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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.

Ionomer 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.

iv



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxi

LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii

LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiv

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxvi

DEDICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxvii

CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 The Hydrogen Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Fuel Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Electrolyzers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Anion Exchange Membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5 Ionomers and the Enigma of the Catalyst Layer . . . . . . . . . . . . . . . . . . . . . 12

1.6 Motivation for Utilizing Silver Catalysts for ORR and OER . . . . . . . . . . . . . . 17

1.7 Ionomer Thin Films: Current Understanding . . . . . . . . . . . . . . . . . . . . . . 20

1.8 Existing Knowledge Gap and Associated Research Challenges . . . . . . . . . . . . . 24

1.9 Thesis Statements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

CHAPTER 2 A POLYETHYLENE-BASED TRIBLOCK COPOLYMER ANION
EXCHANGE MEMBRANE WITH HIGH CONDUCTIVITY AND
PRACTICAL MECHANICAL PROPERTIES . . . . . . . . . . . . . . . . . . 27

2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

v



2.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.4 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.4.2 Hydrogenation with p-Toluenesulfonyl hydrazide (TSH) . . . . . . . . . . . . 32

2.4.3 Membrane Fabrication and Quaternization . . . . . . . . . . . . . . . . . . . 32

2.4.4 NMR Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4.5 Gel Permeation Chromatography (GPC) . . . . . . . . . . . . . . . . . . . . . 33

2.4.6 Fourier-Transform Infrared Spectroscopy (FTIR) . . . . . . . . . . . . . . . . 33

2.4.7 Elemental Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4.8 Thermal Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4.9 Ion Exchange Capacity (IEC) . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4.10 IEC Alkaline Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4.11 Water Uptake Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.4.12 X-ray Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.4.13 Transmission Electron Microscopy (TEM) . . . . . . . . . . . . . . . . . . . . 36

2.4.14 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.4.15 Chloride and Hydroxide Ion Conductivity . . . . . . . . . . . . . . . . . . . . 36

2.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.5.1 Polymer Synthesis and Characterization . . . . . . . . . . . . . . . . . . . . . 37

2.5.2 Membrane Fabrication and Thermal Characterization . . . . . . . . . . . . . 40

2.5.3 Water Uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.5.4 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.5.5 Crystallinity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.5.6 Tensile Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

vi



2.5.7 Ionic Conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.5.8 Alkaline Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

CHAPTER 3 INVESTIGATING SILVER NANOPARTICLE INTERACTIONS WITH
QUATERNARY AMMONIUM FUNCTIONALIZED TRIBLOCK
COPOLYMERS AND THEIR
EFFECT ON MIDBLOCK CRYSTALLINITY . . . . . . . . . . . . . . . . . . 64

3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.4.2 Polymer and Ag-Polymer Composite Sample Fabrication . . . . . . . . . . . 67

3.4.3 Fourier-Transform Infrared Spectroscopy . . . . . . . . . . . . . . . . . . . . . 67

3.4.4 Thermal Characterization and Crystallization Kinetics . . . . . . . . . . . . . 67

3.4.5 X-ray Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.4.6 X-ray Photoelectron Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 68

3.4.7 NMR Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4.8 Gel Permeation Chromatography . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

CHAPTER 4 DESIGNING ANION EXCHANGE IONOMERS WITH ORIENTED
NANOSCALE PHASE SEPARATION AT A SILVER INTERFACE . . . . . . 87

4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.2 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

vii



4.4 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.4.2 Synthesis of PIp-SG1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.4.3 Synthesis of diblock copolymer PIp-b-PCMS, Di-1 and Di-2 . . . . . . . . . . 93

4.4.4 Synthesis of difunctional chain transfer agent (CTA) . . . . . . . . . . . . . . 93

4.4.5 Synthesis of telechelic PIp macro-CTA . . . . . . . . . . . . . . . . . . . . . . 94

4.4.6 Synthesis of triblock copolymer PCMS-b-PIp-b-PCMS, Tri-1 and Tri-2 . . . . 94

4.4.7 Gel Permeation Chromatography (GPC) . . . . . . . . . . . . . . . . . . . . . 95

4.4.8 Nuclear Magnetic Resonance (NMR) Spectroscopy . . . . . . . . . . . . . . . 95

4.4.9 Transmission Electron Microscopy (TEM) . . . . . . . . . . . . . . . . . . . . 95

4.4.10 Small Angle X-ray Scattering (SAXS) . . . . . . . . . . . . . . . . . . . . . . 95

4.4.11 Preparation of Thin Film Samples . . . . . . . . . . . . . . . . . . . . . . . . 95

4.4.12 Ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.4.13 Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) . . . . . . . . . . 98

