electroactive surface area) provided in the
reference publications. It is important to note that some transport measurements reported do not
separate interfacial transport resistance from resistance through the ionomer. Therefore, the gas
permeability values in Figure 5-3 are reported as min and max value and an ionomer thickness of
~5nm was assumed to obtain permeability values. Real CLs could be coated with ionomer
thickness of 2 to 70nm in thickness with variations in accessibility and distribution (As discussed
in Chapter 2). Therefore, the permeability reported in Figure 5-3 is an extracted representation of
permeability in the ionomer thin films in the CL rather than actual value. Permeability reported as
ionomer thin film in Figure 5-3 are sourced from planar and disk microelectrode studies that
measured permeability by varying the thickness of cast membranes coating the microelectrode.
Membrane permeabilities in Figure 5-3 were derived from pressure-cell and electrochemical
monitoring methods of gas-permeability measurements discussed in previous paragraph.
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Overall Figure 5-3 shows that gas permeability remains somewhat unchanged until ~100nm,
and demonstrates decreases with decrease in thickness with some scatter in the CL data. This
supports the unexplained but unanimously reported ionomer mass transport resistance in the CL
at high current densities.®!° As discussed in Chapter 1, this reduction in gas permeability has been
correlated with three main possibilities. First is confinement driven changes associated with finite
size effects. At nanometers in thickness, ionomers approach the length scales of the polymer coils,
and are therefore highly sensitive to interfaces.> Loss of crystallinity in spin-cast thin film
ionomers and localization of crystallites near the substrate interface during thermal annealing can
also alter diffusion pathways.1°>%¢ Similarly, changes in ionomer thin film structural-relaxation
dynamics ( as discussed in Chapter 3) can impact free-volume accessibility and chain stiffness
impacting gas transport. Additionally, confinement driven acceleration in physical ageing rate
could result in loss in desired transport property in the ionomer thin film.>":%

The second possible reason is associated with interfacial-transport resistance at the
Pt/ionomer and the gas/ionomer interface. Interfacial interactions and water distribution can result
in gas transport resistance at the Pt/ionomer and gas/ionomer interfaces. Interaction at the
Pt/ionomer interface can result in adsorption of sulfonate acid groups altering available Pt active
area and morphology of ionomer thin film.-° lonomer thin films on Pt substrate have been shown
to have strong interaction with sulfonic acid moieties.>®® This could result in increased backbone
alignment parallel to the substrate that selectively lowers in-plane proton conductivity and
increases tortuosity for transport.5:%2 At the gas/ionomer interface changes in wettability can
impact diffusive pathway distribution through the ionomer especially at low humidity.?#®® Kudo

104



et. al, Suzuki et. al. and Chen coworkers all utilized planar and disk microelectrode studies to
measure micrometer and nanometer-thick ionomers.2®?4°1  However, all came to varying
conclusions. Kudo and coworkers concluded that the largest transport resistance contribution is
the Pt/ionomer interface, and, as a result, authors observed very little thickness dependence
between thin film ionomers (20 to 100nm) and bulk PFSA.?® This conclusion was similar to Liu
and coworkers, who found minimal dependence on thickness using an electrochemical-monitoring
cell technique.® Contradictorily, recent work by Chen et. al. demonstrates an increase in transport
coefficient with decrease in thickness, despite observing conductivity loss in ionomer with
thickness reduction.>* Few works in literature have bridged this discrepancy by using a single
technique to measure both bulk and ionomer thin film gas permeability. Therefore, prior work
quantifying ionomer gas transport parameters remains inconclusive on the effect of thickness on
ionomer transport parameters. Regardless, confinement and surface interactions remain critical
influencers of thin and ultra-thin film polymers and for ionomers as discussed in the last three
chapters. Additionally, data for thicknesses < 100 nm is largely lacking missing or remain
irreproducible, highlighting the need for quantifying thickness-dependent gas permeability in that
range.

Similar to bulk PFSA, transport in ionomer thin films strongly depends on humidity and
temperature. Additionally, proximity to interfaces and local electro-activity makes performance of
ionomer thin films dependent on operating potential as well. Therefore, a methodology of transport
interrogation that enables measurement under all variable conditions is critical. As noted above, it
is ideal to utilize a single method of gas permeability measurement across a wide range of
thicknesses. In this chapter, three methods are evaluated for measurement of thickness-dependent
gas transport. A pressure cell method of constant-volume variable-pressure technigue is employed
to evaluate gas permeability of both bulk PFSA and thin film ionomer. This technique is ideal for
capturing intrinsic gas-transport coefficients of low gas-permeability polymers under dry
conditions and variable temperatures. The second method for measuring gas transport in ionomer
thin films is microelectrode method. As discussed above, microelectrodes provide significant
advantages in directly capturing local gas transport using well-defined electrode surfaces under all
expected operating conditions (i.e. humidity, temperature, and potential). The third method utilizes
an optical method to correlate change in luminescent intensity to transient oxygen transport
through the ionomer. Unique to this method is the capability of obtaining valuable parameters in
similar ionomer-on-substrate model systems utilized thus far. This allows for direct extrapolation
and correlation of our understanding from pervious chapters to transport phenomena. However, it
is only ideal for dry and humidified gas transport measurements at ambient temperature.

Thin-film Ionomer Gas Permeation Variable Conditions
Measurement Method Dry Humidity Temperature Potential
Constant Volume Variable Pressure v~

Ionomer Coated Microelectrode v v/ v
Luminescence Quenching v’ v’

Figure 5-4: Methods considered for capturing gas permeability of thin film ionomers under various
conditions.
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5.2. Gas Transport in Bulk PFSA lonomer

5.2.1. Materials and Sample Preparation

Bulk ionomer materials studied in this work comprised of extruded membranes (Nafion
117 and 112), cast membranes (Nafion 212), Nafion 1500EW from DuPont, 3M ionomers from
3M and Aquivion ionomer produced by Solvay Plastics. The chemical formulae, range of
thicknesses, equivalent weights, and physical properties of these materials are summarized in
Table 5-1. Sample thickness characterization was done with a micrometer (Mitutoyo Corporation)
with a resolution of 1 pum. Membrane density was measured using helium gas pycnometry
(AccuPyc Il 1340, Micromeritics, Norcross, GA). Membranes were cut into small pieces and
placed in the pycnometer sample cup (1 cm? total volume). Each sample was degassed 50 times to
remove trapped air inside the sample cup; the occupied volume was measured with 30
repeats/sample. The measurement was repeated 3 times, and the density is measured to be is
reflected in Table 5-1. Characteristic transition temperature (T,) was measured via dynamic
mechanical analyzer (DMA) (DMA-Tritec 2000). The sample was tested in tension mode with a
frequency of 1 Hz. Temperature sweep tests were performed within the range of 25 to 200°C with
a heating rate of 5 °C/min. Peak tan & (ratio of storage and loss modulus) from the stress-
temperature data were defined as T.. The membrane crystallinity of ionomers explored here are is
taken from wide angle x-ray scattering (WAXS) or x-ray diffraction (XRD) data reported in
Kusoglu et al.3” Scattering peaks arising from amorphous and crystalline phases (originating from
TFE backbone) of PFSA were deconvoluted to obtain relative degrees of the crystallinity. PFSA
samples were placed in the permeation assembly, backed by a filter paper, and sandwiched
between two flat aluminum supports. The aluminum supports allow for transport through a defined
active area but do not alter the measured permeability.

106



Table 5-1: Chemical structure and bulk properties of polymers used in this study

. . Degree of
Thickness Density  Tq L
Polymer A o~37  Crystallinity
(um)  (g/em®) (°C) (6c.%6)°
Nafion
N212 °F’H°F‘_°F21L,°F’_TF%’F’_CF’IECFE 50.3 211 108 19
N117 i 180.8 204 111 11
N112 °F2“"|‘F_°_°F"°F"S°ﬂ“ 52.8 2.04 112
N1500 o 28.8 - 121 31
o o omer 200 207 124 0
3M825 83.5 2.12 125 11
70
crgHca—ca-]:ca—r}kca—ca-]:ca 50
g 20
lr,—ca—ca—ca—sogu 15
10
7.5
3M1000 >
20.0 2.16 130 23
AqU ivion CFa‘H~CF2—CFf]-CF2—CF}+CF2—CF2+CF3
Aquivion 870 S : 49.6 205 138 11
Aquivion 980 | 52.2 2.09 144 17
CF,—CF,—S0;H
T
PDMS T5i-03- - 0.965%  -123
CH,4

5.2.2. Constant-VVolume Variable-Pressure Method

lonomer gas permeability was measured by an in-house-built constant-volume gas-
permeator. This setup is ideal for low permeability membranes. It is also a completely dry system
and, therefore, is well suited for capturing intrinsic gas properties of hygroscopic materials like
PFSA. This setup can be used for both bulk and thin film (<1 um) gas permeability measurements
as discussed later in the chapter. Gas permeability is the steady-state gas flux (J) through
membrane | due to a partial pressure difference (p1— p2) across the membrane. Permeability (P,,)
is the defining physical property for gas transport and a given polymer/gas pair.

