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ABSTRACT

Polymer electrolyte-based electrochemical energy conversion devices, such as electrolyzers or
fuel cells, are of interest for large scale hydrogen production and conversion, respectively. Much
effort has gone toward improving the anion exchange membrane (AEM), the solid polymer
electrolyte which separates the anode and cathode and transports anions and water across the
electrochemical device. In addition to the AEM, device performance is dictated in part by
sluggish reaction kinetics that can result from poorly formed structures in the electrode catalyst
layer (CL). The CL is comprised of a heterogeneous mixture of conductive supporting material,
catalyst particles, and anion exchange ionomer (AEI). Electrode design can be improved by
synergistically developing ionomer chemistry with fundamental knowledge of their interactions
with catalysts and supporting materials. The limited work carried out in this area has focused on
using platinum group metal catalysts, which can be replaced with cheaper more abundant
catalysts in AEM-based devices due to the enhanced reaction kinetics realized in base. Hence, in
this work, tunable block copolymer-based AEIs are developed and their interactions, structure
and performance with a silver catalyst are investigated.

First, a novel polyethylene-based block copolymer AEM was developed. The polycyclooctene
midblock of the ABA triblock copolymer
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS)
was hydrogenated to yield a polyethylene (PE) midblock. The new PE-based AEM had high ionic
conductivity, moderate water uptake, and decent alkaline stability. Notably, the mechanical
strength of the AEM improved in liquid water. X-ray scattering studies revealed that in liquid
water the PE backbone rearranges to form larger crystalline domains, leading to enhanced
mechanical properties.

Next, interactions between silver nanoparticles (AgNPs) and block copolymer-based ionomers
were investigated. This study utilized the PCMS-b-PCOE-b-PCMS triblock copolymer precursor
and ionomers derived from quaternization with trimethylamine or N-methylpiperidine. Using
FTIR, interactions with AgNPs were determined to occur more strongly with the phenyl groups,

vinyl groups, and the pendant quaternary ammonium cations (QACs). Changes in thermal
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characteristics and crystallinity were highly dependent on the QAC, uncovering differences in the
nature of the interactions between silver and trimethylammonium or methylpiperidinium.

Tonomer thin film morphology was characterized on a silver surface to model an idealized
catalyst interface using grazing incidence small angle X-ray scattering. This work utilized two
diblock and two triblock copolymer precursors of PCMS and polyisoprene (PIp). The morphology
of the block copolymer precursor was found to align vertically to the interface, but after
quaternization, the morphology became more disordered due to dipole-dipole interactions between
pendant QACs. Environmental studies were used to elucidate water uptake via changes in the
radius of gyration.

The final set of studies implemented a half-cell to study the kinetics of the oxygen evolution
reaction (OER) on electrodes coated in a silver-ionomer ink. Optimization of the ionomer
chemistry is realized through a series of backbone and QAC modifications. The best performing
electrode was integrated in a water electrolyzer with the PE-based AEM developed in the first
study. In the final chapter, the hypotheses and structure-property-performance relationship are

revisited, and future work is proposed.
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CHAPTER 1
INTRODUCTION

1.1 The Hydrogen Economy

There is irrefutable evidence of global warming and climate change; atmospheric amounts of
greenhouse gases have increased significantly over the last 200 years, and land and ocean surface
temperatures have elevated over the past 100 years [1]. Anthropogenic emissions of COq
contribute the most to greenhouse gas-induced warming and come largely from the combustion of
fossil fuels [2]. To mitigate the risks associated with climate change, including severe weather
events, rising sea levels, melting polar ice and ocean acidification [1], alternatives to fossil fuels or
renewable energy technologies are of interest.

Hydrogen could be a fundamental component of the energy transition required to combat both
global warming and drawbacks of our current energy systems [3]. Utilization of hydrogen-based
energy systems will ultimately deliver reliable and affordable energy, while improving the
resiliency of the current energy infrastructure. Additionally, hydrogen is a cleaner energy carrier
that can be used in both stationary applications and for transportation via fuel cells and
hydrogen-fueled internal combustion engines [4]. Hydrogen can also be used as a sustainable
energy storage medium for electricity produced from intermittent renewable sources (e.g. wind,
solar) [5]. Additionally, hydrogen is a valuable industrial chemical feedstock used in the
production of methanol, ammonia, and steel production [6-8].

In order for a hydrogen-based energy economy to be realized, the cost of hydrogen production
from renewable energy systems needs to be reduced [9]. This can be achieved through the
development and optimization of technologies that both produce and utilize hydrogen on both
stationary and portable scales [10]. As of 2020, approximately 95% of hydrogen produced in the
United States is via natural gas reforming, which is an unsustainable process not only because
CO, is a byproduct typically emitted in the process, but the product gas stream is not pure and
needs to undergo energy intensive separation processes in order to provide a high purity hydrogen
product [11]. For this reason, sustainable production of hydrogen via electrolytic processes and

photolytic processes (e.g. direct solar water splitting) are of interest to ultimately remove CO,



emissions from the hydrogen production process and produce a higher purity product [12]. In the
transportation sector, fuel cells and battery-powered electric vehicles are positioned to reduce
CO, emissions in air, land, and water transportation applications.

The remainder of this chapter will focus on two hydrogen-based technologies: fuel cells, which
utilize the electrochemical conversion of hydrogen fuel into electricity and electrolyzers, which

produce hydrogen fuel via the electrochemical splitting of water.
1.2 Fuel Cells

The fuel cell is an electrochemical energy conversion device that produces electricity directly
from chemical conversion of fuels, such as hydrogen. Fuel cells can be applied to both mobile and
stationary power applications. Electrochemistry is more efficient than combustion at lower
temperatures, which is limited by the efficiency of the Carnot cycle [13]. The principle of fuel cell
technology was first introduced by W.R. Grove in 1839, where he described a voltaic cell
containing a platinum cathode immersed in nitric acid and an amalgamated zinc anode in dilute
sulfuric acid [14]. While this device had incredibly low power output, it laid the groundwork for
the concept of a fuel cell apparatus. Improvements were made by Jacques [15] in 1896 and Bacon
[16] in 1954, who developed the first H,/O, alkaline fuel cell in liquid KOH. In the 1960’s, the
National Aeronautics and Space Administration (NASA) utilized alkaline fuel cells on both the
Gemini (1963) and Apollo (1968) spacecrafts [17], though high costs still prevented their
commercial implementation at this time. In 1966, DuPont de Nemours and Co. produced the
perfluorinated sulfonic acid (PFSA) membrane Nafion®, which was originally developed for
electrolysis in the chloro-alkali industry. Nafion® membranes exhibited high proton conductivity
and durability in acidic media, which ultimately catalyzed further development of proton
exchange membrane fuel cells (PEMFCs). Despite interest in fuel cells fading, the 1990’s brought
on a public awareness of global warming, which has revitalized research interests in renewable
energy alternatives.

Electric vehicles are positioned to solve multiple problems, including reducing carbon
emissions and local pollution levels, along with providing a lower cost by eliminating the need for
rare precious metals (e.g. platinum, rhodium, and palladium) in the catalytic converter of

gasoline-powered internal combustion engines. PEMFCs have captured the interest of both



researchers and industry because of their high-power density and have already been
commercialized by automobile manufacturers. Notably, the Toyota Mirai and the Honda Clarity
are two PEMFC-based vehicles that are currently available in the consumer market.
Commercialized state of the art PEMFC technology utilizes PFSA proton exchange membranes
and precious metal catalysts (typically platinum) in their applications. The use of precious metal
catalysts is one of the main drawbacks to PEMFC widespread implementation; the use of
platinum is both expensive and unsustainable as it is not abundant, especially for large scale
power generation applications. Additionally, PFSA-based materials have negative environmental
impacts as they are extremely resistant to degradation. Recently their widespread presence in
drinking water was detected across the United States [18], causing some states to ban their use
permanently in certain products [19]. Current PEMFC research is focused on mitigating these
impacts by improving current polymer chemistry via additives, improving Pt utilization and
designing new catalyst frameworks that utilize non-precious metals, and improving their
durability to operate at higher temperatures [20].

Alkaline fuel cells (AFCs) use concentrated potassium hydroxide as an electrolyte solution.
This type of fuel cell has been used in the majority of space missions and is still being used today
for power and potable water generation [21]. Its widespread commercialization was never realized
due to its limited lifetime and issues with scalability [22]. Another drawback of AFCs is the
carbonation phenomena, in which carbon dioxide present in air reacts with the potassium
hydroxide electrolyte to form potassium carbonate solids, which settle and clog electrodes,
lowering the overall conductivity and performance of the cell until they are scrubbed from the
system. Despite this drawback, electrochemistry in alkaline media is still of interest due to more
facile kinetics of ORR in an alkaline media [23, 24]. This theoretically allows for the use of
non-platinum group metal (PGM) catalysts such as silver, nickel, or cobalt, to achieve similar
performance to PEMFCs at a reduced cost.

The anion exchange membrane fuel cell (AEMFC) is identical to the AFC in terms of how it
operates; however, it utilizes an anionic solid polymer electrolyte. Utilizing a thin polymer
electrolyte mitigates the need for liquid electrolytes and their associated issues, including the
pumps required for liquid feeds and leaks that may occur, all while improving the power density

and footprint of the device. In an AEMFC, the oxygen reduction reaction (ORR) occurs at the



cathode and the hydrogen oxidation reaction (HOR) occurs at the anode. The reactions are given
below:

Anode Reaction (HOR): 2Hy +40OH™ —— 4H,0 +4e"

Cathode Reaction (ORR): Oy +2H,0 +4e —— 40H"

Overall Reaction: 2H, + Oy — 2H,0

Oxygen reacts with water and electrons and is reduced at the cathode to produce hydroxide
ions (OH ) which transport across the polymer electrolyte to the anode. At the anode, hydrogen
flows into the fuel cell and combines with OH™ to form water and electrons. A diagram of an
AEMFC is shown in Figure 1.1. Water management is particularly important in AEMFCs
because it is both a product at the anode and a reactant at the cathode [25], creating a large
water differential that is three times larger than in PEMFCs. This is currently being addressed
through new operational strategies and cell architectures [26], in addition to optimization of the

catalyst layer and AEM.
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Figure 1.1 Schematic of an anion exchange membrane fuel cell using hydrogen as fuel.

The advantages of AEMFCs are similar to those of AFCs, where non-noble metal catalysts
may be employed due to better kinetics of ORR at high pH. Other research suggests there is little
to no fuel crossover in AEMFCs compared to PEMFCs because hydroxide ions in an AEMFC

flow in the opposite direction of protons in a PEMFC and, therefore, there is less fuel crossover



due to ionic and osmotic drag across the polymer membrane [27].
1.3 Electrolyzers

For hydrogen to be effectively utilized by fuel cell technologies, it must first be sustainably
produced. While there are many methods of producing hydrogen, including thermal, electrolytic,
and photolytic processes from fossil fuels, biomass, and water [28-32], this section will focus on
water electrolysis. Water is an ideal source for hydrogen production due to its wide availability,
and further mitigates CO, emissions from using fossil fuel precursors. Low-temperature alkaline
water electrolysis utilizing concentrated liquid KOH is considered a mature technology [33]. The
two other main types are proton exchange membrane (PEM) electrolysis (considered mature on a

small scale) and anion exchange membrane (AEM) electrolysis (still in R&D) [34, 35].

Figure 1.2 Schematic of an anion exchange membrane water electrolyzer.

Alkaline water electrolyzers (AWESs) use a liquid electrolyte, typically 30-40 wt% KOH, and
nickel and cobalt-based oxide catalysts in the anode and cathode respectively [36]. The anode and
cathode in this system are separated by a porous diaphragm. The main advantage of alkaline
electrolysis over PEM electrolysis is the pH, where in alkaline media, non-noble metal catalysts
can be utilized. The development of catalysts for the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) are well documented in both acidic and alkaline media

[37-39]; however, issues related to recirculating a liquid electrolyte, e.g. electrolyte leakage, is a



disadvantage of AWEs, and the footprint of liquid systems is larger when considering scale-up.
Further, the hydrogen production rate is relatively low, where operating conditions are typically
200 mA cm™ at a cell voltage of 1.8 V with a conversion efficiency of ~75% [40, 41].

PEM water electrolyzers (PEMWESs) utilize a proton conducting membrane and ionomer,
eliminating the need for recirculating liquid electrolytes. This configuration allows for a more
compact cell, where the anode and cathode are in physical contact with the non-porous PEM,
also known as a zero-gap configuration. PEMWESs can operate at ~2 A cm™ with a conversion
efficiency of ~74% due to the advantages associated with the zero-gap configuration [41]. Despite
the advantages in performance and footprint, PEMWEs require costly electrocatalysts including
platinum and iridium oxide. Additionally, the acidic nature of these devices leads to additional
requirements for corrosion-resistance of the current collectors and flow fields [42]. The high costs
of these materials will likely prevent the large systems and cell stacks from widespread
implementation.

AEM water electrolyzers (AEMWES) combine the advantages of PEMWEs and AWEs by
leveraging a zero-gap configuration with an alkaline environment where non-PGM catalysts can
be implemented. In an AEMWE, water or alkaline liquid electrolyte (e.g. KOH, K,CO3) is
circulated through the cathode. In an AEMWE, the oxygen evolution reaction (OER) occurs at
the anode and the hydrogen evolution reaction (HER) occurs at the cathode. The half-cell
reactions are given below:

Anode Reaction (OER): 40H —— O, 1 +2H,0 +4e”

Cathode Reaction (HER): 4H,0 +4e — 2H, 1T +40H"

Overall Reaction: 2H,0 — 2H, 1 4 Oy 1

At the cathode, water is reduced to hydrogen and hydroxide ions. Hydroxide ions move across
the AEM to the anode, where hydroxide ions are oxidized to produce oxygen, water, and four
electrons which travel through the external circuit from anode to cathode. A schematic of an
AEMWE is given in Figure 1.2.

Due to the associated low catalyst and hardware costs, interest in producing hydrogen via
AEMWESs has grown in recent years. The main hurdle to scaling up this technology is durability

of the AEM and anion exchange ionomers in the anode and cathode catalyst layers [43].



1.4 Anion Exchange Membranes

The membrane is the heart of the AEMFC or AEMWE. The bibliometric analysis in
Figure 1.3 shows how publication number of AEMFC and AEMWE-related research has increased

in recent years, as improvements in AEM development are realized.
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Figure 1.3 Bibliometric analysis of the publications for AEMFCs and AEMWESs from
1990-present. “Fuel cell” or “electrolyzer”, along with “anion exchange membrane” were used as
search terms. This citation report was generated using Web of Science.

The AEM is tasked with selectively transporting hydroxide ions and water via functional
groups in the polymer while preventing permeation of fuels, oxidants, and electrons [44, 45]. An
anion exchange polymer consists of a polymer backbone with functional groups for anion
exchange that are covalently bonded to the backbone (see Figure 1.4).

Required membrane characteristics include having high ionic conductivity, low fuel /oxidant
crossover, low electrical conductivity, adequate water uptake, and excellent chemical and
mechanical stability [46]. The ion exchange capacity (IEC) is an important membrane
characteristic and refers to the number of available cationic sites on the polymer available for
transporting ionic species, expressed in mmol g'! or meq g'! as the concentration of cationic sites
per gram of polymer electrolyte. While it is important to have a high IEC, it often comes at the

cost of inducing higher water uptake and can result in a loss of mechanical integrity due to



swelling. Having a high IEC can also lead to ionic clustering if there is poor phase separation or
insufficient spacing between the tethered cations, which can impede ionic conductivity if the

clusters cannot form a connected transport network [47].

Figure 1.4 Representation of a simplified anion exchange membrane.

There are many viable polymer architectures that have been explored for use as AEMs, in
contrast to PEMs which are limited by the solubility of their sulfonic acid groups. This includes
random copolymers [48, 49], block copolymers [50-54], graft polymer systems [25, 55-57], and
utilizing different cationic groups such as pyridinium, ammonium, phosphonium, guanidinium,
imidazolium, and sulfonium [45, 58]. Copolymers are synthesized by joining two or more unique
monomers, i.e. small molecules, into a polymer chain. In a random copolymer, the two monomers
may appear in any order and the lengths of each block, or ratio of each monomer, are a result of
the properties of each monomer and the conditions of the synthesis. The reactivity of the
monomers with each other or the growing copolymer chains can be controlled by the synthesis
temperature and the solvent which will all have an impact on the final composition of a random

copolymer. Block copolymers have discrete segments of each monomer, as shown in Figure 1.5.
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Figure 1.5 Schematic representation of different copolymers of “A” and “B” components. Top:
Example of a random copolymer configuration. Middle: Example of a diblock (AB) copolymer
configuration. Bottom: Example of a triblock (ABA) copolymer configuration.



In anion exchange polymers, the two monomers are typically a hydrophilic and a hydrophobic
component. The hydrophilic block contains covalently bonded cationic functional groups for
transporting anions, while the hydrophobic block maintains mechanical integrity of the material
during water uptake and swelling. Random copolymers often exhibit a homogenous morphology
due to the random distribution of hydrophilic and hydrophobic monomers [59]. While some
random copolymers do exhibit ionic clustering, the clusters are randomly dispersed and lack the
interconnectedness necessary for higher ionic conductivity [59, 60]. For this reason, block
copolymers are of greater interest because their chemical structure tends to induce a
self-assembled periodic structure (see Figure 1.6), utilizing well-defined interconnected channel
networks to enhance conductivity and transport of species through the membrane. Therefore, the

remainder of the introduction will focus on block copolymer-based AEMs.
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Figure 1.6 Morphologies of phase separating block copolymer systems, including spherical (S),
cylindrical (C), gyroid (G), lamellar (L), and their inverse (‘).

A multitude of anion exchange polymer backbones have been reported in literature, including
poly(arylene ethers) [61-64], polyphenylenes [65-68], unsaturated polypropylene and polyethylene
[50, 69-71], polynorbornene [72], and many more. The main challenge in developing AEMs is
balancing the ionic conductivity, which increases with IEC, with the water uptake, swelling, and
mechanical stability, which all tend to worsen with increasing IEC. The high ionic conductivity of
AEMs published more recently is attributed to their improvements in morphology and or creating
well-defined ionic channels that promote hydroxide ion transport [73-77]. A variety of cation
groups and tethering strategies have been investigated for their resiliency to hydroxide attack,
shown below in Figure 1.7 and Figure 1.8.

Liu et al. investigated the effect of degree of branching in poly(arylene ether sulfone)s [78]. An

improvement in hydroxide ion conductivity from 96 mS ecm™ to 126 mS cm™ (80 °C in water) was



observed upon increasing the degree of branching compared to the linear polymer. Enhanced
conductivity was attributed to the rigid branched structures creating more free volume in the
material, which facilitates ion transport and provides space for water uptake in the membrane
without inducing excessive swelling. Zhang et al. developed a crosslinked AEM with covalently
connected cations [79]. When comparing two materials with identical IEC and water uptake, the
membrane with more connected cations significantly improved the conductivity by creating a

discrete ionic pathway for efficient transport.
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Figure 1.7 Chemical structures of common anion exchange membrane cation groups. From left to
right, top: pyridinium, ammonium, phosphonium, and sulfonium. Bottom: guanidinium,
imidazolium. Reproduced with permission from [45]
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Figure 1.8 Different tethering strategies, i.e. adjacent to or on the polymer backbone, terminal
ionic groups with pendant chains, tails to tethered cationic moieties, and multiple cations on a
side chain. Reproduced with permission from [80].
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Another major consideration when designing AEMs is chemical stability toward nucleophilic
attack by hydroxide ions. Chemical degradation of the polymer backbone leads to a decrease in
mechanical integrity, while various degradation mechanisms of the cationic moieties due to OH™
attack lead to lower ion conductivity and thus lessened electrochemical performance [81, 82].
These mechanisms tend to occur rapidly, especially in hotter and drier conditions, and lead to
poor long-term stability for AEMs. The chemical structure of the polymer backbone and ionic
groups, especially their steric hindrance, electron donating abilities, and hydration number, all
play a significant role in the stability of the material and resistance to degradation mechanisms.

In 1998, Tomoi et al. first proposed improving stability by adding a long spacer chain between
the quaternary nitrogen atom and the benzene ring [83]. Akiyama et al. later investigated the
effect of side chain length on chemical stability of an aromatic semi-block copolymer quaternized
with benzyltrimethylammonium groups [84]. After soaking in 1 M KOH at 60 °C for 1000 hours,
the membrane containing a 5-carbon length side chain retained the highest percentage of its
original conductivity (72%) compared to the 3-carbon length (54%) and 1-carbon length (34%)
samples. This study highlights the importance of cation stability, which was improved by
extending the pendant alkyl chains, and simultaneously induced a better morphology, water
uptake, and mechanical integrity. Marino and Kreuer compared the alkaline stability of 26
different quaternary ammonium moieties [85]. They found the presence of benzyl-, hetero-atoms,
and other electron-withdrawing groups escalated degradation mechanisms significantly and
showed 5- or 6-membered aliphatic cyclic quaternary ammonium groups had exceptional stability.
Much of the work following Marino and Kreuer has utilized this insight on cationic moiety
stability to develop highly stable AEMs [86-90)].

Much effort has gone into optimizing OH~ conductivity, mechanical integrity, and chemical
stability in AEMs to be competitive with and improve the performance beyond that of PEMs.
While these developments are important, research dedicated to studying anion exchange polymers
as ionomers in the catalyst layer is arguably more critical to improving device performance. Small
improvements in the electrode tend to have significant effects on internal resistances and reaction
kinetics at the anode and cathode [91, 92]. Although research in this area is sparse, especially for
AEM-based systems, researchers are now certain that these materials behave differently as thin

films in the catalyst layer compared to their bulk properties.

11



1.5 Jonomers and the Enigma of the Catalyst Layer

Electrochemical device performance is strongly influenced by the structure of the catalyst
layer (CL) in the electrode where the electrochemical reactions take place. The anion exchange
polymer utilized as the AEM can be used in the CL, where it ideally exists as a thin film coating
catalyst particles or carbon-supported catalyst particles (see Figure 1.9). The ionomer is
responsible for providing OH ™, reactant, and water transport to and from reaction sites on the
catalyst surface. The electrochemical reactions that take place in a fuel cell or electrolyzer take
place at the interface between the electrolyte (i.e. the ionomer) and the electrode (i.e. the

catalyst/conductive support which provide electrons).

Current Collector H./Os
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Figure 1.9 Left: Schematic of detailed anion exchange membrane device electrode depicting the
heterogeneous CL and electrode structure. Right: Schematic of ionomer-coated catalyst particle
highlighting the idealized interfaces between ionomer, catalyst, and supporting material, along
with species transport.

The CL provides the triple-phase boundary where reactions take place. The current optimal
CL microstructure is still poorly understood due to its complex multiscale, multiphase nature and
is inherently difficult to examine under relevant conditions. In PEMFCs, the catalyst layer was
developed empirically, and only recently are more scientific efforts being made to understand
exactly how and why they work. Nafion® solubilized ionomers in simple alcohol/water mixtures
were developed for commercial purposes and optimized to enable gas transport in the electrode
instead of inhibiting it, while improving Pt utilization [93, 94]. Further developments in
carbon-supported Pt catalysts and in catalyst ink formulations led to the electrode spraying

techniques used today [95]. Most studies in this area have been performed on PEMFC CLs, with
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Nafion® ionomer coated on carbon supported platinum catalysts.

Proton exchange ionomers are typically low molecular weight ion exchange polymers that can
dissolve in organic solvents or be dispersed in an organic solvent/water solution. For anion
exchange ionomers (AEIs), some of the ideal requirements for membranes are the same for
ionomers, including high ionic conductivity, water management properties, and chemical stability
in alkaline environments [46, 96]. Their design criteria differ mainly for reactant gas permeation,
where membranes are designed to prevent fuel crossover, and ionomers need to promote fuel and
oxygen transport to limit mass transfer resistances and facilitate the electrochemical reactions
within the catalyst layer [96]. Of further differentiation, transport of water in AEMs is a function
of diffusion and migration by electro-osmotic drag, whereas in the electrode, transport of water
occurs entirely via diffusion and convection, which can be promoted by the addition of pore
formers [97]. Tonomers are not required to form a freestanding film, so the mechanical properties
are considered from a different perspective in terms of transport (e.g., water management is still
critical in the electrode [98]), especially in AEMWESs [99, 100]. For this reason, ionomers or their
precursor polymers are usually designed to have good solubility so that they be painted or
sprayed onto a gas diffusion electrodes (GDEs) for fuel cells, or porous transport layer (PTL)
substrates such as platinized titanium mesh or metal foams for electrolyzers. The electrode can
then be post-processed to make the ionomer insoluble via quaternization, hydrogenation,
cross-linking, or thermal annealing [47, 49, 51, 101-104].

Many studies developing new AEI chemistries tend to focus on membrane development and
characterization, avoiding specifically investigating the performance of the ionomer as a thin film
or in the catalyst layer of an operating device [105, 106]. The alkaline stability of AEIs had not
been reported on until recently [107], where it was found the confinement effects of the AEI thin
film on carbon led to a reduction in chain mobility and enhanced alkaline stability when
compared to the same AEI as a powder.

In 2012, Sun et al. compared their novel styrene-ethylene/butylene-styrene (SEBS) based
ionomer to a well-studied polysulfone (PSf) based ionomer [91, 108-110] in a comprehensive
chemistry-morphology-performance study [111]. The SEBS based ionomers achieved 4-5x higher
power density, which was attributed to a continuous hydrophilic morphology and improved

dimensional stability upon water uptake compared to PSf. Improved performance was also
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attributed to a reduction in charge transport resistance, determined from electrochemical
impedance spectroscopy (EIS).

Shin et al. quaternized commercially available poly(vinyl alcohol) to prepare a water soluble
ionomer [101]. A crosslinking agent was added to the catalyst ink and was thermally annealed
after spraying to reduce dissolution of the ionomer during fuel cell testing. The ionomer content
in the electrode was optimized for reaction kinetics, along with the resulting void fraction in the
electrode, which affected mass transport limitations. Gupta et al. published on a SEBS block
polymer with an IEC of 1.91 mmol g! and OH™ conductivity of 180 mS cm™ at 70 °C [109]. Its
excellent performance as an ionomer was attributed to its higher IEC and improved water uptake
and retention characteristics. The authors speculate the water permeability of the ionomer and
membrane led to the performance enhancement via enhanced water management and back
diffusion. Xu et al. also investigated the effect of ionomer content on the microstructure and
performance of the electrode [112]. Performance was optimized by varying ionomer content, which
acted to minimize charge transfer resistance and maximize electrocatalytic activity. It was also
found that while increasing ionomer content excessively covered catalyst particles, it also
decreased the aggregate size of the catalyst particles. This further highlights the need to balance
ionomer content to optimize performance of the electrode.

The ionomer dispersion solvent has been shown to impact the electrode structure, and
therefore performance, in AEMFCs [113]. Rapid evaporation of the solvent can be key to
producing a mud-cracked structure with reduced transport resistances. A common issue in AEI
development is the insolubility of the quaternized ionomer, which has led to the development of
different processing requirements for AEM-based device electrodes compared to PEM-based
device electrodes. Many researchers have reported fabricating electrodes with an unquaternized
precursor polymer, and post-quaternizing the entire electrode in solution for both AEMFC [51]
and AEMWE [99, 100] applications. Recent reports have shown excellent performance using a
technique in which insoluble solid ionomer, catalyst and water/solvent is manually ground with a
mortar and pestle to produce a texturally homogenous catalyst ink [25, 72, 114, 115].

Current research tends to focus on electrode fabrication and optimization of ionomer loading in
the electrode [116-118]. While this is important, there are still limited publications on systematic

ionomer chemistry developments. Switzer et al. [67] compared the fuel cell performance of two
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ionomers, ATMPP and ATMPS, having identical IECs (1.6 meq g!) and different water uptakes
(103% and 48%, respectively). They propose that the ATMPS ionomer provided a stronger
catalyst-ionomer interface compared to ATMPP, which had a higher tendency to swell and likely
resulted in delamination from the catalyst surface, ultimately causing poorer performance.

Zeng et al. [98] utilized an ionomer with tunable water uptake to investigate the effect on fuel
cell performance. Commercially available poly(vinylbenzyltrimethylammonium) chloride was
annealed to convert surface quaternary ammonium groups to tertiary amines, which are less
hydrophilic. By varying the annealing time, they were able to tune the water uptake, swelling,
and the hydrophilicity of the ionomer surface. Here, they speculate that increasing the water
uptake of the ionomer and making the ionomer surface more hydrophilic serves to promote water
removal from the catalyst surface and enhances the availability of catalyst sites, improving HOR
kinetics. Their findings agreed with a previous study by Fukuta [119].

Chae et al. [120] varied the ionomer molecular weight, IEC, and alkyl chain length. The
particle size of the ionomer dispersions were analyzed and correlated to EIS and AEMFC
performance, finding that larger particles led to slightly worse performance and higher resistances,
likely due to their high molecular weight hindering mass transport within the electrode.
Additionally, the longer alkyl chain length improved AEMFC performance, mainly attributed to a
decrease in IEC between the two ionomers compared (1.74 vs. 1.47 mmol g!) which likely led to
improved water management in the electrode. Recently, Hassan et al. optimized the chemistry of
a poly(norbornene) tetrablock copolymer by varying the IEC, molecular weight, dispersity, and
water uptake to improve AEMFC peak power density by 100% from 1.6 to 3.2 W cm™ [115].
Biancolli et al. compared the AEMFC performance of poly(ethylene-co-tetrafluroethylene)
(ETFE)-based AEI powders functionalized with three different cationic head-groups, including
benzyltrimethylammonium, benzyl- N-methylpyrrolidinium, and benzyl- N-methylpiperidinium
[121]. Benzyl- N-methylpiperidinium functionalized AEIs displayed the highest power outputs, in
agreement with their previous work comparing AEM cationic functionalities, where they found
benzyl- N-methylpiperidinium-functionalized AEMs showed improved alkali stability when
hydrated compared to trimethylammonium-functionalized AEMs (17% vs. 30% loss in IEC in 1M

KOH at 80 °C for 28 days) [57].
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Even more recently, a handful of studies systematically varied ionomer or membrane-ionomer
combinations to determine effects on AEMWE performance. A study by Ghoshal et al. found
that the perfluorinated ionomer (PFAEM-Gen 2) resulted in worse reaction kinetics, yielding
higher Tafel slopes and overpotentials, likely due to interfacial effects with the cobalt catalyst
utilized in this work [122]. Huang et al. optimized the ionomer in an AEMWE for water uptake
and swelling for both the oxygen evolution electrode [100] and hydrogen evolution electrode [99].
In both cases, the importance of controlling the amount of water-induced swelling was highlighted.
For OER at the anode, maximizing the IEC to provide high conductivity was balanced by lightly
crosslinking the ionomer to reduce swelling and produce the highest-performing electrode. A
hydrophobic PTFE additive provided additional water management and improved performance
by substantially reducing the total charge transfer resistance. For HER at the cathode, high IEC
and light crosslinking was also found to provide the best performance. In both of these studies,
PGM catalysts were used, including IrO, or PbRuOy for OER and Pt/C, PtRu or PtNi for HER.

These studies suggest there is likely a balance in ionomer water uptake and interactions with
the catalyst surface necessary to optimize fuel cell or electrolyzer performance [25, 26]; however,
there is little published on the nature of interactions at the ionomer-catalyst interface. Most
notably, in 2018 Maurya et al. published on an aryl ether-free polyaromatic ionomer that was
designed to minimize phenyl group interactions with Pt and Pt/Ru catalysts [123]. Adsorption
energies were investigated for two model compounds, one having rotatable phenyl groups and one
having non-rotatable phenyl groups, on Pt and Pt-Ru surfaces. This showed non-rotatable phenyl
groups had lower adsorption energies on these surfaces, and even lower affinity on Pt-Ru alloy
surfaces. Infrared reflection adsorption spectroscopy was used to experimentally confirm more
significant phenyl adsorption to Pt surfaces in the material with rotatable phenyl groups, and
cyclic voltammetry (CV) confirmed this also significantly affected the HOR activity. Improved
performance was also observed using a Pt-Ru catalyst, thus confirming that phenyl adsorption was
a major contribution to poor ionomer performance and that engineering the polymer (as well as
alloying the catalyst) to reduce its affinity for this adsorption significantly improved performance.

Additionally, a unique Pt microelectrode mini-cell study was performed to investigate
differences between two ionomers, a benzyltrimethylammonium quaternized polyphenylene and a

phenylpentamethyl guanidinium perfluorinated ionomer [124]. Effects of the ionomer backbone
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and cationic groups were decoupled by obtaining HOR and ORR voltammograms using
ionomer-coated Pt microelectodes and in solutions of liquid electrolytes containing the respective
cations. Reduced HOR activity was observed with the benzyltrimethylammonium cation due to
potential adsorption of the cationic group, but the reaction was unhindered by the guanidinium
based ionomer. Similar rotating disk electrode and density functional theory studies have shown
how low coadsorption of AEI cationic moieties on palladium and platinum-based catalysts can
enhance HOR activity [125, 126]. This can be achieved by modifying the AEI chemistry to
interact more favorably with the catalyst surface or alloying the catalyst to interact less with the
AEIL The results of this fundamental work have also been exhibited in AEMFCs utilizing Pt or
PtRu catalysts with varying ionomer chemistry [127-129].

While these studies provided evidence of the significant role of,

(i) interactions between the ionomer and catalyst;

(ii) ionomer design regarding balancing IEC and conductivity with water uptake and swelling;

and

(iii) ionomer loading, catalyst loading ratio, and electrode fabrication techniques,

the majority of published work focuses on platinum and PGM catalysts. There are currently
no studies of this kind on non-PGM catalysts, which are far more relevant to AEM-based devices,
as the enhanced kinetics in alkaline environments and ability to utilize non-precious metal

catalysts are the very motivation for developing AEMs and AEM-based devices.
1.6 Motivation for Utilizing Silver Catalysts for ORR and OER

The advent of AEMs with viable alkaline stability (ca. 2005 [130]) and further developments
in AEMs and their applications [46] spurred interest in electrocatalysis in alkaline media (see
Figure 1.10). Platinum group metals (PGMs) have had much success in acidic environments, and
for this reason ORR has been extensively studied on Pt [131-134], Pt alloys [135-138], and PGMs
such as Pd [139, 140], Ir [141], and Ru [24, 142]. In alkaline media, there are materials other than
PGMs that are stable ORR catalysts including gold and more abundant metals such as silver or

nickel [143].
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Figure 1.10 Bibliometric analysis of the publications for ORR and OER catalysis in alkaline
media. “ORR” or “OER”, along with “catalysis” and “alkaline” were used as search terms. This
citation report was generated using Web of Science.