4.4.14 X-ray photoelectron spectroscopy (XPS) . . . . . . . . . . . . . . . . . . . . . 99

4.4.15 Atomic Force Microscopy (AFM) . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.5.1 Polymer Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.5.1.1 Diblock Copolymer Synthesis . . . . . . . . . . . . . . . . . . . . . . 99

4.5.1.2 Triblock Copolymer Synthesis . . . . . . . . . . . . . . . . . . . . . 104

4.5.2 Bulk Film Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.5.3 Neutral Block Copolymer Thin Film Morphology . . . . . . . . . . . . . . . . 108

4.5.4 Ionomer Thin Film Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

viii



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 . . . . 134

5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.2 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.4 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.4.2 Gel Permeation Chromatography (GPC) . . . . . . . . . . . . . . . . . . . . . 141

5.4.3 Nuclear Magnetic Resonance (NMR) Spectroscopy . . . . . . . . . . . . . . . 141

5.4.4 Environmental scanning electron microscopy (ESEM) and energy dispersive
spectroscopy (EDS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.4.5 BrunauerEmmetTeller (BET) Surface Area . . . . . . . . . . . . . . . . . . . 141

5.4.6 Half-Cell Electrode Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.4.7 Half-Cell Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.4.8 Anion Exchange Membrane (AEM) Fabrication . . . . . . . . . . . . . . . . . 143

5.4.9 Di�erential Scanning Calorimetry (DSC) . . . . . . . . . . . . . . . . . . . . 143

5.4.10 Ionic Conductivity Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.4.11 Small-angle X-ray Scattering (SAXS) . . . . . . . . . . . . . . . . . . . . . . 144

5.4.12 Membrane Electrode Assembly (MEA) Fabrication . . . . . . . . . . . . . . . 144

5.4.13 Single-Cell Electrolyzer Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.5.1 PCMS-b-PCOE-b-PCMS Triblock Copolymer Characterization . . . . . . . . 145

5.5.2 Electrode Fabrication and Characterization . . . . . . . . . . . . . . . . . . . 147

5.5.3 Electrochemical Characterization: Half-Cell Experiments . . . . . . . . . . . 148

ix



5.5.3.1 Comparison of Quaternary Ammonium Cation . . . . . . . . . . . . 150

5.5.3.2 Comparison of Ink Dilution . . . . . . . . . . . . . . . . . . . . . . . 157

5.5.3.3 Comparison of Partial Hydrogenation at Ni Foam Interface . . . . . 159

5.5.4 Performance Demonstration in AEM electrolyzer . . . . . . . . . . . . . . . . 162

5.5.4.1 PIp-ran -PCMS Characterization . . . . . . . . . . . . . . . . . . . . 162

5.5.4.2 AEM Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.5.4.3 AEM Electrolyzer Performance . . . . . . . . . . . . . . . . . . . . . 165

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . . . . . . . 170

6.1 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.2 Recommendations for Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

APPENDIX COPYRIGHT PERMISSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

x



LIST OF FIGURES

Figure 1.1 Schematic of an anion exchange membrane fuel cell using hydrogen as fuel. . . . 4

Figure 1.2 Schematic of an anion exchange membrane water electrolyzer. . . . . . . . . . . . 5

Figure 1.3 Bibliometric analysis of the publications for AEMFCs and AEMWEs 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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Figure 1.4 Representation of a simpli�ed anion exchange membrane. . . . . . . . . . . . . . 8

Figure 1.5 Schematic representation of di�erent copolymers of \A" and \B"
components. Top: Example of a random copolymer con�guration. Middle:
Example of a diblock (AB) copolymer con�guration. Bottom: Example of a
triblock (ABA) copolymer con�guration. . . . . . . . . . . . . . . . . . . . . . . 8