_
Pm N P1—DP2 (1)

At steady state, the gas flux is given by Fick’s first law as,'*

J = “Dicde (2)

1-w dx

107



where D, is the binary diffusion coefficient of the gas in the polymer and w is the gas mass
fraction in the polymer. Integrating equation (2) across the membrane thickness yields

— 1 ¢ Dioc
J=1) dc ©)
where ¢z and c: are the penetrant concentrations in the polymer at the upstream and the downstream
faces of the membrane in equilibrium with external pressures p2 and pz, respectively. Integration
of equation (3) and combining with (1) results in

C2—Cq1

] = ] D app (4)

J.l C—Cq1
m P2—DP1 P2—DP1 app ( )

where D, is the concentration-dependent effective diffusivity and S,,,, is effective solubility.
For high gradient across the membrane, ¢, >> c1and p2 >> p1, equation (5) can be simplified,

C2

by = p_zDapp (6)

by = SappDapp (7)

A constant-volume variable-pressure system measures permeate flux through the well-defined
active area (A) by monitoring the pressure increase of collected permeate gas in a closed volume
(V) using a pressure transducer,

Vi d d
Pm — ( b1 4ps ) (8)
ApART \ dt gg at leak

Figure 5-5a shows simplified schematic of the gas-permeation system. A sample assembled
in the manner given in Figure 5-5b is placed in a tightly sealed stainless-steel cross-flow cell
between the downstream and upstream pressure transducers. An active area diameter of D, < 0.25
in. was used for films < 10 um and Da > 0.4 in. was used for films of thickness > 10um. The system
is exposed to vacuum prior to beginning a measurement to purge the system of diffusing species.
For all of the bulk ionomer films, the system was purged for 5 to 12 hours prior to any measurement
Initially, the downstream valve connecting the permeation cell to the vacuum pump is closed, and
slow pressure rise in the downstream volume is observed to monitor leak rate. The maximum leak
rate obtained was for low diffusing gases like N2; leak rate was maintained below 10% of the flux.
Next, the feed gas was introduced to the upstream side of the membrane, and the pressure rise in
the downstream volume was recorded as a function of time. For effectively constant pressure
difference across membrane, the downstream pressure was kept at 0.013 atm or less while the
upstream pressure was maintained at 1 atm or above. The temperature of the system was controlled
using a constant-temperature water bath with a heater. All permeation experiments are performed
at 35 °C unless noted. Membrane samples in this study were exposed to dry Hz, N2, or Oz gas
(99.9% pure, Praxair, Danbury, CT) at the pressure of interest on the upstream side. Pressure range
used in this study is 1 to 12 atm.
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Figure 5-5: a) Schematic of experimental set up for constant volume variable pressure system built in-
house. (b) Permeation sample assembly for transport through a defined active area (D.). Indicated metal is
aluminum foil. (c) Concentration profile across the membrane with time. Pressure rise in an enclosed
volume downstream is used to capture steady state permeation.

5.2.3. Results and Discussion on Bulk lonomer Gas Permeability

Nafion’s ideal structure and performance have inspired development of similar, but shorter
side-chain containing, PFSA ionomers such as 3M lonomer and the even shorter side-chain
Aquivion. Keeping the phase-separated structure of PFSA while tuning side-chain length has been
employed to optimize ionomer’s properties as discussed in Chapter 1. Gas permeability of bulk
Nafion has been measured using different ex-situ and in-situ methods. However, literature data for
shorter side-chain membranes like Aquivion and 3M ionomer are limited.’®1%%! Dry gas
permeability was measured for Hz, Oz, and N2 as shown in Figure 5-6. Measurements indicated
that for these gases, gas permeability was independent of pressure gradient, indicating that sorption
in bulk ionomer follows a Henry’s (linear) sorption isotherm as already discussed in the
introduction section. Data in Figure 5-6 agrees well with Nafion literature studies for this type of
measurement,17:2864
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Figure 5-6: Gas permeability at T = 35°C as a function of different pressure gradients compared against
Chiou and Paul using similar set up’. 1 Barrer = 10" cm3(STP) cm/(cm? s cmHg)

Figure 5-7 shows the gas permeability of both H. and O for three types of PFSA ionomers
with varying equivalent weight (EW, ion-exchange capacity (IEC) of the ionomer). Given PFSA’s
TFE backbone, permeability of PTFE is also provided in the figure as a reference for the backbone
gas permeability. With an increase in EW, Figure 5-7 shows an increase in gas permeability.
Permeability depends on both a thermodynamic term (Sapp) and a kinetic or mobility term (Dapp)
as given by equation (7). The gas solubility is influenced by penetrant/polymer interaction,
temperature, pressure, and Lennard-Jones force constants.** Diffusion is mainly influenced by
penetrant size, available free volume, and temperature. Figure 5-7 encompasses both the effect of
reduction in side-chain length (Nafion> 3M> Aquivion) and EW. Varying the PFSA chemistry in
such a way can impact crystallinity, available free volume, and penetrant-polymer interaction
collectively impacting diffusivity and solubility to varying extent. Decrease in the side-chain
length decreases the polar connector groups of —O— and —CF>— bonds that both facilitate torsional
movement and increase solubility. Increased stiffness of the decreased short side-chain ionomers
is also seen in their higher T,. In addition, the interaction between backbone and side-chain is
enhanced with a decrease in side-chain length, resulting in a more compact packing and decreased
accessibility to surface areas for adsorption and solubility. Additionally, increase in EW, increases
the number of linear —CF,-CF,- backbone unit and length between side-chains resulting in
increased crystallinity.®” Short side-chain PFSA can also possess greater crystallinity due to
improved ease of packing. Gas diffusivity is directly correlated with amorphous volume (¢am =
100 - ¢¢, %, given in Table 5-1); therefore, diffusivity is hindered with increase in EW. Solubility
on the other hand experiences the reverse. With an increase in EW, the polar interaction between
backbone and sulfonate group is decreased, results in a greater fraction of non-polar ionomer that
can facilitate dissolution of gas in the polymer matrix. Therefore, gas permeability can be modified
and normalized by amorphous volume (¢am) Of ionomer via Pm/ ¢am®. Figure 5-7 shows gas
permeability normalized by amorphous volume. Trends in Figure 5-7 display greater slope of
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permeability for O than H,, demonstrating that the increase in amount of polymer per sulfonic
group favors the strongly interacting and more soluble gas.®® The compensative behavior of the
multiple factors at play here on diffusivity and solubility result in peak permeability at certain
EWs. Similar findings were observed for other alternative ionomers, 36
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Figure 5-7: H, and O, gas permeability normalized by amorphous volume fraction as a function of
equivalent weight of various PFSA. 1 Barrer = 10° cm3(STP) cm/(cm? s cmig)

Having a grasp over the influence of EW and side-chain, gas permeability of bulk PFSA
of varying thickness was explored. All samples discussed in this section were provided by
manufacturer and cast in a similar manner. Figure 5-8 shows gas permeability of bulk 3M (825
g/mol, 1.21 IEC) as function of thickness. Overall, gas permeability appears to remain unchanged
within the standard deviation of samples measured. Wide variability observed in some samples
could be due to sample to sample cleanliness variability or physical aging effects that were not
controlled. lonomers used in this measurement were used untreated and as received. Findings here
verify that gas permeability of ionomer does not show any significant size or confinement effects

down to 5 um in thickness.
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Figure 5-8: H, and O gas permeability of 3M (825 g/mol, 1.21 IEC) PFSA as a function of thickness. 1
Barrer = 101 cm3(STP) cm/ (cm? s cMiyg)

5.3.  Quantifying Gas Transport in Thin Film lonomers

In this section, three separate methods are evaluated for the purpose of establishing a good
technique that can capture ionomer gas permeability in a reproducible manner under conditions
useful for understanding performance in real catalyst layers and the constraints of handling delicate
nanometer-thin ionomers.

5.3.1. Composite Polymer Method (PDMS and Nafion)

Composite polymer, where a polymeric layer of interest is supported by another polymer or a
microporous support, is a method that has been utilized by the gas-separation industry.”~"°
Commonly, composite membranes are made from a combination of rubbery polymers (with high
flexibility, high-moderate permeability, low selectivity) and rigid glassy polymers (low-moderate
permeability, with high selectivity). Varying the thickness and nature of each component of the
composite allows for engineering optimal selectivity and permeability for a desired application
with a specific mechanical integrity and cost. In this work, a composite polymer composed of thin
film ionomer and polydimethylsiloxane (PDMS) is used to quantify ionomer gas permeability
while possessing the mechanical integrity and support of the highly permeable rubbery PDMS.
Steady-state permeation through an ionomer/PDMS composite is modeled as resistors in series.
Since the flux across the membrane is the same for each section, the unknown ionomer
permeability can be calculated from known PDMS permeability values and the thickness of each
layer by
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5.3.1.1.  Materials and lonomer/PDMS Composite Polymer Preparation

Cast bulk and thin film ionomers of < 2 um thickness were spin-casted onto silicon
substrates (Si) from dilute solutions of 5 and 20 wt % Nafion (EW=1100) polymer resins obtained
from Sigma Aldrich. Diluted solutions were sonicated for 5 min, allowed to equilibrate for at least
24 hours, and filtered prior to casting. Solutions were spun cast on Si substrates at variable speeds
of 500 to 3000 rpm for 1 to 3 minutes to obtain the desired film thickness. The resultant thin film
was annealed for 3 minutes at ~100 °C to remove residual solvent. For thin films of thicknesses <
600 nm, a PDMS coating of thickness 5 to 7 um was applied. Properties of PDMS are given in
Table 5-1.Thin film support layer Dehesive 944 was diluted in cyclohexane to give 20 wt% PDMS
solution and stirred for 24 hrs. A 400 pl cross linker and 200 pl catalyst OL were mixed slowly
with 20 g of a PDMS solution in an ice bath for two hours. The solution was then filtered to remove
any contaminants or coagulates that may have formed during the process. After degassing in a
sonication bath for 20 minutes, the solution was spin cast at 1000 rpm for 90 s. The film was then
annealed on a hot plate at ~110 °C for 15 minutes to crosslink the PDMS and to remove residual
solvent (thickness can range between 5 to 7 um). The ionomer/PDMS composite film casted on a
large wafer of diameter 4 to 6 inches is carefully cut into small pieces of square dimensions of 1
to 1.5 inches wide. Water is then used to lift these pieces of composite films off the substrate. The-
now free-standing films are then finally lifted out of the water by the use of a copper wire to
support only the edges. Lifted films are dried under N2 gas for 5 minutes at 150 to 160 °C, to
remove residual water and erase thermal history. For the permeation measurement, thin films
supported with PDMS are assembled in the same manner as bulk film as shown in Figure 5-5b.