Shifting from a strong acid to a strong base solution results in a negative shift in working
potential range [143], leading to lower overpotentials required for ORR. This also causes a change
in the local double layer at the electrode-electrolyte interface and decreases the binding energy of
spectator ions, making the catalyst surface available for reactant adsorption [144]. The combined
lower overpotential and reduced spectator ion binding energy provides the theoretical basis for
why electrochemical reactions are more facile in alkaline media [145].

The first step in ORR is the adsorption of O, (either dissociatively or nondissociatively) or an
electron transfer [146]. Under fuel cell conditions, the cathodic ORR reaction takes place at very
positive potentials, making the adsorption of neutral species like molecular O, inhibited relative
to the adsorption of intermediates such as charged superoxide radical anions (O, ). Ramaswamy
and Mukerjee investigated the fundamental reasons for better ORR kinetics on Pt in alkaline vs.
acidic media, where they probed further into changes in double layer structure and reaction
mechanisms [23, 147]. The authors found that the only thermodynamic advantage of ORR in
base is improved stability of the hydroperoxide anion intermediate on the catalyst surface.
Intermediate stability allows for the complete 4e™ transfer pathway to dominate, where the final

product is OH ™, as opposed to the incomplete 2e” transfer pathway, where peroxide intermediates
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and radicals desorb as the final product, which can ultimately degrade the ionomer and
membrane [148]. The instability of intermediates in acidic media necessitates the use of highly
catalytic surfaces such as Pt, whereas in alkaline media other non-PGM catalysts are viable.
Historically, NASA developed alkaline fuel cells and found that Au-Pt alloys showed superior
activity and durability compared to the original PGM catalyst used in the Apollo program [149].
More recent work has shown that Ag-Pt alloys are an equally active and durable alternative to
Au, available at a lower cost [150], making Ag of more interest for AEMFCs. The ORR activity of
Ag at high pH is comparable to that of Pt [151, 152] and studies of carbon-supported Ag cathodes
have shown greater stability compared to Pt cathodes [151, 153], despite carbon being more
susceptible to corrosion in base than in acid. The ORR mechanism on Ag in base is also similar to
that on Pt, where the 4e” pathway dominates [154, 155]. Unlike Pt, Ag electrodes do not display
the hysteresis effects shown in Pt electrodes due to irreversible OH and O adsorption, meaning
OH adsorption on Ag is much more reversible, which is a major contributor to undesirable
catalyst surface coverage [155]. Additionally, its current low cost compared to Pt ($0.84 gt Ag,
$35 g1 Pt) and greater abundance makes it a competitive option for an alkaline fuel cell catalyst
[156, 157]. Unfortunately, very recent projections have shown that the cost of silver may be
artificially low, as its availability is considered critically endangered [158]. The use of silver-based
catalysts [159, 160] and porous silver electrodes [161, 162] have been demonstrated in AEMFCs.
In PEMWESs, IrO2 is the benchmark PGM catalyst for OER. The cost of iridium was almost
twice that of platinum ($60 g™!) until 2020 and will always be more expensive than Pt due to its
rarity and widespread industrial use. In 2020, the COVID-19 pandemic severely disrupted the
South African supply of iridium, which accounts for 81% of global iridium mine supply. This
supply disruption, coupled with increasing demand for iridium by the electronics, electrochemical
and automotive industries, caused the price to skyrocket to nearly $230 g! [163, 164]. Currently,
the price of Ir remains at $212 g'!, severely affecting the large-scale implementation of PEMWEs.
OER in alkaline media has been studied on a breadth of more abundant catalysts, including
nickel-based catalysts [165-168], transition-metal (oxy)hydroxides [169], and other non-PGM
metals [170, 171]. There is currently no official benchmark OER catalyst for AEMWESs, though
many report utilizing Co;0,4, or compare to PEMWESs by using IrO, [34, 165, 171, 172]. Silver,

silver oxides and silver alloys have also been studied extensively for OER in alkaline media
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[173-180]. The scope of the enclosed work will focus on silver, which is a relevant non-PGM
catalyst for both AEMFC and AEMWE applications for ORR and OER respectively. For the
purpose of carrying out fundamental scientific studies, the surface of silver is also more
thoroughly understood and is more simple than other relevant non-PGM catalysts (e.g. nickel), as
shown in the Pourbaix diagram in Figure 1.11. Future work regarding other promising catalysts

will be discussed in the final chapter of this thesis.
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Figure 1.11 Pourbaix diagram of silver. Reproduced with permission from [181].

1.7 JTonomer Thin Films: Current Understanding

The thin film morphology of ionomers in the electrode is still widely unexplored, with the
majority of work focusing mainly on Nafion® thin films. In PEMFCs, it is established that
ionomers ideally exist as thin films (4-10 nm) covering catalyst particles [182]. By analogy,
although the microstructure and thickness of ionomers in AEM-based electrodes is still
speculative and likely heterogeneous at all relevant length scales, it is anticipated that they also
exist as thin films in the CL, but, to date, an AEI-based catalyst layer has not been imaged. The
importance of gaining a proper understanding of ionomer thin film morphology in the CL cannot

be understated; it is clear that the morphology affects transport of species through ionomer thin
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films, which has been shown to be crucial to optimizing the catalyst layer to improve
electrochemical device performance [115, 120, 183]. Currently, it is challenging to probe the
ionomer morphology in-situ under relevant device operating conditions, so typically it is studied
on model flat surfaces such as polished silicon wafers or metal surfaces.

Understanding the chemistry-morphology-property relationship of ionomer thin films has
already provided insight into mitigating transport resistances in the CL of PEM-based devices. In
order to probe ionomer thin film characteristics, techniques such as grazing-incidence small-angle
X-ray scattering (GISAXS) and wide-angle X-ray scattering (GIWAXS), ellipsometry,
quartz-crystal microbalance, and thin film conductivity measurements are used to examine the
thin film morphology, water uptake and ionic conductivity [183-185]. Numerous studies have
shown that ionomer thin film (1-100 nm) morphology differs greatly from their bulk (pm scale)
structure, leading to shifts in material characteristics. These changes are attributed to nano-scale
confinement and surface tension effects, along with interfacial interactions between the ionomer
and the thin film substrate [186, 187].

As stated previously, in the last 10 years researchers have mainly explored the morphology of
Nafion® and PFSA ionomer thin films. It has been shown that interfacial interactions contribute
to a thickness-dependent morphology [188, 189] which results in changes in water uptake and
proton conductivity [187, 190-194]. Substrate-dependent morphologies have also been observed
[187, 195, 196], where Nafion® thin films on SiO, display an isotropic structure, and on gold or
platinum exhibit parallel backbone alignment relative to the substrate [197]. Other studies have
shown thin films cast on substrates with hydrophilic properties (silicon and glass) absorb more
water compared to films on hydrophobic substrates (graphite, Au, and ITO) [198]. This finding
was further rationalized by the observed parallel morphology on hydrophobic substrates, which
impedes water sorption, compared to the isotropic orientation on hydrophilic substrates, which is
more favorable to water sorption [195].

Paul et al. proposed a model of the lamellar alignment of Nafion® on Si04 substrates, where
ultra-thin films result in a hydrophilic surface due to surface-aligned sulfonic groups and thicker
films beyond 55 nm result in a hydrophobic surface due to a disordered morphology further from

the interface (see Figure 1.12) [189].
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Figure 1.12 Model proposed by Paul et al. for thickness-dependent Nafion® thin film morphology
on SiO, substrates. Reproduced with permission from [189]. Copyright (C) 2013 American
Chemical Society.

Dura et al. found lamellar structures formed on SiO, substrates, but on Au and Pt they
observed only a thin partially hydrated layer [196]. Mohamed et al. also found differences in how
ionic clusters oriented on silicon, glassy carbon, or Pt substrates [199]. Kusoglu and Modestino
have also studied the thickness-dependence of water uptake on Au substrates, finding that films
thicker than 20 nm swell less than bulk films, while films thinner than 20 nm showed greater
swelling due to morphological disorder [187, 192]. Additional work also investigated the effect of
thermally annealing Nafion® thin films above their glass transition temperature to allow the
morphology to rearrange and minimize surface energy. Paul et al. observed a decrease in water
uptake and proton conductivity upon thermal annealing, though, interestingly, the phenomena
was reversible by exposing the samples to water for 24 hours [185]. Abuin et al. reported a
similar reduction in water uptake with annealing and confirmed the formation of crystalline
domains at the substrate interface restrict swelling [195, 198].

Although ultra-thin Nafion® films have a higher water uptake, they have been shown to
exhibit lower conductivity [190]. While these findings appear counterintuitive, they emphasize the
discrepancies in the proton transport mechanisms occurring in Nafion® thin films and bulk
membranes. The increase in activation energy of proton conductivity with decreasing film
thickness was attributed to polymer confinement and morphological restructuring. Water

transport has also been shown to significantly decrease in Nafion® thin films [191], where the
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diffusion coefficient of water in a 20 nm thin film was found to be 7 orders of magnitude lower
than that of the bulk membrane [200].

Nafion® ionomer films have also been studied using conductive-probe AFM (CP-AFM) and
electrostatic force microscopy (EFM) [201-203]. Kwon et al. used CP-AFM to study a Nafion®
membrane hot pressed on a carbon gas diffusion layer [204]. In this study they investigated
annealing effects and found that the surface morphology shifted from cluster-like (perpendicular
orientation) to chain-like (parallel orientation) with annealing and resulted in improved
conductivity of the thin film. Barnes et al. also recently published a study using EFM on a
Nafion® thin film adsorbed on a conductive copper surface [205]. In this study they highlighted
the advantages of using a tapping-mode technique like EFM as opposed to contact-mode
techniques like CP-AFM. In tapping-mode, a phase image can simultaneously be obtained during
electrostatic force mapping, so softer ionic domains of the film can be directly cross-referenced
with the conductive domains. This allowed them to identify non-conducting soft phases, which
were labeled “dead-end channels” and did not propagate completely through to contact the
copper surface. This technique gave significant insight into the connectivity and orientation of
conducting channels.

Research on Nafion® thin films has provided critical insight toward understanding the
PEMFC CL; however, little research has been conducted on AEI thin films. Only a limited
number of AEIs have been studied as thin films, including Tokuyama A201 [206, 207], quaternized
comb-shaped poly(2,6-dimethyl-phenylene oxide) (QA-PPO) [208], and commercial Fumasep®
Fumion FAA-3 ionomer (FAA-3) [209]. A recent study by Luo et al. considers a variety of AEIs
of different backbones and side chain chemistries, highlighting the role of ionomer chemistry in
their structure and water uptake [210]. Perfluorinated polymers showed phase separation in
GISAXS, while all hydrocarbon-based thin films were amorphous and displayed no evidence of
nanoscale phase separation, which could potentially lead to transport resistances [211-213].
FAA-3 and a benzyltrimethylammonium-functionalized PPO ionomer have also displayed
insufficient phase separation in GISAXS [209]. The importance of phase separation and
morphology has been demonstrated to be key to enhancing water and ion transport through bulk
membranes, therefore designing AEIs that display nano-phase separation as thin films in catalyst

layers in the electrode is still a remaining challenge in this field.
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1.8 Existing Knowledge Gap and Associated Research Challenges

The main gaps in this field can ultimately be distilled down to designing better AEMs and
AEIs. At the inception of this work, there were many AEMs in development that reported high
ionic conductivity and adequate chemical stability, but only a few characterized the mechanical
integrity at device-relevant temperature and humidity when they tend to swell. The issue of
mechanical integrity is especially apparent in liquid water applications such as electrolysis. The
first target of this thesis was to develop a robust AEM with high conductivity, chemical stability
in KOH, and mechanical stability in liquid water, with a facile reproducible synthesis method.

The heterogeneous microstructure and triple-phase interface between catalyst particles,
ionomer, and supporting material in the CL is still not well understood. Due to the complexity of
the CL, there are challenges associated with carrying out meaningful fundamental studies on an
operating device, so studies of idealized model interfaces between ionomers and catalyst particles
or surfaces are necessary to provide important scientific insight. Currently, there is limited work
published in this area, especially in the field of AEIs and on interactions between AEIs and
non-PGM catalysts. It is known from studies with Nafion® thin films and a few AEIs that
restructuring can occur at catalyst interfaces and alter ionomer properties compared to their bulk
characteristics, which directly affect device performance by altering ionic and water transport
networks. To rationally design AEIs for the CL, this fundamental knowledge gap should be
closed. The combined knowledge of potential interfacial interactions between the ionomer and
catalyst and their effect on the morphology and transport properties is necessary in order to draw

meaningful conclusions about the ionomer’s contribution to electrochemical performance.
1.9 Thesis Statements

There is a critical need to synergistically improve AEMs and AEIs. AEMs need to be designed
with improved mechanical integrity, while maintaining high ionic conductivity and alkaline
stability. Rational design criteria for AEIs is yet to be established, for a better understanding of
the nature of ionomer-catalyst interfacial interactions is still needed. The opportunity to utilize
tunable block copolymer-based AEIs will allow for determining how different aspects of block
copolymer architecture affect the interactions with a silver catalyst, the interaction-driven

morphological shifts, and the resulting performance in an operating device. An array of block
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copolymer-based anion exchange materials are utilized in this work, including the following
diblock and triblock copolymer precursors:
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS),
polychloromethylstyrene-b-polyethylene-b-polychloromethylstyrene (PCMS-b-PE-b-PCMS),
polyisoprene-b-polychloromethylstyrene (PIp-b-PCMS) and
polychloromethylstyrene-b-polyisoprene-b-polychloromethylstyrene (PCMS-b-PIp-b-PCMS). Using
this variety of precursors has allowed for the comparison of saturated (PE) and unsaturated
(PCOE, PIp) backbone chemistry, and crystalline (PE, PCOE) vs. amorphous (PIp) backbone
chemistry. The functionalization of the PCMS blocks with different quaternary ammonium
cations is also compared using either benzyltrimethylammonium (TMA) or
benzylmethylpiperidinium (MPRD). The stability and conductivity of TMA is questionable at
relevant operating conditions including high pH and temperatures of 60-80 °C [85, 214], but it is
still the most widely reported quaternary ammonium cation. For comparison, MPRD can offer
better stability and conductivity [58, 85, 214], and the effects of their different structures can be
compared. Specifically, the enclosed studies focus on AEM and AEI interactions, structure, and
performance with a silver catalyst. This research will provide critical insight necessary to
rationally design ionomers for AEMFCs and AEMWEs.

In this thesis, after modifying the synthesis of an AEM system to be viable in an operating
device (Chapter 2), we propose the following stepwise approach to elucidate the

structure-property-performance relationship in the electrode:

(i) identify interactions between the ionomer and catalyst of interest (Chapter 3)

(ii) study ionomer structure and morphology in the electrode by utilizing idealized model

interfaces (Chapter 4), and finally

(iii) apply these findings to the development of electrodes and integrate them into operating

devices (Chapter 5).

The learnings from this are summarized in Chapter 6, with suggestions for further
improvements in future work. The following hypotheses are tested and discussed in the following

sections of this thesis:
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Hypothesis 1: We can modify the block copolymer-based AEM
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS)
by saturating the C=C bonds in PCOE to make a polyethylene (PE)-based block copolymer.
Because PE is semicrystalline, the resulting AEM will be more thermally robust, chemically
stable, and hydrophobic, affording it better water uptake and mechanical integrity compared to
its PCOE precursor.

Hypothesis 2: Functionalities, such as C=C bonds and quaternary ammonium cationic
moieties, will interact with the surface of silver particles by varying degrees. Once these
interactions are understood, they can be exploited to restructure the interfacial morphology and
lead to favorable shifts in material characteristics.

Hypothesis 3: The morphology of neutral block copolymer precursor thin films will be
determined by the interactions at the silver-polymer interface, but in AEIs thin films, quaternary
ammonium cationic moieties will interact more strongly with each other (dipole-dipole
interactions) than with a silver surface (van der Waals interactions) and introduce more disorder.

Hypothesis 4: If functionalities such as C=C bonds in PCOE and quaternary ammonium
cationic moieties interact with silver, an AEI with a PE backbone and MPRD quaternary
ammonium cationic moieties will demonstrate better electrochemical performance compared to a
PCOE backbone and TMA quaternary ammonium cation. A PE backbone will exhibit a reduced
affinity for adsorption on silver compared to PCOE, and an MPRD quaternary ammonium
cationic moiety will exhibit less adsorption than TMA due to steric hinderance. Ultimately, this

will free active area on the catalyst surface and mitigate transport resistances.
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CHAPTER 2
A POLYETHYLENE-BASED TRIBLOCK COPOLYMER ANION EXCHANGE MEMBRANE
WITH HIGH CONDUCTIVITY AND PRACTICAL MECHANICAL PROPERTIES

This chapter is modified from a journal article published in ACS Applied Polymer Materials.!
Nora C. Buggy,? Yifeng Du,?> Mei-Chen Kuo,* Kayla A. Ahrens,” Jacob S. Wilkinson,® Soenke

Seifert,” E. Bryan Coughlin,® and Andrew M. Herring?
2.1 Motivation

The development of the triblock copolymer membrane
polychloromethylstyrene-b-polyethylene-b-polychloromethylstyrene (PCMS-b-PE-b-PCMS) was in
part motivated by the study in Chapter 3, which was carried out simultaneously. Our initial
findings from the study in Chapter 3 suggested that the C=C double bond in the polycyclooctene
(PCOE) midblock of the triblock copolymer PCMS-b-PCOE-b-PCMS was interacting with silver
nanoparticles. Upon realizing this, Hypothesis 1 was posed, and the triblock copolymer was
modified by hydrogenating the midblock in an effort to compare the effects on the interactions
with silver nanoparticles; however, the resulting triblock copolymer PCMS-b-PE-b-PCMS was
insoluble and therefore it could not be utilized in the study in Chapter 3. Upon further
characterization, the AEM was found to have high ionic conductivity and interesting mechanical
properties suitable for aqueous applications. Hence, the following study was published on the full

characterization of this material, which is now being commercialized as Tuffbrane” by Spark Ionx.
2.2 Abstract

A challenge in anion exchange membrane (AEM) development is simultaneously optimizing

alkaline chemical stability, mechanical integrity during thermal and humidity cycling, and

'Reprinted with permission of ACS Applied Polymer Materials, 2020, DOT: 10.1021/acsapm.9b01182
2Primary researcher and author

3Co-author, polymer chemist

4Co-author, polymer chemist

5Co-author, research assistant

8Co-author, research assistant

"Co-author, X-ray scattering expert and beamline scientist

8Co-author, polymer expert and co-corresponding author

9Co-author, advisor and co-corresponding author
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achieving high anionic conductivity. Here, we report on the hydrogenation of an ABA triblock
copolymer polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene
(PCMS-b-PCOE-b-PCMS) to yield a polyethylene-based triblock copolymer,
polychloromethylstyrene-b-polyethylene-b-polychloromethylstyrene (PCMS-b-PE-b-PCMS). A
polydisperse midblock was synthesized with narrowly disperse outer blocks to favor nanoscale
phase separation and promote an interconnected morphology. Varying degrees of chemical
crosslinking of the PCMS domains were achieved using different processing temperatures to tune
the water uptake and dimensional swelling. Quaternization with either trimethylamine or
methylpiperidine resulted in AEMs with improved characteristics, including excellent ClI- and OH"
conductivity (119 and 179 mS cm™ at 80 °C, respectively) and moderate water uptake (33 wt%,
A, waters per charge carrier, = 12). Unexpectedly, extensional testing indicated that the
mechanical strength of the film improved upon hydration. Wide-angle X-ray scattering revealed
that in the presence of liquid water, the PE backbone rearranges and forms larger crystalline
domains, which led to the improved stress at break. These fundamental mechanistic insights are
of critical importance in designing mechanically robust AEMs for aqueous applications such as
electrolysis and reverse electrodialysis. This work demonstrates the applicability of tunable block
copolymer systems for developing practical AEM materials for more modest pH, liquid
applications. Numerous tunable variables including chemical crosslinking and semi-crystalline
variability highlight how mechanical integrity, water management, and ionic conductivity can be

simultaneously achieved.

High conductivity

Large,

-
continuous 5 aaf O T
—) P — el “u

interconnected
ionic channels

ity) (s em’)
e
i

a

In(C

26}

28f;

Hydration

Led to
increased
crystalline

domain size

Figure 2.1 Graphical abstract.
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2.3 Introduction

Anion exchange membranes (AEMs) have attracted increasing interest for various energy
conversion applications, including fuel cells [45], electrolyzers [215], redox flow batteries [216], and
reverse electrodialysis [46, 217], in addition to water purification applications [218]. One of the
main advantages of alkaline systems is improved oxygen reduction reaction kinetics which can
allow for the use of non-noble metal catalysts [108, 219]. Unlike proton exchange membranes
(PEMs), AEM-based devices can utilize or generate more complex hydrocarbon fuels [220].
Hydrocarbon based AEMs are a potentially less expensive and more environmentally preferable
alternative to perfluorinated membranes, which have been essential to mitigate the aggressive
oxidizing conditions present in PEM fuel cells and electrolyzers [221]. AEMs can be constructed
entirely from hydrocarbons, allowing the additional functionality of block copolymers to be
accessed. For the breadth of electrochemical applications mentioned above to be implemented,
several membrane properties are required: high ionic conductivity, mechanical integrity under
humidified or wet conditions, and chemical stability under potentially severe alkaline conditions
dependent on the application. Simultaneously achieving these properties is still a major challenge
in the field of AEMs, despite significant developments in backbone chemistry and cation stability
[222].

One of the main hurdles is balancing the ion exchange capacity (IEC) against water uptake
and dimensional swelling. A higher IEC will contribute to having a higher ionic conductivity at
the cost of increasing the hydration and swelling of the material, which can ultimately lead to
mechanical failure. Many of the leading AEMs with high hydroxide ion conductivity (96—140 mS
cm™ at 80 °C in liquid water) suffer from excessive water uptake > 100% [74, 223-225]. This can
be especially detrimental in liquid applications.

Ongoing research has focused on identifying alkali stable polymer backbones and cation
groups [226-228], since hydroxide ions can attack ionic groups along with the polymer backbone
itself through multiple degradations pathways [46, 229]. Numerous cation chemistries have been
explored, namely quaternary ammonium groups, of which trimethylammonium has been the most
widely investigated. However, trimethylammonium functionalized polymers have been shown to

have poor stability at high pH, and have low or no ionic conductivity at elevated temperatures
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[214]. Marino and Kreuer studied 26 different quaternary ammonium groups at high temperature
and pH and found that quaternized aliphatic-heterocycles with 5- and 6-membered rings were
much more stable than the traditional trimethylammonium ions, as they were less susceptible to
both nucleophilic attack and substitution [85]. Mohanty et al. came to a similar conclusion,
where they found benzyl-substituted cations degraded much faster than alkyl-tethered cations
[220]. Liu et al. recently reported their AEM had the highest ionic conductivity with
benzylmethylpiperidinium when compared to benzylmethylpyrrolidinium and
benzyltrimethylammonium groups [58]. Yao et al. also recently compared different
hetero-cycloaliphatic quaternary ammonium groups, finding that benzylmethylpiperidinium had
the highest hydroxide conductivity and alkaline stability when compared to trimethylammonium
cations [214].

Equally important is the chemistry of the polymer backbone, where it is desirable to have a
hydrophobic backbone to diminish water uptake and membrane swelling and minimize, or
eliminate, the presence of polar groups that can act as sites of attack by nucleophilic hydroxide
anions [230]. For these reasons, polyethylene (PE) is a great candidate for an AEM polymer
backbone as it is stable under alkaline conditions, is hydrophobic, does not swell in aqueous
solutions, is semi-crystalline, and has excellent mechanical properties [70, 231]. Kostalik et al.
synthesized a crosslinked PE-based AEM with high hydroxide conductivity (140 mS cm™ at 80
°C), but it suffered from excessive swelling (225% at room temperature) due to having a high IEC
(2.3 mmol g'!) [71]. Wang et al. showed that low-density PE could be fabricated into an AEM
with good properties and that switching from low-density to high-density PE produced materials
with enhanced performance [232]. A common approach to synthesizing PE-based AEMs is via
radiation grafting [233-235]. Sherazi et al. utilized radiation grafting of a vinylbenzyl chloride
monomer onto a commercially available PE and obtained an OH- conductivity of 47.5 mS cm™! at
90 °C with low water uptake (25%) [235]. More recently, Gupta et al. synthesized a soluble
ionomer using low-density PE and vinyl benzyl chloride as the grafting monomer, which resulted
in an IEC of 1.91 mmol g'! and OH" conductivity of 180 mS cm™ at 100% RH and 70 °C [233].

Block copolymers have been extensively investigated for use as backbones for AEMs because
their structure induces a phase separated morphology, and well-interconnected hydrophilic

domains have been shown to enhance water and ion transport through the membrane [60, 236]. Li

30



et al. previously published on a polyethylene-like block copolymer AEM, where anionic
polymerization was used to synthesize polybutadiene-b-poly(4-methylstyrene) diblock copolymers,
and subsequent hydrogenation of the polybutadiene lead to a polyethylene-like block [50]. The
optimized membrane had an IEC of 1.92 mmol g! and OH" conductivity of 73 mS cm™ at 60 °C
in water, with a low water uptake of 37%. Sarode et al. have also reported on a diblock polymer
of polyethylene and poly(vinylbenzyl trimethylammonium) with an IEC of 1.08 mmol g!, fluoride
ion conductivity of 34 mS em™ at 90 °C and 95% RH, and low water uptake (~22%) [237].

We have developed an ABA triblock copolymer of
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS)
with a scalable and efficient synthesis that was optimized for high ionic conductivity [58, 238|.
Based on this previous work, conductivity was shown to increase with increasing lamellar
d-spacing [238]. Here we take a PCMS-b-PCOE-b-PCMS triblock precursor and modify it by
hydrogenating the polycyclooctene (PCOE) midblock to PE. The ratio of PCMS:PCOE was kept
similar to the previous work to ensure good mechanical integrity [58, 238]. Based on the work of
Mahanthappa et al., a polydisperse midblock and narrow dispersity outer blocks were synthesized
to provide a larger window for nanoscale phase separation [239, 240]. The PE-based triblock
copolymer was processed by hot-pressing the polymer in a slurry of p-xylene into a film.
Hot-pressing was performed at two different temperatures, and the elevated temperature lightly
crosslinked the PCMS blocks through scission of benzyl chlorides. The films were subsequently
quaternized with either trimethylamine to yield benzyltrimethylammonium (TMA) or
methylpiperidine to yield benzylmethylpiperidinium (MPRD) cations. The incorporation of PE in
the midblock produced anion exchange membranes with enhanced hydroxide and chloride
conductivity, in addition to excellent water uptake and interesting mechanical properties. Despite
vast improvements, alkaline stability was less than desirable, and the mechanism of degradation
was determined to aid in future membrane designs. Overall, the new mechanistic insights
combined with the remaining properties of this material make it an excellent candidate for more

moderate pH applications such as electrolysis or electrodialysis.
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2.4 Experimental Methods
2.4.1 Materials

The following reagents were purchased from various vendors and used as received.
N-methylpiperidine (C¢H;3N, 99%), trimethylamine solution (C¢H3N, 25 wt% in water),
dichloromethane (DCM, CH3Cly, > 99%), chloroform (CHCls, > 99%), methanol, (CH3OH, ACS
grade), p-toluenesulfonyl hydrazide (TSH, C7H19N202S, 97%), p-xylene (C¢H4(CHgs)a, 99%). The
base triblock copolymer PCMS141-b-PCOEg4s-0-PCMS141 was synthesized as published

previously [58].
2.4.2 Hydrogenation with p-Toluenesulfonyl hydrazide (TSH)

PCMS161-0-PCOEg48-0-PCMS161 (3.4 g, 0.0183 mol repeat units) was dissolved in p-xylene
(450 mL) in a 500 mL, two-necked, round-bottomed flask at RT. The flask was immersed in an oil
bath and the polymer solution was stirred and heated at 125 °C for 10 min. TSH (27 g, 0.146
mol, eight-fold excess) was added slowly over 20 min to the polymer solution. The reaction
mixture was then stirred at 125 °C for an additional 2.5 h. The hot solution was added slowly
over 20 min to excess methanol (~2,200 mL) and the hydrogenated polymer
PCMS-b-PE-b-PCMS precipitated as a white powder, which was separated by filtration. The
polymer powder was suspended in boiling DI water (~1,000 mL) to remove the excess hydrazide.
The recovered polymer powder was collected on a fritted disc (medium), washed with methanol,

and dried under vacuum at 35 °C overnight. Yield: 3.36 g (98.82%).
2.4.3 Membrane Fabrication and Quaternization

The hydrogenated polymer powder PCMS-b-PE-b-PCMS was suspended in a minimum
amount of p-xylene (1 mL p-xylene for every 100 mg of polymer) and spread on a Teflon® sheet
before being hot pressed for 5 min at 95 psi and either 130 °C or 180 °C to form films, 100 — 130
or 50 — 70 nm thick, respectively. The films were quaternized in the solid state by immersion in
either trimethylamine (25 wt% in water) or N-methylpiperidine (33% in methanol) solution at 50
°C for 3 days, washed in DI water until they reached a pH of 6, and then soaked in DI water at 80
°C for 24 h. Quaternization was experimentally determined to be sufficient after soaking for 3

days in solution by using a Mohr titration, where no change in IEC was noted beyond 3 days.
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Films were then hot pressed again at 90 °C to produce membranes of consistent thickness.
2.4.4 NMR Characterization

The 'H NMR spectroscopy was performed in 5 mm diameter tubes in deuterated chloroform
(CDCl3) at 25 °C on a Bruker 500 spectrometer at 500 MHz. The 3C solid-state NMR
spectroscopy was performed on a Bruker Avance II1 600 MHz NMR spectrometer equipped with 4
mm HX, 4 mm E-free, 1.9 mm PISEMA, and diffusion probes. For the degradation studies, the
AEM was soaked in 9 M KOH at RT for 1 week. The membrane was removed and the KOH
solution containing degraded products was partitioned against CDCls. The solution was then

dried with MgSO, and filtered.
2.4.5 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was performed in THF at a flow rate of 1.0 mL min™!
at 40 °C, using a refractive index detector on a Polymer Laboratories PL-GPC 50 Integrated

GPC system.
2.4.6 Fourier-Transform Infrared Spectroscopy (FTIR)

A Thermo Fisher Scientific Nicolet iN10 infrared microscope with a germanium attenuated
total reflectance (ATR) tip was used to collect IR spectra in the range of 4000 — 650 cm™.
Highest resolution settings were used during all scans. For the degradation study, the membrane
was soaked in 9 M KOH for 1 week at RT, then rinsed thoroughly in DI water and soaked in 1 M
NaCl for 24 h to exchange it back to the Cl form before post-degradation FTIR measurements for

a proper comparison to the initial membrane.
2.4.7 Elemental Analysis

Elemental analysis was performed at Huffman Hazen Laboratories in Golden, CO. Samples
were dried under vacuum at ambient temperature overnight prior to analysis, and results are
reported on a dried samples basis. Chlorine was determined by oxygen flask combustion followed

by potentiometric titration.
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2.4.8 Thermal Characterization

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q 500. A 2
mg polymer sample was placed on a platinum pan and a ramp rate of 10 °C min™! up to 800 °C

! was used. Differential scanning calorimetry (DSC) was

with an air flow rate of 20 mL min-
performed using a TA instruments Q20 DSC. 5 — 10 mg of polymer was loaded in Tzero
aluminum pans and the change in heat flow was measured over a temperature range of 0 — 160 °C
with a heating and cooling rate of 10 °C min™'. Each sample was cycled over the temperature

range four times. The degree of crystallinity was calculated from the enthalpy of melting (AH,,)

using 290 J g as the heat of fusion for a pure orthorhombic polyethylene crystallite [241].
2.4.9 TIon Exchange Capacity (IEC)

The Mohr titration method was used to determine the ion exchange capacity (IEC) of each
anion exchange membrane in the chloride form. This method determines the concentration of Cl-
in solution by titrating with silver nitrate (AgNOs3) and using a potassium chromate (KoCrOy)
indicator. The formation of the brownish-red precipitate, AgaCrQOy(), indicates the end-point has
been reached when all Cl™ has precipitated from the solution. Experiments were performed in
triplicate, and three replicate data points were collected for each sample. 50 — 70 mg of each
membrane (chloride form) were dried overnight in a vacuum oven at RT and weighed. The
samples were then soaked in 30 mL of 1 M NaNOg for 24 h to allow the CI" to fully exchange into
solution. 0.5 mL of indicator was added to 5 mL of this solution and was then titrated with
AgNOg until a color change (yellow to light brown) was observed. The volume of AgNO3 was then

recorded and used to calculate the concentration of Cl™ in solution to obtain the IEC of the AEM.
2.4.10 IEC Alkaline Stability

Samples in the chloride form were tested in either 9 M KOH at RT or 1 M KOH at 80 °C.
KOH solutions were made in a glove bag purged with UHP nitrogen, and samples were either
placed in 9 M KOH for 7 days or in 1 M KOH at 80 °C for 1 — 3 days. The samples were then
washed and placed in 1 M NaCl for 24 h so the OH™ ions fully exchanged into solution. A

titration was then performed using HCI and methyl orange indicator to determine the loss in IEC.
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2.4.11 Water Uptake Measurements

A Surface Measurement Systems DVS-Advantage instrument was used to investigate the
vapor water uptake of the membranes. A dynamic vapor sorption (DVS) study was performed
and gravimetric measurements of water vapor uptake, and loss, by the membrane were examined.
Membrane samples were vacuum dried for 24 h at RT before placing in the DVS instrument.
Samples were further dried for 120 min at 60 °C in the DVS instrument to obtain the initial dry
mass. Following this, humidity was increased gradually in five steps to reach a maximum of 95%
RH. At each step, the membrane was allowed to equilibrate at a particular RH for at least 120
min. The average number of water molecules absorbed to each cation/anion pair, or A, was
calculated using Equation 2.1,

wuU

A=
IEC « MWp,0

(2.1)

where WU and MWp,o are the water uptake in wt% and the molar mass of water, respectively.
For liquid water uptake measurements, samples were dried overnight under vacuum at RT, and
initial measurements of mass, width and thickness were collected in the dry state. Samples were
then soaked in DI water at RT for 24 h, and the wet measurements were collected and used to

calculate the in-plane and through-plane swelling, water uptake, and A.
2.4.12 X-ray Scattering

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) were performed
at the Basic Energy Sciences Synchrotron Radiation Center (BESSRC) at the Advanced Photon
Source at Argonne National Lab on beamline 12 ID-B. SAXS and WAXS were performed
simultaneously using a Pilatus 2M detector to collect small angle scattering data and a Pilatus
300k detector to collect wide angle scattering data. Experiments were performed with an exposure
time of 0.5 s. The X-ray beam had a wavelength of 1 A and energy of 13.3 keV. The intensity (I)
is a radial integration of the 2D scattering pattern with respect to the scattering vector (q).
Temperature and humidity were controlled within a custom sample oven as described previously
[242]. Each experiment studied three samples and one blank window to obtain a background
spectrum, and three shots were averaged for each sample prior to background subtraction.