Figure 1.6 Morphologies of phase separating block copolymer systems, including
spherical (S), cylindrical (C), gyroid (G), lamellar (L), and their inverse (`). . . . 9

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 . . . . 10

Figure 1.8 Di�erent 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 . . . . 10

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. . . . 12

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. 18

Figure 1.11 Pourbaix diagram of silver. Reproduced with permission from . . . . . . . . . . 20

Figure 1.12 Model proposed by Paul et al. for thickness-dependent Na�on® thin �lm
morphology on SiO2 substrates. Reproduced with permission from .
Copyright © 2013 American Chemical Society. . . . . . . . . . . . . . . . . . . 22

Figure 2.1 Graphical abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

xi



Figure 2.2 1H 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). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Figure 2.3 GPC traces of PCOE precursor (black line) and AEM-MP, triblock
copolymer PCMS-b-PCOE-b-PCMS (red line). . . . . . . . . . . . . . . . . . . 38

Figure 2.4 Solid-state13C NMR and peak assignments of PCMS-b-PE-b-PCMS. . . . . . . 39

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-1 is shown at a larger scale for
clarity. Dotted line indicates the � (C-Cl) from benzyl chloride groups at 827
cm-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

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-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 2.7 Chemical structures of triblock copolymers PCMS-b-PE-b-PCMS, shown
quaternized with either MPRD or TMA. . . . . . . . . . . . . . . . . . . . . . 42

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). . . . . . 44

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 �rst
cooling cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Figure 2.10 Water vapor uptake and � at 60 °C from 20 { 95% RH. . . . . . . . . . . . . . 46

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. . . . . . . . . 47

Figure 2.12 SAXS pro�les 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. . . . . . . 48

Figure 2.13 SAXS pro�les 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). . . . . . . . 51

xii



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

Figure 2.15 Uni�ed 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). . . 53

Figure 2.16 Uni�ed 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). . . 54

Figure 2.17 Crystal size analysis from WAXS spectra of the (110) re
ection (a,b) and the
(200) re
ection (c,d) of the polyethylene backbone in all HyAEMs at ambient
temperature (a,c) and 60°C (b,d). . . . . . . . . . . . . . . . . . . . . . . . . . 55

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. . . . . . . . . . . . . . . . . . . 56

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 Cl- form (red circles). IEC = 1.7 mmol g-1, thickness
= 65 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Figure 2.20 Left: IEC 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). . . . . . . . . . . . . . . . . . . . . 60

Figure 2.21 FTIR results for HyAEM-MP-180 before and after degradation in 9 M KOH. . 60

Figure 2.22 1H NMR and assignments for the small molecule degradation product of
HyAEM-MP-180 in 9 M KOH. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Figure 2.23 Possible degradation pathways of HyAEM-MP-180 in 9 M KOH. . . . . . . . . 62

Figure 3.1 Graphical abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Figure 3.2 Structure of triblock copolymer PCMS-b-PCOE-b-PCMS, shown quaternized
with either TMA or MPRD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Figure 3.3 Small-angle X-ray scattering of TB, TB-MP, and TB-TM at dry, ambient
conditions. Spectra are o�set for clarity. . . . . . . . . . . . . . . . . . . . . . . 71

xiii



Figure 3.4 Normalized FT-IR ATR spectra are given in the bottom inset of each �gure
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, 4000{2700 cm-1 (a,c,e) and 1800{650 cm-1 (b,d,f) are
shown for clarity. In the top inset of each �gure, the IR intensity di�erences
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 �lled in green, and lower intensity are �lled in red. All axes are
set to same scale for comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . 72

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. . . . . . . . . . . . . . . . . 75

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 2nd{4 th scans which were identical in all cases.
Traces are o�set for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

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 . . . . . . . . . . . . . . . . . . . . . 76

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 2nd{4 th 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). . . . . . . . . . . . . . . . . 77

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 �gures highlight areas �t to determine the
Avrami exponent and rate parameter from the slope and intercept,
respectively, of the linear region, typically from X (t) = 0.2{0.8. r 2 of linear
�t is also provided in each inset. . . . . . . . . . . . . . . . . . . . . . . . . . . 80