5.3.1.2.  lonomer Thin films and Composite Polymer Characterization

In this study, a variable angle spectroscopic ellipsometer (VASE) M-2000D model from J.
A. Woollam was used to characterize thin ionomer films with thickness ranges 100 to 1000 nm.
Ellipsometry measures changes in polarized light as it is reflected from the substrate-supported
sample. lonomer thin films supported on silicon substrates were scanned over the spectral range
of 400 to 1000 nm in the depolarization mode at single incident angles of 70°. A three-layer model
(Si, Native SiO2, and Cauchy material) is used determine film thickness. Thickness variation on
4- and 6-inch wafers was captured by implementing a 45-point square scan pattern, measuring
thickness at 1.5 to 2 cm length intervals. (Expanded details on Spectroscopic Ellipsometry are
given in Appendix A)

The thickness of thin film ionomer-PDMS composites on Si wafers was measured with a
profilometer (Dektak 150 surface profiler from Vecco Instrument). A diamond stylus with a
vertical range of 6.5 or 65 um was used to scanned the sample surface with a low-inertia sensor
tracking force of 1 mg along a 10 mm path over 100 seconds. Vertical resolution of the
profilometer at this setting is 0.3 um. At least 3 different measurements on each side of the edges
were taken to determine the average thickness. Visual defects and interface between PDMS and
Nafion were examined via JOEL scanning electron microscope (SEM) at the Molecular Foundry,
Lawrence Berkeley National Laboratory.
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5.3.1.3.  Gas Permeation in lonomer/PDMS Composite Polymer Films

To prove the structure of ionomer/PDMS composite membrane supported on Si, a sample
was cut under liquid nitrogen and imaged via SEM as shown in Figure 5-9a. The image shows two
separate layers stacked over each other as expected. Chemical characterization of the cross-section
was done with Energy-dispersive X-ray spectroscopy (EDS) as shown in Figure 5-9b. Key
elemental markers in the two separate films were Si in PDMS layer and F in Nafion. Figure 5-9 b
shows the two layers explicitly. The Si markers in the Nafion layer and F markers in PDMS are
artifacts or contaminants during SEM sample preparation.

. 4

Nafion /-\ ] .
Layer i3 ’ N 'tl

Silicon Support— -y m

= —————— |
1.50kV SEI 1°‘;’“m v WD 8.01 Energy-dispersive X-ray spectroscopy (EDS)

Figure 5-9: (a) Cross-sectional SEM Image of ~5um composite film. (b) Energy-dispersive X-ray
spectroscopy (EDS) chemical analysis of cross section of the composite film.

Supporting ionomer films with a highly permeable PDMS layer can provide the mechanical
stability of a bulk film, while reflecting the resistance of the selective ionomer layer. To verify no
interfacial resistance at the ionomer/PDMS interface is lumped with the ionomer resistance,
samples were fabricated with constant ionomer-film thickness with variable PDMS layer
thicknesses. Figure 5-10 shows composite film resistance of unsupported Nafion with those
supported with varying PDMS thickness, indicating that reflected ionomer resistance is not
influenced by interfacial resistance between the two layers.
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Figure 5-10: Composite film transport resistance as a function of thickness measured at T = 35°C and Ap =
2 atm. Nafion ionomer was held at 2um with varying PDMS thickness coating.

Figure 5-11 shows gas permeability of H, and O as a function of thickness of free-standing
Nafion thin films and PDMS supported Nafion thin- and ultra-thin films in the composite polymer
structure. Results from free-standing films demonstrate overall higher values than bulk ionomer
gas permeability with scatter. Rise in oxygen permeability of some free-standing films displays
100% increase over bulk; while maximum rise in hydrogen permeability is 50%. PDMS supported
ionomers also displayed inconsistencies. Although hydrogen permeability remained consistent
with minor scatter, oxygen permeability appeared to increase with decrease in thickness.
Disproportional rise in permeability Hz and Oz results in reduction in selectivity. Bulk Nafion gas
selectivity (o, 0,) from section 5.2.3 and various literature sources is 6 to 7.5, while free-
standing and PDMS supported ionomer thin films displayed variable lower selectivity as low as
low as 4.5.”* Simply based on the molecular weight and diameter of these two gases, selectivity in
primarily Knudsen or molecular diffusion transport is 4 and 5.7, respectively. The reduction in
selectivity in a Knudsen and molecular transport regime is intuitive as neither of these modes of
gas diffusion involve solution diffusion process that occurs in dense glassy membranes. Therefore,
the most probable explanation for observed permeability and variability in Figure 5-11 is the
presence of surface defects or intrusions of PDMS into the Nafion thin film layer in the composite
film, thereby artificially inflating the gas permeability of the ionomer and decreasing selectivity
(i.e., approaching that of PDMS, ocHZ/02~1.4).72 Using a one-dimensional resistance in parallel
analysis for the composite, and accounting for the presence of micro surface defects(pores), the
selectivity can be related to surface porosity as described by Lopez, et al. and Henis, et al.”>"™
Surface porosity is described as the ratio of total area of pores or defects in the ionomer to total
non-defective area. At the resultant selectivity, surface porosity of ranges 107 to 10~ can explain
the possible increase in gas permeability (see Appendix D for calculations).
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Preparation of composite polymer films for measurement involves removal from the
casting surface (Silicon substrate) using water as a liquid agent separating surface from polymer.
This is a highly sensitive process prone to mechanical stretch, tear and deformation.
lonomer/substrate interactions need to be broken by water tension, for the composite polymer film
to float off supporting substrate. Even after film removal from the substrate, continued exposure
of the hygroscopic ionomer thin film to water can affect its mechanical integrity. Lifting process
used to remove the composite polymer film out of water can also add tension, adding yet another
vulnerability and potential for sample damage. In addition, significant difficulty is experienced
when exposing delicate composite films under large pressure gradient as is necessary for constant-
volume variable-pressure method as discussed in section 5.2.2. The culmination of these
experimental hurdles makes ionomer thin film gas transport measurement via composite polymer
method highly challenging and unreliable.
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Figure 5-11: Thin film ionomer (a) H, and (b) O, gas permeability as a function of ionomer thickness

measured via composite ionomer/PDMS polymer method. 1 Barrer = 102 cm3(STP) cm/ (cm? s cmyyg)

5.3.2. lonomer on Microelectrode Electrochemical Method

5.3.2.1.  Ultra-microelectrode (UME) Electrochemical Set-Up Components

Potential-dependent, in-situ gas-permeability measurement was conducted using a 3-
electrode microelectrode shown in Figure 5-12. Platinized platinum(Pt) mesh (from Alfa Aesar)
coated with a layer of ionomer (5 wt% EW1100 Nafion solution from Sigma-Aldrich) for
electrolyte contact was used as counter electrode (CE). lonomer coating on the CE was applied
until visible coverage of Pt surface with ionomer was established for good ionomer adherence. The
ionomer coated CE was air dried first, and dried in vacuum oven at 120 °C for 1 hr. The CE is
designed to facilitate the balancing reaction to the working electrode (WE). It is essential for CE’s
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electroactive surface area to be significantly larger than that of the WE to ensure resistances and
losses associated with the CE are minimal. Reference electrode (RE) is the Hydro-flex dynamic
hydrogen electrode (DHE, Gasketel) with a Pt/Pd wire facilitating hydrogen oxidation and
reduction from its own hydrogen cartridge as shown in Figure 5-12. Such RE permits an isolated
source of gas, separate from and uncontaminated by external or test gas. DHE also allows for pH-
sensitive reference 0 V to be established, ensuring more accurate account of local proton
concentration in the electrolyte and proton bridge. DHE is also coated with layer of ionomer to
ensure ionomer connectivity for proton shuttle between all moving components of the
microelectrode setup. lonomer (20 wt% EW1100 Nafion solution from Sigma-Aldrich) was drop
casted on the DHE surface and dried at room temperature until completely dry and fully covered
thin film is visible. The coated DHE was then annealed at 120 °C for 1 hr. The proton bridge
establishes connectivity between the CE/WE and the RE, and is composed of bulk Nafion (N211,
25.4um) ionomer. It selectively conducts protons while forcing electron current induced by the
reaction at the WE and CE to be captured by a potentiostat (SP-150 Potentiostat from Bio-Logic
Instruments). Planar Pt ultra-microelectrode (UME) of 10 to 50 um in diameter were used as the
WE. The WE electrode facilitates the oxygen reduction reaction (ORR) similar to Pt nanoparticle
in the cathode catalyst layer. The CE facilitates the complementary reaction of oxygen evolution
reaction (OER) from water. Thin films of varying thickness of interest were cast onto the UME
(BASi Analytical Instruments) as in Kudo et. al and as discussed below.?
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Figure 5-12: Microelectrode experimental set-up used for measurement of thin film in-situ gas permeability.
CE= Platinum mesh counter electrode, DHE = Dynamic Hydrogen electrode reference electrode (RE),
WE-= ultra-microelectrode (UME) working electrode coated with ionomer thin film of interest. The porous
frit provides a flow pathway for gas to the electrode surface. The setup is protected with a faraday cage for
isolation from external signals.
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5.3.2.2.  Preparation and Characterization of Microelectrode Working Electrode

Prior to experiment, the Pt disk UME is cleaned in a wet cell to ensure optimal performance
of UME and results. Glassware (including 3-port wet cell) components are soaked in highly
concentrated sulfuric acid (alternatively nitric acid and sulfuric acid mixture can also be used) for
over 12 hr to remove organic components. Glassware is then rinsed and boiled in DI water for 3
to 4 hr. At this point, glassware is isolated to minimize re-contamination. In addition to polishing,
as recommended by providers, the UME is rinsed a few times in the cleaning concentrated-acid
solution, rinsed with methanol, DI water, and dried with a N2 gun. The UME is then placed in a 3-
electrode wet cell containing 0.5 M sulfuric acid, Ag/AgCl reference electrode, and Pt mesh
counter electrode with a N2 bubbler. The three-electrode cell is placed in a custom-made Faraday
cage (made out of aluminum foil) to minimize noise and disturbances from nearby activities. Given
the small area and very low current output of UME, the Faraday cage is essential for good data
collection. At this point, WE (UME) is cycled via cyclic voltammetry, sweeping from -0.2 to 1.2
V at 50 or 100 mV/s multiple times until performance stabilized to display critical peaks indicative
of good performance. One of the critical peaks is hydrogen underpotential deposition which is
associated with adsorption of Hz on a Pt surface (HUPD, shown in green in Figure 5-13), which is
used to determine the electroactive surface area and roughness of the UME.
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Figure 5-13: Cyclic voltammetry of platinum(Pt) microelectrode in wet 3-electrode in 0.5M H>SO4
electrolyte against Ag/AgCl reference electrode. Potential range and current associated with hydrogen
adsorption on Pt surface are shown in green. Image reprinted and adapted from ref.” with permission from
Journal of the American Chemical Society. Copyright 2009 American Chemical Society.