Sample holders were initially inserted into the oven at ambient conditions for initial scattering
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data. The samples were then heated to 60 °C with dry nitrogen and allowed to equilibrate for 40
min before the scattering experiments. Relative humidity (RH) was then ramped to 95% while
the temperature was maintained at 60 °C. Once the desired conditions were reached the samples
were equilibrated for 60 min. Wet samples were soaked for 5 days in DI water prior to testing and
loaded at ambient conditions. Data analysis was performed in Igor using the Irena modeling suite

[243]. Crystal size from WAXS spectra was determined using the Scherrer equation.
2.4.13 Transmission Electron Microscopy (TEM)

The TEM specimens were prepared using a Leica CryoUltramicrotome. The microtome
chamber was cooled down to -150 °C by liquid nitrogen, where the bulk sample was microtomed
with a diamond knife at a thickness of ~40 nm. The cut sections were then transferred to 400
mesh copper support grids. Samples were stained by OsO4 vapor for 30 min or RuO4 vapor for 15
min at RT. TEM characterization was performed on a JEOL 2000FX TEM at an accelerating

voltage of 200 kV.
2.4.14 Mechanical Properties

Mechanical testing was performed using a Sentmanat Extensional Rheometer (SER, Xpansion
Instruments) attachment on an ARES G2 Rheometer (TA Instruments). Membrane samples (~3
mm wide) were clamped to the two counter-rotating drums on the fixture and tension was applied
until the membrane broke. The Hencky strain rate used was based on the final elongation of each
film: 0.0033 s! for elongations less than 20% and 0.0167 s for elongations between 20 and 100%.
The Hencky strain rates were calculated based on ASTEM D882-12 tensile testing of thin plastic
sheeting. Measurements were performed at either ambient conditions, or after the sample had

been soaked in DI water.
2.4.15 Chloride and Hydroxide Ion Conductivity

The in-plane ClI" and OH™ ion conductivity were measured using potentiostatic electrochemical
impedance spectroscopy (PEIS) with a BioLogic Scientific Instruments VMP3 Potentiostat. CI°
conductivity measurements were performed in a TestEquity environmental chamber (model
1007H) to control temperature and RH. Experiments were performed at a constant 95% RH while

varying temperature from 40 — 80 °C. A detailed procedure has been published [244].
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For OH" conductivity, a custom built Bekktech conductivity cell was used in conjunction with
a modified fuel cell test stand to flow humidified UHP nitrogen at a controlled temperature. A
procedure detailing the measurements and methods of exchanging membranes from the Cl- form
to the OH" form has been published [244, 245]. The in-plane conductivity of the membranes was
calculated using Equation 2.2,

d
o= ——— 2.2
txwx*x R (22)
Where d is the distance between two platinum electrodes, t is the thickness of the sample, w is
the width of the sample, and R is the membrane resistance, obtained by fitting a Randles circuit

model to the Nyquist impedance plot.

2.5 Results and Discussion

2.5.1 Polymer Synthesis and Characterization

In this work, a polycyclooctene-based triblock copolymer PCMS-b-PCOE-b-PCMS was
initially synthesized and post-hydrogenated to yield an insoluble polyethylene-based triblock
copolymer, PCMS-b-PE-b-PCMS. Larger PCMS blocks were synthesized based on that work to
achieve high ionic conductivity. This starting PCMS:PCOE block ratio is also known to maintain
adequate mechanical integrity. This strategy allowed for the synthesis of a polydisperse midblock
and narrowly disperse outer blocks to achieve good phase separation.

A detailed synthesis route for PCMS-b-PCOE-b-PCMS has been published previously [58].
Briefly, a novel dual chain transfer agent (R2-CTA) was utilized to mediate the chain-transfer
ring-opening metathesis polymerization (ROMP) of COE as well as the reversible
addition-fragmentation chain transfer radial polymerization (RAFT) of CMS. The structures of
R2-CTA, telechelic PCOE and triblock PCMS-b-PCOE-b-PCMS were confirmed by 'H NMR,
shown in Figure 2.2. Successful synthesis of R2-CTA was confirmed by the integrations of
characteristic peaks a-f. According to the mechanism of the ROMP [246], the end-groups of
PCOE come from two sources, the Grubbs 2°¢ generation catalyst/initiator (G2) and R2-CTA.
As the feeding ratio of R2-CTA versus G2 is 50, the majority of the end-groups are from R2-CTA.
Theoretical capping efficiency was calculated to be over 95%. Peaks from PCOE backbones and

end-group peaks d-f were used to calculate the degree of polymerization (DP) of PCOE, which is
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~648. After chain extension with CMS by RAFT polymerization, peaks from benzene rings and
benzylic positions on PCMS appear. The DP of PCMS was then calculated to be ~322 (or ~161

on each side of the PCOE midblock).
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Figure 2.2 '"H NMR of R2-CTA (bottom black line), telechelic PCOE with a close-up of the
end-group region (middle red line) and triblock PCMS-b-PCOE-b-PCMS (top blue line).
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Figure 2.3 GPC traces of PCOE precursor (black line) and AEM-MP, triblock copolymer
PCMS-b-PCOE-b-PCMS (red line).

The molecular weight and dispersities (D) of telechelic PCOE and triblock
PCMS-b-PCOE-b-PCMS after chain extension were determined by GPC, as shown in Figure 2.3.

The resulting M, of PCOE was 89,000 g mol ! and § = 1.67, obtained using a polystyrene
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standard. After chain extension by RAFT, the peak shifted to the higher-molecular weight
region, indicating the formation of block copolymers, instead of polymer mixtures. The M, of the
triblock PCMS-b-PCOE-b-PCMS was ~121,500 g mol™! with D of 1.68, using the same standards.
The high capping efficiency of R2-CTA on PCOE by metathesis ensures that all PCOE chains
serve as functional macro-CTAs and can undergo chain extension by RAFT on both ends, which
led to the unimodal distribution of the triblock copolymer. Serious broadening effects were not
observed after chain extension, indicating the living character provided by two CTA ends on the

telechelic PCOE.
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Figure 2.4 Solid-state '*C NMR. and peak assignments of PCMS-b-PE-b-PCMS.

The hydrogenation of PCMS-b-PCOE-b-PCMS was performed using diimide derived from the
thermal decomposition of p-toluenesulfonyl hydrazide (TSH). This produced a new triblock
copolymer, PCMS-b-PE-b-PCMS, with a linear polyethylene midblock with the same molecular
weight distribution. Confirmation of the hydrogenation reaction was performed with both
solid-state '3C NMR and IR spectroscopy, shown in Figure 2.4 and Figure 2.5, respectively. The
peaks from both the crystalline and amorphous phases of the PE backbone appear at 30 ppm in
Figure 2.4. No residual peaks from PCOE were observed.

The IR spectrum in Figure 2.5A shows adsorption peaks for the olefinic functionalities in

PCOE from v(=C-H) at 3050 cm™, v(C=C) at 1660 cm™, and §(=C-H) at 970 cm™. In
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Figure 2.5B these are absent or considerably decrease in intensity, substantiating the success of
the hydrogenation reaction. The PE triblock copolymer films were quaternized in the solid state
with either TMA or MPRD quaternary ammonium cations by submerging films in either TMA
(25 wt% in water) or MPRD (33 vol% in methanol) solution at 50 °C for 3 days. Figure 2.5C and
D show the IR spectrum for the quaternized AEMs. New adsorption bands are observed near
3400 and 1650 cm™ from v(O-H) and 6(O-H) of water, respectively, corresponding with the
ambient water uptake of the cationic moieties. Additionally, the broad peak at 827 cm™ from
v(C-Cl) in benzyl chloride is replaced with three new peaks near 890, 860, and 830 cm™!
associated with v(C-N) from TMA (see dotted line on Figure 2.5 for clarity) [45]. Peaks that
appear in the same region in Figure 2.5D are also attributed to v(C-N) in MPRD. New peaks are

also noted in the v(C-N) range from 1300 — 1100 cm™! from the addition of cationic moieties.
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Figure 2.5 FTIR spectra of the starting PCMS-b-PCOE-b-PCMS (A), the hydrogenated
PCMS-b-PE-b-PCMS (B), PCMS-b-PE-b-PCMS quaternized with TMA (C) and MPRD (D).
Spectra from 1800 to 650 cm™ is shown at a larger scale for clarity. Dotted line indicates the
v(C-Cl) from benzyl chloride groups at 827 cm™.

2.5.2 Membrane Fabrication and Thermal Characterization

The PE-based triblock was insoluble in organic solvents, therefore films were fabricated by

hot-pressing a suspension of the polymer powder in minimum p-xylene (1 mL p-xylene for every
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100 mg of polymer). The hot-pressing temperatures were selected based on thermal gravimetrical
analysis (TGA) and differential scanning calorimetry (DSC) of the hydrogenated triblock
polymer. Results from TGA (Figure 5.16) indicate three major weight-loss steps at ~260 °C, 445
°C and 560 °C. Weight loss occurring before 140 °C is mainly due to the evaporation of residual
p-xylene. The first broad mass loss at 260 °C is attributed to the decomposition of the benzyl
chloride groups [75], and the second degradation at 445 °C is due to polyethylene degradation via
random scission of the main chain [247, 248]. Mass loss beyond 500 °C is attributed to further

decomposition and oxidation of the remaining polymer backbone.
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Figure 2.6 (a) TGA of PCMS-b-PE-b-PCMS, unquaternized. (Solid line is weight %, dotted line is

derivative weight). (b) DSC traces of PCMS-b-PCOE-b-PCMS (dotted) and PCMS-b-PE-b-PCMS

(solid) powder. Heating and cooling rates of 10 °C min™!.

There is also a 1 wt% mass loss observed in TGA between 140 °C and 260 °C. We propose
that this is attributed to chloride leaving from the benzyl chloride groups [49, 244], suggesting
that by hot-pressing the triblock copolymer in this temperature range a small amount of
crosslinking can be introduced within the PCMS block via chloride scission and subsequent
bonding of benzyl groups. To test this hypothesis, two hot-pressing temperatures were selected,
one at the melting point of 130 °C, and one above at 180 °C. Elemental analysis was performed on
the triblock copolymer hot-pressed at 130 °C and at 180 °C before quaternization to determine if
there were any chemical differences (see Table 2.1). A small loss (~1 wt%) of Cl was observed in

the triblock hot-pressed at 180 °C, which may substantiate this claim. Evidence given below
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further suggests a small amount of crosslinking has occurred.

DSC measurements shown in Figure 5.16 highlight the melting of the PE midblock at ~130 °C
and indicate complete hydrogenation of the material as there is no residual melting point from
the original PCOE midblock (occurs at ~55 °C, dashed line Figure 5.16). The crystallization
exotherm is suppressed for the PCOE-based triblock likely due to the slow cooling rate and slow

crystallizing nature of the material [249].

Table 2.1 Elemental analysis of PCMS-b-PE-b-PCMS triblock backbone hot pressed at 130 °C and
180 °C, HyAEM-TM-130 and HyAEM-MP-130. Calculated values shown in parenthesis. For
quaternized membranes, calculated values are based on theoretical IEC obtained from NMR.

PE Triblock-130 PE Triblock-180 HyAEM-TM-130 HyAEM-MP-130

Carbon % (w/w) 77.40 (79.53) 77.30 (79.53) 72.80 (77.37) 74.91 (72.93)
Hydrogen % (w/w)  9.31 (10.95) 9.99 (10.95) 11.34 (10.49) 11.27 (9.81)
Nitrogen % (w/w)  0.12 (0.02) 0.52 (0.02) 2.39 (3.40) 2.33 (4.86)
Chlorine % (w/w)  7.50 (9.32) 6.80 (9.32) 4.20 (8.56) 4.80 (12.24)
Carbon (mol C/g)  6.44 (6.62) 6.44 (6.62) 6.06 (6.44) 6.24 (6.07)
Hydrogen (mol H/g) 9.24 (10.86) 9.91 (10.86) 11.25 (10.41) 11.18 (9.74)
Nitrogen (mol N/g)  0.01 (0.0016) 0.04 (0.0016) 0.17 (0.24) 0.17 (0.35)
Chlorine (mol Cl/g)  0.21 (0.26) 0.19 (0.26) 0.12 (0.24) 0.14 (0.35)
CN NC
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Figure 2.7 Chemical structures of triblock copolymers PCMS-b-PE-b-PCMS, shown quaternized
with either MPRD or TMA.
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Hot-pressed thin films of PCMS-b-PE-b-PCMS were submerged in either a solution of TMA
(25 wt% in water) or MPRD (33 vol% in methanol) at 50 °C for 3 days to yield either TMA or
MPRD based quaternary ammonium cations. A schematic showing the final triblock copolymer
anion exchange membrane is shown in Figure 2.7. The unsaturated PCOE-based triblock
copolymer was also quaternized with MPRD and the PCOE midblock was crosslinked with
1,10-decanedithiol (DT) according to the procedure published previously [58] to highlight the
improvements in material characteristics after hydrogenation. The sample names and descriptions

are summarized in Table 2.2.

Table 2.2 Descriptions and ITon Exchange Capacities of All Anion Exchange Membranes Studied

Sample Midblock Cation Method IECnMR IECiitr
(mmol g!)  (mmol gt)
AEM-MP PCOE, no XLL*  MPRD Solution cast 2.1 1.45 + 0.05
AEM-MP-DT PCOE, DT XL* MPRD Solution cast 2.1 1.44 + 0.02
HyAEM-TM-130 PE TMA Hot-pressed 130 °C 2.3 1.33 £ 0.15
HyAEM-MP-130 PE MPRD Hot-pressed 130 °C 2.1 1.68 + 0.07
HyAEM-TM-180 PE TMA Hot-pressed 180 °C 2.3 1.83 + 0.08
HyAEM-MP-180 PE MPRD Hot-pressed 180 °C 2.1 1.66 + 0.07

“PCOE-based AEM reported previously, uncrosslinked [58].
YUV crosslinked with 1,10-decanedithiol

Thermal analysis by TGA and DSC was also performed on the quaternized membranes (see
Figure 2.8 and Figure 2.9). The onset of degradation for each quaternized triblock was ~170 °C
and ~190 °C for TMA and MPRD, respectively. A maximum temperature of 160 °C was used for
the DSC measurements to avoid degradation of the cationic moieties. The thermal characteristics
of all quaternized membranes are summarized in Table 2.3. Similar melting and crystallization
temperatures for the PE midblock were observed around 130 °C and 112 °C, respectively, for all
AEMs. The degree of crystallinity was calculated from the enthalpy of melting and compared to a

literature value for a pure PE crystal [241].
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Figure 2.8 TGA of PCMS-b-PE-b-PCMS quaternized with TMA (left) and MPRD (right). Onset
of degradation of each cation group was 170 °C and 190 °C, respectively. (Solid line = weight %,
dotted line = derivative weight).
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Figure 2.9 DSC of all HyAEMs. Red lines represent heating cycles and blue lines represent
cooling cycles, both at 10 °C/min. Dotted lines represent second heating/cooling cycle, often the
second cooling cycle nearly overlaps the first cooling cycle.
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Table 2.3 Thermal Characterization from DSC

Sample Cycle T (°C) Te (°C) AH, (Jg') AH: (J1) Crystallinity (%)
1 131 113 96 60 33
HyAEM-TM-130
2-4 130 113 72 60 24
1 130 111 80 63 27
Hy AEM-MP-130
2-4 130 111 63 63 22
1 130 112 7 59 26
HyAEM-TM-180
2-4 129 112 55 59 19
1 130 113 79 58 27
HyAEM-MP-180
2-4 128 113 66 58 22

The thermal history of the material appears to affect the degree of crystallinity, where a lower
crystallinity was observed across all samples after the first thermal cycle from 0 to 160 °C. The
AEMs quaternized with TMA showed slight differences in crystallinity depending on their
hot-pressing temperature, where HyAEM-TM-130 had an initial crystallinity of 33% that
decreased to 24% after thermal cycling, and HyAEM-TM-180 had an initial crystallinity of 26%
and decreased to 19% after thermal cycling (Figure 2.9). No differences in crystallinity are
observed between hot-pressing temperatures in the HyAEMs quaternized with MPRD.

The theoretical ion exchange capacities (IECs) of the quaternized AEMs are compared with
their titrated values in Table 2.2. The theoretical IECs were calculated from "H NMR spectra of
the precursor PCMS-b-PCOE-b-PCMS and the experimental IEC was determined via a Mohr
titration. The comparison highlights a discrepancy in these values. This has been previously
reported for AEMs with an IEC > 2.0 mmol g'! [250, 251], and the authors speculate the titrated

values are lower as a result of diffusion limitations during anion exchange.
2.5.3 Water Uptake

The vapor water uptake and hydration number, \ (waters per charge carrier), for the PCOE
and PE-based AEMs are shown in Figure 2.10, tabulated values can be found in Table 2.4, and
dynamic vapor sorption (DVS) traces of mass uptake and RH cycles can be found in Figure 2.11.

Generally, the water uptake is less than 35% for all AEMs at 95% RH. When comparing the
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cross-linked PCOE-based AEM to the PE-based AEMs, water uptake and A\ appear to decrease
with hydrogenation of the midblock, even more effectively than crosslinking PCOE with DT

(AEM-MP-DT) to prevent excessive swelling [47].
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Figure 2.10 Water vapor uptake and A at 60 °C from 20 — 95% RH.

Table 2.4 Water Uptake and A from DVS

AEM-MP-DT HyAEM-TM-130 HyAEM-TM-180 HyAEM-MP-130 HyAEM-MP-180

RH (%) Water Uptake (%)
20 2.57 + 0.09 3.91 £+ 0.29 4.45 + 0.24 3.71 + 0.13 3.8 £ 0.18
40 7.08 4+ 0.09 7.29 + 0.34 8.44 + 0.23 6.69 + 0.16 7.59 + 0.2
60 12.89 £+ 0.16 11.73 + 0.42 13.03 + 0.28 10.6 £ 0.17 12.44 + 0.16
80 21.6 = 0.15 20.32 £+ 0.55 20.64 + 0.43 17.41 +£ 0.35 20.32 4+ 0.12
95 34.3 £ 0.33 33.06 + 0.96 33.16 &+ 0.61 29.19 4+ 0.49 32.58 + 0.13
RH (%) A, Waters per Charge Carrier
20 1.05 £+ 0.04 1.73 £ 0.13 1.43 + 0.08 1.3 £ 0.05 1.35 £ 0.06
40 2.89 + 0.04 3.22 + 0.15 2.71 + 0.07 2.34 + 0.05 2.69 + 0.07
60 5.26 + 0.06 5.19 + 0.19 4.19 £ 0.09 3.71 + 0.06 4.41 + 0.06
80 8.82 £ 0.06 8.99 + 0.24 6.63 + 0.14 6.1 £0.12 7.2 + 0.04
95 14.01 + 0.14 14.62 + 0.43 10.66 + 0.2 10.22 + 0.17 11.54 + 0.05

The liquid water uptake and swelling properties at room temperature are summarized in

Table 2.5. The water uptake and X increased in all materials when submerged in liquid water
when compared to the water vapor uptake. Results for HyAEM-MP-180 compared to
HyAEM-TM-180 agree with reports that MPRD cations have higher hydration numbers than

TMA cations [57]. Additionally, a more significant trend manifests itself, where HyAEMs show
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largely reduced water uptakes and A when processed at 180 °C compared to 130 °C. Both
through-plane and in-plane dimensional swelling were significantly reduced as well. These
observations are indicative of cross-linking the PCMS domains and were investigated further by

probing the morphology and crystallinity of the HyAEMs.
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Figure 2.11 DVS traces of all PCMS-b-PE-b-PCMS samples, where red traces refer to water
uptake and blue traces to the relative humidity. (a) HyAEM-TM-130, (b) HyAEM-TM-180, (c)
HyAEM-MP-130, (d) HyAEM-MP-180.

Table 2.5 Liquid Water Uptake, A, and Dimensional Swelling

Sample Water uptake A In-plane Through-plane
(%) swelling (%) swelling (%)
HyAEM-TM-130 185.6 + 14.6 82.0 £ 6.5 29.0 £ 1.0 56.2 £ 6.9
HyAEM-MP-130 1452 + 1.9 50.0 £ 0.7 176 £ 0.8 31.6 + 3.5
HyAEM-TM-180 63.7 £ 0.2 21 £0.1 10.0 £ 0.9 13.6 £ 1.6
HyAEM-MP-180 94.2 + 3.2 33.0 £+ 1.1 16.5 £ 0.7 6.6 £ 2.0
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2.5.4 Morphology
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Figure 2.12 SAXS profiles for all HyAEMs in the dry state at ambient conditions (green squares),
at 60 °C (red circles), at 60 °C and 95% RH (blue triangles), and after soaking in liquid water
(purple x’s). Shown stacked for clarity.

The morphology of each membrane was investigated by small-angle X-ray scattering (SAXS)
in the dry state at ambient temperature and at 60 °C, at 95% RH and 60 °C, and after soaking in
DI water for 5 days (Figure 2.12). All scattering profiles display an initial Guinier region followed
by one or two scattering peaks, indicative of phase separation. Contrast arises from both the
crystalline and amorphous density differences between the cation-containing blocks and PE, and
from chloride ions in the hydrophilic phase [252]. The Unified Fit model was used to analyze the
data and determine the radius of gyration (R,), Porod slope (P), and Bragg spacing (d) of the

diffraction peaks [243]. The results are summarized in Table 2.7 for dry and soaked samples [242].
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The plotted fits, standardized residuals, and all parameters can be viewed in Figure 2.15 and
Figure 2.16.

In most cases R, and d increase upon hydration in each sample, likely due to the effect of
water plasticization and swelling of the hydrophilic domains. Surprisingly, despite having lower
liquid water uptakes and dimensional swelling, the HyAEMs hot-pressed at 180 °C have larger R,
than their counterparts hot-pressed at 130 °C. Porod slopes correspond to different particle
symmetries, where P = 1, 2, 3, and 4 are signature of randomly distributed rods, lamellae,
cylinders, and spheres respectively [253]. From Table 2.7, it is evident P decreases upon
hydration, indicating the shape of the hydrophilic domains changes when going from a dry or
humidified state to a saturated wet state. For dry samples, P ranges from about 2.5 — 3.5, and
decreases to about 1.5 — 2.5 when saturated with water, indicating the hydrophilic domains
experience a shift from cylinders toward randomly distributed lamellae as they swell [252]. Both
cylindrical and lamellar morphologies are ideal for anion conducting membranes because they
form an interconnected pathway for ion transport. Two additional peaks are observed at high ¢,
one near ¢ = 0.3 A"! and one near ¢ = 0.67 A"! marked by the dotted in Figure 2.13. The
d-spacing for the first feature is approximately 2-3 nm and appears to broaden and then
disappear once the samples are saturated in liquid water. The second peak at high ¢ experiences
a slight shift to higher ¢ after full hydration, from approximately 8.9 to 9.7 A"'. The intensity of
the feature also increases after saturation, indicating a greater content of water. The intensity of
this peak is also lower in the HyAEMs hot-pressed at 180 °C compared to those at 130 °C, in
agreement with their depressed water uptakes. Both of these high q features are attributed to
clustering of the cationic moieties and are in the range of what has previously been reported
[48, 242]. The bulk morphologies of the PCOE and PE-based AEMs were further investigated by
TEM. For both PCOE-based AEMs, the TEM specimens were stained with OsQy4, which
selectively stains the olefin backbones. Therefore, the dark contrast is from the hydrophobic
PCOE midblock and the bright contrast is from hydrophilic polystyrene-functionalized ionic outer
blocks. Cylindrical morphologies were observed for both samples in Figure 2.14A-B, with the
hydrophobic PCOE block forming the continuous phase. A well-ordered morphology was

maintained after crosslinking.
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Table 2.6 Radius of Gyration, Porod Slope, and Bragg Spacing obtained from Unified Fit
Modeling of SAXS Profiles

Sample Reary Rgwet Pary Pwet didry diwet dodry  d2wet
(nm)  (nm) (nm) (nm) (nm) (nm)
HyAEM-TM-130 15.9 15.8 3.33 2.18 15.1 18 8.8 9.7
HyAEM-MP-130 15.1 20.5 2.84 2.64 15.1 16.3 9 8.2
HyAEM-TM-180 22.2 27.4 2.54 2.19 25.6 24.1 n/a n/a
HyAEM-MP-180 24.9 26.5 2.81 1.54 26.7 28.6 n/a n/a

After hydrogenation, the HyAEMs were stained with RuO4, which selectively stains aromatic

rings. Therefore, an inverse contrast is obtained for Figure 2.14C-F, where dark regions

correspond to ionic phases and bright regions correspond to the PE midblock. The contrast

indicates some degree of phase separation, however, much less ordered morphologies are observed

in HyAEMs than in the PCOE-based AEMs prepared by solution casting. A much shorter

membrane forming time given by the hot-pressing method is likely accountable for the loss in

ordered morphology.

Nevertheless, some short-range cylinders can be seen which agree with the SAXS profile

having Porod slopes around 3 and displaying some higher-order peaks. Additionally, the width of
the distributed lamellae in the HyAEMs processed at 180 °C (Figure 2.11E and F) are larger than
those in the HyAEMs processed at 130 °C (Figure 2.11C and D), which agrees with both the

larger R, and Bragg spacing from their SAXS profiles. Overall, the morphologies observed in

both SAXS and TEM are indicative of well interconnected, large hydrophilic channels that

ultimately favor the material’s high ionic conductivity.
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Figure 2.13 SAXS profiles for all HyAEMs highlighting high q region with peak from cationic

clusters. All graphs set to same scale for comparison. Dry state at ambient conditions (green
squares), at 60 °C (red circles), at 60 °C and 95% RH (blue triangles), and after soaking in liquid

water (purple x’s).
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Figure 2.14 TEM for AEM-MP (A), AEM-MP-DT (B), HyAEM-TM-130 (C), HyAEM-MP-130
(D), HyAEM-TM-180 (E) and HyAEM-MP-180 (F). (A) and (B) were stained with OsO4 and
the dark contrast comes from the hydrophobic PCOE domains. The remaining specimens were
stained with RuO4 and the dark contrast comes from the hydrophilic cation-functionalized
domains.

52



T | . I T T T T T T TTT LR L II T T T LI I| T
HYAEM-TM-130 Dry| 4 HyAEM-TM-130 Wet
® Data ® Data -12
=—— Model — Model
Std. Residuals 10 = Std. Residuals
10 E
E Unified level 1P S - Unified level 1P
I G =0.22045 - 2 - G =0.26643
r Rg =159.43 [A] Rg = 157.62 [A]
- B =2.7145e-08 1 B =7.7404e-07 — 1
P =3.3325 £ P=2.176
i (2] E S 9) @
& r o
2 r 3
1 [ r o
2 F X 3 2 L =3
‘@ r —Ho0 N @ N
s g 5 g
= - P £ 0.1 EDiffraction Peak 2P z
| & F Shape : Gauss =10 &
Diffraction Peak 2P 2 I Position (d) = 179.52 [A] =3
- Shape : Gauss 5 - Position (Q) = 0.035 [A*-1] S
Position (d) = 151.4 [A] " Integral intensity = 5.7882e-05 @
Position (Q) = 0.0415 [A*-1]  FWHM (Q) = 0.020476 [A"-1]
0.1 [-Integral intensity = 2.8234e-05 2
F FWHM (Q) = 0.017118 [Ar-1] 0.01
I Diffraction Peak 3P [ Diffraction Peak 3P -1
I Shape : Gauss | Shape : Gauss
Position (d) = 87.877 [A] Position (d) = 96.664 [A]
[ Position (Q) = 0.0715 [AA-1] [ Position (Q) = 0.065 [A*-1] :
Integral intensity = 1.7046e-05 Integral intensity = 1.0732e-05 F|
0.01 FWHM (Q) = 0.061761 [A*-1] -4 0.001 E FWHM (Q) = 0.043644 [A*-1]
: 1 1 11 1 II 1 1 11 11 C 1 11 1.1 II 1 1 1 11 1.1 II 1
4 5 6 789 2 3 4 5 6 789 4 56789 2 3 4 56789 2
0.01 0.1 0.01 0.1
Kl Rl
Q[A'] Q[A]
LI II T T T T LI II LELEL l T T T T 1T I+ 6
HyAEM-MP-130 Dry 10 HyAEM-MP-130 Wet
® Data ® Data
- Model = Model
Std. Residuals 7| 2 Std. Residuals
10 = § — 4
o Unified level 1P
o s o G =0.10143
C Unified level 1P Rg =204.84 [A]
- B =1.3387e-07
- G=029954 14 P=2.6418
Rg = 151.29 [A] 1 =2
- B = 1.2521e-07 @ - : 12 @
P =2.8376 8 N g
Q.
8 i g
z 'F s =z L 3
k7 F N @ N
o o
g S 5 g
£ r —Ho0o 2 £ -0 =
i g i 8
- g_ o
2 Diffraction Peak 2P 3 5
I Diffraction Peak 2P » o =
. 0.1 |- Shape : Gauss o
Shape : Gauss - e <
Position (d) = 151.4 [A] - Position (d) = 163.2 [A]
0.1 = Position (Q) = 0.0415 [Ar-1] C r?s'“OT,(?)=.?-°_3?595V:;'1105 2
[ Integral intensity = 2.7642e-05 -1 | ntegral intensity = 1. ©-
E FWHM (Q) = 0.017683 [A™-1] FWHM (Q) = 0.016162 [A"1]
- Diffraction Peak 3P  Diffraction Peak 3P
 Shape : Gauss Shape : Gauss
Position (d) = 89.76 [A] - Position (d) = 82.133 [A] .
Position (Q) = 0.07 [A*-1] Position (Q) = 0.0765 [A*-1] -
Integral intensity = 1.0124e-05 Integral intensity = 1.5817e-05
0.01 = FWHM (Q) = 0.063072 [A*1] -2 0.01 |~ FWHM (Q) = 0.0441 [A*-1]
i -_I 1 11 1.1 I 1 1 11 1.1 C 1 1 11 1.1 l 1 1 1 1 11 1 1 I
4 5 6789 2 3 4 5 6789 4 5 6789 2 3 4 5 6789
0.01 0.1 0.01 0.1
-1 -1
Q[A'] Q[A]

Figure 2.15 Unified Fit modeling of SAXS data of HyAEM-TM-130 dry (top left) and wet (top
right) and HyAEM-MP-130 dry (bottom left) and wet (bottom right).
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Figure 2.16 Unified Fit modeling of SAXS data of HyAEM-TM-180 dry (top left) and wet (top
right) and HyAEM-MP-180 dry (bottom left) and wet (bottom right).
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2.5.5 Crystallinity

During the SAXS experiments, WAXS spectra were simultaneously collected to investigate the
size of the crystalline domains in the PE midblock. The data summarized in Figure 2.17 was
determined from the (110) and (200) reflection from the orthorhombic crystal structure of
polyethylene [254, 255]. All WAXS spectra are also shown in Figure 2.18.
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Figure 2.17 Crystal size analysis from WAXS spectra of the (110) reflection (a,b) and the (200)

reflection (c,d) of the polyethylene backbone in all HyAEMs at ambient temperature (a,c) and 60
°C (b,d).

Surprisingly, the crystal size decreased from ambient conditions to 60 °C, possibly due to the
strong interactions of the side chain dipoles. After equilibrating the sample at 95% RH the
crystalline domains increase in size in all samples and remain statistically similar after soaking in
liquid water. This indicates that as water content in the membrane increases, crystalline domains

increase in size. However, the material is not gaining crystallinity, which indicates existing
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crystalline domains may be agglomerating to form larger domains. This is evident in the WAXS
spectra when comparing the area under the curve (see Figure 2.18) between ambient and wet
samples. The decrease in area from ambient to wet indicates the degree of crystallinity, or number
of crystalline domains, decreases, while their peak shift indicates an increase in size. Together,
this implies there is a crystal ripening process in which some crystalline domains are aggregating
to form larger domains. The increase in crystalline domain size likely stems from the plasticizing
effect of water. A possible explanation is that water improves the interfacial mobility of the
polymer segments and facilitates the crystallization of PE into larger domains. A similar trend is

noted for samples at 60 °C upon hydration to 95% RH, and for all crystal sizes from the (200)

reflection.
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Figure 2.18 WAXS spectra for all HyAEMs investigated at ambient conditions, 60 °C, 60 °C and
95% RH, and after soaking in DI water.
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2.5.6 Tensile Testing

HyAEM-TM-180 and HyAEM-MP-180 were selected for further mechanical characterization
as their higher processing temperature allowed them to be thinner membranes than those
processed at 130 °C. Extensional tests were performed on dry membrane samples at ambient
conditions and on membranes soaked in DI water at RT (Table 6). Water acts as a plasticizer and
typically increases elasticity and elongation of hydrophilic polymer films while simultaneously
weakening the material [231]. As expected, Young’s modulus, which is a measure of stiffness,
decreased by upon hydration in both membranes. Elongation increased in both membranes and,
interestingly, the stress at break increased upon hydration. Though this is counterintuitive, it
could be attributed to the large increase in elongation combined with maintaining a decent
modulus. Higher degrees of crystallinity have also been shown to improve mechanical properties
[256], and this increase in strength correlates with the WAXS data that shows an increase in
crystalline domain size upon hydration. The increase in crystalline domain size then translates to

an enhanced stress at break when the material is hydrated.