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, � Hm , corresponding to the degree of crystallinity from the �rst
melt cycle from DSC, is also shown in (d-f) for comparison. . . . . . . . . . . . 82

xiv



Figure 3.11 Wide angle X-ray scattering detector images, con�rming 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 a�ect further analysis. . . . . . . . . . . . . . . . . . . . . 83

Figure 3.12 Pie charts depicting the relative fraction of the area under the curve of each
crystalline re
ection 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) re
ections of the triclinic crystalline
structure, respectively. The blue slice (peak 2 in the main text) corresponds
to the (110) re
ection of the monoclinic structure. . . . . . . . . . . . . . . . . 84

Figure 4.1 Graphical abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Figure 4.2 Synthesis of difunctional RAFT CTA . . . . . . . . . . . . . . . . . . . . . . . 94

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 3d3/2 and 3d5/2
peaks as well as the Ag0 loss features indicates the silver surface and �lm is
not heavily oxidized and most of the Ag is metallic . 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 SiO2 layer
and the metallic Ag �lm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Figure 4.4 5x5µm AFM height (left) and phase (right) image of a Ag-coated silicon
substrate, con�rming a thin uniform layer of Ag was deposited on the silicon
wafer by thermal evaporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Figure 4.5 Setup for vapor quaternization reaction of thin �lms. (a) glass lid, (b) tall
glass bottom, (c) glass stage, (d) polymer thin �lm on substrate, (e) reactant
liquid, (f) reactant vapor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Figure 4.6 Synthesis of diblock copolymer PIp-b-PCMS, Di-1 and Di-2. . . . . . . . . . . . 100

Figure 4.7 GPC of PIp-SG1 and Di-1 (top) and PIp-SG1 and Di-2 (bottom). . . . . . . . 102

Figure 4.8 1H NMR and corresponding labeled chemical structure of Di-1 and Di-2. . . . 103

Figure 4.9 GPC of Tri-1 and Tri-2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Figure 4.10 (A) 1H NMR and (B) ESI mass spectra of difunctional CTA. The sodium ion
adduct of the molecule was detected in positive ionization mode, with m/z of
� 457 u/e (M w = M w;CT A + M w;Na ) . . . . . . . . . . . . . . . . . . . . . . . . 105

Figure 4.11 1H NMR and corresponding labeled chemical structure of Tri-1 and Tri-2. . . . 106

Figure 4.12 Synthesis of triblock copolymer PCMS-b-PIp-b-PCMS, Tri-1 and Tri-2. . . . . 107

xv



Figure 4.13 SAXS of� 50 µm �lms of Di-1 (a), Di-2 (b), Tri-1 (c) and Tri-2 (d). . . . . . . 109

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 OsO4. Scale bars are all 100 nm. . . . . . . . . . . . . 109

Figure 4.15 Scattering of Di-1-30 (left) and Tri-1-30 (right) on plain silicon substrates.
No distinct scattering features are noted. . . . . . . . . . . . . . . . . . . . . . 110

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 �lms. Linecut traces are o�set for clarity. . . . 111

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. 1x1µm (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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Figure 4.18 1x1µm 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 PIp . . . . . . . . . . . . . . . . . . . 113

Figure 4.19 Domain size distributions determined from AFM images for Di-1 (a), Di-2
(b), Tri-1 (c) and Tri-2 (d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

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°. . . . . . . . . . . . . . . . . . . . . . . . . . 115

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. . . . . . . 116

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. . . . . . . . . . . . . 118

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. . 119

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. . 119

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. . 120

Figure 4.26 Tri-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. . 120

xvi



Figure 4.27 Uni�ed Fit Modeling for Di-1-TMA. (a) Di-1-30-TMA, dry. (b) Di-1-30-TMA,
60 °C and 95% RH. (c) Di-1-45-TMA, dry. (d) Di-1-45-TMA, 60 °C and 95%
RH. (e) Di-1-60-TMA, dry. (f) Di-1-60-TMA, 60 °C and 95% RH. . . . . . . . 121

Figure 4.28 Uni�ed Fit Modeling for Di-1-MPRD. (a) Di-1-30-MPRD, dry. (b)
Di-1-30-MPRD, 60 °C and 95% RH. (c) Di-1-45-MPRD, dry. (d)
Di-1-45-MPRD, 60 °C and 95% RH. (e) Di-1-60-MPRD, dry. (f)
Di-1-60-MPRD, 60 °C and 95% RH. . . . . . . . . . . . . . . . . . . . . . . . . 122