UME electroactive surface area is significantly enhanced compared to idealized smooth
planar Pt electrode. The enhanced electroactive surface area is captured by roughness factor, Ry,
and is directly correlated to the charge passed during the single atom adsorption of hydrogen during
oxidation sweep (H* + & = Had). (Equation (11) and (12)) Charge passed through HUDP (Qruor)
is the time(t) integral of current passed during adsorption (lHupp) with the capacitive process
current associated with the double-layer (DL) region removed (Ip.). Charge density of UME is
given by normalized charge during HUDP by geometric electrode area (Ageo.ume). Charge density
of UME is compared to that of monolayer of adsorbed hydrogen on a perfectly smooth platinum
is known to be 210 uC/cm?.7677
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5.3.2.3.  Enhancing UME Electrode Activity via Platinization

Initial work reveals very small current responses even in the cleanest UME. To increase
electroactive area and enhance signal-to-noise ratio that occurs due to contamination during
operation, the Pt UME was platinized by depositing Pt nanoparticles from a solution source.’® The
clean Pt electrode from the wet cell was platinized using chloroplatinic acid (H2PtCle). A two-
electrode platinization setup, where the WE (UME) to be treated is placed with Pt mesh in the
electrolyte of HoPtCls (5g/L). Hydrochloric acid is used as supporting electrolyte (1M) and the
solution is bubbled with nitrogen. The whole setup is maintained in a water bath at 60 to 65°C. A
2 V DC voltage was applied at low current for 5 min to obtain Pt deposits. The platinized UME
was then rinsed to remove weakly adhered nanoparticles. The electrode was then annealed at
100°C under vacuum for 1 hr to ensure lasting nanoparticle adherence on UME. A cyclic
voltammogram of the newly platinized UME was performed until stable performance is recorded.
Electroactive surface area and roughness factor was then measured via HUPD.”®

5.3.2.4.  Preparation of lonomer Thin Film on Microelectrode

To coat the UME with an ionomer thin film, a 5 wt-% solution of EW 1100 Nafion was diluted
to a 0.1 to 1 wt-% solution in isopropyl alcohol (IPA). 5 uL of this diluted solution was then drop
cast over the tip of the microelectrode, which had a surface area of ~0.5 cm?. The film is then left
to dry for 1 hour in air at room temperature. The coated UME is then annealed in an oven at 60 °C
for 1 hr. To capture film thickness accurately, quartz windows of similar microelectrode surface
size were used to drop cast ionomer thin films in similar manner as UME. After using similar
procedure to dry films, thickness was measured via spectroscopic ellipsometry. Given the large
area of the glass support relative to the active area platinum surface in the UME, glass windows
will likely reflect accurate thickness.

5.3.2.5.  Preliminary Evaluation of Thin Film Permeability via Electrochemical Methods

Two electrochemical methods can be used to capture the mass-transport-limited flux and
extract gas-transport parameters of thin film ionomers. These two methods are used to obtain the
same transport limited current in probed in two different ways.

(@) Chronoamperometric Potential-Step Measurements involves the application of a potential
step to capture current response where the oxygen reduction reaction(ORR) is under mass-
transport-limited control. To capture this voltage window accurately, sampled current
voltammograms (SCV) can be applied. SCV involves application of series of waveform potential
steps starting at a potential where no Faradaic process occurs.’”® Current-time-response curves at
each potential step was recorded. At high overpotential, high current is drawn, reactant
concentration at the Pt UME electrode surface is nearly zero, and electroactivity is limited by the
concentration reaching the surface. Kinetics of ORR have no influence on the current response
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observed. In the mass-transport-limited potential window, current-time responses from a SCV
reflect current plateaus that are observed during forward and reverse SCV scans. After assembling
the ionomer coating the UME equilibrated under humidified conditions (90%, N.) for at least 12
hr. Cyclic voltammetry of the UME is carried out under inert conditions (N2 or Ar) by sweeping
from 0 to 1.4V versus RE (Pt mesh under 2% H> gas, in this single instance) at 100 mV/s until
stable performance is observed. Prior to SCV, system is equilibrated at the given humidity (90%)
in varying oxygen atmosphere of 1 or 2% O in N2 balance for 1 to 3 hr. The transport limited
current density is determined by sweeping the potential from 0 to 1.4 V vs. RE in given O>
environment at 10mV/s. After establishing the appropriate potential range using SCV, individual
chronoamperometic potential-step measurements are performed. Figure 5-14 shows current-time
responses of chronoamperometric potentials step applied by holding the potential of the cell at 0.1
V for 400 s. A similar method has been employed in studies employing microelectrodes for bulk
PFSA and related ionomers.808!

It is critical to identify the accurate potential step for mass-transport-limited current for a
given electrochemical system; depending on electrode configuration structure, surface adsorption
kinetics, type and state of reference electrode steady-state current could change. Using known
concentration in bulk external environment (oxygen concentration) and almost zero species at the
electrode surface, flux of gas through ionomer is related to the limiting current using Faraday’s
constant and the number of electrons participating in ORR (n = 4). Simultaneous evaluation of
solubility and diffusivity (permeation) of gas through ionomer on a disk UME can be evaluated
via modified Cotrell equation (equation 13) known as the Shoup and Szabo equation (equation
14), which provides a single empirical relationship accounting for wide range of dimensionless
time t = 4Dt/r%.

j = 4nFADC
- r

f@ (13)

1 1
f(1) = 0.7854 + 0.88627 72 + 0.2146¢ 078237 2 w0

D is diffusion constant of Oz gas, r is the diameter of microelectrode, t is time, F is Faraday’s
constant, n is number of electrons involved in reaction of interest (ORR), electroactive surface A
is area which can be calculated from HUPD, and Co is the constant O, concentration far from the
electroactive interface.
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Figure 5-14. Raw data points from current-time response of chronoamperometric potential step applied to
UME at 0.1V at 90% relative humidity at 26°C. lonomer coating thickness varied with drop cast volume.

Diffusivity, solubility, and permeability values calculated from chronoamperometric potential
method are shown in Table 5-2. lonomer permeation values show gas permeability parameters very
close to bulk value of reference study.® No discernable trend is observed with reduction in
thickness.

Table 5-2: Diffusivity, solubility and permeability values for varying ionomer film thicknesses measured
via chronoamperometric potential step

Thickness Diffusivity (D) Solubility (Co) Permeability (DCo)
(cm?/s) (mol/cm?) (mol/(cm*s))
26.5 um (Ref.8%) | 45x 108 7.6x10° 3.0x10"
440 nm ‘ 5.9 x 10° 9.2x 10 5.4 x 101
300 nm ‘ 6.8 x 10° 1.8x10° 1.2 x 104

(b) Extracted Limiting-Current Density: In a slightly different manner, limiting-current
density can be extracted from the voltammogram responses under different concentrations of gas.
In the mass-transport-limited regime, contribution from kinetic losses is minimal. That is, all gas
of interest reaching the Pt active interface is immediately reacted and time scale for transport is
assumed to be the major contributor to resistance. However, transport through the ionomer
involves interfacial resistance at the gas/ionomer interface, diffusive transport through ionomer
and interfacial resistance at the Pt interface. (See Figure 5-15) Therefore limiting current (ig) is
proportional to the total transport resistance which includes resistances at the Pt and gas interface
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(Kpt, Kionomer) @s well as resistance due to diffusion through ionomer (D). Flux through the ionomer
is, therefore, linearly dependent on thickness as shown in equation (15):

_ NFACe 1 1 ( L L) (15)

R = = L. +—
total iq RTD.H “tonomer RTH \Kipnomer kpe

where R is universal gas constant, T is temperature, D is diffusion coefficient of gas, H is solubility
coefficient and Lionomer 1S ionomer thickness. Upon varying ionomer thickness, slope reflects
resistance associated with transport through ionomer, and intercept reflects resistance at the
interface. 232449
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Figure 5-15: Gas concentration profile through ionomer thin films in microelectrode set-up.