Table 2.7 Mechanical Properties of Dry and Wet Films

Sample Condition Stress at Break (MPa) Young’s Modulus (MPa) Elongation (%)
Dry 30.5 £ 1.7 184.5 £ 16.3 16.7 £ 2.2
HyAEM-TM-180
Wet 389 £ 4.6 34.5 £ 3.0 90.5 £ 4.0
Dry 23.9+1.0 39.0 £ 10.2 294 £ 0.1
HyAEM-MP-180
Wet 259 + 2.1 212+ 1.6 60.9 £ 5.9

The improvement in strength upon hydration is a promising indication of durability during
humidity cycling and in saturated conditions in electrochemical devices. The elongation at break
must be greater than the degree of swelling occurring during hydration to ensure that humidity
cycling will not lead to mechanical failure [257]. In the dry state, the hydrogenated AEMs have
an elongation larger than their dimensional swelling in liquid water, indicating the elongation is
more than sufficient. The large decrease in Young’s modulus upon hydration is potentially
concerning. This much softening of the material could potentially lead to mechanical failure

during testing, though the modulus when hydrated is still an improvement over previously
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reported AEMs [58, 238]. The results show strengths comparable to similar materials [50, 56, 231]

and overall promising mechanical properties upon hydration.

2.5.7 Ionic Conductivity

The chloride and hydroxide conductivity of HyAEM-MP-180 was measured at 95% RH from
40 — 80 °C (Figure 2.19). The highest CI" and OH" conductivities achieved were 119 and 179 mS
cm™, respectively, at 80 °C. These ionic conductivities are some of the highest reported to date
[222], especially given the modest water uptake and IEC of HyAEM-MP-180. Displaying ionic
conductivity on an Arrhenius plot can highlight evidence of Vogel-Tamman-Fulcher (VTF)
behavior [258], where a curve in the data indicates the conductivity is related to the segmental
motion of the cationic moieties on the polymer backbone and that the ions are not fully
dissociated. The linear behavior of the Arrhenius plot indicates that OH™ and CI" are both fully
dissociated and that conductivity mainly occurs via the exchange of anions between cationic

moieties. This is corroborated by water uptake measurements that show the Cl- anions in the

membrane are well solvated (A = 12) at 95% RH.
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Figure 2.19 Left: Arrhenius plot of OH (blue squares) and Cl (red circles) conductivity at 95%
RH for HyAEM-MP-180. Right: ASR for HyAEM-MP-180 in OH" form (blue squares) and CI°
form (red circles). IEC = 1.7 mmol g™, thickness = 65 pm.

It is important to note that both activation energies are unusually the same and

comparatively low (14.5 kJ mol! for OH, 14.3 kJ mol™ for CI") [53, 223]. Inadequate solvation of
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CI" ions would contribute to having a higher activation energy and lower conductivity for
membranes in the Cl” form [259], and we expect having well solvated Cl™ has led to an activation
energy on par with that for OH™. The large, well-interconnected hydrophilic morphology might
also favor this lower activation energy by providing pathways with low tortuosity. While a
significant contribution to the transport of OH" can be from the Grotthuss hopping mechanism,
the vehicular transport of chloride is unusually fast for this anion [260], but can nonetheless be
attributed to being fully dissociated due to adequate solvation. The area specific resistance (ASR)
plot can be found in Figure 2.19. Clearly, a modest reduction in membrane thickness would lead

to practical ASR values.
2.5.8 Alkaline Stability

There are many studies showing the possible degradation mechanisms of TMA quaternized
membranes [251, 261, 262], and studies that shown TMA cationic moieties to be generally less
stable than MPRD [57, 58, 85]. For this reason, the chemical stability of the PE-based HyAEMs
quaternized with MPRD were the focus of our alkaline stability tests. Membranes were submerged
in 9 M KOH at RT for 1 week (Figure 2.20). The retention of cation groups was compared to the
crosslinked PCOE-based triblock (AEM-MP-DT) and a commercial AEM, Fumasep FAS-50. The
PE-based AEMs showed the best stability with ~50% cation retainment, compared to ~35% for
the commercial membrane. Stability was vastly improved after the midblock modification.

Further testing was performed to compare HyAEM-MP-180 and FAS-50 in 1 M KOH at 80 °C
to accelerate the degradation mechanisms [263]. After just one day, FAS-50 showed only 20%
retainment of cation functionality, and the sample disintegrated before a 3-day measurement
could be taken. The hydrogenated AEM retained 75% of cation groups after 3 days. The
combination of the 6-membered ring cation and inert polyethylene backbone clearly enhanced the
alkaline stability, although there are still some aspects of polymer design that could go toward
further enhancements. While the stability of the hydrogenated membrane was improved
compared to its PCOE-based precursor and surpasses the stability of FAS-50, a clear weakness in
the material is highlighted by its rapid degradation in comparison to other high performing
membranes with alkaline stability surpassing 1,000 h [264]. For this reason we further investigated

the degradation using FTIR and NMR studies.
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Figure 2.20 Left: TEC stability in terms of % of IEC retained after soaking in 9 M KOH at room
temperature for 1 week. PCOE and PE-based AEMs compared to a commercial standard,
Fumasep FAS-50. Right: IEC stability after soaking in 1 M KOH at 80°C for 1 or 3 days,
comparing HyAEM-MP-180 (solid bar) to the commercial standard (cross hatch bar).
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Figure 2.21 FTIR results for HyAEM-MP-180 before and after degradation in 9 M KOH.
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For these studies, HyAEM-MP-180 was again soaked in 9 M KOH for 1 week at RT. The

membrane was characterized by FTIR before and after degradation. For "H NMR studies, the

KOH solution was partitioned against CDCl3 to extract the small molecule degradation products.

The results from FTIR and 'H NMR are given in Figure 2.21 and Figure 2.22, respectively. In the

FTIR spectra, absorption bands in the C-OH stretching region appear after degradation.

Additionally, the blueshift of the C=C stretching bands at 1800 — 1600 cm™! after degradation

indicate the formation of alkenes. Additionally, from '"H NMR, MPRD was detected in the KOH

solution after degradation. Therefore, four potential degradation pathways of Hy AEM-MP-180

under alkaline conditions are proposed in Figure 2.23, including a-nucleophilic substitution and

[B-elimination.
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Figure 2.22 'H NMR and assignments for the small molecule degradation product of
HyAEM-MP-180 in 9 M KOH.
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Figure 2.23 Possible degradation pathways of HyAEM-MP-180 in 9 M KOH.
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2.6 Conclusions

A polyethylene-based triblock copolymer, PCMS-b-PE-b-PCMS, was prepared by
hydrogenation of PCMS-b-PCOE-b-PCMS. Anion exchange membranes were fabricated via
hot-pressing at two different temperatures and then quaternizing the films with either TMA or
MPRD cations. Evidence from both TGA and elemental analysis suggests that lower water
uptake and dimensional swelling achieved by processing films at 180 °C is most likely due to a
small loss of Cl from crosslinking the PCMS blocks via chloride scission. Excellent Cl- and OH"
conductivities (cop- = 179 mS em™ at 80 °C and 95% RH) with low activation energies and no
evidence of VTF behavior were observed, likely due to complete solvation and dissociation of the
anionic species. Extensional testing performed on dry and wet films also yielded promising
results, including improved strength upon hydration. This along with crystal domain size data
from WAXS suggests an interesting phenomenon, where it is possible that water increased the
interfacial mobility of polymer chains and facilitated the rearrangement of the PE midblock to
form larger crystalline domains and improve the overall stress at break. While the chemical
stability still improved with these modifications, it is still unsatisfactory for highly alkaline
applications. Further modifications to the backbone will be investigated in future work.

The resulting AEMs displayed desirable characteristics that surpassed those of the original
PCOE-based triblock. We have shown that using a triblock copolymer system allows for the
exploration of various tunable parameters, including chemically crosslinking the hydrophilic phase
and modifying the crystallinity of the hydrophobic phase, which can be optimized to
simultaneously achieve a high OH™ conductivity with moderate water uptake. Importantly, these
results point toward methods of improving mechanical stability in fully hydrated conditions by
incorporating a semi-crystalline hydrophobic backbone, design criteria which are paramount for
applications such as electrolyzers, redox flow batteries, and water purification systems. In future
work, we hope to improve the processing of these films by investigating melt extrusion processes,
which are typically performed in a temperature range of 170 — 180 °C [265], where we hope to
achieve the necessary amount of chemical crosslinking, retain a higher degree of crystallinity in

the backbone, and produce thinner films.
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CHAPTER 3
INVESTIGATING SILVER NANOPARTICLE INTERACTIONS WITH QUATERNARY
AMMONIUM FUNCTIONALIZED TRIBLOCK COPOLYMERS AND THEIR
EFFECT ON MIDBLOCK CRYSTALLINITY

This chapter is modified from a journal article published in ACS Applied Polymer Materials.'?
Nora C. Buggy,'! Yifeng Du,'? Mei-Chen Kuo,'? Ryan J. Gasvoda,'* Soenke Seifert,'® Sumit

Agarwal, ' E. Bryan Coughlin,!” and Andrew M. Herring!'®
3.1 Motivation

It is known that interactions between ionomers and catalysts affect structures that form in the
electrode, further affecting electrochemical device performance. The first step in elucidating the
structure-property-performance relationship of ionomers in the catalyst layer was to understand
the interactions occurring between ionomers and silver particles, the catalyst of interest in this
thesis. This study explores Hypothesis 2 by identifying interactions between silver nanoparticles
(AgNPs) and the triblock copolymer precursor PCMS-b-PCOE-b-PCMS and polymer electrolytes
PCMS-b-PCOE-b-PCMS[TMAT|CI" and PCMS-b-PCOE-b-PCMS[MPRD™|CI". This set of
materials was selected to decouple interactions between AgNPs and the block copolymer

backbone from interactions with the quaternary ammonium cationic moieties.
3.2 Abstract

Interactions between silver nanoparticles and a cationic triblock copolymer significantly alter
bulk material properties and can be tuned by functionalizing the polymer with different

quaternary ammonium cations (QACs). In this work,
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polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS)
was quaternized with either benzylmethylpiperidinium (MPRD) or benzyltrimethylammonium
(TMA). The surface interacting groups were identified using FTIR to be the phenyl rings, the
QACs from the outer blocks, and vinyl groups from the PCOE midblock. Changes in thermal
characteristics and crystallinity were highly dependent on the QAC, uncovering differences in the
nature of the interactions between silver and TMA or MPRD. Interactions induced by TMA
greatly hinder crystalline domain formation and give rise to a higher water content, while MPRD
promotes certain crystalline orientations and provides a greater degree of crystallinity with a
lower water content. Our findings demonstrate that bulk polymer characteristics can be tuned, a

highly desirable attribute for many nanocomposite materials.
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Figure 3.1 Graphical abstract.

3.3 Introduction

Polymer-metal nanocomposites are a growing field of materials with potential as
semiconductors, high-strength materials, flexible electronics, catalysts and electrocatalysts,
sensors, biocompatible materials, and in additive manufacturing applications [266-272].
Specifically, understanding the adsorption of polymers onto metal surfaces is important in
adhesive bonding, corrosion protection, and colloid stabilization [273-275]. Silver nanoparticles
(AgNPs) and nanocomposites, in particular, have optical and electronic properties that have led

to their development for applications in catalysis, electronics, sensing, and as antimicrobial
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materials [276-280]. In these systems, interactions between metal particles and the host polymer
matrix ultimately dictate the structural and characteristic behaviors of the composite [281]. A
fundamental understanding of interactions between polymer molecules and metal surfaces or
particles and knowledge of exact interacting sites on the host polymer can provide valuable
insights on design principles for polymer-metal composite materials with desired properties.

Composite materials of ion exchange polymers and electroactive metal particles are also of
interest for electrochemical device applications. Interactions between metal particles and the ion
exchange polymer can affect intrinsic properties such as crystallinity and morphology, which in
turn influence the mechanical properties, transport of ionic species, water content, and diffusion
of reactant and product gases [282-284]. Studies focused on Pt-based catalysts in both alkaline
[123, 124] and acidic [196, 199, 285] systems have demonstrated the importance of identifying and
minimizing polymer-catalyst interactions to mitigate polymer adsorption to the catalyst surface
and improve performance. A few studies have focused on other catalyst surfaces, such as Au
[187, 196, 198] and Ag [200]. Silver is of particular interest for use in alkaline systems, as silver
can have oxygen reduction reaction capabilities comparable to Pt at a significantly reduced
expense [151, 152]. Despite this, there has been limited investigation of electrochemical reactions
on silver [286, 287] or implementing silver in operating electrochemical devices [112, 162, 288].
Literature specifically on interactions between silver and cationic polymers is also sparse.

In this study, specific interactions between AgNPs and cationic polymers are identified along
with their significant effects on bulk material characteristics. This work utilizes our previously
reported ABA triblock copolymer,
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS)
[58, 238]. Interactions between AgNPs and the unquaternized polymer backbone, as well as the
quaternized polymers bearing two different quaternary ammonium cations (QACs),
benzylmethylpiperidinium (MPRD) and benzyltrimethylammonium (TMA), are investigated. To
study changes in bulk characteristics of the polymers, approximately 10 wt% Ag nanopowder
(20—40 nm diameter) was added to unquaternized polymer or quaternized ionomer solutions and
cast into films. Insights into the thermal behavior, crystallinity, and the potential nature of these

interactions based on FTIR studies are presented.
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3.4 Experimental Methods
3.4.1 Materials

The base copolymer PCMS-b-PCOE-b-PCMS was synthesized and quaternized according to
the procedure published previously [238]. Silver nanopowder was purchased from Alfa Aesar

(45509, average particle size 20—40 nm, 99.9% metal basis) and used as received.
3.4.2 Polymer and Ag-Polymer Composite Sample Fabrication

The base copolymer PCMS-b-PCOE-b-PCMS along with the quaternized ionomers were all
soluble in CHCl;. The base copolymer or quaternized ionomer was dissolved in CHCl; at RT and
solvent cast on a Teflon® sheet and covered with a watch glass to slow the evaporation of CHCI;.
This method produced uniform 4550 pm-thick films. Silver-polymer composite samples were
produced by sonicating the polymer or ionomer chcl; solution with 10 wt% silver nanoparticles

(2040 nm average particle size) and solvent cast by an identical method.
3.4.3 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) measurements were collected using a Thermo
Fisher Scientific Nicolet iN10 infrared microscope with a Germanium attenuated total reflectance
(ATR) tip. IR spectra was collected in the range of 4000—650 cm™ using the highest resolution
settings for all scans. Samples were dried under vacuum prior to measurements. Only “as-cast”

samples were measured.
3.4.4 Thermal Characterization and Crystallization Kinetics

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q 500. A 2
mg sample was placed on a platinum pan. A heating rate of 10 °C min™ up to 800 °C with an air

flow rate of 20 mL min!

was used. The onset of degradation was calculated using TA Universal
Analysis software and is defined as the intersection of the initial tangent line with the final
tangent line, where initial and final points are selected before and after the degradation peak.
Differential scanning calorimetry (DSC) was performed using a TA instruments Q20 DSC. 5—-10

mg of polymer was loaded in hermetically sealed Tzero aluminum pans and the change in heat

flow was measured over a temperature range of 0—100 °C with a heating and cooling rate of 10 °C
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min'. Each sample was cycled over the temperature range four times. The results from the
20d_4th cycles were identical. TA Universal Analysis software was used to determine X (t), the
relative crystallinity in terms of time, by integrating the crystallization exotherm from the 2nd

cooling cycle. Crystallization kinetics can be modeled using the Avrami equation [289]:
X(t) =1—exp(—kt") (3.1)

Where n is the Avrami exponent and k is the rate parameter. For non-isothermal
crystallization kinetics, a Jeziorny-modified Avrami approach [290] can be used to characterize

the rate parameter, given by:

X(t) =1—exp(—Zit") (3.2)

Z
logZ. = logyt (3.3)

A Jeziorny plot of log {—In[1 — X (t)]} versus log(t) was used to determine the Avrami
exponent and rate parameter from the slope and intercept, respectively, of the linear region,

typically from X (¢) = 0.2—-0.8.
3.4.5 X-ray Scattering

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) were
performed at the Basic Energy Sciences Synchrotron Radiation Center (BESSRC) at the
Advanced Photon Source at Argonne National Lab on beamline 12 ID-B. 2D SAXS and WAXS
were performed simultaneously using a Pilatus 2M detector and a Pilatus 300k detector to collect
small angle scattering data wide angle scattering data, respectively. Experiments were performed
with an exposure time of 0.5 s. The X-ray beam had a wavelength of 1 A and energy of 13 keV.
The intensity (I) was radially integrated from the 2D scattering image with respect to the
scattering vector (¢). Both SAXS and WAXS experiments were performed on as-cast polymer or

polymer-silver composite samples at ambient conditions.
3.4.6 X-ray Photoelectron Spectroscopy

Laboratory based UHV-XPS was performed on a HiPP III Scienta Omicron photoelectron
spectrometer operating in swift mode using monochromatic Al Ka X-rays at 150 W focused to a

500 pm spot size. The pass energy and analyzer slit width were 500 eV and 4 mm for surveys,
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and 200 eV and 1.5 mm for the core level scans. The aperture on the on the analyzer entrance
was fixed at 800 pm for all scans. For the survey scans, intensity was measured every 1 eV and
every 0.1 eV for the core level scans. The AgNPs were mounted on double sided carbon tape and
introduced to the analysis chamber via a fast entry loadlock. All analysis was performed using

CasaXPS. The Ag 3d region was fitted using a Shirley background and asymmetric line shapes.
3.4.7 NMR Characterization

'H NMR spectroscopy was performed in 5mm diameter tubes in deuterated chloroform

(CDCl3) at 25 °C on a Bruker 500 spectrometer at 500 MHz.
3.4.8 Gel Permeation Chromatography

Gel permeation chromatography (GPC) was performed in THF at a flow rate of 1.0 mL min™!
at 40 °C, using a refractive index detector on a Polymer Laboratories PL-GPC 50 Integrated

GPC system.
3.5 Results and Discussion

To elucidate interactions between the silver surface and the polymer backbone and cationic
moieties, the unquaternized triblock copolymer backbone (TB), in addition to the triblock
functionalized with TMA (TB-TM) or MPRD (TB-MP), were studied to decouple interactions
occurring with the backbone from those with the QACs. TMA is the most frequently reported
QAC known for its ease of synthesis and lack of S-hydrogens [291], while MPRD has a bulkier
cyclic structure and has shown greater stability and anionic conductivity than TMA
[58, 85, 214, 292]. TB, the base copolymer PCMS-b-PCOE-b-PCMS, was synthesized [58, 238]

and characterized with gel permeation chromatography (GPC) and 'H NMR spectroscopy.

Table 3.1 Chemical Composition of PCMS-b-PCOE-b-PCMS base copolymer

PCOE PCMS-b-PCOE-b-PCMS

M,* (kg mol') M, (kg mol') PDI* DP’ M,* (kg mol'!) M,® (kg mol') PDI* DP?

89 150 1.67 650 120 200 1.68 320

“Measured by GPC calibrated against polystyrene standards.
*Measured by 'H NMR end-group analysis.
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Figure 3.2 Structure of triblock copolymer PCMS-b-PCOE-b-PCMS, shown quaternized with
either TMA or MPRD.

The chemical composition analysis results are summarized in Table 3.1. The degree of
polymerization ratio of the PCOE midblock versus the two PCMS outer blocks is approximately
2:1. TB was then quaternized with either TMA or MPRD, giving TB-TM and TB-MP,
respectively. The chemical structures of the base copolymer and quaternized ionomers are shown
in Figure 3.2. The base copolymer and quaternized ionomers were dissolved in chloroform and
solvent cast to produce uniform 45—50 pm-thick films. Silver composite samples were fabricated
by sonicating the polymer solution with 10 wt% silver nanoparticles (20—40 nm diameter) and
solvent cast by an identical method. The pure polymer samples were characterized using small
angle X-ray scattering (SAXS) (Figure 3.3) to analyze their morphology and interdomain spacing
(ds). The unquaternized TB film displayed a distinct primary g¢* scattering peak and higher-order
peaks at 2¢ and 3¢, indicating a well phase separated lamellar morphology with ds = ~80 nm.
For the quaternized polymers, TB-MP and TB-TM, the broad scattering peaks indicate the
morphology was maintained, but the specific well-ordered morphology and grain orientation of
the original triblock backbone was lowered after quaternization. The polymer morphology change
after quaternization can be attributed to synergistic effects from the shifted Flory—Huggins
interaction parameters, the electrostatic interactions, and steric hindrance from the bulky QACs

ultimately leading to a loss in order across the full length-scale which SAXS measures [293-295].
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Figure 3.3 Small-angle X-ray scattering of TB, TB-MP, and TB-TM at dry, ambient conditions.
Spectra are offset for clarity.

Changes in vibrational frequencies of the polymers occurring as a result of strong interactions
with silver surfaces were probed using FTIR ATR spectroscopy (Figure 3.4). The spectrum of the
triblock copolymer backbone was cross-referenced with spectra of the quaternized triblock
copolymers and previous DFT studies to aid in peak assignments [259, 296]. The results are
summarized in Table 3.2. Differences were further highlighted by subtracting the spectra of the
pure polymer samples from the silver composite samples, shown in the top insets of Figure 3.4.
This emphasizes changes in absorbance which relate to shifts in polymer chain segment
conformations and chain segment packing, which ultimately highlights shifts in crystalline and
amorphous content [297-300]. The peak assignments which increase or decrease in the presence of
AgNPs cannot be correlated to specific polymer conformations, as there is no previous work
related to this for either PCMS or PCOE this would require a separate study. Surprisingly, the
TB-Ag composite did not show discernable changes in its IR spectrum, indicating very few or
weak interactions between the triblock copolymer and AgNPs. In this case, potential interactions
were initially hypothesized based on previous studies to occur between AgNPs and the C=C
found in the PCOE midblock or with C=C found in benzyl chloride groups in the PCMS outer

blocks [301, 302], however no evidence of this was observed in FTIR.
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Figure 3.4 Normalized FT-IR ATR spectra are given in the bottom inset of each figure for TB
(a,b), TB-TM (c,d), and TB-MP (e,f) with pure polymer samples shown by red lines and
silver-polymer composites shown by blue lines. Regions of interest, 40002700 cm™ (a,c,e) and
1800650 cm™ (b,d,f) are shown for clarity. In the top inset of each figure, the IR intensity
differences are calculated by subtracting the spectra of the pure polymer samples from those of
the silver composites. Areas where the silver composites had a higher intensity are filled in green,
and lower intensity are filled in red. All axes are set to same scale for comparison.
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Table 3.2 FT-IR ATR Vibrational Mode Assignments and Observations from AgNP Interactions

Sample Wavenumber (cm™)

Change Observed from Ag Interactions

Approximate Assignment  Reference

3400 Increased intensity vp(Hy0) [296]
3250 Emergence vs(Hy0) [296]
3005 Shifts higher and increased intensity v(N*t—CH;) [259]
1710 Emergence 9 (H50) [296]
1670 Emergence ds(H50) [296]
TB-TM 1610 Increased intensity vp(C=C) [303, 304]
1480, 1460, 1430 Increased intensity Vph (C=C) 0r Vpeoe(C=C) [305]
1250 Decreased intensity v(H;C—N*—CH,) [259]
1160 Shifts higher Suint (C—H) 259]
980 Decreased intensity Ipeoe(C=0C) [303]
893, 860, 829 Increased intensity S(N+—CHs,) 304, 306]
3410 Decreased intensity vp(H50) [296]
3210 Decreased intensity vs(Hy0) [296]
1710 Disappear entirely 3 (H50) [296]
1670 Disappear entirely ds(H50) [296]
TB-MP 1610 Increased intensity vph(C=C) [304]
1500-1440 Decreased intensity Vph (C=C) or Vpeoe(C=C) [305]
980 Increased intensity Ipeoe (C=C) [303]
883, 860 Decreased intensity §(NT—CHj;) or §(N*T—CH,) [102]
842, 817 Increased intensity §(NT—CHjy) or §(NT—CH,) [102]

b: bulk water, s: bound water in solvation shell, ph: phenyl ring, pcoe: polycyclooctene, link: link between phenyl group and main backbone.
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For the quaternized polymers, observations indicate that once AgNPs are introduced, the
stretching and bending modes associated with water domains, phenyl rings, and QACs are
influenced in different ways depending on the cationic species. Changes in absorbance of many
peaks are also observed and summarized in Table 3.2, indicating possible shifts in crystalline
content, polymer morphology and conformation. These results demonstrate that the QACs are
interacting with the silver particles, and this in turn affects both the water content and the
solvation shell surrounding the QAC, in addition to the mobility of the side chain and phenyl ring.
In TB-TM, Ag interactions lead to an increase in bulk water aggregates in the membrane and
bound water forming the solvation shell of the TMA moiety and appear to constrain the mobility
of the phenyl ring-TMA linkage as well as the phenyl ring-backbone linkage [259]. Vibrational
modes associated with v(C=C) from the phenyl rings and those from the TMA groups increase in
intensity, while aliphatic 6(C=C) from PCOE decreases. Additionally, there is a blueshift of
v(NT—CHj) at 3005 cm™ and of 6(C—H) at 1160 cm™ from the TMA moieties and link between
the phenyl group and main backbone respectively, indicating a shortening of these bond distances.

In TB-MP, we observe an interesting contrast, where there is a decrease in bulk and bound
water content. Additionally, an increase in intensity from aliphatic §(C=C), and a mix of
increasing and decreasing intensities from MPRD §(C—N™) are observed. Similarities include an
increase in v(C=C) from the phenyl rings. These findings are in agreement with previous work
using surface-enhanced Raman spectroscopy and molecular modeling, which have shown aliphatic
amines, alkenes, and phenyl rings can all absorb to silver surfaces [307-309]. In contrast to
TB-TM, no significant shifts in peak wavenumbers are observed in TB-MP, indicating interactions
between AgNPs and TB-MP were weaker in comparison.

Additional experiments further confirm that the nature of the interactions between AgNPs
and TMA or MPRD differ significantly and that the PCOE C=C bonds play a role in these
interactions. The different QACs led to significant changes in bulk properties, based on further
evidence from thermal characteristics, crystallinity, and microstructure of the pure polymers and
their silver composites. Thermal characterization was performed using thermal gravimetric
analysis (TGA) (Figure 3.5) and differential scanning calorimetry (DSC) (Figure 3.6) to identify
changes in the onset of thermal degradation and crystallinity as a result of interactions with

AgNPs.
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Figure 3.5 TGA curves (a-c) and derivative weight plots (d-f) for TB (a,d), TB-TM (b,e), and
TB-MP (c,f). Pure polymer samples are shown by red lines and silver-polymer composites are
shown by blue lines.
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Figure 3.6 Stacked DSC heating (top) and cooling (bottom) traces for TB (left), TB-TM
(middle), and TB-MP (right). 10°C/min heating and cooling rate. Red traces refer to the pure
polymer sample and blue traces refer to the polymer cast with 10 wt% silver. Solid lines represent
the 1st heating/cooling cycle, and dotted lines represent the 2"4—4t scans which were identical in
all cases. Traces are offset for clarity.
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From TGA, the weight % of silver that has been introduced was verified to be ca. 10 wt%
(9.3, 10.2, and 9.1 wt% for TB, TB-TM and TB-MP respectively) based on residual mass
measurements. In TB, the introduction of silver causes thermal decomposition at a much lower

temperature, shifting from an onset of 327 to 151 °C with a more prominent decomposition at 242

°C.
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Figure 3.7 X-ray photoelectron spectroscopy of silver nanopowder, calibrated at 284.8 eV and
measured at 284.7 eV, including survey spectrum (a), Ag 3d (b) and Ag MNN (c). Fitting of the
Ag 3d and Ag MNN peaks indicate partial oxidation of the silver nanoparticle surface [310, 311].
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Figure 3.8 Thermal characteristics obtained from DSC scans for TB (a,d), TB-TM (b,e), and
TB-MP (c,f). PP = pure polymer, Ag = silver-polymer composite. (1) refers to 1st DSC scan,
(2—4) refers to 2"4—4th DSC scans, which were identical. Melting and crystallization temperatures
are shown in (a-c), enthalpy of melting and crystallization shown in (d—f). The relative
crystallized fraction X (t) versus time shown in (g).

The reduced decomposition temperature is most likely silver catalyzed oxidative
decomposition. This first decomposition step is most likely due to the thermolysis, or scission, of
benzyl chloride from the PCMS blocks [75]. The decomposition range of this first step also
broadens, and two small shoulder-like features (near 167 and 230 °C) can be observed in the
derivative thermal analysis on the slope to the first more prominent peak. This mass loss could in
part be attributed to the decomposition of the silver oxide layer present on the AgNPs (observed

using XPS, Figure 3.7), which decomposes near 200 °C [312]. The broadening of the
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decomposition range and appearance of multiple features indicates mass transport may be
limiting the catalytic degradation of benzyl chloride groups. Limitations in the mobility of the
phenyl rings and polymer backbone, along with the polymer melt viscosity, may contribute to
slower diffusion of the benzyl groups toward the silver surfaces to undergo catalytic
decomposition. The next major decomposition occurs at 443 °C, coming from complete
degradation of the PCOE midblock [313, 314]. This step is also shifted to a lower onset
temperature of 427 °C for TB-Ag. The final mass loss between 500—600 °C is due to oxidative
decomposition of the remaining polymer.

Shifts in the decomposition profile for TB-TM and TB-MP are noted as well. Previously, we
have shown TMA is less thermally stable than MPRD [102], in agreement with the onset of
degradation we observe for TB-TM (200 °C) and TB-MP (223 °C). With the incorporation of
AgNPs, the onset of degradation shifts to lower temperatures of 192 and 177 °C for TB-TM and
TB-MP, respectively. Interestingly, with the addition of silver, the MPRD cations become less
thermally stable than the TMA cations, indicating the catalytic oxidative effect of silver is more
detrimental to MPRD cations.

In the DSC curves, the main endothermic peak is the melting of the PCOE midblock,
typically in the range of 60-70°C [315]. It is visually evident from these traces that interactions
with silver surfaces induce shifts in melting point and changes in the extent of recrystallization.
The melting and crystallization temperatures and enthalpies extracted from the heating and
cooling curves are summarized in Figure 3.8.

It is important to decouple the analysis of the first thermal cycle from that of the second
through fourth thermal cycles. The first cycle highlights differences that arise in the “as cast”
state with identical thermal histories and solvent evaporation rates, while the subsequent cycles
show how they compare after a melt/cool cycle. The stark differences in the thermal
characteristics indicate the recrystallization of PCOE is affected not only by interactions with the
silver particles, but also by the identity of the QAC. In the “as cast” state during the first
thermal cycle, AH,, for TB > TB-Ag, TB-TM > TB-TM-Ag, and TB-MP > TB-MP-Ag,
corresponding to a degree of crystallinity decrease for samples containing AgNPs. Therefore,
incorporating AgNPs significantly diminished PCOE crystallization during the solvent casting
process. Regarding the effect from QAC identity, AH,, for TB > TB-TM > TB-MP.
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Quaternizing the triblock copolymer with TMA led to a decrease in the degree of crystallinity of
50%, and with MPRD a decrease of 80%.

Although the “as cast” crystallinity of TB is much higher than that of TB-Ag, after one
thermal cycle TB is unable to recover the original crystallinity, while the TB-Ag sample
maintains its initial crystallinity after thermal cycling. Additionally, TB-Ag exhibits a higher T,
than TB, indicating that AgNP surfaces are promoting crystallization at higher temperatures by
initiating heterogeneous nucleation [316, 317], ultimately providing TB-Ag a higher degree of
crystallinity than TB during the cooling cycle. The non-isothermal nucleation and growth
kinetics were explored further using a Jeziorny-modified Avrami approach [290, 318]. In this
approach, the crystallization exotherm from DSC is integrated with respect to time to determine
the relative crystallized fraction, X (¢). No differences were observed between the crystallization
exotherms of the first cycle compared to those of cycle 2—4 for each sample. The relative
crystallized fraction X (¢) versus time is shown in Figure 3.8 and Jeziorny plots are given in
Figure 3.9. The Avrami exponent, n, relating to the dimension of crystal growth, and the rate
parameters, logZ. and logZ;, were determined for each sample using linear regressions. The
results are summarized in Table 3.3. From the Jeziorny plots for TB and TB-Ag, a two-stage
crystallization mechanism is evident from the initial linear with AgNPs [319]. The crystallization
half time, ¢ 1 decreases with the addition of AgNPs, indicating the crystallization kinetics
improve. Z; 7B 44 is also nearly 1.5 orders of magnitude larger than Z; 7p, demonstrating that
AgNPs can improve the rate of crystallization by serving as a surface for heterogeneous nucleation
[316, 317]. Following the primary stage, both the rate and Avrami exponent decrease due to
impingement effects limiting the final stages of crystal growth [317, 320].