Figure 5-16 shows the current response of potential sweep from 0 to 1.4V vs. DHE under
varying Hz concentrations of 0.3, 0.5, and 2% (N2 balance) at 26°C and 90% relative humidity, as
an example. Current associated with hydrogen oxidation reaction (HOR) are of interest here. As a
result of HOR, positive currents are observed rather than the negative(reduction) currents
commonly observed during ORR; same method can be used with varying concentration of 0.2
Current associated with HOR due to varying H> concentration can be isolated by subtracting
current under balance gas (i.e. iy = io,y2 — iar). Limiting current associated with HOR increase
when the electrode potential is increased from 0 V and reached a maximum around 0.2 V right
before onset of ohmic losses, which are minimal (See Figure 5-16). Transport resistance calculated
from HOR in figure below were significantly high due to overestimation of electroactive surface
area.
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Figure 5-16 : Cyclic voltammograms of the Pt UME coated with ionomer thin film under Argon(black),
0.3% H. (green), 0.5% H, (blue) and 2% H: (red) in Argon at 26°C and 90% relative humidity.

Given the preliminary nature of the data, more work is required to verify findings and to
capture values for thinner ionomer films. Although advantages of microelectrode method were
discussed above, significant challenges also exist with this method. First challenge is the variability
of microelectrode setups in the literature. Few researchers have utilized microelectrodes to
evaluate kinetic and transport parameters in proton exchange and anion exchange ionomers.
However, each research group has developed different setup and optimized for their parameter of
interest, consequently validating their measurement protocol only for their given experimental set-
up. This variance would be of minimal effect if detailed protocol and result sharing was
commonplace. The second challenge in utilizing UME is contamination of electroactive area with
various contaminants in the experimental cell. Introduction of organic and other contaminants has
resulted in several erroneous cyclic voltammograms that do not reflect expected signature peaks.
The sources of the contaminants could be gas flow lines, UME cell itself, ionomer coating
procedure, ionomer contaminant, dissolved Pt from counter electrode, etc. This issue is
exacerbated by evolution of peaks due to different surface adsorption dynamics like sulfonate
adsorption on Pt.5%% These contaminants and adsorbents are likely to cause shift in current or
minimize electrode area, resulting in inaccurate results. Third challenge to UME setup is the non-
uniformity of ionomer film. Drop casting ionomer on very small area creates issues of non-
uniformity and edge effects that makes it difficult to have uniform coverage over electroactive area
causing erroneous reading of thickness of ionomer coating on UME. Mitigation of these challenges
will require defined procedure, rigorous cleaning protocols, and verification of results with
reproducibility to increase confidence in data obtained.

124



5.3.3. Oxygen Luminescence Quenching Method

One method of circumventing pinholes in an ex-situ gas-transport measurement is to
employ a solid-state structure that does not require free-standing films or high-pressure gradients.
This section discusses initial work employing luminescence quenching of an oxygen-sensitive dye
probe to quantify gas-transport through ionomer while still accomplishing the goal of developing
a method that can evaluate permeability over a range of thickness. When certain dye molecules
are excited by light, electrons from the ground state are propelled to a higher energy excited state;
return to the ground state emits light at longer wavelength, is referred to luminescence.®? If the
emission lifetime is short lived (10°-107 s) from the singlet state with electrons spin-paired, it is
considered fluorescence.®2#3 If a change in electron spin and an intersystem transition from excited
singlet state to triplet state occurs, the decay back to ground state is referred to as phosphorescence
(See Figure 5-17). The reduction in florescence and phosphorescence intensity of dye molecules
(fluorophore) by an external quencher molecule (O2 in this case) is referred to as luminescence
quenching. Quenching is non-random occurrence due to various reasons including excited-state
reactions, molecular rearrangements, energy transfer, ground-state complex formation, or
collisional quenching between the fluorophore and the quencher.82-%* As one of the most notable
quenchers, Oz provides a technique with localized oxygen sensing capability. Phosphorescence,
having a longer emission lifetime (10° to 10s), is more sensitive to fluorophore-quencher
interaction than florescence.

Excited Singlet State

Intersyste\
Crossing Excited Triplet State

hv
Fluorescence Phosphorescence
short lifetime long lifetime
10°-107s 10 -10s

Ground State
Figure 5-17: Production of luminescence in dye molecule. (Jablonksi diagram)

Metal phosphorescence complexes like 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin
platinum (11) (PtTFPP) are uniquely structured to be quenched by the presence of O via collisional
quenching. O sensing porphyrin dyes are commonly dispersed in host materials like polymers or
biological samples.&> Observation of intensity, fluorescence lifetime and differing dependence
on temperature and viscosity of host material delineates the differing types of quenching.®* For
example, ground-state complexation does not result in emission of photons: fluorophore-quencher
complex absorbs light and immediately returns to ground state. On the other hand, collisional
quenching results in intensity response that is linearly proportional to concentration of dye,
quencher, and at a rate that increases with temperature. This relationship guarantees that the
quenching of the photo-excited triplet state is entirely diffusional.®® The dynamic response during
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collisional quenching results in changes in intensity that can be time resolved and correlated to
transport coefficients like diffusion and permeation. The additional advantage of this method’s
reliance on spectroscopic technique is the ability to evaluate parameters like diffusivity with
greater sensitivity and resolution even at short time scales. Photoluminescent molecules (like
PtTFPP) are employed in various applications for their ability to be integrated into an existing
structure, response to host molecule chemical nature, stability, time resolved response, and unique
signature emission wavelengths. Systems utilizing dye probes have been applied in solar-energy
conversion, electroluminescent systems, optical data storage, biochemical indicators and in gas
barrier material as air pressure sensors.83849-% Utilizing O, sensitivity of these unique molecules,
a layered structure composed of fluorophore layer and ionomer layer is used to measure O>
permeability in ionomer thin films as discussed below.

5.3.3.1.  Materials and Preparation of Dye/lonomer Composite Layer

Porphyrin molecules can also be dissolved in traditional polymer casting solvents making
sample preparation and dispersion in a polymer host easy. In this method, due to the large structure
of PtTFPP molecule (structure shown in Figure 5-18b) and possible interaction of Pt with ionomer
structure, a film-on-sensor model was selected. A thin layer of polystyrene containing porphyrin
is prepared separately, and the ionomer layer of interest is coated on top (Figure 5-18a). PtTFPP
dye molecules (~5x10* mol/L, Frontier Scientific, Inc., Logan, UT, USA) are dispersed in the host
polystyrene polymer (Sigma-Aldrich, Milwaukee, WI, USA, average Mw 280,000) dissolved in
toluene (3 wt.%). Substrates used in this study were Silicon (Si, 100 n-type). Wafers were cut up
into 1cm wide x 5 cm long rectangles before cleaning; the size was selected to fit the spectrometer
sample cell width and length. Substrates were rinsed by distilled water and then washed twice with
isopropyl alcohol (IPA) with a nitrogen drying step after each rinse. A solution containing
polystyrene and dye is then coated onto the clean Silicon substrate. Porphyrin-doped polystyrene
(dye layer) has been explored by various researchers and provides ideal homogenous structure
critical for good optical response.838587.90959 | addition to the structural integrity of a supported
structure, ease of incorporating an ionomer layer of varying thickness (via spin-casting) to the
same dye-layer system is a prime advantage for evaluating ionomer O diffusivity as a function of
thickness. A thin film ionomer layer is coated using similar methods discussed in previous
chapters. Thickness of dye layer and ionomer layer was measured via spectroscopic ellipsometry
(J. A. Woollam). Thickness variability was captured by a multi-point measurement over the area
covering the substrate. Fluorescence intensity was monitored in the kinetics mode using the
Spectrophotometer. Figure 5-18c shows experimental enclosure allowing alternating N> and air
gas to flow in and out of spectrophotometer chamber. Figure 5-18d & e demonstrate excitation
wavelength at 400 and 540 nm and emission at 650 nm as previously reported.®>% Samples were
also excited continuously for up to 30 min to monitor photo bleaching or photo decay overtime.
No significant amount of decay was observed.

126



5
Ionomer
C) Gas Gas 4
Out In g )
0 | 2
Substrate ‘ -
1
%50 400 450 500
Wavelength(nm)
PEEL
—hex =400nm
35 3, =540
l\’\/\i
a8
w
& 2
15
J
4
05
e) %0 550 650 700

600
Wavelength(nm)

Figure 5-18: Experimental components and working principle of dye layered ionomer oxygen permeation
measurement system. (@) structure of substrate supported solid state fluorophore and ionomer two layer set
up. (b) Chemical structure of Pt phosphorescence complex, 5,10,15,20 -Tetrakis(pentafluorophenyl)
porphyrin platinum (I1) (PtTFPP) (c) Experimental enclosure exposing fluorophore to quenching (O>) and
non-quenching gas (N). (d) Absorption peaks (~400nm, 540nm) and (e) emission peak(650nm) of dye
layer measured via spectroscopy. Y-axis (d, e) is arbitrary units of count per second (CPS).

5.3.3.2.  Analytical Model and Intensity Analysis

The linear relationship between concentration of quenching molecule and luminescence
quenching is commonly described by the Stern-Volmer relationship (Equation 16).

2 =1+Ky0Q (16)

I and I, are luminescence intensities in the presence and absence of quencher respectively. Q is the
concentration of the quencher(oxygen) inside fluorophore immobilized molecule. Ksy is Stern-
Volmer constant accounting for the quenching rate, lifetime of unquenched luminescence,
probability of quenching causing collision, radius of interaction between donor (dye molecule),
and acceptor(oxygen) and their diffusion coefficients.838 For a given immobilized probe system
with a defined quencher, Ksy is a constant. The Stern-Volmer relationship assumes an equally
accessible single class of fluorophores. Deviation from this relationship may indicate more
complicated dynamics. Most fluorophores exhibit a linear relationship with quencher at low-to-
medium concentrations.®2 Deviation from the linear relationship is expected at high concentrations
for two possible reasons. First is the existence of additional static quenching processes that result
in dissociation of weakly bound quencher-fluorophore complexes at higher temperatures.®+® The
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second possible reason is differences in the dye-occupied sites and variability in accessibility by
oxygen.® Previous studies utilizing PtTFPP have confirmed the Stern-Volmer relationship in the
oxygen-concentration range utilized in this study (0-21%). 86:9>:%

The relationship between transient luminescence quenching of PtTFPP molecules and
oxygen transport coefficients is established by combining Fick’s law and the Stern-Volmer
equation. Oxygen gas diffusion through ionomer and dye layer is described with respect to position
and time, Q (x, t)

aQ(tx) a%Q
0 <x< Ldye; at = Dd_’ye,oz ' ﬁ (17)
aQ(t,x) a%Q
Ldye =x=< Lionomerr at = Dionomer,oz ﬁ
(18)

Luminescence intensity response for the dye layer in the absence and presence of oxygen can be
defined under nitrogen flow (In2) and air flow((lair) conditions and the stern Stern-Volmer
equation.

1= 1=Ky (19)

Boundary conditions are,

t=0, Qo,=0(Ny) (20)
t >0, x =0 (substrate face), w =0 (21)
t>0, x=Lgye, Jaye0, = —Jionomer,0, = Daye,0, Z—g = —Dionomer,0, 'g—g

(22)

t>0, x=Lijuomer(ionomer face), Q = Quir = Sionomer,0,Pair (23)

Oxygen concentration in the film is given by,

QxH-Q(00) _ QUL _ . 4o (-D" —-D(2n+1)%n?t

QLt)—-Q(0,0) Qair 1 T X (2n+1) exp( 412 ) (24)
Ing o _ (INZ . 1) 1— 4 5 (=" ex (—D(2n+1)2n2t) (25)
1(0) — \lgir T “ (2n+1) p 412
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When the sample is only coated with dye layer containing luminophore and polystyrene host,
D = Dgyep, L = Lay.. When evaluating ionomer on dye layer geometry additional equation
decoupling diffusion through ionomer and polystyrene is required,

L _ Ldye Lionomer _
D D + D, , L= Ldye + Lionomer (26)
dye,0) ionomer,0y

As concentration of oxygen changes with the switch from nitrogen to air at the inlet, the
emission intensity, I(t), changes with time. First intensity response of dye layer is evaluated and
diffusion coefficient of dye layer is fit to equation 26. Diffusion coefficient evaluated from dye
layer is used in the ionomer and dye composite layer which is fit in a similar manner with additional
equation 27 to determine diffusion coefficient of oxygen in ionomer as a function of thickness.

5.3.3.3.  Preliminary Thin Film O2 Permeability Results via Luminescent Quenching

Samples exhibit a reduction in intensity upon exposure to oxygen (introduction of air) as
expected. Figure 5-19 shows an example of intensity response with gas switching. Ratio of
intensity (In2/lair) is commonly evaluated as a metric of photostability and sensitivity of the
porphyrin in the host polymer to Oz. The ratio of intensity in this system is 2.2 to 2.8 and is within
the ratio of 1.9 to 3 reported in the literature 8399
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Figure 5-19: Time dependent intensity response to exposure to oxygen of intensity. Phosphorescence
intensity response of dye layer containing porphyrin PtTFPP in polystyrene (PS:PtTFPP) and response of
ionomer on dye two layer composite structure supported on Silicon substrate.
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Figure 5-20: Example of phosphorescence time scan of (a)dye layer containing PtTFPP embeded in
Polystyrene and (b) dye layer coated with Nafion ionomer of 360nm thickness. Experimental data (points)
and model (line).

Figure 5-20 shows example transient phosphoresce intensity data fitted to the model
discussed above. Model fit of diffusion coefficient of Oz in dye layer and ionomer layer were for
good agreement with experimental data. Diffusion coefficient of dye layer was captured prior to
ionomer layer coating and dye/ionomer composite layer measurment. Diffusion of O2 in
PS:PtTFPP is ®(1071%), which is 3 orders of magnitude lower than reported literature diffusion
coefficient for polystyrene.®”% The reason for this could be over concentration of dye molecule in
the polystyrene thin layer. High concentration of dye molecule may be localizing dye to the
substrate/polystyrene interface, effectively increasing diffusion path length and reducing diffusion
coefficient of polystyrene. Despite the discrepancy with dye layer diffusion coefficient, the
diffusion coefficient of Oz in the ionomer layer was an order of magnitude lower than literature
data for bulk ionomer; as this is a dry system values are compared to dry bulk ionomer diffusion
coefficient values (See Table 5-3).

Similar to the microelectrode method, this technique is still in preliminary stages of
development. Therefore, more work is required to optimize experimental variables and determine
sensitivity and reproducibility. One example of an unoptimized experimental component is the
distance between switch gas and spectrophotometer cell. Additionally, pressure variability due to
the switch gas is unknown. That is, it is not clear if pressure gradient between diffusing out nitrogen
gas and diffusing in oxygen gas causes variability in luminescent intensity response. Overall
though, the experimental advantages of using solid state structure of dye layer with ionomer to
measure gas diffusion with minimal moving parts makes this method ideal for ionomer thin films
and is the focus of ongoing work.
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Table 5-3: Diffusion coefficient values calculated from time dependent luminescence quenching response.

5.4.
1)

)
(3)

(4)

(5)

(6)

(7)
(8)

9)

(10)
(11)
(12)

(13)

(14)

(15)

Nafion Dry Diffusivity (D) (sz/ s) at 25°C, dry
conditions
Bulk (178pum) 8.8x10% Ref.!”
360nm 8.98 x 10°° This Work
230nm 4.16x 10° This Work
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6. Summary and Future Directions

The current electrode interface structure in polymer electrolyte fuel cell (PEFC) is unable to

meet low cost and long lifetime requirements necessary for high volume transportation application
and widespread commercialization. Electrodes in PEFC are challenged with large kinetic over
potentials that significantly hamper energy output, ohmic resistivity in separator electrolyte
membrane and other components, and ion and gas transport losses that persist in the electrode at
high current densities.> These challenges are also closely associated with electrode durability
concerns that limit longevity of PEFC devices. Future research directions for the field has to
therefore trend towards:

Development of new electro catalyst with high activity performance in the membrane electrode
assembly (MEA) improvement. Currently explored structures are showing 3 — 20x activity
improvements in the lab but struggle to be sustainable once implemented in an electrode
structure.?

Improvement of chemical and structural stability of electrocatalyst with and minimal
degradation issues and sustained activity. Current lifetime hours for PEFCs for automotive
applications are < 4000h need to be raised significantly to ensure affordable stretch target of
$30/kW.! Efforts tackling carbon support corrosion, platinum particle growth and dissolution
are also critical to increase electrode utilization and achieve increased technology adoption.
Enhancement in conductivity for existing micrometers thick, bulk ionomer, electrolyte
separator perflourosulfonic acid (PFSA) in low humidity conditions (20-50% humidity) and
during start/stop events.® Minimization of thermo-chemical-mechanical degradation in PFSA,
without losing dimensional swellability or conductivity.

Advancement of synthesis and characterization of more ordered alternative ionomer
membranes with structures that are directly correlated with function (proton conductivity and
gas transport).* Increased research effort to improve chemical and mechanical stability of these
alternative electrolytes over a wide range of temperature is also necessary for high temperature
operation and thermo-stability.

When it comes to the nanometer-thin ionomers utilized in the electrode, new and alternative
chemistries and structures are needed to improve ion conductivity while increasing gas
permeability. More oriented structures with large backbone structures have been postulated as
the ideal ionomer thin film to improve in-plane conductivity and through plane permeation to
active platinum (Pt) sites.®

Increase in fundamental understanding of interface at the ionomer thin film/Pt active site and
link between ex-situ studies to operation relevant conditions (humidity, gas, temperature and
potential) is necessary for elucidating factors necessary for alleviation of transport losses. -
Modeling aided improvement to MEA structure visualization techniques and increase in in-
situ and ex-situ quantification methods for ionomer, carbon (C), Pt distribution and
accessibility can better inform electrode utilization and offer design parameters for improved
structure.’

The research direction above can also inform ionomer and ink processing technique for more
systematic correlations between electrode structure and performance metrics.®

Hurdles also exist outside of the technological barriers of the PEFC device including lacking
fuel supply structure, non-robust component supply base, fluctuating and volatile nature of
source of precious metal group, high cost of membranes, lacking local manufacturing
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infrastructure and significant policy and market structures that can only be shifted through
economies of scale.®1°

In this dissertation work, an attempt has been made to tackle some of the fundamental research
needs laid above. Work focused significantly focused on addressing insights needed to improve
gas transport performance of electrode, especially at the ionomer/electrode interface. This work is
predominantly accomplished by employing an ex-situ methodology utilizing a model system of
ionomer supported on substrate (electrode). The central approach applied in this work was the
process-structure-property scheme; utilized to elucidate underlying ionomer physics and
phenomenon and in order to understand the cyclic relationship between these three aspects. (See
Figure 6-1) Experiments were designed to alter processing aspects of ionomer like it’s chemistry,
thickness, supporting substrate, heat treatment to mimic the state or condition at which ionomer
thin film may exist in the electrode. As a result of these processing changes, structure responds
with intrinsic markers that captures the morphology of the ionomer (like degree of phase
separation, domain spacing, chain stiffness, etc.). This structure is the direct influencer of the
critical functions and properties required for performance. This seemingly linear path is actually
cyclic. Processing factors necessary for required property may not necessarily derive from the
same specific structural origin. For instance, Chapter 4 showed that both the addition of
monovalent cations into ionomer thin film and the reduction of ionomer to a confined thickness of
~20nm resulted increase stored mechanical energy (modulus). However, the structural origins of
the observed property are slightly different; the former is driven by loss in phase separation and
increase in chain stiffness with increase in cation size while the latter is driven by lack of phase
separation due to confinement and increased interaction with substrate. These three aspects
(process-structure-property) are also present in real electrodes. Electrode functions dictated by C,
Pt and ionomer distribution, ionomer binder adhesion and orientation is dependent on processing
conditions like nature of ink solvent, ionomer/C/Pt loading content and coating technique which
results in different ionomer aggregation structures in solution form and variability in ionomer
structure ultimately formed.®112 The negotiation between process, structure and property dictates
the resultant structural state and functional prospects of the material under consideration (ionomer
thin film in this case).
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Figure 6-1: Processing-Structure-Property relationship in ionomer thin film employed in electrodes of fuel
cells and other electrochemical devices.