For TB-TM, we observe nearly an opposite trend, where the pure polymer sample exhibits
relatively stable melting points and crystallization enthalpies, and TB-TM-Ag has a significant
melting point depression and loss of crystallinity. These results indicate the TMA groups are
interacting with the AgNPs to a greater extent than the unquaternized benzyl chloride groups,
and in this case completely suppressing the recrystallization of PCOE. While no crystallization
exotherm was observed for TB-TM-Ag, the Jeziorny-modified Avrami analysis was still applied to

the crystallization of TB-TM.
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Figure 3.9 Jeziorny plots for TB (a), TB-TM (b), and TB-MP (c), where red lines show pure
polymer samples and blue lines show polymer-silver composites. Note that no crystallization
exotherm was noted for TB-TM-Ag, therefore it was excluded from this analysis. Inset figures
highlight areas fit to determine the Avrami exponent and rate parameter from the slope and
intercept, respectively, of the linear region, typically from X (¢) = 0.2—0.8. 72 of linear fit is also
provided in each inset.
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Table 3.3 Summary of Parameters from Jeziorny-Modified Avrami Crystallization Kinetics
Analysis

Parameter TB TB-Ag TB-TM TB-MP TB-MP-Ag
t (5) 29.0 25.8 72.4 50.1 72.8
n 1.4 2.09 2.76 2.22 2.58
logZ, 2.78 4.33 4.53 3.97 4.22
logZ, 0.28 0.43 0.45 0.4 0.42
Linear X (¢) Range 0.2-0.63 0.2-0.6 0.2-0.58 0.2-0.8 0.2-0.8
r? of fit 0.9991 0.9978  0.9986 0.9994 0.9999

While the primary stage of crystallization has a higher rate parameter than TB, ¢ 1 was longer
for TB-TM which indicates the kinetics of crystal growth slowed after quaternizing TB with
TMA. Additionally, n ~3, indicating the mechanism of PCOE crystallization shifts toward
3-dimensional crystal growth after quaternizing with TMA. Similar to TB-TM, TB-MP also has a
higher Z; and longer ¢ 1 compared to TB, indicating that quaternizing the triblock copolymer
with MPRD had a similar effect to TMA. The disparity between observing a larger rate
parameter, which would indicate faster kinetics, and a longer ¢ 1 which indicates slower
crystallization, highlights the complexity of the effect quaternization of the triblock backbone has
on the crystallization kinetics of the PCOE midblock. Overall, it is clear from X (¢) that
quaternization increases the crystallization time, likely due to the cationic moieties affecting the
polymer chain mobility and thus recrystallization.

In both TB-MP and TB-MP-Ag, similar, stable melting points were observed. The silver
sample also showed a higher T, and AH,. due to the heterogeneous nucleating effect of AgNPs.
TB-MP-Ag also showed a higher Z;, longer ¢ 1 and similar n compared to TB-MP. This further
demonstrates of the complexity in analyzing the crystallization kinetics. While the rate parameter
Z; increases with AgNPs, similar to what we observe when comparing TB to TB-Ag, t 1 is longer.
Here, the larger rate parameter may be a result of AgNPs acting as nucleation sites and
improving nucleation, while the cationic moiety interaction with silver prevents chain mobility
and thus crystal growth.

Wide-angle X-ray scattering (WAXS) was used to investigate changes in the polymer

microstructure after casting with AgNPs (Figure 3.10). WAXS experiments were conducted on
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as-cast polymer and silver composite samples. The detector images can be seen in Figure 3.11.
The microstructure of the polymer backbone is mainly characterized by four distinct peaks arising
from the crystalline reflections of the polycyclooctene midblock. The first peak (¢ = 1.43 A, d =
4.41 A) and third peak (¢ = 1.65 A"!, d = 3.82 A) are identified as the (010) and (110) reflections
of the triclinic crystalline structure, respectively [303, 321]. The second peak (¢ = 1.52 Al ad=
4.15 A) and much weaker fourth peak (¢ = 1.78 A", d = 3.53 A) correspond to the (110) and

(201) reflections of the monoclinic structure [322].
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Figure 3.10 WAXS spectra (a-c) and area under the curve analysis (d-f) for TB (a,d), TB-TM
(b,e), and TB-MP (c,f). For WAXS spectra, pure polymer samples are shown by red lines and
silver-polymer composites are shown by blue lines. Area under the curve was normalized to the
pure triblock backbone for comparison. PP: pure polymer, Ag: silver-polymer composite. The
enthalpy of melting, AH,,, corresponding to the degree of crystallinity from the first melt cycle
from DSC, is also shown in (d-f) for comparison.

The total area under the crystalline peaks was used to assess the change in crystallinity of the
PCOE backbone due to interactions with silver (see Figure 3.10). The area under the fourth peak
was determined to be insignificant and was excluded from this analysis. The changes in the

degree of crystallinity upon adding AgNPs for TB, TB-TM, and TB-MP were 62%, 86%, and
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19% decreases, respectively. These results are in good agreement with the changes in AH,, from
the first thermal cycle from DSC, included in Figure 3.10 for comparison. For TB and TB-TM,

silver interactions lead to a decrease in all of the crystalline reflections observed.
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Figure 3.11 Wide angle X-ray scattering detector images, confirming no anisotropy in scattering
and validating use of azimuthal averaging to obtain 2D spectra in main text. Note that the bright
spot in bottom right region is from the mica window and did not affect further analysis.
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However, the opposite phenomenon is observed for TM-MP, which is a substantial increase in
the intensity of the (010) reflection and a slight increase in the (110) reflection after adding
AgNPs. Further, AgNPs appear to shift the relative fraction of the crystal polymorphs in the
quaternized samples (depicted in Figure 3.12). In both TB-TM and TB-MP, the addition of
AgNPs leads to a decrease in the (110) triclinic structure reflection and an enhancement of the
(110) monoclinic reflection. Overall, it is clear the crystallinity of the PCOE midblock is
influenced by interactions with AgNPs and that the QACs have a strong influence on the nature

of these interactions as well.
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Figure 3.12 Pie charts depicting the relative fraction of the area under the curve of each
crystalline reflection derived from WAXS experiments. The purple slice (peak 1 in the main text)
and the green slice (peak 3 in the main text) correspond to the area under the (010) and (110)
reflections of the triclinic crystalline structure, respectively. The blue slice (peak 2 in the main
text) corresponds to the (110) reflection of the monoclinic structure.

3.6 Conclusions

Interactions between AgNPs and PCMS-b-PCOE-b-PCMS, and the ionomers derived from

quaternization of the PCMS outer blocks with either TMA or MPRD cations, were investigated.



Groups with strong interactions with the AgNP surfaces include the phenyl rings, QACs, and
C=C from PCOE as observed by FTIR spectroscopy. The changes in water content and
crystallinity arising from these interactions were highly dependent on the QAC, where TB-TM-Ag
showed a significant loss in crystallinity and an increase in both water content bound in the
solvation shell surrounding the TMA moiety and in domains in the bulk, and TB-MP-Ag showed
an increase in certain crystalline reflections and comparatively higher crystallinity with a lower
bound solvation shell and bulk water content. Additional analysis of the non-isothermal kinetics
of PCOE crystallization indicates AgNPs can either promote or suppress crystallization,
depending on the QAC. In TB and TB-MP, AgNPs promoted heterogeneous nucleation at higher
temperatures and resulted in higher degrees of crystallinity, whereas in TB-TM, AgNPs
suppressed recrystallization of PCOE. The kinetic analysis highlights the difference in the nature
of the complex interactions between the AgNPs, the TMA or MPRD moieties, and the PCOE
midblock. The bulkier nature of the MPRD cationic moiety allows for enhanced crystallization
likely due to a weaker interaction with AgNPs, while the smaller TMA cationic moiety has
stronger interactions which ultimately prevent crystallization.

These results are of interest to the broad field of polymer nanocomposite materials. We have
shown that the thermal behavior, crystallinity and mechanical properties of the nanocomposite
can be tailored by the interactions between AgNPs and polymers containing different
functionalities. This is relevant for many applications, including the additive manufacturing
industry, where nanofiller particles play a significant role in tuning the mechanical properties of
the manufactured part [312-314]. Specifically, it has been demonstrated in this study that
cationic moiety selection is likely important in ionomer development for the electrodes of fuel cells
and electrolyzers. With the added complexity of ionomer-catalyst interactions, a QAC that
provides good performance when integrated in an anion exchange membrane may have
determinantal interactions with catalyst particles when integrated in an ionomer. Beyond the
possibility of ionomer adsorption reducing active catalyst surface area, we have shown that
ionomer-catalyst interactions can also have a substantial impact on the microstructure and water
uptake of the ionomer. It is known that intrinsic characteristics including water uptake and
crystallinity can further dictate the polymer morphology, mechanical integrity, and transport of

ions, water, and reactant and product species. These findings necessitate further investigation
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into how implementing different QACs and electrocatalysts ultimately influence the ionomer
characteristics, along with the resulting structure-property-performance relationship in
electrochemical devices. The continuation of these studies will ultimately provide design principles

for ionomers and QACs selection for integration with specific electrocatalyst particles.
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CHAPTER 4
DESIGNING ANION EXCHANGE IONOMERS WITH ORIENTED NANOSCALE PHASE
SEPARATION AT A SILVER INTERFACE

This chapter is modified from a paper submitted to The Journal of Physical Chemistry C.
Nora C. Buggy,'® Yifeng Du,?’ Mei-Chen Kuo,?' Soenke Seifert,??> Ryan J. Gasvoda,?? Sumit

Agarwal, ?* E. Bryan Coughlin,?® and Andrew M. Herring?%
4.1 Motivation

After confirming interactions between silver nanoparticles and our tunable block
copolymer-based ionomer system occur with C=C bonds in the backbone, phenyl rings on the
side chains, and the quaternary ammonium cationic moieties, the next step in elucidating the
structure-property-performance relationship was to investigate the thin film morphology of
ionomers on silver surfaces. In this work, both block copolymer and ionomer thin films (20—60
nm) were deposited on either atomically flat silicon wafers or silicon wafers coated in a thin (ca. 5
A) layer of silver. A new set of block copolymer-based ionomers with polyisoprene (Plp)
hydrophobic blocks and high TECs were designed for this work. Hypothesis 3 is investigated by
comparing the thin film morphology of the unquaternized block copolymer precursors to that of
the ionomers. Studying this nano-scale model interface provides a means of investigating the

ionomer-catalyst interface at relevant scales as it exists in the catalyst layer of the electrode.
4.2 Abstract

Performance of polymer electrolyte-based energy systems is significantly impacted by
transport within the electrode catalyst layer, where ionomer thin films coat catalyst particles.

Proton exchange ionomer thin films have been thoroughly characterized, but few studies have
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critically examined anion exchange ionomer (AEI) thin films. Further, none have reported
nanoscale phase separation for hydrocarbon AEIs, which is critical to mitigate transport
resistances. In this work, a set of hydrocarbon-based AEIs with nanoscale phase separation are
developed from tunable block copolymer systems composed of polyisoprene (PIp) and
polychloromethylstyrene (PCMS). The effect of the PIp:PCMS ratio, architecture, and thickness
on the thin film morphology of the neutral block copolymer precursors on silicon and silver
substrates is investigated using GISAXS and AFM. AEIs are prepared by quaternizing with
trimethylamine or methylpiperidine and their cation-dependent morphology is characterized at 60
°C and 95% RH. A perpendicularly aligned morphology is observed on silver, while no phase
separation is observed on silicon, indicating silver-polymer interfacial interactions drive phase
separation. After quaternization, dipole-dipole interactions induce some disorder, but nanoscale
phase separation is still maintained. GISAXS patterns are modeled using a Unified Fit approach

to understand water uptake and swelling, and recommendations for AEI design are presented.
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Figure 4.1 Graphical abstract.

4.3 Introduction

Ton exchange membranes are of interest for electrochemical energy conversion technologies
including fuel cells [46], electrolyzers [34], batteries [323], and redox flow batteries [216]. Anion
exchange membranes (AEMs) specifically have been targeted as a promising material for all of

these devices because alkaline systems allow for more facile catalysis and utilization of
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non-platinum group metal (PGM) catalysts [324, 325]. Block copolymer-based AEMs are of
further interest due to their ability to self-assemble into phase-separated morphologies, which can
ultimately lead to improvements in ion conduction and transport of reactant and product species
across the membrane [326-329]. While phase separation in neutral block copolymers is well
understood, experimental and computational studies have shown charge effects in block
polyelectrolytes significantly impact the Flory-Huggins parameter [330] and phase diagram

[294, 331, 332], where factors including chain length, charge fraction, charge size and the strength
of Coulombic interactions all impact morphology [293, 333, 334].

An area of research which remains unexplored is understanding thin film morphology of
polyelectrolytes in the catalyst layer of the electrode, where they are known as the ionomer. In
proton exchange membrane (PEM) fuel cells, ionomers exist as thin films (4—10 nm) covering
catalyst particles [182]. Although the microstructure and thickness of ionomers in AEM-based
electrodes is still speculative, it is expected that they also exist as a thin film. Transport of
species through ionomer thin films has been shown to be crucial to optimizing the catalyst layer
to improve electrochemical device performance [115, 120, 183]. The ionomer is a critical
component in the catalyst layer where it facilitates water, reactant and product species, and ion
transport to and from the catalyst surface [335]. Studies have shown that ionomer thin film
(1-100 nm) morphology differs greatly from their bulk (pm scale) structure, leading to changes in
water uptake, transport, and ionic conductivity [189, 193, 194]. The shift in morphology is due to
a combination of confinement and surface tension effects along with interfacial interactions
between the ionomer and the thin film substrate [186, 187]. To date, the thin film morphology of
Nafion® and other perfluorosulfonic acid (PFSA) ionomer thin films have been most commonly
investigated. In their case, it has been shown that interfacial interactions contribute to a
thickness-dependent morphology [188, 189] which results in changes in water uptake and proton
conductivity [186, 190-192]. Substrate-dependent morphologies have also been observed
[186, 195, 196], where Nafion® thin films on Si0O4 display an isotropic structure, and on gold or
platinum exhibit parallel backbone alignment relative to the substrate [197]. Other studies of thin
films cast on hydrophilic substrates absorb more water compared to films on hydrophobic
substrates [198], further explained by a parallel morphology on hydrophobic substrates slowing

adsorption of water and an isotropic orientations on hydrophilic substrates favoring water
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sorption [195]. Combined, these studies utilize techniques such as grazing-incidence small-angle
X-ray scattering (GISAXS), ellipsometry, and thin film conductivity measurements to elucidate
the thin film morphology, water uptake and ionic conductivity properties on a polished silicon
wafer or model catalyst interface [184, 185, 190]. Understanding the
chemistry-morphology-property relationships has provided insight into mitigating transport
resistances in the catalyst layer of PEM-based devices.

Only a limited number of anion exchange ionomers (AEIs) have been studied as thin films,
including Tokuyama A201 [206, 207], quaternized comb-shaped poly(2,6-dimethyl-1,4-phenylene
oxide) (QA-PPO) [208], and commercial Fumasep® Fumion FAA-3 ionomer (FAA-3) [209].
Recently, a more wide-ranging study investigated a variety of AEIs with different backbones and
side chain chemistries, highlighting the role of ionomer chemistry in their structure and water
uptake [210]. Perfluorinated polymers showed phase separation in GISAXS, while all
hydrocarbon-based thin films were amorphous and displayed no evidence of nanoscale phase
separation, which could potentially lead to transport resistances [211-213]. FAA-3 and a
benzyltrimethylammonium-functionalized PPO ionomer have also displayed insufficient phase
separation in GISAXS [209].

The importance of phase separation and morphology has been demonstrated to be key to
enhancing water and ion transport through bulk membranes. One way to achieve a better
phase-separated morphology and ultimately enhance species transport is to utilize amphiphilic
block copolymers as the backbone for synthesizing AEIs. Almost all AEIs are prepared from
quaternizing the halogenated component with an amine such as trimethylamine,
methylpyrrolidine or methylpiperidine [57, 58, 214]. Trimethylamine derived cations are the most
commonly implemented, however their chemical stability has been called into question at higher
temperature and elevated pH, and more sterically hindered methylpiperidine derived cations are
more favorable for stability [85]. The thin film morphology of neutral block copolymers has been
extensively studied [336, 337], but there are no studies that extensively characterize the
morphology of block copolymer-based AEIs or their neutral precursors. The implementation of
block copolymer-based AEIs has been demonstrated in device studies using
styrene-ethylene/butylene-styrene (SEBS)-based block copolymers quaternized with

trimethylammonium in both AEM-fuel cells [51, 233] or water electrolyzers [165]. Tunable
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tetrablock poly(norbornene) copolymer-based ionomers have also been used in AEM-fuel cells
[115]. Chen et al. compared the nanostructured morphology of their block copolymer SEBS-based
ionomer with three different levels of quaternization [111]. They observed hydrophobic
nano-domains and a continuous hydrophilic matrix on mica substrates using AFM. While they
discuss the observed surface morphology and how it relates to ionomer swelling and the AEM-fuel
cell performance they obtained, the catalyst they used in the device was platinum and its now
well established that the ionomer morphology of thin films, < 100 nm, is dependent on the
chemistry of the surface.

One of the main benefits of AEM-fuel cells is their ability to utilize non-PGM catalysts for the
oxygen reduction reaction (ORR). While acidic conditions require the use of Pt or Pt-alloys for
long term stability [338], increasing the pH allows for lower overpotentials and faster reaction
kinetics by decreasing the binding energy of spectator ions [143, 339]. Historically, the National
Aeronautics and Space Administration (NASA) developed alkaline fuel cells and found that
Au-Pt alloys showed superior activity and durability compared to the original PGM catalyst used
in the Apollo program [149], and more recent work has shown that Ag-Pt alloys are an equally
active and durable alternative to Au, available at a lower cost [150]. Ag has been shown to have
promising ORR performance in alkaline conditions [152, 340, 341}, and compared to other high
activity Pt-group metals including Pt, Pd, Ir and Ru, it is also a more abundant element.
Therefore, this work focuses on Ag surfaces to investigate the interface-dependent morphology
from a fundamental perspective. Pure Ag-coated substrates were utilized, however it should be
noted that catalysts are typically alloyed with other non-noble metals to both improve their
performance and further decrease catalyst costs [342, 343].

A remaining challenge is to design AEIs that display nano-phase separation as thin films at
catalyst interfaces. Obtaining an understanding of interfacial interaction-driven morphologies on
metal surfaces that model catalysts of interest is recommended in order to establish rational
design principles for AEIs. In this work, two tunable block copolymer chemistries are developed,
the diblock copolymer PIp-b-PCMS (Plp, polyisoprene and PCMS, polychloromethylstyrene) and
the triblock copolymer PCMS-b-PIp-b-PCMS. The synthesis of these materials is described, and
their bulk morphology is characterized. The neutral block copolymers are then studied as thin

films of 30, 45, or 60 nm on silicon or Ag-coated silicon substrates using GISAXS and atomic force
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microscopy (AFM). The block copolymer thin films are then quaternized with trimethylamine or
methylpiperidine to functionalize the backbone with pendant trimethylammonium (TMA) or
methylpiperidinium (MPRD) quaternary ammonium cationic moieties. Their humidity dependent
morphology is discussed in the context of block copolymer architecture, film thickness, and
quaternary ammonium cation selection. Definitive correlations between morphology and water

swelling are established, and recommendations are presented to aid in future design of AEIs.

4.4 Experimental Methods
4.4.1 Materials

Isoprene (Ip) (99%, Arcos Organics) was distilled and stored under -20 °C before use.
Chloromethylstyrene (CMS) (mixture of para- and meta- isomers, 97%, Sigma-Aldrich) was
passed through basic alumina to remove the inhibitor and stored at -20 °C before use.
2,2’-Azobis(2-methylpropionitrile) (AIBN) was recrystallized from methanol.
N-tert-Butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide (SG1) was kindly provided
by Arkema. n-Hexane (97%, Sigma-Aldrich), anisole (99%, Sigma-Aldrich), ethyl acetate (99%,
VWR), diethyl ether (99%, VWR), tetrahydro furan (THF) (99%, VWR), magnesium sulfate
(anhydrous, 99%, Sigma-Aldrich), carbon disulfide (99%, Sigma-Aldrich), dibromo-p-xylene (97%,
Sigma-Aldrich), potassium hydroxide (85%, Sigma-Aldrich), N-methylpiperidine (99%, Acros
Organics), trimethylamine (pure, 7.3M, 50 wt% aqueous solution, Acros Organics), chloroform
(;99.5%, Sigma-Aldrich), and methanol (ACS grade, Pharmco) were purchased and used as
received. Silicon wafers (standard prime grade <100>, single side polished) were purchased from
MSE Supply Company. Silver pellets (99.99% purity, 1/4” diameter x 1/4” long) and a tungsten

boat source used for thermal evaporation were purchased from Kurt J. Lesker Company.
4.4.2 Synthesis of PIp-SG1

N-tert-Butyl- N-[1-diethylphosphono-(2,2-dimethylpropyl)|nitroxide (SG1, 38.14 mg, 0.1
mmol), isoprene (Ip, 4 g, 58.7 mmol) and pyridine (6.0 mL) were added to a thick-walled Schlenk
tube. Three cycles of freeze-pump-thaw were applied to degas the mixture. Then, the flask was
backfilled with Ny4) and placed in an oil bath at 115 °C. After 72 h, the chain extension reaction

was quenched by immersing the flask into an ice bath. The solution was transferred to a
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pre-weighed vial. Solvent and unreacted isoprene were removed by purging with dry Ny g
overnight and then kept in a vacuum oven at room temperature for 24 h. A viscous light-yellow
liquid was obtained (PIp-SG1, M,, = 8,200 g mol!, PDI = 1.15). The synthesis of PIp-SG1 with
a lower molecular weight (M,, = 8,000 g mol™!, PDI = 1.11) was performed using the same

method but with a polymerization time of 48 h.
4.4.3 Synthesis of diblock copolymer PlIp-b-PCMS, Di-1 and Di-2

PIp-SG1 (1g, M,, = 8,200 g mol'!, PDI = 1.15), CMS (3.22 g, 21.1 mmol), and anisole (6 mL)
were added to a thick-walled Schlenk flask. Three cycles of freeze-pump-thaw were applied to
degas the mixture. Then, the flask was backfilled with Ny, and placed in an oil bath at 105 °C
for 12 h. The chain extension reaction was quenched by immersing the flask into an ice bath. The
solution was precipitated into n-hexane three times to remove the excess monomer CMS and
dormant PIp homopolymer without chain extension. A light-yellow powder was obtained
(PIp-b-PCMS, Di-1, M,, = 21,000 g mol!, PDI = 1.36). The synthesis of Di-2 was performed
using the same method but with a different PIp-SG1 precursor (1 g, M,, = 8,000 g mol!, PDI =
1.11) and three times the amount of CMS (9.66 g, 62.2 mmol) to obtain a larger PCMS block.

4.4.4 Synthesis of difunctional chain transfer agent (CTA)

The difunctional CTA, butyl 4-(([(butylthio)carbonothioyl]thio) methyl)benzyl
trithiocarbonate, was synthesized based on the reaction of a carbodithioate salt with alkyl
dibromide (see Figure 4.2). 1-butanethiol (2.7 g, 30 mmol), potassium hydroxide (10% aqueous
solution, 20 ml), carbon disulfide (2.28 g, 30 mmol) were added to a flask with an ice bath.
Dibromo-p-xylene (3.7 g, 14 mmol) in THF (20 ml) was then added dropwise into the reaction
mixture under stirring over 1 h. The reaction mixture was then slowly brought to room
temperature and then heated to 60 °C. The temperature was maintained for 3 h until the bottom
yellow layer was clear. The reaction flask was allowed to cool to room temperature. The reaction
mixture was then partitioned between HyO and diethyl ether. The organic layer was collected and
washed with H,O three times. The organic layer was then dried with magnesium sulfate. The
magnesium sulfate was filtered off and the solvent was removed under reduced pressure. The

yellow crude oil product was further purified using column chromatography (hexanes: ethyl
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acetate = 10:1 as the eluent) to yield a yellow crystalline solid (yield = 77%).

Br S
(i) KOH *Br

sH (i) CS, . S@ K® - . s\/@/\s S
ST N
H,0 \n/ -KBr R N Y
diethyl ether S S

Figure 4.2 Synthesis of difunctional RAFT CTA

4.4.5 Synthesis of telechelic PIp macro-CTA

Di-tert-butyl peroxide (dtBP, 2 mg, 0.012 mmol), difunctional CTA (54 mg, 0.12 mmol),
isoprene (Ip, 3.4 g, 50 mmol) and anisole (6.0 mL) were added to a thick-walled Schlenk tube.
Three cycles of freeze-pump-thaw were applied to degas the mixture. Then, the flask was
backfilled with Ny, and placed in an oil bath at 120 °C. After 48 h, the chain extension reaction
was quenched by immersing the flask into an ice bath. The solution was transferred to a
pre-weighed vial. Solvent and unreacted isoprene were removed by purging with dry nitrogen
overnight and then kept in a vacuum oven at room temperature for 24 h. The product was
obtained as a viscous light-yellow liquid (telechelic PIp macro-CTA, M,, = 12,600 g mol'!, PDI =
1.18).

4.4.6 Synthesis of triblock copolymer PCMS-b-PIp-b-PCMS, Tri-1 and Tri-2

Telechelic PIp macro-CTA (250 mg, M,, = 12,600 g mol!, PDI = 1.18), CMS (8.6 g, 56
mmol), AIBN (0.54 mg, 0.003 mmol) and anisole (8 mL) were added to a thick-walled Schlenk
flask. Three cycles of freeze-pump-thaw were applied to degas the mixture. Then, the flask was
backfilled with Ny (,) and placed in an oil bath at 70 °C for 12 h. The chain extension reaction was
quenched by immersing the flask into an ice bath. The solution was precipitated into n-hexane
three times to remove the excess monomer CMS and dormant PIp homopolymer without chain
extension. A light-yellow powder was obtained (PCMS-b-PIp-b-PCMS, Tri-1, M,, = 30,400 g
mol™!, PDI = 1.44). The synthesis of Tri-2 was performed using the same method but with three
times the amount of CMS (25.8 g, 158 mmol) to obtain a larger PCMS block.
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4.4.7 Gel Permeation Chromatography (GPC)

1

GPC was performed in THF at a flow rate of 1.0 mL min™ using a refractive index detector

on a Polymer Laboratories PL-GPC 50 integrated GPC system.
4.4.8 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy was performed in 5 mm diameter tubes in deuterated chloroform (CDCl;)
at 25 °C. 'H and 3'P NMR spectroscopies were performed on a Bruker 500 spectrometer at 500
MHz (‘H) and 202 MHz (3'P).

4.4.9 Transmission Electron Microscopy (TEM)

The TEM specimens were prepared using a Leica (Reichert & Jung) CryoUltramicrotome. The
microtome chamber was cooled to -160 °C using Ny (1), where the bulk sample was microtomed
with a diamond knife to a thickness of ~40 nm. The cut sections were then mounted on a
400-mesh copper grid support and stained by OsO, vapor for 30 min at room temperature. TEM

imaging was performed on a JEOL 2000FX TEM operated at an accelerating voltage of 200 kV.
4.4.10 Small Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) measurements were performed using a GANESHA 300
XL instrument with a Cu Ka 0.154 nm line in SAXS mode. Scattering profiles were collected for
15 min. For polymer membrane preparation, the polymer was dissolved in chloroform at a
concentration of 50 mg mL™ and cast onto a Teflon® substrate. The solution area was covered by
a Petri dish to allow slow evaporation of the solvent at room temperature overnight. The polymer

membrane (~50 pm) was then peeled off and dried under vacuum prior to SAXS characterization.
4.4.11 Preparation of Thin Film Samples

1 mm thick polished silicon wafers with a ~1.5 nm native oxide layer were cut into ~2 cm?
squares using a diamond knife. Substrates were cleaned of organics in acetone and methanol and
blown dry with N,. Ag-coated substrates were fabricated using an Angstrom Thermal Evaporator
to deposit an atomically flat ~3 A layer of Ag at a rate of 0.3 A 57! on the silicon substrates. The
composition of the silver surface was verified using XPS (see Figure 4.3) and the uniformity was

verified using AFM (see Figure 4.4).
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Figure 4.3 High resolution core-level spectra of the Ag (top) and O (bottom) regions of the
silver-coated silicon substrates. The peak position the Ag 3dz/, and 3d;/; peaks as well as the
Ag0 loss features indicates the silver surface and film is not heavily oxidized and most of the Ag is
metallic [310]. Further, the O 1s deconvolution shows a minuscule amount of oxygen that could
be attributed to AgO which we speculate is at the interface between the native SiO, layer and the
metallic Ag film.
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Figure 4.4 5x5 pm AFM height (left) and phase (right) image of a Ag-coated silicon substrate,
confirming a thin uniform layer of Ag was deposited on the silicon wafer by thermal evaporation

1-10 mg mL" solutions of block copolymers PIp-b-PCMS and PCMS-b-PIp-b-PCMS were
prepared in CHCl;. The solutions were spin-cast at 2000 rpm for 1 min onto the silicon substrates
and the Ag-coated silicon substrates. Varying the solution concentration allowed for the sample
thickness to be controlled to obtain samples of 30, 45, or 60 nm thick for each block copolymer
investigated. Thin films were quaternized with either trimethylamine or N-methylpiperidine
vapor to fabricate films functionalized with either TMA or MPRD cationic moieties. For the
vapor reactions, the substrates were kept on a glass stage above the liquid level and the glass

reaction vessel was sealed (see Figure 4.5).

Figure 4.5 Setup for vapor quaternization reaction of thin films. (a) glass lid, (b) tall glass
bottom, (c) glass stage, (d) polymer thin film on substrate, (e) reactant liquid, (f) reactant vapor.
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For TMA functionalized thin films, 50/50 trimethylamine/water was used at room
temperature. For MPRD functionalized thin films, 50/50 N-methylpiperidine/MeOH was used,
and the reaction vessel was heated to 80 °C to vaporize the reactant liquid. Reactions took place
for 1 h to ensure full quaternization of the thin film [344]. The samples were then dried under

vacuum at 80 °C for 12 h to ensure removal of all residual reactant vapor and solvent.
4.4.12 Ellipsometry

A VASE® (variable angle spectroscopic ellipsometer) (J.A.Woolam Co.) was used to measure
the thickness of the spin-cast polymer thin films deposited on silicon substrates at two angles of
incidence, 50° and 70°. A multilayer optical model was used comprised of the silicon substrate and
a Cauchy layer to describe the transparent polymer thin film using a two parameter Cauchy
equation:

n(\) = A+ % (4.1)

Where n is the refractive index, A is the wavelength, and A and B are the two Cauchy

constants used for fitting.
4.4.13 Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

GISAXS data was collected at beamline 12-ID-B/C-D at the Advanced Photon Source at
Argonne National Laboratory. The X-ray energy was set to 18 keV. Exposure time for each
measurement was 0.07 s. The samples were placed on a data collection stage and held in place via
vacuum. An incident angle of # = 0.09° was used for all measurements, above the critical angle of
the polymer film and just below the critical angle of the substrate (SiO5 6. ~0.1° at 18 keV). For
environmental GISAXS, a humidity and temperature controlled environmental chamber with
X-ray transparent Kapton® windows was custom-built and designed to hold eight GISAXS
samples. The chamber was connected to a previously implemented temperature and humidity
control system [345]. Samples were kept at 60 °C and 95% RH for 1 h to ensure adequate
equilibration with the environment. The 2D images were analyzed using the GISAXSshop
software package in Igor Pro 8 (Dr. Byeongdu Lee, Argonne National Lab.). Horizontal, vertical,
and azimuthal line cuts were taken using the software package to characterize the

orientation-dependent features of the polymer morphology. Line cuts were fit using the Unified
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Fit model in the Irena software package in Igor Pro 8 [243].
4.4.14 X-ray photoelectron spectroscopy (XPS)

Laboratory based UHV-XPS was performed on a HiPP III Scienta Omicron photoelectron
spectrometer operating in swift mode using monochromatic Al Ka X-rays at 150 W focused to a
500 pm spot size. The pass energy and analyzer slit width were 200 eV and 1.5 mm for the core
level scans. The aperture on the on the analyzer entrance was fixed at 800 pm for all scans. The
Ag-coated silicon substrate was mounted on double sided carbon tape and introduced to the
analysis chamber via a fast entry loadlock. All analyses were performed using CasaXPS with
adventitious carbon calibrated to 284.8 eV. The Ag 3d region was fitted using a Shirley

background and asymmetric line shapes [310].
4.4.15 Atomic Force Microscopy (AFM)

Height and phase images were collected in AC tapping mode using an Asylum Research
MF3PD Atomic Force Microscope. Silicon AFM probes (Ted Pella, Prod. No. TAP150AL-G)
with a resonant frequency of ~150 kHz and a force constant of 5 N m™! were used. All images
were collected in repulsive mode. Domain sizes and surface coverage were analyzed using ImagelJ

software by applying a threshold to the image and using the built-in particle size analysis tool.

4.5 Results and Discussion
4.5.1 Polymer Synthesis
4.5.1.1 Diblock Copolymer Synthesis

Diblock and triblock copolymers of isoprene (Ip) and chloromethylstyrene (CMS) were
synthesized by two living polymerization methods. As shown in Figure 4.6, the diblock copolymer
PIp-b-PCMS was synthesized via nitroxide-mediated radical polymerization (NMP) due to its fast
propagation rate at high temperature (115 °C).