6.1. Summary of Findings

Thin film polymers are critical and versatile components utilized in a wide range of
applications including PEFCs. The underlying drivers behind the properties of these thin ionomer
films was of interest in this work. lonomers of thickness < 100 nm are used in catalyst layers of
PEFCs serving to bind the catalytic Pt on C nanoparticles. Unfortunately, thin film ionomers
contribute between 60 to 80% of the total observed mass-transport losses attributed to the catalyst
layer, which is associated with reactant gas transport resistance at the Pt/ionomer interface,
transport loss through the ionomer thin film, and at the ionomer/gas interface.! In addition, these
resistances have been shown to increase with decrease in Pt loading in the catalyst layer, which
limits PEFC cost reduction.! This work aimed to understand source of this transport resistance by
exploring the impact of confinement on ionomer thin film property. The four main chapters in this
dissertation examined substrate effect, relaxation dynamics, cation effect and ultimately quantified
ionomer thin film gas transport via multiple methods. Confinement induced deviation of polymer
thin film behavior from that of bulk can be one possible reason for increased resistance of ionomers
thin films in the catalyst layer. Combining these chapters new understanding of effect of
confinement on performance can be gained.

Examination of the impact of interfaces by using ionomers supported on different substrates,
was first. Substrate-ionomer interaction was tuned via reducing and oxidizing environment
mimicking anodic and cathodic environment at the electrode interface. Swelling behavior of
ionomer thin films (~50nm) spin coated onto the Pt support were exposed to both Hz and Air.t3
Findings indicate lower uptake, increased densification of ionomer matrix, and increased rate in
relative humidity induced aging in a reducing environment as compared to oxidizing and inert
environment. Underlying Pt surface interaction with reducing environment causes water phase and
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ionomer to segregate, reducing effective water retention. However, in oxidizing environment,
polar interaction at the Pt interface allows long range coordination with hydronium ions and sulfate
end groups to allow strong water networks to percolate further into ionomer phase.

Next, impact of cooperative motion and chain dynamics was explored via thermal expansion
study of nano-confined ionomers. Change in thermal transition temperature is key marker of
stiffness and polymer chain mobility and has direct implications on ease of gas transport through
polymer films. To explore this phenomenon, thermal transition temperature in ionomers supported
on silicon substrate were evaluated as a function of thickness.!* Increase in thermal transition
temperature in ionomers is observed with decrease in thickness. In addition, alteration of
intermolecular forces in acid form ionomer was conducted via exchange with metal cations. In the
later scenario thermal transition temperature remained constant as a function of thickness. Findings
here point to the balanced effect of increased chain mobility at free surface and hindered motion
at the positively interacting substrate interface which results in reduced chain mobility required
for ease of gas transport through ionomer matrix. This balance is additionally impacted by
intermolecular forces within ionomer as the trade-off between high degree of hydrogen bonding
freedom at the interfaces is dominated by strong ionic network with the addition of cations into
the ionomer matrix.

Cations in ionomer thin films are considered in Chapter 3 as yet another parameter of
processing that can be tuned to alter ionomer thin film property. For monovalent cations with
varying cation size and Lewis acid strength, water content showed inverse relationship with the
former and direct relationship with the later. Hydration is reduced by the increase in mechanical
strength upon cation exchange, which is a result of solvation and thermodynamic energy
equilibrium in the ionomer matrix. Findings laid a strong baseline for further exploration into
impact of divalent contaminant and additive cations in PEFC. Monovalent cations follow a
somewhat consistent cation-size and LAS dependent trend, however, divalent cations, especially
transition metals, exhibit various non-single parameter dependencies that limit extrapolation
toward few single parameters. The culmination of the surface, confinement and cation type
dependent trends need to be validated with explicitly quantified gas transport resistance metric.
Quantification of ionomer gas transport property is carried out in three separate methods that
account for variable pertinent conditions for operation (temperature, humidity and potential).
Methods under exploration show great promise and reflect an order of magnitude reduction in gas
permeability for thin films of thickness relative to the bulk ionomer membrane counterparts. In
depth work is currently underway as it is essential for clarifying gas and ion transport in PEFC.

6.2. Future Work

To address the remaining goals of establishing relationship between ionomer thin film
structure and property for improving material and catalyst-layer design, few directions are
already underway and some are envisioned as described below.

6.2.1. Substrate Dependent Relaxation Dynamics of lonomer Thin Films

Chapter 3 examined confinement induced impediments to relaxation on silicon substrate.
There is a clear impact of substrate on mechanical property, long-range polymer-chain motion and
gas permeability. However, other pertinent substrates (Pt, C) have not been explored. A recent
study by Chi and coworkers indicated negative expansion of Nafion ionomer on metal substrates
and enhanced positive expansion on carbon supports.*® Study of ionomers cast on Pt and C support
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will be conducted to ensure if similar behaviors are also observed. If interaction with Pt and C
substrate is the main driver for observed relaxation dynamics, dependence on sidechain
concentration (i.e. equivalent weight, EW) should be significantly more pronounced. Therefore,
thermal expansion of ionomer thin film of various side-chain length and EW will be studied on
model systems of flat Pt and C substrate via heated cell ellipsometry.

6.2.2. Continued Work on Impact of Cation on lonomer Thin Film Properties

Chapter 4 was predominantly focused on the impact of monovalent cation effect on ionomer
thin film structure, water uptake and mechanical property. Although from a fundamental point of
view understanding of size and Lewis acid strength dependent behavior of monovalent cations on
ionomer thin film is useful, introduction of cations from leached electrocatalysts (Co?*, Ni%*) and
additives were not fully considered to the same extent. Initial exploration into co-alloy leaching
indicated significantly higher uptake than H*, owing to more negative hydration energy. Results
can provide insight into effect of leached co-alloy cations on ionomer performance in fuel cell
catalysts and has implications for MEA manufacturing and processing, an area of great interest for
further exploration.

6.2.3. Continued Work on Gas Permeation through lonomer Thin Film

Chapter 5 discussed various methodologies currently employed to measure ionomer thin film
gas permeability. Three different methodologies have been established in this work, with the first
being the constant volume variable pressure gas permeability. This method used a composite layer
methodology where the resistive thin film ionomer is supported by highly permeable supporting
layer. Findings reflect that accurately capturing dry gas permeability of thin and ultra-thin film
ionomers is a delicate and challenging effort. However, microelectrode technique and oxygen
luminescent quenching method do not share the same vulnerabilities and will continue to be
employed. Together the techniques will capture potential dependent and potential independent
intrinsic permeability which is critical for capturing ionomer thin film transport resistance under
operation relevant conditions. lonomers are highly hygroscopic and sorption of water increases
gas permeability. Water in ionomer membranes can coordinate around the sulfonic-acid groups
increasing the size of the ionic region and connecting hydrophilic domains, thereby providing
additional transport channels through the membrane. In addition, water plasticizes ionomers to
relax polymer chains and increase free volume. Although, preliminary work discussed in Chapter
5 was only focused on dry gas permeation and fully saturated permeation for microelectrode, gas
transport as a function of humidity and temperature is work underway.

6.2.4. Relationship between Processing Conditions and lonomer Thin Film Properties

The impact of processing method, storing condition, and operating environment on thin PFSA
ionomer coatings used in electrodes of electrochemical devices is unclear and not established.
While some environmental conditions intrinsic to device operation (such as hydration) are
necessary to maintain PFSA functionality, they can also permanently alter structure and
subsequently functionality over time.*5-8 In this on-going work, exposure to elevated temperature
and humidity (hygrothermal ageing) is used to alter the orientation of the ionomer’s nano-domains
parallel to the support. Current findings reflect strong inverse correlation between ageing-induced
ionomer thin film domain orientation and water transport time constant evaluated via swelling
kinetics. Results suggest prolonged exposure to high humidity and temperatures alter an ionomer’s
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nanostructure, its response to environmental stimuli, and its subsequent functionality in energy
devices. This current work is under review for publication. Outside of the role of hygrothermal
ageing, other conditions like solvent annealing are employed to access different nanostructures in
di-block co-polymers.t® Future, work will involve different processing conditions including
employment of solvents that preferentially interact with hydrophilic phase of ionomer to induce
and lock-in different morphological structures and correlate these structural parameters with
properties like ion conductivity.
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A. Appendix: Spectroscopic Ellipsometry Expanded

1. Methodology and Background:

Ellipsometer is an optical method that utilizes change in elliptically polarized light to evaluate
parameters like thickness, index of refraction, absorbance, etc. of planar materials. The concept of
utilizing elliptically polarized light dates back around the 1800s but the extent of utilization of
ellipsometer as a technique peaked with semi-conductor industry over the last 70-80 years.
Ellipsometer is one of the most well-known optical methods that is non-destructive, versatile in its
concurrent combination with various experimental set-ups, storage conditions and measurement
environments. Principle of operation of spectroscopic ellipsometry involves a light source
followed by a polarized light generator sending elliptically polarized with well-known coordinates
light to object of interest (See Fig A-1a). Light from the source is linearly polarized in two
orthogonal planes (p,s). The s-direction stands thereby perpendicularly to the plane of incidence
while p-plane is parallel to it (Fig A-1 b). This polarized light can be reflected, transmitted,
scattered and diffused as it travels through the object. In the rotating analyzer configuration mode,
which is a common configuration, reflected and transmitted light from sample is elliptically
polarized as it travels through a rotating polarization state analyzer and reaches the detector where
the light, converted to electronic signal, is recorded as a function of the rotation angle (o) as shown
in Fig. A-l1a. Assuming polarization of incident light is retained, input polarization leaving the
source is compared with output polarization received by detector to determine polarization change
and extract intrinsic parameters.
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Figure A-1 (a) Principal of a rotating analyzer ellipsometer. (b) The incident light is linear with both p- and
s- components. The reflected light has undergone amplitude and phase changes for both p- and s- polarized
light, and ellipsometry measures their changes. (c)Elliptically polarized light and the projected polarization

ellipse.
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2. Data Fitting Using Model

A few assumptions are a given in this method: (1) since incident light is linearly polarized,
optical effects are addressed separately at each wavelength(A) in a monochromatic or quasi-
monochromatic approximation, (2) due to much larger distances between source and receiver,
objects are assumed to be interacting with light independently and propagating in forward
direction, effects due interaction and coherence of light are neglected, (3)surrounding medium of
propagation is assumed to be homogenous and isotropic.