N-tert-butyl- N-[1-diethylphospono-(2,2-dimethylpropyl)] nitroxide (SG1) was used to initiate the
polymerization and provide living character required to prepare block copolymers. By changing
the feeding ratio of Ip and SG1, various molecular weights of PIp were achieved with a narrow

dispersity (PDIpr, < 1.2), as shown in Table 4.1.
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Figure 4.6 Synthesis of diblock copolymer Plp-b-PCMS, Di-1 and Di-2.
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Table 4.1 Chemical composition and bulk morphology of diblock copolymer Plp-b-PCMS and
triblock copolymer PCMS-b-Plp-b-PCMS

PIp Block
Sample M,? (g mol'!) M,* (g mol't) PDI®
Di-1 8120 9370 1.15
Di-2 8000 8850 1.11
Tri-1 12600 14900 1.18
Tri-2 12600 14900 1.18

PIp and PCMS Block Copolymer
Sample M,* (g mol!) M,% (g mol't) PDI®

Di-1 21000 28500 1.36
Di-2 45200 64000 1.42
Tri-1 30400 43800 1.44
Tri-2 66300 100400 1.51
Sample Composition PCMS:PIp® fpoums® (%) Morphology?  dg (nm)
Di-1 Plp119-6-PCMS511 4:1 57 C 20
Di-2 P1p117—b—PCMSQ4Q7 20:1 79 C 24
Tri-1 PCMS77—b—PIp110-b—PCMS77 1.4:1 54 C and Lf 30
Tri-2 PCMSle—b—PIpHQ—b—PCM8231 4.2:1 78 C 30

“Determined from GPC

*Degree of polymerization (DP) ratios between PCMS and PIp blocks, calculated from 'H NMR,

“Volume fraction of PCMS block, calculated from PCMS:PIp ratio and the densities of homopolymers, PIp and
PCMS

“Morphology from SAXS and TEM, where L denotes lamellar and C denotes a worm-like cylindrical morphology
¢d-spacing determined from SAXS primary peak

A disordered combination of C and L morphologies
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Previously, the chain extension of the macro-initiator PIp-SG1 with CMS was performed in
o-xylene [295]. In this work, anisole was selected as the solvent due to it having a lower chain
transfer to solvent ratio. The ratio of PIp-SG1 to CMS was adjusted to tune the molecular weight
of the PCMS block. Two diblock copolymers were synthesized and characterized by gel
permeation chromatography (GPC) (Figure 4.7). The narrow dispersity observed in these
polymerizations confirmed the living character provided by the PIp-SG1 macro initiator. The
ratio of the degree of polymerization (DP) for both blocks can be calculated from 1H NMR
(Figure 4.8). The volume fractions of the PCMS block were calculated from the molar masses and

densities of the respective homopolymers (ppr, = 0.906 g em™, ppons = 1.088 g cm™).

——PIp-SG1
——Di-1

1100 1200 1300 1400 1500
Retention Time (min)

——PIp-SG1
——Di-2

1000 1100 1200 1300 1400 1500

Retention Time (min)

Figure 4.7 GPC of PIp-SG1 and Di-1 (top) and PIp-SG1 and Di-2 (bottom).
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Figure 4.8 'H NMR and corresponding labeled chemical structure of Di-1 and Di-2.
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4.5.1.2 Triblock Copolymer Synthesis

Atom transfer radical polymerization (ATRP) for triblock copolymer syntheses requires the
polymerization of the first block to be stopped at relatively low conversion, because the extent of
bimolecular termination increases as the monomer concentration decreases [346]. Different from
NMP and ATRP, the living character of RAFT is able to be maintained even at full conversion,
due to the unique fragmentation transfer mechanism [347]. Thus, the RAFT method was chosen
for the triblock copolymer syntheses in this study. The difunctional CTA was synthesized based
on a previously reported method [348]. The two triblock copolymers were synthesized and
characterized by GPC (Figure 4.9). The chemical structures were confirmed by electron spray
ionization mass spectroscopy (Figure 4.10) and 'H NMR. (Figure 4.11). The synthesis method of
the triblock copolymers using the difunctional CTA is shown in Scheme 2. The telechelic PIp
macro-CTA was then chain extended with CMS at 75 °C (see Figure 4.12). The molar ratio
between telechelic PIp macro-CTA and initator, AIBN, was kept at 10:1, whereas the feed ratio of

CMS was adjusted to obtain different molecular weights of the PCMS block.

—— Plp macro-CTA
—Tri-1
—Tri-2
T T T T T
1000 1100 1200 1300 1400

Retention Time (min)

Figure 4.9 GPC of Tri-1 and Tri-2.
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Figure 4.11 'H NMR and corresponding labeled chemical structure of Tri-1 and Tri-2.
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Figure 4.12 Synthesis of triblock copolymer PCMS-b-PIp-b-PCMS, Tri-1 and Tri-2.
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4.5.2 Bulk Film Morphology

The morphology of both diblock and triblock copolymers was first investigated by SAXS on
drop-cast films (Figure 4.13). The domain spacing (d-spacing), ds = 3—’:, was determined for each
specimen, where ¢* is the primary peak. Morphology was inferred from the higher order peak
positions in SAXS in conjunction with the observed morphology from TEM (Figure 4.14). The
d-spacing and morphology results are summarized in Table 4.1. SAXS patterns of all of the block
copolymers investigated show some evidence of higher order peaks, but they are generally not
very distinct. This indicates a lack of long-range ordering of the morphology. In TEM, the PIp
domains are selectively stained with OsO,. For the Di-1 and Di-2 membranes, a worm-like
cylindrical morphology is observed (Figure 4.14a and b), in agreement with some of the broad
higher order peaks observed in the SAXS pattern. A disordered combination of lamellar and
cylindrical morphologies was observed in the TEM of Tri-1 (Figure 4.14c¢), which is consistent with
the SAXS where the assignment of higher order peaks for a lamellar (¢* : 2¢ : 3¢...) or cylindrical
(¢* : V/3q : v/4q...) morphologies [349] are comparable. A larger PCMS block led to a shift toward
a purely cylindrical morphology in Tri-2 (Figure 4.14d). The lack of definitive higher-order peaks
in SAXS make the assignment of a morphology less clear. While TEM confirms the lack of long
range ordering, it also assists in assigning a worm-like cylindrical morphology (Di-1, Di-2 and
Tri-2) or a mixture of disordered cylinder and lamllar domains (Tri-1). The d-spacings observed

in TEM are in agreement with what is calculated from the SAXS patterns.
4.5.3 Neutral Block Copolymer Thin Film Morphology

In our previous work, various triblock copolymer systems have been optimized as
high-performance AEMs [58, 102]. However, in the electrode layer the mechanical integrity
restraint is relaxed, therefore diblock copolymers and materials with more quaternizable content
of PCMS can be used. Accordingly, the neutral block copolymers were used to study the effect of
diblock versus triblock configuration and extending the PCMS block length on thin film
morphology. Thin film samples were spin-cast on both plain silicon wafers and silicon wafers
coated with a thin layer of Ag. The thickness of the samples was varied by adjusting the dilution
of the spin-casting solution (1-10 wt% polymer in CHCl;). All samples in this study cast on plain

silicon wafers did not show distinct scattering profiles, even after probing multiple incident angles.
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Figure 4.13 SAXS of ~50 pm films of Di-1 (a), Di-2 (b), Tri-1 (c) and Tri-2 (d).

Figure 4.14 TEM of Di-1 (a), Di-2 (b), Tri-1 (c), and Tri-2 (d). Dark domains are PIp selectively
stained with OsO,. Scale bars are all 100 nm.
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A representative GISAXS image can be seen in Figure 4.15. Samples fabricated on Ag-coated
silicon substrates displayed more discrete scattering profiles that varied with sample thickness.
The GISAXS scattering patterns for samples of 30, 45, and 60 nm thicknesses are shown in
Figure 4.16. The measured sample thickness will be attached to the sample name, e.g. Di-1-30

will refer to the 30 nm thick sample of Di-1.

05 0.0 0.5 1.0 1.5 2.0 05 0.0 0.5 1.0 1.5 2.0
20; (deg.) 26; (deg.)

Figure 4.15 Scattering of Di-1-30 (left) and Tri-1-30 (right) on plain silicon substrates. No distinct
scattering features are noted.

The PIp-6-PCMS diblock copolymer exhibits vertically oriented features on the Ag substrates.
This indicates the ordering of the morphology is driven by interfacial interactions between the
diblock copolymer and the Ag surface. The observed scattering corresponds to vertically oriented
PIp domains surrounded by a continuous PCMS matrix, based on the molecular weight and
fpoms. Although the lack of higher-order peaks makes the exact assignment of the morphology
challenging, the domains are most likely vertically aligned cylinders or vertically aligned spherical
micelles. The d-spacing of the PIp domains (Table 4.2) in all of the investigated samples are
substantially smaller compared to their bulk d-spacing, likely induced by a combination of
interactions with the Ag interface and confinement effects. Additionally, the sample thickness,
along with the PCMS:PlIp ratio and molecular weight all appear to have some influence on the
relative order of the morphology — highlighted by the broadness of the scattering profile. At 30
nm, Di-1 and Di-2 show discrete, vertically oriented domains with similar d-spacing. Once the
sample thickness is increased to 45 nm or 60 nm, the d-spacing increases slightly and the

scattering profile broadens.
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Figure 4.16 2D GISAXS images for Di-1, Di-2, Tri-1 and Tri-2 of the 30, 45 and 60 nm samples.
Horizontal linecuts are compared for the 30 nm (red), 45 nm (yellow) and 60 nm (blue) thin films.
Linecut traces are offset for clarity.

Table 4.2 Domain Spacing of Neutral Block Copolymers Determined from GISAXS ¢*

Domain Spacing (nm)

Sample t=30nm t=45nm t=60nm
Di-1 9.4 114 12.4
Di-2 10.0 10.2 12.1
Tri-1 7.8 10.4 9.4
Tri-2 9.4 9.0 10.3

Broadening of this feature indicates that both the relative order of the spacing of the PIp
vertically oriented domains becomes less ordered, and their orientation becomes more random, as
the film thickness increases. Increasing the PCMS:PIp ratio and Mw does not have a significant

effect on the d-spacing or morphology, in contrast with the difference in d-spacing and relative
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order observed in the bulk SAXS of Di-1 and Di-2. Thin films of the PCMS-b-PIp-6-PCMS
triblock copolymers were also studied at thicknesses of 30, 45, and 60 nm. Unlike Di-1 and Di-2
where there is broadening of the scattering profile as film thickness increases, Tri-1 and Tri-2 show
a discrete vertically aligned feature at all of the thicknesses investigated. Spacing of the Plp
domains also tends to increase slightly with film thickness.

While GISAXS probes the entirety of the thin film, AFM can provide a complimentary
morphology at the air-polymer interface. Figure 4.17 shows AFM height and phase images of
Di-1, Di-2, Tri-1 and Tri-2, all 30 nm thick on Ag substrates. Di-1-30 on plain silicon was also
imaged for comparison (Figure 4.18). Based on the volume fraction of PIp, the discrete circular
regions are assigned to PIp and the continuous phase to PCMS. Bright domains in the height
image and dark domains in the phase image correspond to PIp. On the plain silicon substrate
(Figure 4.18), the morphology appears more disordered, with some randomly distributed larger
regions of PCMS but a predominant Plp-rich surface coverage. PIp can tend to cover the surface
regardless of bulk film morphology, possibly due to its lower surface tension [350, 351]. However,
on Ag substrates, more discrete separation and order of the two phases is observed. In the height
(and phase) images, the bright (and dark) circular PIp regions correspond to the vertically
oriented features observed in GISAXS, indicating that the domains aligning perpendicular to the
Ag substrate propagate through to the polymer-air interface. The diameter of the PIp domains
observed in AFM and the surface coverage of PCMS is summarized in Table 4.3. The domains
sizes determined from the thresholding procedure all have a relatively broad size distribution,
which can be seen in Figure 4.19. Di-2 shows larger domains than Di-1, and visually they appear
to have larger spacing, in agreement with what is observed in GISAXS. Tri-1 and Tri-2 have a
similar domain size as well. The surface coverage of PCMS also trends with the fpoarg for each

block copolymer, also shown in Table 4.3 for ease of comparison.

Table 4.3 Domain Size and Surface Coverage of Neutral Block Copolymers Determined from AFM

Sample PIp Domain Diameter (nm) Surface Coverage PCMS (%) froms (%)

Di-1 11.1 £ 5.3 85.6 o7
Di-2 13.6 £ 5.2 86.3 79
Tri-1 149 +£79 75.0 o4
Tri-2 12.6 £ 5.9 83.6 78
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Figure 4.17 AFM height (a,c) and phase (b,d) images of Di-1 (1), Di-2 (2), Tri-1 (3), and Tri-2 (4)
30 nm samples on Ag substrates. 1x1 pm (a,b) and 500x500 nm (c,d) images are shown. Scale
bars all represent 200 nm. In height images, bright contrast represents PIp domains. In phase
images, dark regions correspond to PIp domains.

Figure 4.18 1x1 pym AFM height (left) and phase (right) image of Di-1-30 on plain silicon. Both
height and phase image show less distinct ordering and separation of the surface morphology.
Bright domains in the height image and darker regions in the phase image correspond to Plp
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Figure 4.19 Domain size distributions determined from AFM images for Di-1 (a), Di-2 (b), Tri-1
(c) and Tri-2 (d).

To confirm that the observed morphologies were also reproducible, additional samples of the
same thicknesses along with thinner, 20 nm samples of Di-1, Di-2, Tri-1 and Tri-2 were also
prepared (Figure 4.20). While confirming the reproducibility of the morphology observed for
samples of 30-60 nm thick, the scattering of the thinner samples appeared to be more isotropically
oriented while still displaying nanoscale phase separation. To further analyze domain orientation,
azimuthal linecuts were taken from y = 0° (vertical linecut) to x = 90° (horizontal linecut).
Based on this analysis, for Di-2, Tri-1 and Tri-2 it is clear the feature most distinctly emerges at y
= 90°, indicating that while the thinner samples are less ordered, they still tend toward a vertical
orientation. For Di-1, the scattering profile does not vary as significantly with y, indicating there

is no favored orientation. In this case, the domains are oriented randomly within the thinner film.
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Figure 4.20 20 nm samples of Di-1, Di-2, Tri-1 and Tri-2 (from top to bottom). Left column shows
2D GISAXS images, right column shows azimuthal linecuts taken at angles varying from 0-90°.
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To determine whether the morphology was due to a non-equilibrium kinetically trapped state
produced from spin coating, Tri-1-30 was thermally annealed above the glass transition
temperature (T;) of PCMS (~130 °C) [352] to observe any changes in the morphology (see
Figure 4.21). The sample was heated from room temperature to 130 °C, during which only a
slight decrease in the intensity of the scattering was observed. The sample was then further
heated in increments of 5 °C up to 145 °C, where the intensity of the scattering steadily
decreased. The decrease in the scattering intensity is likely from a loss in long range order as the

sample becomes more rubbery above the Tj.
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Figure 4.21 Annealing experiment for Tri-1-30. Top shows GISAXS images during heating and
cooling. Bottom left shows horizontal line cuts from heating images, bottom right shows
horizontal line cuts from cooling images.
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No further changes were observed by holding the sample at 145 °C. As the sample was cooled,
the intensity of the scattering began to increase. Once the sample was stabilized at room
temperature, the scattering intensity had recovered completely and was slightly more intense than
the original sample. The increase in intensity after cooling is most likely due to improved
long-range order of the PIp segments. While the intensity changes over the course of the
annealing experiment, no changes in the d-spacing of the vertically oriented domains were
observed, indicating the morphology and spacing of the PIp domains remained constant during
thermal annealing above the T, of PCMS. This further indicates there are few non-equilibrium
effects on the morphology in the as-cast film, as these would likely be relaxed by annealing above
the T, of PCMS. Additionally, this highlights the significance of the interfacial interactions with
the Ag substrate — the fact that the scattering intensity is lost as the polymer softens, but is then
fully recovered and does not change, indicates the interfacial interactions with Ag that drive this

morphological ordering are strong and not affected by annealing the sample.
4.5.4 TIonomer Thin Film Morphology

To contrast the two polymer architectures, Di-1 and Tri-1 were selected for further
characterization as quaternized AEIs. As the quaternized diblock and triblock copolymers are
insoluble, they had to be fabricated from pre-cast neutral block copolymer thin films. Therefore,
30, 45 and 60 nm films on Ag-substrates were quaternized with trimethylamine or
N-methylpiperidine vapor. The theoretical ion exchange capacities (IECs) for Di-1-TMA (4.4 +
0.4 mmol g!), Di-1-MPRD (3.7 4 0.4 mmol g!), Tri-1-TMA (3.8 4 0.4 mmol g'!), and
Tri-1-MPRD (3.3 + 0.4 mmol g!) were calculated from the PCMS:PIp ratio and the molar mass
of TMA and MPRD. For the AEI samples, GISAXS was performed in a temperature and
humidity-controlled chamber at ambient conditions (room temperature, ~20% RH) or at 60 °C
and 95% RH to simulate relevant operating conditions of fuel cells. Films were equilibrated for 1
h before taking measurements.

Figure 4.22 shows horizontal linecuts of Di-1 at 30, 45, and 60 nm thicknesses, functionalized
with either TMA or MPRD cationic moieties (see Figure 4.23, Figure 4.24, Figure 4.25, and
Figure 4.26 for all 2D GISAXS images). Overall, the AEI thin films exhibit more weakly

correlated phase separation compared to their neutral block copolymer backbone thin films.
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Figure 4.22 Horizontal linecuts from 2D GISAXS images. Red traces are from ambient conditions,
blue traces were taken at 60 °C and 95% RH.

The initial ordered morphology of the block copolymer precursors is likely disrupted by
quaternary ammonium cations introducing dipole-dipole interactions (~1 kJ mol'!) with each
other that are stronger than the van der Waals (VDW) interactions (~0.1-1 kJ mol!) between
the polymer and the Ag surface [353]. While VDW interactions between the neutral precursor
and the silver surface initially drove ordering of the thin film morphology, the strong attraction
between pendant quaternary ammonium cationic groups leads to an overall decrease in order.

Rigorous analysis of GISAXS requires complex models utilizing the distorted wave born
approximation (DWBA) [354-356]. However, it has been shown that g, scattering can be
described using the Unified Fit approach with reasonable accuracy, despite being a born
approximation (BA)-based model [357]. The Unified Fit approach is commonly used to analyze

transmission geometry SAXS at multiple structural levels.
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Figure 4.23 Di-1-TMA GISAXS 2D images at ambient conditions (top row) and 60 °C 95% RH
(bottom row). From left to right: 30 nm, 45 nm and 60 nm samples.
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Figure 4.24 Di-1-MPRD GISAXS 2D images at ambient conditions (top row) and 60 °C 95% RH
(bottom row). From left to right: 30 nm, 45 nm and 60 nm samples.
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Figure 4.25 Tri-1-TMA GISAXS 2D images at ambient conditions (top row) and 60 °C 95% RH
(bottom row). From left to right: 30 nm, 45 nm and 60 nm samples.
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Figure 4.30 Unified Fit Modeling for Tri-1-MPRD. (a) Tri-1-30-MPRD, dry. (b) Tri-1-30-MPRD,
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Table 4.4 Unified Fit Model Parameters for Di-1-TMA Samples.

Dry Gy error R4 error By error P, error By error P,  error
30nm 27,882 31 24.86 0.03 0.389 0.019 4.00 - 624.6 789 1.00 0.03
45nm 15,801 20 22.10 0.02 0.275 0.003 4.00 - 286.5 47.3 1.00 0.11
60nm 3,007 42 23.31 0.15 0.766 0.012 2.77 0.05 24.9 1.0 1.66 0.01

Wet Gy error Ry error By error P error By error P,  error
30nm 13,963 24  28.11 0.12 0.152 0.001 4.00 - 446.8 32.8 1.07 0.02
45nm 7,879 13 27.20 0.06 0.134 0.001 4.00 - 38.6 3.0 1.40 0.02
60nm 1,421 110 30.91 1.08 0.130 0.028 3.03 0.11 0.3 0.1 2.60 0.01

Table 4.5 Unified Fit Model Parameters for Di-1-MPRD Samples.

Dry Gy error Ry error By error P, error
30nm 113,730 282 156.17 2.26 0.025 0.001 3.32 0.01
45nm 82,891 2,417 151.04 2.42 0.294 0.007 2.74 0.01
60nm 25,187 143 86.06 0.31 0.030 0.002 3.37 0.02
Wet Gy error Ry error By error P,  error
30nm 62,177 1,297 159.73 1.45 0.011 0.001 3.33 0.02
45nm 38,480 1,081 150.61 2.28 0.156 0.005 2.68 0.01
60nm 11,785 111 87.54 0.56 0.031 0.003 3.18 0.03
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Table 4.6 Unified Fit Model Parameters for Tri-1-TMA Samples.

Dry Gy error Ry error By error P error
30nm 1,380 38 18.74 0.06 0.096 0.037 3.78 0.26
45nm 571 17 1754 0.31 0.172 0.080 3.14 0.31
60nm 601 45 17.08 0.38 0.052 0.006 3.46 0.12

Dry Go error Ry error By error P, error
30nm 75,138 1208 152.97 1.17 047 0.04 248 0.02
45nm - - - - 1.14 0.03 2.02 0.01
60nm 20,276 317 122.15 1.27 870 2.19 1.61 0.07
Wet Gy error Ry error By error P,  error
30nm 19,100 276  74.69 1.98 0.337 0.015 2.86 0.01
45nm 11,660 139  68.02 2.37 0.273 0.004 2.69 0.01
60nm 8555 499  64.07 2.17 0.099 0.010 3.10 0.04
‘Wet Go error Ryo error B error P,  error
30nm - - - - 430 1.12 1.98 0.05
45nm - - - - 8.08 1.89 1.77 0.04
60nm - - - - 5.84 2.02 1.73 0.06
Table 4.7 Unified Fit Model Parameters for Tri-1-MPRD Samples.

Dry G1 error Ry error By error P error
30nm 4,367 53.72 70.04 0.91 0.044 0.004 3.24 0.03
45nm 8,090 62.89 68.10 0.45 0.044 0.003 3.31 0.03
60nm 2,238 25.05 51.40 0.69 0.047 0.006 3.38 0.05

Wet G1 error Ry error By error P error
30nm 8,233 83.36 86.65 0.93 0.044 0.003 3.31 0.03
45nm 11,438 78.85 70.72 0.40 0.044 0.003 3.37 0.02
60nm 10,047 22.08 52.40 0.29 0.066 0.003 3.76 0.02
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The Unified Fit model can describe the fractal scattering of weakly correlated systems by their
fractal dimensions from the Porod exponent (P) and radius of gyration (Rgy) from fitting of the
Porod and Guinier regions, respectively. R, characterizes the size of the domains, while P can
provide insight into the particle shape, where P = 1, 2, 3, or 4 refers to rigid rods, lamellae,
cylinders, or spheres. Porod exponents can also indicate particle arrangement in a 2D (1 < P <
2) or 3D (2 < P < 3) mass fractal [358].

The scattering profiles of the quaternized films still show distinct Guinier areas and Porod
slopes, therefore the Unified Fit model was selected to further interpret the changes with samples
thickness, quaternary ammonium cation, and humidification. Each individual Unified Fit can be
seen in Figure 4.27, Figure 4.28, Figure 4.29, and Figure 4.30. The fitted parameters for Di-1 and
Tri-1 quaternized with TMA and MPRD are summarized in Table 4.4, Table 4.5, Table 4.6, and
Table 4.7. Within this experimental q range, a portion of level 2 Porod scattering was also
observed in some samples. In most cases this region only consists of few data points, so these fits
are not of substantial quality and will therefore not be discussed, but are included in Table 4.4,

Table 4.5, Table 4.6, and Table 4.7.
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Figure 4.31 Surface plots illustrating the correlation between film thickness and relative humidity
on the radius of gyration for Di-1-TMA, Di-1-MPRD, Tri-1-TMA, and Tri-1-MPRD (from left to
right). A global color scale to the right is provided for comparison of the radius of gyration across
all samples investigated.

Surface plots illustrating the correlation between film thickness and relative humidity on the
radius of gyration for all ionomer thin films investigated is shown in Figure 4.31. The ionomers
quaternized with TMA have a smaller ambient R, than those quaternized with MPRD, indicating
the films quaternized with MPRD have a higher ambient water uptake. Further, the ambient R,
of Tri-1-TMA < Di-1-TMA and Tri-1-MPRD < Di-1-MPRD, which also trends with their

127



theoretical IECs.

Generally, across all of the samples investigated, R, increases when the film is hydrated,
indicating the spacing of the polymer coils increases as the film swells and takes up water.
Increasing the sample thickness appears to mainly decrease R, in both ambient and hydrated
conditions, with the only exception being the Di-1-TMA samples where Ry 30nm > Ry 60nm >
Ry 45nm- This trend is in contrast to what has been reported for PFSA ionomers, where water
uptake decreases with film thickness from ~20—100 nm due to confinement effects, and then a
transition from ordered to disordered morphology causes water uptake to increase in thinner films
< 20 nm [186, 206, 359]. This contrast can be attributed to a major differences between the
Nafion® fluorocarbon backbone and these block copolymer-based ionomers — while Nafion®
typically aligns parallel to the substrate interface, these diblock and triblock-based ionomers align
mainly perpendicular to the substrate, and perpendicular alignment is driven by interactions at
the Ag interface. As thickness of the ionomer decreases, the interfacial interactions with the
surface become more significant and drive perpendicular alignment and order of the domains, thus
increasing water uptake. This can also be observed by comparing the intensity difference between
horizontal and vertical linecuts (Figure 4.32 and Figure 4.33). When the horizontal and vertical
linecuts from a 2D GISAXS image are of similar intensity, it indicates the phase separation does
not favor a particular orientation and is more or less composed of isotropic, randomly oriented
domains and features a mixture of domain orientations with no preference. In Figure 4.32 and
Figure 4.33, the horizontal linecuts are more intense than the vertical linecuts, indicating a
perpendicular orientation is more prominent throughout the sample. It can be noted in
Figure 4.32 and Figure 4.33 that in 30 nm samples, the intensity difference between the horizontal
and vertical linecut is greater than their difference at 60 nm. This further emphasizes that in
thinner films, the interfacial Ag-ionomer interactions are more prominent and drive perpendicular
alignment and ordering, which ultimately leads to a higher water uptake in thinner samples.

After equilibration at 60 °C and 95% RH, the Di-1-TMA samples have the smallest humidified
R,, and the Tri-1-TMA samples have the largest. The GISAXS horizontal linecuts for the
Di-1-TMA samples provide evidence that these thin films exhibit the most ordered phase
separation. Di-1-30-TMA and Di-1-45-TMA are also the only two samples which exhibit a Porod

exponent, P~4, indicating the scattering of vertically arranged spherical domains.
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Figure 4.32 Comparison of horizontal and vertical linecuts for Di-1-TMA and Di-1-MPRD, at dry
(red traces) and 60 °C and 95% RH (blue traces).
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Figure 4.33 Comparison of horizontal and vertical linecuts for Tri-1-TMA and Tri-1-MPRD, at
dry (red traces) and 60 °C and 95% RH (blue traces).
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The Di-1-TMA samples likely show the lowest water uptake due to the formation of spherical
domains. Di-1-TMA also has the highest IEC of the ionomers under investigation, meaning it also
contains more cationic moieties that can act as dipoles. The cationic moiety dipoles can interact
with each other and cause clustering, which can lower conductivity and water uptake in bulk
AEMs [360].

For all other samples, which also generally show less correlation in their phase separation, 2.7 j
P i 3.8, indicating the scattering of mainly cylindrical domains in a 3D mass fractal.
Comparatively, Tri-1-TMA shows less phase separation, and ultimately exhibits the largest
humidified R,. In the case of films quaternized with MPRD, the humidified R, of Tri-1-MPRD |
Di-1-MPRD, owing to the more obvious ordered phase separation in Tri-1-MPRD than in
Di-1-MPRD. This also indicates the polymer architecture, i.e. diblock versus triblock, or their
respective molecular weights (Mw, Di-1 = 28,500 g mol-1, Mw, Tri-1 = 43,800 g mol-1 ) influence
the morphological ordering and water uptake, along with the chemistry of the cationic moiety.

Additionally, the change in R, between ambient and humidified conditions can provide some
insight into the water uptake and swelling in the sample. The percent change in R, or %—};09,
varies depending on the quaternary ammonium cation (see Figure 4.34). Di-1-TMA (13-33%) and
Tri-1-TMA (275-298%) both have a larger percent change in R, than Di-1-MPRD (1-2%) and
Tri-1-MPRD (2-24%) at all thicknesses (with the one exception where the percent change in R,
for Tri-1-30-MPRD > Di-1-30-TMA). This indicates that generally, MPRD quaternized ionomers

experienced less of a change when going from ambient conditions to 60 °C and 95% RH.
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Figure 4.34 Percent change in R, with hydration for Di-1-TMA samples (a), Di-1-MPRD samples
(b), Tri-1-TMA samples (c) and Tri-1-MPRD samples (d).

131



4.6 Conclusions

In this work, AEIs were rationally designed from a tunable block copolymer system composed
of PIp and PCMS. The thin film morphology of the neutral block copolymer precursors was
investigated on plain silicon or on Ag, a relevant component of non-Pt catalysts for AEI-devices.
A perpendicularly oriented morphology was observed on Ag, while no phase separation was
observed on silicon, indicating Ag-polymer interfacial interactions drove the phase separation and
assembly. AFM imaging confirmed the phase-separated morphology propagated to the
polymer-air interface. Annealing above the Tg of the neutral block copolymer did not alter the
thin film morphology, emphasizing the strength of the interactions at the Ag-polymer interface.
The d-spacing of the PIp cylinders in the thin film samples (ds = 8—12 nm) differed from the bulk
film samples (ds = 20—30 nm) due to confinement effects.

AEIs were then fabricated by quaternizing with trimethylamine or N-methylpiperidine vapor
to functionalize the block copolymer backbone with TMA or MPRD quaternary ammonium
cations. The effect of polymer architecture, quaternary ammonium cation, IEC, and film
thickness on thin film morphology at an Ag interface were characterized at ambient conditions
and at 60 °C and 95% RH. In this system, there is a complex interplay between the Ag-interfacial
interactions, confinement effects, and dipole-dipole interactions between the cationic moieties that
all influence the thin film morphology and water swelling. Namely, water uptake increases as film
thickness decreases — Ag-ionomer interfacial interactions drive the PIp domains to align vertically,
and the improved order leads to an increase in water uptake for thinner films, observed by their
radius of gyration. Additionally, AEIs with MPRD cationic moieties have a higher ambient water
uptake than films with TMA cationic moieties. AEIs with MPRD cationic moieties also exhibit a
smaller change in R, between ambient and humidified conditions, indicating they may swell less
than films with TMA cationic moieties. Based on these observations, design rules for block

copolymer-based AEI systems at an Ag interface can be recommended:

(i) Quaternizing with MPRD may be desirable to achieve improved water uptake in lower RH

applications, as indicated by having a larger R, at ambient conditions

(ii) Quaternizing with MPRD may also lead to less swelling for thinner films, as indicated by

the percent change in Ry, which could promote a better ionomer-Ag interface. When the
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ionomer does not swell as dramatically, there is less risk for it to delaminate from the

catalyst surface and create interfacial resistances in the electrode

(iii) Utilizing a triblock over a diblock architecture further suppressed the swelling of the
ionomer quaternized with MPRD by enhancing the nanoscale phase separation. Choosing a
triblock architecture in conjunction with MPRD will likely lead to the most favorable

ionomer-catalyst interface.

This work exhibits the benefit of utilizing block copolymer-based AEIs to achieve thin film
nanoscale phase separation. Although the discrete perpendicular alignment observed for the
neutral block copolymer precursors becomes more disordered after functionalization with
quaternary ammonium cations, nanoscale phase separation is still maintained with a preferential
vertical orientation. In contrast, most PFSA ionomer thin films show a morphology aligned
parallel to the substrate [186, 194, 195, 197], which could potentially lead to transport resistances
[211-213]. Achieving sufficient phase separation in an AEI thin film should lead to improved
anion conduction in the catalyst layer, as it has been shown in bulk polymer electrolyte
membranes [326] and in thin films [192, 213]. Further, domain alignment perpendicular to the
catalyst surface should be ideal for water, reactant and product species, and ion transport,
mitigating resistances associated with the parallel alignment of domains that has been observed
for PFSA ionomer thin films. These findings demonstrate how block copolymer precursors with
tunable characteristics can be leveraged and optimized to provide a rational framework for

designing next-generation anion exchange ionomers.
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CHAPTER 5
EVALUATING THE EFFECT OF IONOMER CHEMICAL COMPOSITION IN SILVER-
IONOMER CATALYST INKS TOWARD THE OXYGEN EVOLUTION REACTION
BY HALF-CELL MEASUREMENTS AND WATER ELECTROLYSIS

This chapter is modified from a journal article submitted to Electrochimica Acta.
Nora C. Buggy,?” Ivy Wu,?® Yifeng Du,?? Ria Ghosh,>* Mei-Chen Kuo,?!, Morgan S. Ezell,??
James M. Crawford,?® Soenke Seifert,3* Moises A. Carreon,*® E. Bryan Coughlin,?® and Andrew

M. Herring?”
5.1 Motivation

After understanding the morphology and water uptake of ionomer thin films on silver, the
final step toward elucidating the structure-property-performance relationship was to evaluate the
electrochemical performance of different ionomer-silver catalyst inks. In this work, the learnings
from previous fundamental studies are demonstrated in a more complex system. Hypothesis 4 is
probed by studying the oxygen evolution reaction (OER) kinetics and performance of a set of
ionomer-silver catalyst inks in a separated-anode half-cell study. Hypothesis 4 is anticipated by
all of our previous results, namely that interactions are dictated by the chemistry of the backbone
and quaternary ammonium cation, and that the thin film morphology is also dependent on the
ionomer architecture. Therefore, it is justified that the quaternary ammonium cationic moiety,
along with the block copolymer backbone, will affect the OER kinetics and performance. Finally,
the optimized ionomer-silver catalyst ink is tested in an AEM electrolyzer, utilizing the PE-based

AEM developed in Chapter 2.
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5.2 Abstract

The effect of anion exchange ionomer (AEI) chemistry on the kinetics of the oxygen evolution
reaction (OER) was systematically studied in both half-cell and single-cell electrolysis
experiments. OER was studied in 1 M K,COg3 at 50 °C using an array of ionomer-silver catalyst
inks deposited on Ni foam. Different ionomer modifications were investigated to optimize the
OER performance. The AEI used in this work features a block copolymer backbone of
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene which was functionalized
with either benzyltrimethylammonium (TMA) or benzylmethylpiperidinium (MPRD) quaternary
ammonium cations. Using an MPRD quaternary ammonium cation shifted the rate determining
step at high overpotentials, ultimately providing enhanced performance. Increasing the catalyst
ink dilution was also found to substantially improve mass activity and catalyst utilization
(increase from 35 to 88 A g Ag), likely by reducing the ionomer thickness and decreasing
transport resistances. In the final ionomer modification, the Ni foam substrate was leveraged to
partially hydrogenate the polycyclooctene midblock to be polyethylene-like at the Ni interface. A
significant increase in the electrochemical surface area (Cy increased from 8.8 to 20.8 mF cm™2)
and performance (by 47 mA cm™ or 29 A g! Ag) was observed with the incorporation of
polyethylene. Kinetic results from half-cell experiments were validated via single-cell anion
exchange membrane electrolysis experiments, where the optimized electrode displayed enhanced

performance in both 1 M K,CO5 and in DI H,O.
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Figure 5.1 Graphical abstract.
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5.3 Introduction

Electrochemical production of hydrogen via water electrolysis is a key technology necessary for
the development of a sustainable hydrogen-based energy infrastructure [8, 361]. Alkaline
electrolyzers, which utilize 30—40 wt% aqueous KOH solutions, are a commercially mature
technology, but various drawbacks inherent to their architecture, such as limited lifetime, poor
efficiency, large footprint, and low power density have left substantial room for improvement even
for large scale hydrogen production. Proton exchange membrane (PEM) and anion exchange
membrane (AEM) water electrolyzers provide enhanced conversion efficiencies with a smaller
footprint. Despite the promising performance of PEM water electrolyzers (PEMWESs), the high
cost of the required platinum group metal (PGM) catalysts (iridium oxide and platinum) in
addition to their corrosion-resistant cell components position PEMWEs to be prohibitively

expensive for large scale commercialization [42].