In ellipsometry, orthogonally polarized light can be described mathematically using wave
vectors in x and y cartesian coordinates. Figure A-1c shows general case of an elliptical polarization
where Eox and Eoy are amplitudes of wave vectors whose relative ratio gives ¥ the phase angle difference
of the x and y component of the wave vector provide the other term A. The oscillations of ¥ and A
are a result of the constructive interference of light within the sample as it undergoes multiple reflections.
As illustrated, Fig A2 shows measured change in amplitude of polarized reflected and incident beam (V')
and their phase difference A. ¥ and A responses measured by rotating analyzer are related to the
index of refraction and thickness via Fresnel reflection coefficients and Snell’s law. Ratio of
complex Fresnel internal reflection coefficients rp and rs are related to ¥ and A using the relationship
(1). rp and rs are related to index of refraction of the sample(nz1) and index of refraction of medium
(no) and angle of incidence of incident beam(@,) and angle of propagation of transmitted beam(@,)
as given in (2) and (3). Index of refraction of the sample (n1) and index of refraction of medium
(no) are correlated by Snell’s law in equation (4). At a given wavelength (1) and angle of incidence,
imaginary part of reflection coefficient is related to optical thickness or phase thickness () given
by equation (5). Initial guess of film thickness and refractive index is used to calculate phase
thickness and reflection coefficient and iterated until an adequate model found. Optical dispersion
and index of refraction is a function of wavelength. For transparent thin films, relationship between
wavelength and index of refraction in the sample is given by Cauchy equation in equation (6)
where A, B and C are model fitting constants. Model fit given in Fig 2 showed a good fit of mean
squared error (MSE) of 1.73 with this model.
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Figure A-2: An example of data fitting using Cauchy model for | = 310.68nm with a 3.7nm SiO2 layer and
MSE =1.73.
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B. Appendix: Quartz Crystal Microbalance Expanded

Mass uptake measurements in this thesis were all conducted by using Inficon’s research quartz
crystal microbalance (QCM). QCM is piezoelectric based ultrasensitive device that detects change
is mass. It consists of a thin disk (usually 1” in diameter) single crystal quartz, a metal sensing
electrode and contact electrode deposited on each side of the disk. Electrodes are commonly coated
with gold, but can also be coated with platinum, silver, aluminum and titanium. Quartz crystal is
made out a slab of crystal of quartz and that creates acoustic wave perpendicular to the surface of
the crystal as a result of an applied electrical potential. Therefore, QCM, once powered, electrodes
generate the electrical energy necessary to oscillate the quartz crystal, the resultant oscillation
frequency is recorded by frequency counter that uses digital conversion to monitor frequency in
real time.

Each type of QCM crystal has a resonant oscillation frequency of the fundamental mode.
Resonant frequency includes the oscillation of the crystal, electric and mechanical oscillations.
Resonant frequency depends on the thickness, chemical structure shape and mass of the quartz
crystal. When crystal is used with no loading, resonance frequency is also dependent on density,
shear modulus and shear modulus of the media. Up on detection of mass resonant frequency of
loaded crystal is measured. The change in frequency (Af) is proportional to the mass detected on
the surface of the crystal. QCM can measure mass changes between ng/cm? to 100ug/cm?. Mass
detected can be given by the saurberry equation which assumes that any additional film deposited
on the crystal has same acousto-elastic properties as the quartz. This assumption has been shown
to be sufficient for uniform, rigid, thin film deposits.

Am = —g 1)
Af=fo—f (2)
Cf _ 2nxf2 (3)

,qul»lq

Where pq effective piezoelectrically stiffened shar modulus of quartz crystal, n is number of
the harmonic at which the crystal is driven, and pq, density of quartz.
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Figure B-1: Schematic of operational QCM bare crystal, crystal with ionomer loading and during water
sorption.

In this work Au coated and Pt coated QCM have been utilized. Uniform coating of ionomer
is achieved via spin-coating. To measure the mass associated with water taken up by ionomer,
damped resonant frequency associated with ionomer coating has to be separated from depression
in frequency associated with water uptake. As a result, mass of water sorbed has is referenced from
both unloaded bare crystal frequency as well as dry ionomer coated frequency. Amout of water
taken up by ionomer can be calculated via:

m ke — M, AfRH — Afgryi
Mass Uptake (%) = —Rfke — Ay o 1 = —Rilonomer ~ Zdrylonomer » 1 (4)
mgry Afdry jonomer
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C. Appendix: Bulk PFSA Gas Permeability

Table C-1: Summary of measured membranes and their activation energy including literature values

EwW  IEC Permeability (Barrer)*** Activation Energy
Type of Membrane  (g/mol  (meq/ (kJ/mol) Ref.
SO3) g) H, (o)) \P) H, 02 \P)
N112" 1100 091 847x037 119+£0.05 0.29+0.01 This Work
8.14 1.23 !
= N117* 1100 091 9.48+0.32 - 0.30+£0.01 This Work
E 9.30 1.08 0.26 2460 282 2.3
N212 1100 091 816%x0.18 117+£003 0.26x0.01 34.77 33.44 This Work
10.7 1.2 20.40 30.50 4
N1500 1500 0.67 9.48+0.32 1.81+0.06 - This Work
g 3M 725 725 1.38 5.21+£0.20 0.60%0.02 - 23.03 29.02 This Work
¢ 3mexs 825 121 655+025 - - 2365 - This Work
4 3M 1000 1000 1.00 6.60£0.27 0.98+0.04 - 24.23 - This Work
s Aquivion 870 870 1.15 7.35+0.23 0.98+0.03 - 23.01 - This Work
% 860 1.16 34.5 41.7 5
<c(r Aquivion 980 980 1.02 8.02+£0.31 1.26%+0.05 - - This Work
PTFE - - 13 4.5 1.9 21.34 19.04 24.3 6
PDMS - - 890 800 400 - - - !

* Permeability values reported at T = 35°C. ** 1 Barrer = 10"1° cm3(STP) cm/(cm? s cmHg)
* Extruded Membranes
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Figure C-1: Hz, O, N2 permeability of Nafion inversely correlated with kinetic diameter of gas, dx ( Cast:
N212 (50.4um) Extruded: N112 (50.4um) N117 (180um) )
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D. Appendix: Influence of Surface Defect on PDMS/lonomer Composite Gas
Permeability

Composite permeability can be obtained from modeling the transport as transport in parallel.
Sum of resistance through PDMS layer (Region | in Figure D-1) and through non-defective layer
as well as defected pore (Region Il and Region Il respectively) is given by equation (1). Here,

surface porosity is defined as € = z—z and f is fraction of pore that is filled with PDMS.

Pcomp _ L d -1
(l+d) o (P]_ + P2(1—€)+€P3) (1)

Permeability in region 3 (P;) is sum of permeability of filled and unfilled pore adjusted by the
respective fraction f. Unfilled pore could be estimated to have all types of flow; viscous, Knudsen
and bulk-diffusive flow. Effective permeability is sum of all three types of transport modeled as
resistance in series with filled pore having transport properties of PDMS. Given vales for P; and
P2 are bulk values listed in Table C-1. A 560nm thin film (d) with a 7 um PDMS layer support(l)
with a 5nm pore size (a) was assumed for this calculation. Permeability through pore (P, ) is given
by equation (9) where Dk is Knudsen diffusivity, M; is molecular weight of select gas, W is
viscosity, m is mass of gas per molecule, kg is Boltzmann constant and r is molecular radius of
gas and p is average pressure through pore. [Look at ref. 8° for complete derivation] Values
calculated for each gas are compared using selectivity given by equation (7).

_ Py
B = Saore @)
PV = PViscous—ﬂow + Pknuden—diffusion + lDdiffusivity (3)
N a’p
Py cousflow = 5 = 4
viscous—flow dp 8URT ( )
dx
Dk 2a 8RT
P, e = = S (_) 5
knuden—diffusion RT 3RT nM; ( )
D 1 (kgT)??
Pdiffusivity - ﬁ - 12RT3/2 pm1/2r2 (6)
PComp Ho
a = —= 7
H2/0, = B o (7)
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Figure D-1: Composite film with ionomer film thickness of d and PDMS thickness of |. Pore, or defect is
of size 2a. f is fraction of pore defect in ionomer that is all or in part filled with PDMS

Figure D-2 shows the two extremes of surface porosity for unfilled and fully filled pore plotted

against selectivity. Plot can give a good estimate of total pore size. However, imaging techniques
need to be used to identify the distribution of pores.
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Figure D-2: Relationship between surface porosity and selectivity for unfilled pore (f = 0) and filled pore

(f=1)
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