Ni Foam Carbon
PTLand CL AEM PTL and CL

Figure 5.2 Diagram of an anion exchange membrane (AEM) water electrolysis cell, including
detailed interfaces of the Ni foam and carbon paper porous transport layers (PTLs) and catalyst
layers (CLs).

Anion exchange membrane water electrolyzers (AEMWESs) operate in alkaline media which

allows for the utilization of less expensive, more abundant non-PGM catalysts, thus combining
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the advantages of alkaline electrolyzers and PEMWEs. Anion exchange membranes (AEMs) are
polymer electrolytes with covalently bound cationic functional groups that facilitate the transport
of anions (typically OH™ or CO52" across the device from cathode to anode. The electrochemical
reactions in an AEMWE are the oxygen evolution reaction (OER) at the anode and the hydrogen
evolution reaction (HER) at the cathode. A schematic of an AEMWE is given in Figure 5.2.

The half-cell reactions and overall reaction for water electrolysis in alkaline media are,

Anode Reaction (OER): 4OH™ — Oy 1 +2H,0 +4e” (R1)
Cathode Reaction (HER): 4H,O +4e~ — 2H, 1 +40H™ (R2)
Overall Reaction: 2H,0 — 2Hy 1 + Oy 1 (R3)

At the cathode, water is reduced to hydrogen and hydroxide ions which move across the AEM
to the anode where they are oxidized and yield oxygen, water, and electrons. Since water is both
a product and reactant, water produced at the anode would ideally diffuse through the AEM to
the cathode; however, electro-osmotic drag tends to carry water in the opposite direction, i.e. the
direction of hydroxide ion transport, depending on the membrane thickness. Ideally, an AEMWE
would utilize pure water, but in practice, the current densities achieved in pure water are poor.
For this reason, AEMWEs commonly report utilizing a supporting electrolyte such as aqueous
KOH or K,COg, typically 0.01 M—1.0 M [34, 362, 363], which improves the performance
compared to using water alone [364]. Previous studies have shown how the kinetics for OER
improve (e.g. Tafel slope decreases from ca. 160-274 mV dec™! to 53-72 mV dec™! [365]) as the pH
increases from 7 (neutral water) to 14 (1 M KOH) [366, 367]. Additionally, while KOH-fed
electrolyzers outperform K,CO3-fed electrolyzers at the same molar concentration, the
performance of K,CO; outperforms KOH at the same pH [368]. A recent modeling study
suggested that the addition of OH- reduces ohmic resistances of the AEM and catalyst layer and
improves reaction kinetics by increasing the electrochemically active surface area [369].

In the case of using a supporting electrolyte such as K,COj5, after hydroxide ions are produced
at the cathode, a mixture of hydroxide, along with the present carbonate (and possibly
bicarbonate) ions diffuse toward the anode. At the anode, carbonate and bicarbonate anions are

purged from the system via the following reactions [370, 371]:

137



CO,* + H,0 == HCO;™ + OH" (R4)
HCO,~ == CO, 1 + OH" (R5)

Hydroxide ions are then oxidized to water and O, according to reaction (R1). The self-purging
reactions are well documented for anion exchange membrane fuel cells (AEMFCs) [372]. In the
case of the oxygen reduction reaction (ORR) in AEMFCs, and likely in OER in AEMWESs, it is
assumed that HCO3; ™ and CO327 are not directly participating in the electrochemical reactions
[373, 374]. The reactions for electrolysis with carbonate-based electrolytes where CO3?~ ions
participate directly to realize the production of both Hy, O, and CO, are extremely sluggish and
require a cell voltage upwards of 3 V [367, 375]. Operating beneath this voltage further ensures
that during electrolysis with supporting carbonate-based electrolytes, only OH ™ participates via
the conversion of CO4?>~ and HCO; in reactions (R4) and (R5).

Much recent work has focused on the development of AEMs with high ionic conductivity,
water management, mechanical integrity, and resiliency to hydroxide-induced degradation
mechanisms. Fewer reports exist on the optimization of the electrode and catalyst layer.
Fundamental studies have been conducted using density functional theory (DFT) [376] and/or
using experimental techniques such as rotating disk electrodes (RDEs) [126, 377], where it has
been shown ionomer adsorption to the catalyst surface can play a significant role in performance
and available catalyst active area. Recently, a study using quaternary ammonium cations (QACs)
with long tethered groups (triethylammonium) demonstrated that they were worse than shorter
groups (trimethylammonium) because when adsorbed to the catalyst the longer ethyl group
blocked more active sites [376]. The authors suggested utilizing other bulkier QACs that may be
more sterically hindered from adsorption would be beneficial. In contrast, a recent microelectrode
and AEMFC study showed triethylammonium outperformed trimethylammonium by reducing
cation adsorption [129]. While insight from different approaches is useful and can correlate to real
device performance under the right conditions [378], it is also known that the catalyst and
ionomer kinetics and performance in an RDE study can diverge significantly from the activity in

an operating device [379]. Therefore, many optimization studies are done in an operating cell
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[122]. Recently, Huang et al. optimized the water uptake of the ionomer incorporated in both the
anode [100] and cathode [99] in an AEMWE by balancing a high ion exchange capacity (IEC)
with crosslinking to reduce swelling. Faid et al. used an in-situ half-cell approach by adding a
reference electrode to an AEMWE experiment to separately optimize ionomer loading for OER
and HER [116].

There are many disadvantages to optimizing a single electrode using full cell tests. It can be
challenging to separate the performance of the anode from the cathode. It is a more time
intensive process to optimize one electrode at a time. Furthermore, MEA preparation and cell
assembly introduce additional variables to the system. A more efficient solution is to perform
ex-situ half-cell studies, where the electrochemical performance of each electrode can be isolated.
These experiments also reduce the number of interfaces and therefore contributions to the
electrochemical performance. Studies of this nature have been performed more frequently for
ORR in acidic media [380-382] and more recently for ORR [383] and OER [384] in alkaline media
and HER in acidic media [385].

This study reports for the first time the optimization of ionomer structures using a separated
anode half-cell approach. We utilize a tunable triblock copolymer system of
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS)
[58] that we previously modified via hydrogenation [102] to fabricate a polyethylene (PE) triblock
copolymer-based anion exchange membrane which excellent mechanical properties in water for
AEMWE applications. It is advantageous to utilize an ionomer with similar chemical composition
in the catalyst layer (CL) to reduce interfacial resistances in a membrane electrode assembly.
Therefore, this work utilizes the same PCOE-based triblock copolymer precursor, which is post
functionalized with quaternary ammonium cations (QACs) and incorporated as the anion
exchange ionomer.

Electrodes for AEMWESs are made by coating a porous support in a catalyst-ionomer ink.
Commonly implemented porous substrates include carbon paper or cloth for the cathode, or
metal felts, foams, or meshes of stainless steel, titanium, or nickel for the anode [34]. Using an
electrically conductive porous support is essential because the widely porous interconnected
framework allows for gas and fluid transport while simultaneously providing electrical

conductivity [386]. In addition to possessing high surface area and electrical conductivity, porous
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Ni foams are an attractive substrate because of their resistance to corrosion at high pH [387-390]
and excellent OER performance [391-394]. Therefore, this work utilizes a Ni foam electrode
coated in a catalyst-ionomer ink.

Our previous work has highlighted interactions that can occur between ionomers and Ag
nanoparticles [395] and the implications of those interactions on the thin film morphology on Ag
surfaces [396]. In this work, the electrochemical performance toward OER of various Ag-ionomer
catalyst inks on Ni foam are evaluated in half-cell experiments. The ionomer is optimized through
a series of modifications including different backbone chemistries and QAC functionalities. The
two QACs compared in this work are benzyltrimethylammonium (TMA) and
benzylmethylpiperidinium (MPRD). The effect of ink dilution, which relates to the thickness of
the ionomer thin film coating the Ag catalyst particles, was also investigated. Improvements in
kinetics and performance are discussed, and the final optimized electrode was incorporated into an
AEMWE. The results are summarized, and recommendations are provided for tuning ionomer-Ag

interactions to develop a favorable interface and enhanced electrochemical performance.

5.4 Experimental Methods
5.4.1 Materials

Ni foam substrates (thickness = 0.3mm) were purchased from MSE Supply Company. The
substrates were pre-cleaned by sonicating for 30 min in acetone followed by sonicating for 30 min
in 2 M HCI and then rinsing in DI water. Ag nanopowder (average particle size 20—40 nm) was
purchased from Alfa Aesar and used as received. The following reagents were purchased from
various vendors and used as received. N-methylpiperidine (CgH 3N, 99%), trimethylamine
solution (C¢gH3N, 50wt% in water), chloroform (CHCls, >99%), methanol, (MeOH, CH;OH, ACS
grade), and 1,1,2,2-tetrachloroethane (reagent grade >98.0%). The block copolymers used in this
work, including polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene
(PCMS-b-PCOE-b-PCMS) and polyisoprene-ran-polychloromethylstyrene (PIp-ran-PCMS), were
synthesized via methods published previously [49, 238]. The base triblock copolymer used for the

AEM fabrication, Tuffbrane™, was supplied by Spark Ionx Inc.
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5.4.2 Gel Permeation Chromatography (GPC)

1

GPC was performed in THF at a flow rate of 1.0 mL min™ using a refractive index detector

on a Polymer Laboratories PL-GPC 50 integrated GPC system.
5.4.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy was performed in 5 mm diameter tubes in deuterated chloroform (CDCl;)

at 25 °C. 'H NMR was performed on a Bruker 500 spectrometer at 500 MHz.

5.4.4 Environmental scanning electron microscopy (ESEM) and energy dispersive
spectroscopy (EDS)

Scanning electron microscopy images were collected using an FEI Quanta 600 operating under
low vacuum at 25 kV. EDS was performed with an element EDAx energy dispersive spectroscope.

Standard parameters were used to quantify elements using EDAx Genesis software.
5.4.5 BrunauerEmmetTeller (BET) Surface Area

The BET surface area of Ni foam was extracted from N, isotherms. An ASAP 2020
porosimeter (Micromeritics, Norcross, GA, USA) was used to collect Ny isotherms at 77 K. Prior
to analysis, the sample was degassed for 8 h at 150 °C under high vacuum. Surface areas were

calculated using the BET method following criterion described previously [397].
5.4.6 Half-Cell Electrode Fabrication

Ni foam substrates were cut to a size of 3.0 cm x 4.5 cm (13.5 ecm?). This is the size necessary
to contact the working electrodes in the FlexCell® apparatus. For Ag-ionomer catalyst ink coated
electrodes, Ag nanopowder was added to a 10 mg mL™! solution of PCMS-b-PCOE-b-PCMS in
CHCl; and sonicated for 1 h prior to dip coating. The ionomer:catalyst (I:C) ratio of 15:85 was

2 In

kept constant in all experiments, and the target loading of Ag was either 2.6 or 1.6 mg cm”
all dip-coating processes, between each dip the electrodes were placed on a hot plate at 60 °C to
evaporate the CHCl; solvent. After the total amount of polymer-Ag ink was deposited on each
electrode, they were dried under vacuum for 12 h to remove any residual solvent.

To partially hydrogenate the PCOE midblock to PE, electrodes with
PCMS-b-PCOE-b-PCMS-Ag ink were hydrogenated by utilizing the Ni foam substrate as the
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hydrogenation catalyst. Electrodes were placed in a vessel purged for 30 min with Ny(g), followed
by purging with H,(g) for 30 min. The vessel was then sealed with a balloon which was inflated
with Hy(g), and the samples reacted under Hy(g) for 24 h.

The Ag-polymer coated electrodes were quaternized in 50 wt% trimethylamine/water to yield
benzyltrimethylammonium (TMA) cationic moieties, or in 50 vol% N-methylpiperidine/MeOH to
yield benzylmethylpiperidinium (MPRD) cationic moieties. Electrodes were submerged in
solution for 48 h at room temperature, then thoroughly rinsed in DI water and dried under

vacuum for 12 h.
5.4.7 Half-Cell Experiments

Half-cell tests were performed using a PTFE FlexCell® (Gaskatel, gmBH). 3.0 x 4.5 cm
electrodes were placed in the cell. A 3 cm? active area was isolated by the silicone gaskets. The
current densities in this study are normalized to this planar surface area. The working electrode
(WE), counter electrode (CE), and reference electrode (RE) were the Ni foam electrodes, a Pt
wire, and a Pt-Hy HydroFlex® reference electrode (Gaskatel, gmBH) respectively. Prior to
experiments, the working electrodes were soaked in 1 M K,COj4 for 1 h to exchange from the C1~
form to the CO4%~ form. Once the cell was assembled with the WE, 1 M K,COy electrolyte was
added to the cell and heated to 50 °C and allowed to equilibrate at that temperature for 1 h prior
to beginning experiments. A stir bar was added to the electrolyte compartment to reduce noise
from gas bubble formation during OER. A VMP-300 potentiostat (Biologic) was used for
electrochemical measurements. Linear sweep voltammetry (LSV) was collected at 5 mV s. The

reaction kinetics can be described by the Butler-Volmer equation [398]:

. . . anF . —(1—a)nF
J = Jfwd — Jrev = JOEXTP <1;7T> — Joexp <<RT)?7> (5'1)

Where jg is the exchange current density, « is the charge transfer coefficient, 7 is the
overpotential, R is the ideal gas constant, and T is the temperature. At large overpotentials (n >
15 mV) where the reactions become irreversible, the Butler-Volmer equation simplifies to the

Tafel equation, expressed in common logarithmic terms as:

2.303RT ) 2.303RT )
n= <aF> logj — <04F> logjo (5.2)
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Tafel equation fits were calculated for both 100% iR compensated LSVs and
iR-uncompensated LSVs. Electrochemical impedance spectroscopy (EIS) was performed at open
circuit voltage (OCV) to determine the solution resistance used for performing iR correction.
Cyclic voltammetry (CV) collected at 10, 20, 30, and 50 mV s™! in the potential range of
1.12-1.22 V was used to calculate the double layer capacitance (Cy) as an estimate of
electrochemical surface area. Cy was calculated by plotting ja—jo, or Aj, at 1.17 V versus the

scan rate, where the linear slope = 2Cy;.
5.4.8 Anion Exchange Membrane (AEM) Fabrication

The AEMs used in this work were fabricated from a block copolymer precursor, Tuffbrane™,
supplied by Spark Ionx. Membranes were produced by suspending the polymer in
1,1,2,2-tetrachloroethane (TeCA). Films were solution cast onto Teflon® coated
polyetheretherketone (PEEK) sheets with a dropper pipette and were partially covered by a glass
plate and allowed to dry and ambient conditions. Once dry, another Teflon® sheet was placed on
top of the polymer film on the Teflon® coated PEEK sheet and was then hot pressed at 160 °C
and 90 psi for 5 minutes, four times. Films were then easily peeled from the sheet with an
approximate thickness of 38 + 5 ym. The films were post-quaternized in 50% N-methylpiperidine
in MeOH for 3 days at 50 °C to yield AEMs. The AEMs were washed with DI H,O until the H,O
had a neutral pH. The membranes were then annealed in DI H,O at 80 °C in the oven for 24 h.

AEMs were stored in DI H,O at room temperature before use.
5.4.9 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed using a TA instruments Q20 DSC. 1.3
mg of PCMS-b-PCOE-b-PCMS was deposited by dip coating a small (ca. 1 cm?) piece of Ni foam.
The polymer-coated Ni foam was loaded in a Tzero aluminum pan and the change in heat flow was

measured over a temperature range of 0 — 160 °C with a heating and cooling rate of 10 °C min™!.

5.4.10 Ionic Conductivity Measurements

The in-plane C1~ and CO5%" ionic conductivity of the AEM were measured using
electrochemical impedance spectroscopy (EIS) with a BioLogic VMP3 Potentiostat. Conductivity

measurements were performed in 4-electrode BekkTech conductivity cells immersed in water
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(W6-4 Optima® LS /MS grade, Fisher Chemical) on a hot plate with a magnetic stirrer.
Experiments were performed at room temperature (~25 °C) and at 50 °C. The in-plane
conductivity of the membranes was calculated using,

d
oc=— 5.3
twR (5:3)
where d is the distance between two platinum electrodes, t is the thickness of the sample, w is the
width of the sample, and R is the membrane resistance. R is obtained by fitting a Randles circuit

model to the Nyquist impedance plot.
5.4.11 Small-angle X-ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) was performed at the Basic Energy Sciences Synchrotron
Radiation Center (BESSRC) at the Advanced Photon Source at Argonne National Lab on
beamline 12 ID-B. SAXS was performed using a Pilatus 2M detector. Experiments were
performed with an exposure time of 0.5 s. The X-ray beam had a wavelength of 1 A and energy
of 13.3 keV. The intensity (I) is a radial integration of the 2D scattering pattern with respect to
the scattering vector (¢). AEM samples were placed in capillary tubes dry or in DI water. SAXS
was collected for the dry, ambient samples and for samples immersed in DI water for 1 week. For
dry samples, scattering of an empty capillary tube was used for background subtraction. For DI
water immersed samples, scattering of a DI water filled capillary tube was used for background

subtraction. 3 shots were averaged for each sample prior to background subtraction.
5.4.12 Membrane Electrode Assembly (MEA) Fabrication

Anodes and cathodes were fabricated using the catalyst-coated substrate method. Ni foam or
Toray carbon paper (TGP-H-60) was cut to a size of 5 cm? for use as the porous transport layer
(PTL) for the anode or cathode, respectively. For the anode, Ag-ionomer catalyst inks were
prepared and deposited via the same dip-coat method described above. The same I:C ratio of
15:85 was used with a target Ag loading of 4 mg cm™.

For the cathode catalyst ink, platinum supported carbon (Pt/C, Tanaka TEC10E50E, 46.3%
Pt) and DI H,O was added to a 5 mg mL! solution of polyisoprene-ran-polychloromethylstyrene
functionalized with methylpiperidinium cations (PIp-ran-PCMS[MPRD]) ionomer [47, 49] in

MeOH and sonicated for 1 h prior to deposition. An I:C ratio of 15:85 was used, and the target
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loading of Pt/C was 1.5 mg cm™'. Carbon paper PTLs were placed on a hot plate at 60 °C and
the catalyst ink was applied by a manual painting method. After the total amount of catalyst ink
was deposited on each electrode, they were dried under vacuum for 12 h to remove any residual
solvent.

The membrane electrode assemblies (MEAs) were made using a 5 cm? anode and cathode and
an 8-9 cm? AEM. Before cell assembly, the Ni foam anodes were pressed at 90 psi for 1 min. The
anode, cathode and membrane were then individually ion-exchanged to the CO32_ form by
soaking in 1 M K,COg for 60 min. The AEM was placed between the anode and cathode in 5 cm?
Fuel Cell Technologies hardware between two graphite serpentine flow-fields with PTFE-coated
fiberglass fabric gaskets (McMaster-Carr) with thicknesses of 152 and 380 pm for the cathode and

anode side, respectively. The cell was assembled with a torque of 2.5 ft-lbs.
5.4.13 Single-Cell Electrolyzer Testing

MEAs were tested using a custom-built electrolysis test station. Aqueous 1 M K5,CO5 (or
MilliQ DI H,0) was fed to both the anode and cathode at 15 mL min™!. The cell and liquid feed
line were heated to 50 °C and the cell was allowed to equilibrate for 1 h prior to testing. To
collect polarization curves, chronopotentiometry was performed at each current step for 1 min to
allow for equilibration. EIS was also performed from 10 kHz to 50 mHz at OCV to determine the

high frequency resistance (HFR) to calculate the area specific resistance (ASR) of the cell.

5.5 Results and Discussion

5.5.1 PCMS-b-PCOE-b-PCMS Triblock Copolymer Characterization

The ionomer used in this work is derived from the neutral triblock copolymer precursor
polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS).
The PCMS-b-PCOE-b-PCMS triblock copolymer was characterized using GPC and 'H NMR,
shown in Figure 5.3 and Figure 5.4. The molecular weight and chemical composition, along with

the theoretical IEC, are summarized in Table 5.1.
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Figure 5.3 GPC of PCMS-b-PCOE-b-PCMS used to calculate M,,, M,, and PDI.
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Figure 5.4 '"H NMR of PCMS-b-PCOE-b-PCMS used to calculate the degree of polymerization
(DP) and ion exchange capacity (IEC).

Table 5.1 Chemical Composition and Ion Exchange Capacity of PCMS-b-PCOE-b-PCMS from
GPC and NMR.

M,,° M,,* IECTMA®  IECyprD?
(g mol'!) (gmol!) PDI* DPpcms’® DPpcog? mmol ¢! mmol gt

82,200 147,000  1.79 64 961 1.44 1.36

“Measured by GPC calibrated against polystyrene standards.
"Measured by 'H NMR end-group analysis
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5.5.2 Electrode Fabrication and Characterization

Most reports on AEMWESs that use porous supports normalized the current density by the
planar surface area of the support [399]. While this is relevant, the electrochemically active
surface area of porous catalyst materials, including Ni foams, is always much larger than its
geometric surface area. To characterize this, an Ny isotherm (Figure 5.5) was used to calculate
the BET surface area of the pristine Ni foam substrates. The BET surface area of the pristine Ni
foam was 0.104 &+ 0.004 m? g'!, making the real Ni surface area ca. 32 times larger than the

planar surface area of the substrate.
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Figure 5.5 N, isotherm of pristine nickel foam substrate, used to calculate the BET surface area.

Figure 5.6 shows the Ni foam electrode before and after depositing Ag-ionomer catalyst ink.
The SEM images highlight the large porous framework of the Ni foam substrate. After
Ag-ionomer catalyst ink deposition, the Ni framework is coated in both ionomer and Ag
nanoparticles. Some of the holes in the Ni foam framework are covered by a layer of Ag-ionomer,
evident in Figure 5.6d.

EDS was used to characterize the electrode before and after depositing an ionomer-Ag ink.
The results are summarized in Table 5.2. The pre-cleaned Ni foam electrodes show a small
percentage of oxygen, indicating partial oxidation of the Ni foam surface. After depositing

Ag-ionomer ink, Ag C and N are detected as well.
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Figure 5.6 SEM images of pristine nickel foam (a,b) and representative as-deposited Ag-ionomer
catalyst ink on Ni foam (c,d).

Table 5.2 Surface elemental composition for Ni foam and Ag-ionomer coated Ni foam, from EDS.

Element (%) NiFoam Ag-Ionomer Coated Ni Foam

Ni 97.3 54.3

0 2.7 2.6
C/N 0 17.0
Ag 0 26.1

5.5.3 Electrochemical Characterization: Half-Cell Experiments

The electrochemical performance of the Ni foam-coated electrodes was studied in a FlexCell®
three electrode half-cell apparatus (see Figure 5.7). Ni foam catalyst ink-coated electrodes were
used as the working electrode and a Pt wire and HydroFlex® electrode were used as the counter
and reference electrodes, respectively. Aqueous 1 M K,CO4 was used as the electrolyte. The
catalyst inks used in this work are summarized in Table 5.3. The I:C ratio was kept constant at
15:85 for all the electrodes in this study. The current densities in the following experiments are
normalized by the planar active surface area of the electrode, 3 cm?, for comparison to other

studies.
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Figure 5.7 Cross-sectional diagram of the FlexCell® half-cell electrochemical measurement
apparatus.

Table 5.3 Summary of Ag-ionomer inks used in this work.

Catalyst Ink® Ink Dilution’®  Ionomer Quaternary Ag loading
midblock ~ Ammonium Cation (mg cm™2)
PC-TM-25 1:25 PCOE TMA 26 £0.1
PC-MP-25 1:25 PCOE MPRD 2.6 £0.1
PC-TM-100 1:100 PCOE TMA 1.6 £ 0.2
PC-MP-100 1:100 PCOE MPRD 1.6 £ 0.2
PE-TM-100 1:100 PE*¢ TMA 1.6 £ 0.2
PE-MP-100 1:100 PE¢ MPRD 1.6 £ 0.2

“PC: polycyclooctene midblock, PE: partially polyethylene midblock, TMA: trimethylammonium quater-
nary ammonium cation, MPRD: methylpiperidinium quaternary ammonium cation

"Mass solid:liquid ratio

“Partially hydrogenated PCOE, PE at the interface
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5.5.3.1 Comparison of Quaternary Ammonium Cation

The first step toward optimizing the ionomer chemistry was comparing the performance of two
QACs, trimethylammonium (TMA) and methylpiperidinium (MPRD). An Ag catalyst ink was
made with the block copolymer precursor PCMS-6-PCOE-b-PCMS and coated onto the Ni foam
substrate. The coated substrate was functionalized by quaternizing in either trimethylamine or
methylpiperidine to obtain TMA or MPRD moieties. Figure 5.8 shows the OER linear sweep
voltammograms (LSVs) of PC-TM-25 and PC-MP-25.
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Figure 5.8 iR corrected LSVs (a), double layer capacitance (b), and Tafel Plots at low (c) and
high (d) overpotential comparing PC-TM-25 and PC-MP-25.

EIS used to determine the solution resistance for iR correction (Figure 5.9), Cy and Tafel
plots for Ni foam (Figure 5.10 and Figure 5.11), CV scans used to calculate Cy; (Figure 5.12),

LSVs and Tafel plots without iR correction (Figure 5.13 and Figure 5.14) for all catalyst inks
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investigated are shown below. Relevant electrokinetic parameters extracted from modeling the

iR-corrected LSVs with the Butler-Volmer equation are summarized in Table 5.4. LSVs without

iR correction were modeled as well for comparison (Table 5.5). The Tafel slope, charge transfer

coefficient (a), and exchange current density (jo) are dependent on both the potential and surface

coverage of species [400]. Our results indicate the presence of two distinct kinetic regimes at lower

(ca. 0.1 = 0.2 V) and higher (ca. 0.25 — 0.4 V) overpotentials. Therefore, the kinetics in both

regions are reported and discussed.
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Figure 5.9 Nyquist impedance plots of EIS performed at OCV to determine the high frequency
intercept, i.e. the solution resistance, used for iR correction. (a) shows full impedance spectra, (b)
shows the high frequency intercepts for clarity.
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Figure 5.10 Ni Foam Double Layer Capacitance.
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Table 5.4 Summary of Electrokinetic Parameters from iR Corrected LSVs fit to Tafel Equation.

4x10" °

log(j) (mA cm'z)

Low 1 Region

High n Region

Tafel Slope Jo Tafel Slope Jo

Sample (mV dec!) o (mAcem?) (mVdec!) o (mA cm?)

Ni Foam 63 0.44 2.5 134 0.21 0.33
PC-TM-25 7 0.36 0.34 130 0.21 0.11
PC-MP-25 62 0.45 1.44 127 0.22 0.21
PC-TM-100 78 0.36 0.17 134 0.21 0.07
PC-MP-100 74 0.38 0.23 97 0.29 0.12
PE-TM-100 58 0.48 0.77 126 0.22 0.11
PE-MP-100 73 0.38 0.22 117 0.24 0.08
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Figure 5.12 CV scans performed at 10, 20, 30 and 50 mV dec! between 1.12

calculate Cy;.
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Table 5.5 Summary of Electrokinetic Parameters from LSVs with no iR correction fit to the Tafel
Equation.

Low 1 Region High n Region
Tafel Slope Jo Tafel Slope Jo

Sample (mV dec!) o (mAcem?) (mVdec!) a (mA cm?)

Ni Foam 69 0.41 2.27 198 0.14 0.19
PC-TM-25 115 0.24 0.25 289 0.1 0.05
PC-MP-25 68 0.41 1.32 228 0.12 0.1
PC-TM-100 112 0.25 0.15 284 0.1 0.04
PC-MP-100 123 0.23 0.15 221 0.13 0.06
PE-TM-100 7 0.36 0.56 180 0.15 0.1
PE-MP-100 101 0.28 0.19 246 0.11 0.05

PC-MP-25 shows an improvement in kinetics compared to PC-TM-25 in regard to Tafel slope
at low 1 (62 vs. 77 mV dec™!) and slightly at high 7 (127 vs. 130 mV dec™!). The change in Tafel
slope from low to high overpotential can be due to changes in the rate determining step (rds)
and/or changes in the surface composition of adsorbed species [400, 401]. It has been reported
that observing a second Tafel slope at higher overpotential of ~120 mV dec™! is typically due to a
build-up of surface species formed in the step just prior to the rds [400], where the reaction rate
becomes exponentially dependent on the applied potential [402]. The Tafel slope can be used to
predict the rds in the OER mechanism. Although the OER mechanism is complex and debated,

assuming a single-site mechanism, it may proceed via the following steps [400]:

M+ OH™ — M—OH +e" (R6)
M—OH + OH™ == M-0 + H,0 + ¢~ (R7)
M—0 + OH™ — M—OOH + ¢~ (RS)
M-OOH + OH™ = M-00~ + H,0 (R9)
M—00" == M+ 0,1 +e" (R10)

Each rds possesses a unique Tafel slope that can be calculated from the Tafel equation (Eq.
5.2) based on the number of electron transfers (n) that occur prior to the rds [403]. Assuming a
perfectly reversible reaction (o = 0.5) at 7' = 50 °C, the Tafel slope if the rds were (R6), the first

electron transfer step where n = 0, would be ~128 mV dec!. If the rds were (R7) or (R8), Tafel
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slopes of ~43 or ~26 mV dec! would be predicted, respectively. Alternatively, if the rds is the
initial adsorption of OH™ while the subsequent electron transfer is more facile, a Tafel slope of 64
mV dec? (or 60 mV dect at 30 °C [402, 403]) is calculated. Considering the Tafel slopes for
PC-TM-25 and PC-MP-25 are 77 and 62 mV dec™! respectively, the rds is most likely the initial
adsorption of OH , which is comparatively faster for PC-MP-25 than PC-TM-25. Similar Tafel
slopes have been reported for other Ni-based catalysts in alkaline media [173, 367, 404, 405].

The charge transfer coefficient (a)) for PC-MP-25 is also comparatively higher (0.45 vs. 0.35)
and close to 0.5, indicating the OER reaction shows nearly reversible behavior. Marcus theory
describes a model for an outer-sphere single electron charge transfer where both the reactant and
product do not interact directly with the electrode surface [406]. In Marcus theory, «, the charge
transfer coefficient, is described by Eq. 5.4 as a function of 7, the overpotential, and A, the

reorganization energy required to transform the nuclear configuration of the reactant to the

o= % <1 + ”f) (5.4)

From Eq. 5.4, when A > nF, a — 0.5, indicating a perfectly reversible reaction. « will deviate

product:

from 0.5 when either ) is lowered or at higher n in the Tafel region. A can decrease when
reactions occur with a reactant adsorbed to a surface, which decreases solvent effects by
eliminating part of the solvation shell, or by shortening the distance between the reactant and
electrode [407]. Therefore, PC-TM-25 may exhibit a lower «, which deviates more significantly

from 0.5, because of detrimental effects between the catalyst interface and TMA moieties.

Table 5.6 Summary of OER Performance Parameters from iR Corrected LSVs.

Onset 710 oo JQL175V Mass Activity Cua
Sample Potential (V) (mV) (mV) (mAcm?) @1.75V (Ag!) (mF cm?)
Ni Foam 1.59 210 n/a 30 n/a 1.4
PC-TM-25 1.51 100 290 90 35 12.5
PC-MP-25 1.57 170 380 54 21 8
PC-TM-100 1.46 60 260 128 80 12.4
PC-MP-100 1.48 60 250 140 88 8.8
PE-TM-100 1.54 119 288 103 64 12.1
PE-MP-100 1.54 69 226 187 117 20.8
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Table 5.7 Summary of OER Performance Parameters from LSVs with no iR correction.

Onset 710 Mmoo J @Q@L75V  Mass Activity

Sample Potential (V) (mV) (mV) (mAcm?) @175V (Ag?)

Ni Foam 1.59 220  n/a 31 n/a
PC-TM-25 1.51 120 460 63 24.2
PC-MP-25 1.56 180 510 46 17.7
PC-TM-100 1.46 70 400 85 53.1
PC-MP-100 1.47 80 380 91 56.9
PE-TM-100 1.54 133 430 71 47.3
PE-MP-100 1.52 82 353 101 124.7

Additional performance parameters for all electrodes investigated in this work are provided in
Table 5.6 (and for results from LSVs without iR correction, Table 5.9). PC-MP-25 displays a
much larger exchange current density than PC-TM-25 and approaches that of the pristine Ni
foam. As exchange current density is a measure of the intrinsic electron transfer rate, this result
further demonstrates the superior kinetics afforded by the MPRD cationic moiety. Despite this,
PC-TM-25 ultimately displayed better performance, having a slightly lower onset potential, a
lower overpotential at both 10 and 100 mA em™ (119 and 7100), and a higher j and mass activity
@ 1.75 V. To investigate this further, the double layer capacitance (Cy) was also determined from
cyclic voltammetry (CV) at scan rates of 10, 20, 30 and 50 mV s™! between 1.12 and 1.22 V (see
Figure 5.12 for all CV scans). Cy; is directly proportional to the electrochemical surface area
(ECSA) and can be used as a representation of that when comparing similar samples. Notably,
upon adding any Ag-ionomer ink to the Ni foam, Cy increases substantially due to the addition
of Ag nanoparticles. The effect of the QAC is also substantial on Cy;, where PC-TM-25 shows a
larger Cy; than PC-MP-25 (12.5 vs 8.0 mF ¢cm™2) and therefore possesses a larger ECSA.
PC-TM-25 possessing a higher ECSA is counterintuitive, considering charge transfer is typically
promoted with a higher availability of active sites [408]. Nonetheless, PC-TM-25 shows better

performance despite PC-MP-25 having faster kinetics.
5.5.3.2 Comparison of Ink Dilution

Next, the effect of ink dilution was investigated. The mass ratio of solid:liquid was increased

from 1:25 to 1:100 to make PC-TM-100 and PC-MP-100. The catalyst loading was also reduced
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from 2.6 to 1.6 mg cm-2, keeping the same I:C ratio. The LSVs for PC-TMA-100 and
PC-MPRD-100 can be seen in Figure 5.15.
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Figure 5.15 iR corrected LSVs (a), double layer capacitance (b), and Tafel Plots at low (c) and
high (d) overpotential comparing PC-TM-100 and PC-MP-100.

Ink dilution did not have a substantial effect on the OER kinetics of the PC-TM electrodes.
Dilution led to a slight increase in the Tafel slope in both the low and high current density
regions. A slight decrease in jg (0.34 vs. 0.17 mA cm2) is also noted. Despite minor effects on
the kinetics, a more significant decrease in 119 and 7199, and a higher j and mass activity @Q 1.75
V are seen with dilution. Additionally, only small variations in Cy were observed with ink
dilution for both PC-TM-100 and PC-MPRD-100.

Ink dilution had a more substantial effect on the OER kinetics of the PC-MP electrodes. At

low current densities, the Tafel slope at low 7 increased with ink dilution from 62 for PC-MP-25
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to 74 mV dec! for PC-MP-100. However, at higher overpotentials, the Tafel slope decreased
considerably to 97 mV dec!, giving PC-MP-100 a lower Tafel slope than PC-MP-25, PC-TM-25
and PC-TM-100. A Tafel slope of 97 mV dec! also indicates the reaction kinetics are not yet
limited by the surface coverage of adsorbed OH (ceM-OH), which would result in a Tafel slope
closer to 128 mV dec! at 50 °C. Instead, the initial adsorption of OH " is still the rds at higher
overpotentials, just with comparatively slower kinetics. Ultimately, this manifests in lower
overpotentials at higher current densities for PC-MP-100. Additionally, the exchange current
density decreases with ink dilution, with the MPRD-functionalized ionomer ink still possessing
higher intrinsic charge transfer. Kinetics aside, the overall performance of PC-TM-100 and
PC-MP-100 is similar. The most significant enhancements with ink dilution can be observed in
mass activity (normalized per g Ag), which greatly improved with ink dilution as shown in ??, or
in ?? with no iR correction. This indicates catalyst utilization was greatly improved by diluting
the catalyst ink, which effectively decreases the ionomer thickness on the Ag catalyst particles

and Ni foam support.
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Figure 5.16 Mass activity (per gram Ag catalyst) comparing all samples investigated, with iR
correction (a) and without iR correction (b).
5.5.3.3 Comparison of Partial Hydrogenation at Ni Foam Interface

For nearly a century the efficacy of Ni and Ni-based catalysts for facilitating hydrogenation
reactions has been demonstrated in a variety of applications including the hydrogenation of

nitriles [409], n-butyraldehyde and acetone [410], internal alkyne-containing nitroarene [411], and
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polybutadiene to polyethylene [412]. Therefore, in this work, the authors leveraged the catalytic
properties of the Ni foam substrate to partially hydrogenate the triblock block copolymer
PCMS-b-PCOE-b-PCMS coating to PCMS-b-PE-b-PCMS (see Experimental Methods for detailed

procedure).
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Figure 5.17 DSC of PCMS-b-PCOE-b-PCMS coated Ni foam sample after partial hydrogenation
-1

to PE under Hy(g). Heating and cooling rates at 10 °C min™.
The characterization of the hydrogenated block copolymer on Ni foam proved challenging with
spectroscopic techniques including FTIR, where adequate intensity of the thin film was difficult to
obtain using ATR-FTIR, and Raman, where only broad amorphous carbon peaks were observed,
likely due to laser-induced Ag nanoparticle-catalyzed degradation [413]. Therefore, differential
scanning calorimetry (DSC) was used to identify changes in the melting point, where PCOE melts
near ~55 °C and PE near ~130 °C. For DSC, a small (~1 cm?) piece of Ni foam was coated in 1.3
mg of the PCMS-b-PCOE-b-PCMS triblock copolymer precursor and hydrogenated in Hy(g).
While this was nearly ~4 times the polymer loading used in experiments, the DSC experiment
was limited by the volume of Ni foam that could fit in the pan and mass of polymer required to

obtain an adequate heat flow signal. The DSC curves can be viewed in Figure 5.17. It is clear
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PCOE is still present in the sample, but there is partial hydrogenation noted by the small
deviation near the melting point of PE. It is likely the Ni foam was only able to hydrogenate the
block copolymer at the Ni foam interface, while the rest of the polymer remained unsaturated. A
larger ratio of the block copolymer would be hydrogenated with the polymer loadings utilized on
the electrodes in this work. Therefore, the effect of partially hydrogenating the ionomer was still
investigated, as PE can offer enhanced properties compared to PCOE [70, 231], most notably
reduced water uptake and swelling [102], which is critical for water management in AEMWEs

[43, 99, 100, 210, 414].
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Figure 5.18 iR corrected LSVs (a), double layer capacitance (b), and Tafel Plots at low (c) and
high (d) overpotential comparing PE-TM-100 and PE-MP-100.

Further evidence of the partial hydrogenation of the ionomer at the Ni-foam interface is shown

in the substantial effect on the OER kinetics and performance of both PE-TM-100 and
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PE-MP-100 electrodes (Figure 5.18). For PE-TM-100, partial hydrogenation led to a decrease in
the Tafel slope in both the low and high current density regions, an increase in «, and an increase
in jo (from 0.17 to 0.77 mA cm™). The decrease in the Tafel slope from 78 to 58 mV dec™*
indicates the kinetics of OER are much faster after hydrogenating the ionomer at the Ni foam
interface. Further, charge transfer is clearly improved, as noted by the increase in jy and o =
0.48. This behavior indicates nearly reversible, facile kinetic behavior. For PC-MP-100, the
kinetics are essentially unchanged except for a higher Tafel slope at high 1 near 117 mV dec™'.
The Tafel slope being this far below the predicted slope for the rds being the first electron transfer
(128 mV dec™!) indicates the mechanism may be the same as on PC-MP-100, where the reaction
kinetics are not yet limited by the surface coverage of adsorbed OH (M—OH) and the initial
adsorption of OH™ is still the rds at higher overpotentials. This phenomenon, which enhanced the
performance of PC-MP-100 beyond PC-TM-100, also improves the performance of PE-MP-100
beyond that of PC-TM-100. It also affords PE-MP-100 a lower 7119 than PE-TM-100, in addition
to the lowest 7100 and the higher j and mass activity @ 1.75 V of any catalyst ink investigated in
this work. The mass activity of PE-TM-100 and PE-MP-100 can also be viewed in ?77.

In addition to the rds at high overpotentials, the ECSA had a substantial effect on enhancing
the performance of the PE-MP-100 electrode. While the Cy of PE-TM-100 remained relatively
consistent after partial hydrogenation, the Cy of PE-MP-100 was significantly enhanced after
partial hydrogenation, increasing from 8.8 mF c¢cm™ for PC-MP-100 to 20.8 mF cm™ for
PE-MP-100. This >2-fold increase in Cy;, and therefore ECSA, resulted in large OER

performance enhancement. The highest performing electrode is therefore PE-MP-100.

5.5.4 Performance Demonstration in AEM electrolyzer

5.5.4.1 PlIp-ran-PCMS Characterization

The ionomer used in the cathode catalyst ink is derived from the neutral random copolymer
precursor polyisoprene-ran-polychloromethylstyrene (PIp-ran-PCMS). The Plp-ran-PCMS
random copolymer was characterized using GPC and '"H NMR, shown in Figure 5.19 and
Figure 5.20. The molecular weight and chemical composition, along with the theoretical IEC, are

summarized in Table 5.8.
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Figure 5.19 GPC of Plp-ran-PCMS used to calculate M,,, M,, and PDI.
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Figure 5.20 'H NMR of PIp-ran-PCMS used to calculate the degree of polymerization (DP) and
ion exchange capacity (IEC).

Table 5.8 Chemical Composition and Ion Exchange Capacity of PCMS-b-PCOE-b-PCMS from
GPC and NMR.

M, (g mol't)  M,* (g mol't) PDI* DPpp,” DPpcums’ IECymprp? (mmol gt)

53,200 307,000 5.71 270 229 3.01

“Measured by GPC calibrated against polystyrene standards.
"Measured by 'H NMR end-group analysis
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5.5.4.2 AEM Characterization

The Tuffbrane™ polymer is one commercial iteration of a triblock copolymer published
previously [102] of the same chemistry with a different composition. The AEMs were fabricated
in-house with a thickness of 38 + 5 pm with an IEC of 0.64 & 0.04 mmol g'. The ionic
conductivity and morphology of the AEM were characterized in aqueous conditions relevant to
the electrolysis tests. Conductivity in the C1™ and CO32_ form was determined using EIS at both

25 and 50 °C and is summarized in Table 5.9.

Table 5.9 Tonic Conductivity of the AEM fabricated from Tuffbrane™ in Liquid Water.

Anion  Temperature (°C) Conductivity (mS cm™)

N 25 13.1 £ 1.3
Cl

50 36.8 + 1.2

25 3.8 0.5

CO,2"

50 11.5 £ 04
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Figure 5.21 SAXS of the AEM fabricated from Tuffbrane™ at ambient, dry conditions and
immersed in liquid water. Porod slope of 2 indicates a particle symmetry of randomly distributed
lamellae.
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SAXS was performed on dry and HyO immersed membranes (Figure 5.21). The domain
spacing (d-spacing) was calculated from the primary ¢* peak. D-spacing of the membrane
increased from 33.7 to 36.1 nm with hydration in liquid water due to swelling of the hydrophilic
domains. The secondary peak is located at ~ 2¢, indicating a lamellar morphology [415].
Additionally, the Porod slope is close to 2 (highlighted in Figure 5.21), indicating a particle

symmetry of lamellar domains in agreement with the ratio of ¢ values at each peak [253].
5.5.4.3 AEM Electrolyzer Performance

The optimized OER anode, PE-MP-100, along with PE-TM-100, were demonstrated in an
AEM electrolyzer to correlate the results from the half-cell study to an operating device [416].
Membrane electrode assemblies (MEAs) were prepared using PE-TM-100 or PE-MP-100 anodes
as described in the Experimental Methods. The electrolyzer with the PE-TM-100 or PE-MP-100
anode will be referred to as EL-PE-TM and EL-PE-MP, respectively. Polarization curves were
collected at 50 °C in both 1 M K,CO5; and DI water (see Figure 5.22 for iR corrected polarization
curves, Figure 5.23 for raw polarization curves). iR correction was performed by evaluating the
high-frequency resistance (HFR) from EIS measurements (see Figure 5.24). The area specific

resistances (ASRs) of the EL-PE-TM and EL-PE-MP electrolyzers are summarized in Table 5.10.
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Figure 5.22 Polarization curves for AEM electrolyzers EL-PE-TM and EL-PE-MP in 1 M K,CO;4
(a) or DI HyO (b) at 50 °C with iR correction. 60% iR correction was used for polarization curves
in 1 M K,CO3 and 100% iR correction was used for polarization curves in DI H,O.

Figure 5.22 shows that EL-PE-MP maintains superior performance over EL-PE-TM. In 1 M

K,COj,, the EL-PE-MP cell achieved a performance of 1 A cm™ at 2.20 V.
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Figure 5.23 Polarization curves for AEM electrolyzers EL-PE-TM and EL-PE-MP in 1 M K,CO4
(a) or DI H,O (b) at 50 °C with no iR correction.
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Figure 5.24 Nyquist impedance plots of EIS performed at OCV to determine the HFR for iR
correction and calculation of the ASR. (a) shows all electrolyzer cells, (b) shows EL-PE-TM and
EL-PE-MP in 1M K,COg, and (c) shows EL-PE-TM and EL-PE-MP in DI H,O.
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Table 5.10 Area Specific Resistances (ASR) of AEM Electrolyzers in 1 M K,CO5 and DI H,O.

Electrolyzer Feed Liquid ASR (ohm cm?)

1 M K,CO, 0.62

EL-PE-MP
DI H20 2.10
1 M K,CO, 0.74

EL-PE-TM
DI H20 4.50

This is further corroborated by the ASR, which is slightly higher for EL-PE-TM due to TMA
cationic functionality. The performance gap between the two anodes is emphasized in DI H,O.
Performance was significantly reduced in both cells, with EL-PE-TM only reaching a current
density of 40 mA cm™ at 2.92 V and EL-PE-MP reaching a current density of 120 mA cm™ at
2.74 V. The ASR also substantially increases in DI HyO due to the removal of circulating
electrolyte, and EL-PE-TM has an ASR more than double that of EL-PE-MP. Poorer
performance in AEM water electrolyzers is attributed to a lowering of the pH and degradation in
catalyst activity as a result. Developing effective catalysts for OER in neutral pH still remains a

challenge in the field [417].
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Figure 5.25 Voltage degradation of EL-PE-MP electrolyzer. The current density of the cell was
held constant at 500 mA cm™ for a duration of 5 h.

Diagnosing device durability to achieve a practical device is a complex and time consuming

task [43]. However, the durability of this first iteration of the EL-PE-MP electrolyzer was
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assessed by applying a constant current of 500 mA cm™ for 5 h (see Figure 5.25), as a baseline.
Over the course of the experiment, the cell voltage decreased, indicative of either a soft short, Hy
cross-over, or membrane thinning, though this type of degradation mechanism is challenging to
diagnose [43]. Further optimization of the MEA components and assembly of the cell, including
the hardware, gaskets, sealing pressure and flow rates is expected to result in dramatic

improvements in performance and durability.
5.6 Conclusions

The OER performance of a series of Ag-ionomer catalyst inks on Ni foam are evaluated in
half-cell experiments. Different ionomer modifications are investigated to optimize the OER
performance. First, the block copolymer precursor PCMS-6-PCOE-b-PCMS is functionalized with
either benzyltrimethylammonium (TMA) or benzylmethylpiperidinium (MPRD) quaternary
ammonium cations. While the MPRD-functionalized ionomer facilitates enhanced OER kinetics,
the TMA-functionalized ionomer ultimately has better performance likely due to exhibiting a
larger ECSA. Both catalyst inks were subsequently diluted and their catalyst loading was reduced
while keeping the same I:C ratio. Ink dilution had a negligible effect on the kinetics of the
TMA-functionalized ionomer. In constrast, diluting the MPRD-functionalized ionomer catalyst
ink enabled the rds at higher overpotentials to be the initial adsorption of OH (indicated by a
Tafel slope of 97 mV dec™!). Comparatively, all TMA-functionalized ionomer catalyst inks were
limited by the surface coverage of adsorbed OH (M—OH) and the first electron transfer at high
overpotentials (indicated by a Tafel slopes >128 mV dec™!). Overall, ink dilution also enhanced
the performance and catalyst utilization in both samples likely by reducing transport resistances
via decreasing the ionomer thickness on the Ag catalyst particles and Ni foam support.

The catalytic activity of the Ni foam support was leveraged to partially hydrogenate the
deposited PCMS-b-PCOE-b-PCMS block copolymer midblock to polyethylene (PE). After
functionalization with MPRD, this variation of the electrode displayed further enhancements in
performance, likely due to the enhanced properties of PE compared to PCOE. The same
enhanced kinetics at higher overpotentials were also observed. Interestingly, a large enhancement
in the ECSA was observed only in the MPRD-functionalized ink, which likely played a role in the

observed performance enhancement. Overall, MPRD cationic moieties consistently provided lower
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Tafel slopes and higher charge transfer coefficients at high overpotentials, which ultimately had a
larger impact on the overall performance than the Tafel slope and kinetics observed at lower
overpotentials. This was mainly due to a shift in the rds at high overpotentials, which was only
observed in MPRD-functionalized catalyst ink samples. Finally, the performance of the optimized
electrode PE-MP-100 was compared to PE-TM-100 in an AEM electrolyzer operating at 50 °C in
both 1 M K,CO3 and DI HyO. The performance observations from the half-cell experiments
correlated well to single-cell performance, with PE-MP-100 significantly outperforming
PE-TM-100 in both achievable current density and operating at lower cell voltages. The
degradation behavior of the AEM electrolyzer indicates that further optimization of the cell

assembly or membrane are required to realize further performance improvements.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and Conclusions

Considering the dangers that climate change entails, the justification for transitioning to
renewable sources of energy is irrefutable. A hydrogen-based energy infrastructure is a promising
solution to the many, multi-faceted issues surrounding both climate change, environmental
preservation, energy resiliency, and infrastructure. Hydrogen-based energy systems could reliably
deliver energy at an affordable cost. The opportunities for utilizing hydrogen as an energy carrier
are potentially vast — including as both a stationary and mobile power source, or as an energy
storage medium for electricity produced from intermittent renewable sources such as solar or wind.

Polymer electrolyte-based fuel cells and electrolyzers are well-positioned to realize the flexible,
scalable conversion and production of hydrogen fuel. Current state-of-the-art systems are
designed with proton exchange membranes (PEMs), which have several drawbacks. The
magnitude of the environmental impacts caused by PEM perfluorinated chemistry has recently
become apparent. Additionally, the acidic operating conditions of PEM-based fuel cells and
electrolyzers require expensive platinum group metal catalysts. As the demands for hydrogen
production and conversion applications increase, the rarity and cost of platinum, iridium, and
ruthenium-based catalysts will limit the use of PEM-based devices for large scale power
generation. Anion exchange membranes (AEMs) offer an encouraging alternative to PEMs.
Namely, there are more viable polymer architectures for AEMs compared to PEMs, including
purely hydrocarbon backbone chemistries. Additionally, the alkaline operating environment
allows for the use of more widely available non-precious metal catalysts, along with cheaper cell
hardware components that are not required to be resistant to highly corrosive acidic conditions.
Despite recent advanced in AEM development, the best AEMs still report lower conductivity and
insufficient durability compared to state-of-the-art PEMs [418].

To improve the performance of AEM-based devices beyond that of PEM-based devices, the
two main objectives are developing better AEMs and optimizing the components and fabrication

of the catalyst layer (CL). AEMs with high ionic conductivity, decent water management,
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exceptional durability, and that can be mass-produced via a scalable syntheses are required.
While challenges remain in commercializing high-performance membranes, many have already
come to market in the time since the conception of this thesis work [419], highlighting the
advances that can be made in only a few years’ time. In addition to the AEM, electrochemical
device performance is also strongly dictated by structures that form in the CL of the electrode.
The CL is comprised of a heterogeneous mixture of conductive supporting material, catalyst
particles, and anion exchange ionomer (AEI). The CL in PEM-based devices was optimized
empirically, but with the advent of more sophisticated diagnostic techniques, AEM-device CLs
can be developed using a more thorough, scientific approach. In this thesis work, a commercially
viable AEM is developed. Further, the rational design of the catalyst layer is carried out by
synergistically developing ionomer chemistry with fundamental knowledge of ionomer-catalyst
interactions. Tunable block copolymer-based AEIs are developed and their interactions, structure
and performance with a silver catalyst are investigated.

In Chapter 2, a novel block-copolymer AEM is developed with a polyethylene midblock,
affording the membrane high OH™ conductivity excellent mechanical properties in liquid water for
aqueous applications like water electrolysis [102]. In this work, the PCMS-b-PCOE-b-PCMS
triblock copolymer was successfully hydrogenated to PCMS-b-PE-b-PCMS using diimide derived
from the thermal decomposition of p-toluenesulfonyl hydrazide. The triblock copolymer was then
post functionalized with either benzyltrimethylammonium (TMA) or benzylmethylpiperidinium
(MPRD). The new PE midblock, along with an MPRD cation, ultimately afforded the AEM a
variety of enhanced properties. The PE-midblock was more thermally robust, melting at 125 °C
(T, of PE), as opposed to PCOE which melts at ~55 °C. The alkaline stability improved greatly,
retaining more quaternary ammonium cationic groups after soaking in 1 M KOH at 80 °C and in
9 M KOH at room temperature than either the previous PCOE-midblock AEM [58] and a
commercial membrane, Fumasep® FAS-50. The water uptake and dimensional swelling
significantly improved with the incorporation of PE. Unexpectedly, the inclusion of PE improved
the mechanical properties of this AEM in liquid water, where the stress at break improved when
hydrated compared to the dry membrane. This had not been observed previously, where typically
the plasticization effect of water weakens the mechanical integrity of the AEM. This made the

material well-positioned for applications in liquid water.
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In Chapter 3, the nature of interactions occurring between silver nanoparticles (AgNPs) and
the block copolymer-based ionomer PCMS-b-PCOE-b-PCMS functionalized with either TMA or
MPRD is investigated. In this study, groups from the ionomer which strongly interacted with
AgNPs were the phenyl rings, quaternary ammonium cations, and C=C from the PCOE
midblock. Shifts in material characteristics were observed due to interactions which were
dependent on the quaternary ammonium cation, including in ambient water content and
crystallinity. With TMA, the ionomer showed a loss in crystallinity and an increase in both water
content bound in the solvation shell surrounding the TMA moiety and in domains in the bulk.
With MPRD, the ionomer showed an increase in certain crystalline reflections and comparatively
higher crystallinity with a lower bound and bulk water content. The bulkier nature of the MPRD
cationic moiety likely led to weaker interactions with AgNPs, which allowed for enhanced
crystallization compared to TMA.

In Chapter 4, the thin film morphology of a series of diblock and triblock copolymers derived
from polyisoprene (PIp) and PCMS, along with ionomers derived from their functionalization
with TMA or MPRD were investigated. The thin film morphology of the neutral block copolymer
precursors was found to align perpendicular to a silver-coated substrate, while no order was
observed on plain silicon. This indicates the ordered morphology was driven by polymer-silver
interactions. Additionally, the PIp domain-spacing was found to differ substantially in the thin
films (8—12 nm) compared to the bulk films (20-30 nm) due to confinement effects. Block
copolymer thin films were functionalized with TMA or MPRD and their morphology was
investigated at ambient conditions and at relevant fuel cell operating conditions of 60 °C and 95%
RH. A complex interplay between silver-polymer interfacial interactions, confinement effects, and
dipole-dipole interactions between the pendant cationic moieties is revealed to affect the thin film
morphology and water uptake. A greater tendency toward perpendicular alignment is found in
thinner films where Ag-interfacial interactions are more dominant, leading to an increase in water
uptake. As film thickness increases, Ag-interfacial interactions are less pronounced, and
dipole-dipole interactions between pendant quaternary ammonium cations induce more disorder
in the film, leading to a decrease in water uptake. While ionomers functionalized with MPRD
have higher ambient water uptake than ionomers functionalized with TMA, ionomers with MPRD

exhibit less of a change between ambient and humidified conditions, indicating they may swell less
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than ionomers with TMA. This work concludes with a series of recommendations: first, that
MPRD cations may be desirable to achieve improved water uptake in low RH applications;
second, that MPRD cations lead to less swelling and therefore may reduce the chances of ionomer
delamination from catalyst surfaces; and third, that utilizing a triblock architecture compared to
a diblock architecture further suppresses water uptake and swelling.

In Chapter 5, the findings from the previous studies were demonstrated in a more complex,
electrochemically relevant system. The oxygen evolution reaction (OER) kinetics and
performance of a set of ionomer-AgNP catalyst inks coated on Ni foam substrates were studied in
a separated-anode half-cell study and validated in a single-cell water electrolyzer. Using the
PCMS-b-PCOE-b-PCMS block copolymer precursor from Chapter 3, different ionomer
modifications were investigated to optimize the OER performance. The effect of functionalizing
with TMA or MPRD, ink dilution, and partial hydrogenation of the PCOE midblock to PE was
investigated. The cation functionality affected the rate determining step (rds) of the OER
reaction at high overpotentials. The MPRD-functionalized ionomer catalyst ink enabled the rds
at higher overpotentials to be the initial adsorption of OH (indicated by a Tafel slope of 97 mV
dec!). Comparatively, all TMA-functionalized ionomer catalyst inks were limited by the surface
coverage of adsorbed OH and the first electron transfer at high overpotentials (indicated by a
Tafel slopes >128 mV dec™!). Diluting the catalyst ink from 1:25 to 1:100 solid:liquid mass
enhanced the performance and catalyst utilization, likely by reducing transport resistances via
decreasing the ionomer thickness on the Ag catalyst particles and Ni foam support. The catalytic
activity of the Ni foam support was leveraged to partially hydrogenate the deposited
PCMS-b-PCOE-b-PCMS block copolymer midblock to PE. After functionalization with MPRD,
this electrode displayed the best performance, likely due to the enhanced properties of PE
compared to PCOE. Finally, the two partially hydrogenated ionomers with either TMA or MPRD
were compared in a single-cell electrolyzer, where the MPRD-functionalized electrode significantly
outperformed the TMA-functionalized electrode in both 1 M K,CO3 and DI water.

With the results of this thesis summarized, the hypotheses proposed in Chapter 1 can be
addressed in the context of the results.

Hypothesis 1: We can modify the block copolymer-based AEM

polychloromethylstyrene-b-polycyclooctene-b-polychloromethylstyrene (PCMS-b-PCOE-b-PCMS)
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by saturating the C=C bonds in PCOE to make a polyethylene (PE)-based block copolymer.
Because PE is semicrystalline, the resulting AEM will be more thermally robust, chemically
stable, and hydrophobic, affording it better water uptake and mechanical integrity compared to
its PCOE precursor.

As mentioned above, in Chapter 2 the PCMS-b-PCOE-b-PCMS triblock copolymer was
successfully hydrogenated to PCMS-b-PE-b-PCMS. The incorporation of PE provided the AEM
with enhanced thermal and alkaline stability. Additionally, the water uptake and dimensional
swelling greatly improved, and further afforded the material practical mechanical properties for
aqueous applications. The findings in Chapter 2 confirm Hypothesis 1.

Hypothesis 2: Functionalities, such as C=C bonds and quaternary ammonium cationic
moieties, will interact with the surface of silver particles by varying degrees. Once these
interactions are understood, they can be exploited to restructure the interfacial morphology and
lead to favorable shifts in material characteristics.

The hypothesis is partially proven; in Chapter 3, interactions were identified between the C=C
bonds and quaternary ammonium cations, in addition to the phenyl rings; however, the exact
strength of these interactions could not be directly elucidated from the methods used in this
work. Future work addressing this is proposed in the next section of the chapter. Additionally, in
Chapter 3, ionomer characteristics including ambient water content and crystallinity were found
to be dependent on the cation. In Chapter 4, interactions between the ionomer thin films and a
silver surface are shown to influence the morphology and water uptake, which were also
determined to be dependent on the cationic moiety; accordingly, it is reasonable to confirm
ionomer properties can be understood, tuned, and leveraged, as stated in this hypothesis.

Hypothesis 3: The morphology of neutral block copolymer precursor thin films will be
determined by the interactions at the silver-polymer interface, but in AEIs thin films, quaternary
ammonium cationic moieties will interact more strongly with each other (dipole-dipole
interactions) than with a silver surface (van der Waals interactions) and introduce more disorder.

In Chapter 4, the thin film morphology of the neutral block copolymer precursors was found
to align perpendicular to a silver-coated substrate, while no order was observed on plain silicon.
This indicates the ordered morphology was driven by polymer-silver interactions. For ionomer

thin films, a complex interplay between silver-polymer interfacial interactions, confinement effects,

174



and dipole-dipole interactions between the pendant cationic moieties is revealed to affect the thin
film morphology and water uptake. A greater tendency toward perpendicular alignment is found
in thinner films where Ag-interfacial interactions are more dominant. As film thickness increases,
Ag-interfacial interactions are less pronounced, and dipole-dipole interactions between pendant
quaternary ammonium cations induce more disorder in the film; hence, Hypothesis 8 is confirmed,
with the caveat that interactions between the ionomer and the silver surface still influence the
morphology, especially in thinner films.

Hypothesis 4: If functionalities such as C=C bonds in PCOE and quaternary ammonium
cationic moieties interact with silver, an AEI with a PE backbone and MPRD quaternary
ammonium cationic moieties will demonstrate better electrochemical performance compared to a
PCOE backbone and TMA quaternary ammonium cation. A PE backbone will exhibit a reduced
affinity for adsorption on silver compared to PCOE, and an MPRD quaternary ammonium
cationic moiety will exhibit less adsorption than TMA due to steric hinderance. Ultimately, this
will free active area on the catalyst surface and mitigate transport resistances.

In Chapter 5, the OER performance is optimized using an ionomer with an MPRD cation and
a partially hydrogenated PE backbone. The PCOE-midblock TMA-cation ionomer maintained a
higher ECSA than the PCOE-midblock MPRD-cation ionomer, which would indicate the
TMA-cation yielded a larger available surface area for electrochemical reactions to take place.
However, the MPRD cationic moiety improved the kinetics of the OER reaction by shifting the
rate determining step at higher overpotentials to the initial adsorption of OH. With the partial
hydrogenation of PCOE to PE, the PE-midblock MPRD-cation ionomer displayed a higher ECSA
than the PE-midblock TMA-cation ionomer. This indicates there is a synergistic benefit to
utilizing the PE-midblock along with the MPRD cation. Ultimately, the combination of enhanced
ECSA and kinetics led to the PE-midblock MPRD-cation ionomer having the best OER
performance; therefore, Hypothesis 4 is partially confirmed in that the PE-MPRD combination
was superior, however the reason is more complex than just a matter of surface coverage.

This thesis work has demonstrated the value in taking a stepwise, fundamental approach to
elucidate the structure-property-performance relationship for optimization of the catalyst layer, in
addition to the advantages of utilizing a tunable block copolymer electrolyte system. We conclude

that interactions between this set of block copolymer electrolytes and silver catalyst particles
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occur with the phenyl rings, quaternary ammonium cationic moieties, and C=C bonds in the
polymer backbone. Resulting ionomer properties, including crystallinity and water uptake, are
influenced by the nature of the interactions between silver and the two different quaternary
ammonium cations investigated, TMA and MPRD. With TMA, the ionomer showed a loss in
crystallinity and an increase in water content, while with MPRD, the ionomer showed an increase
in certain crystalline reflections and comparatively higher crystallinity with a lower water content.
Further, the ionomer thin film morphology on a silver surface is dependent on a complex interplay
of quaternary ammonium cation dipole-dipole interactions, silver-polymer interfacial interactions,
the block copolymer architecture (diblock vs triblock), and film thickness and confinement effects.
It is concluded that MPRD cations along with a triblock copolymer architecture will provide
enhanced water content at lower RH with reduced swelling at higher RH. Enhancing the water
content at low RH can provide better ionic conductivity in drier operating conditions, while
reduced swelling can mitigate the risk of ionomer delamination from the catalyst surface.
Ultimately, the fundamental findings concerning the interactions and thin film morphology are
connected to a more complex, electrochemically realistic system by studying the OER kinetics
and performance of a set of ionomer-catalyst inks. An MPRD cation is found to enhance the
OER kinetics by reducing the Tafel slope and shifting the rds at high overpotentials. In
combination with the MPRD cation, partial hydrogenation of the PCOE-midblock to PE led to
an increase in the ECSA and yielded the highest performing ionomer-catalyst ink. The findings
were validated in a single-cell AEM electrolyzer, utilizing the PE-based AEM developed at the
beginning of this thesis work. This novel block copolymer AEM was enhanced by the
incorporation of a PE-midblock, which ultimately provided the AEM with enhanced thermal and
alkaline stability, improved water uptake and dimensional swelling, and further afforded the
material practical mechanical properties for aqueous applications. In addition to demonstrating
the application of this AEM in a water electrolyzer in the final study in this thesis, the scalable
synthesis and highly desirable material properties have made this AEM commercially viable, and

it is now available as Tuffbrane® from Spark Ionx Inc.

176



6.2 Recommendations for Future Work

This work has demonstrated that by starting with a fundamental understanding of
interactions between ionomers and catalyst particles, an intentional, scientific approach can be
taken to optimize the catalyst layer. Furthermore, the benefits of utilizing tunable block
copolymers, which can be easily modified based on the application and desired properties, are
shown. At the start of this work, silver was not yet considered an “endangered element”, with a
serious threat of limited supply in the next 100 years [101]. Ultimately, this will negate silver as a
catalyst for large scale applications. While the results on how to optimize a silver-based electrode
are now less applicable, the scientific approach to catalyst layer optimization remains an
important step of progress of this field.

The scope of this work targets both AEM fuel cells and electrolyzers, with each containing an
anode and cathode that will need to be separately optimized. With such a variety of catalysts
and supported catalysts reported each year, the most common base metals incorporated in each
should be investigated so that ionomer-catalyst investigations can be carried out from a
fundamental starting point. If we focus on the AEMWE anode where OER takes place, there are
two cases to consider; alkaline and neutral pH catalysis. Currently, one of the biggest challenges
in enhancing the performance of AEMWEs is developing an OER catalyst that is active in
neutral pH. Figure 6.1 shows that cobalt, manganese, iron, and nickel, among a variety of others,
are all promising candidates for neutral or near-neutral OER catalysis [417].

With the most plausible options for promising catalysts determined, the use of simulations to
predict interactions between ionomers and catalysts should be thoroughly carried out to screen
which catalysts might be more viable with certain ionomer chemistries. Simulating adsorption
energies can speed up the initial process of honing in on a particular set of catalysts and ionomer
frameworks before diving into experimental validation. Similar to the work of Bae and Kim
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