Figure 4.29 Uni�ed Fit Modeling for Tri-1-TMA. (a) Tri-1-30-TMA, dry. (b)
Tri-1-30-TMA, 60 °C and 95% RH. (c) Tri-1-45-TMA, dry. (d)
Tri-1-45-TMA, 60 °C and 95% RH. (e) Tri-1-60-TMA, dry. (f) Tri-1-60-TMA,
60 °C and 95% RH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Figure 4.30 Uni�ed Fit Modeling for Tri-1-MPRD. (a) Tri-1-30-MPRD, dry. (b)
Tri-1-30-MPRD, 60 °C and 95% RH. (c) Tri-1-45-MPRD, dry. (d)
Tri-1-45-MPRD, 60 °C and 95% RH. (e) Tri-1-60-MPRD, dry. (f)
Tri-1-60-MPRD, 60 °C and 95% RH. . . . . . . . . . . . . . . . . . . . . . . . . 124

Figure 4.31 Surface plots illustrating the correlation between �lm 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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

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). . . . . . 129

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). . . . . . 130

Figure 4.34 Percent change inRg 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

Figure 5.1 Graphical abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

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). . . . . . . . . . . . . . . . . 136

Figure 5.3 GPC of PCMS-b-PCOE-b-PCMS used to calculateM n , M w and PDI. . . . . . 146

Figure 5.4 1H NMR of PCMS-b-PCOE-b-PCMS used to calculate the degree of
polymerization (DP) and ion exchange capacity (IEC). . . . . . . . . . . . . . . 146

Figure 5.5 N2 isotherm of pristine nickel foam substrate, used to calculate the BET
surface area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

xvii



Figure 5.6 SEM images of pristine nickel foam (a,b) and representative as-deposited
Ag-ionomer catalyst ink on Ni foam (c,d). . . . . . . . . . . . . . . . . . . . . . 148

Figure 5.7 Cross-sectional diagram of the FlexCell® half-cell electrochemical
measurement apparatus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

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. . . . . . . 150

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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

Figure 5.10 Ni Foam Double Layer Capacitance. . . . . . . . . . . . . . . . . . . . . . . . . 151

Figure 5.11 Tafel plots of Ni foam at low (a,c) and high (b,d) overpotentials, showing
results with no iR correction (a,b) and 100% iR correction (c,d). . . . . . . . . 152

Figure 5.12 CV scans performed at 10, 20, 30 and 50 mV dec-1 between 1.12 and 1.22 V,
used to calculateCdl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Figure 5.13 LSV comparing all samples investigated, no iR correction. . . . . . . . . . . . . 154

Figure 5.14 Tafel slopes from LSVs with no iR correction for PC-TM-25 and PC-MP-25
at low (a) and high (d) current densities, for PC-TM-100 and PC-MP-100 at
low (b) and high (e) current densities, and PE-TM-100 and PE-MP-100 at
low (c) and high (f) current densities. . . . . . . . . . . . . . . . . . . . . . . . 154

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. . . . . 158

Figure 5.16 Mass activity (per gram Ag catalyst) comparing all samples investigated,
with iR correction (a) and without iR correction (b). . . . . . . . . . . . . . . . 159

Figure 5.17 DSC of PCMS-b-PCOE-b-PCMS coated Ni foam sample after partial
hydrogenation to PE under H2(g). Heating and cooling rates at 10°C min-1. . 160

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. . . . . 161

Figure 5.19 GPC of PIp-ran -PCMS used to calculateM n , M w and PDI. . . . . . . . . . . 163

Figure 5.20 1H NMR of PIp- ran -PCMS used to calculate the degree of polymerization
(DP) and ion exchange capacity (IEC). . . . . . . . . . . . . . . . . . . . . . . 163

xviii



Figure 5.21 SAXS of the AEM fabricated from Tu�brane —at ambient, dry conditions
and immersed in liquid water. Porod slope of 2 indicates a particle symmetry
of randomly distributed lamellae. . . . . . . . . . . . . . . . . . . . . . . . . . . 164

Figure 5.22 Polarization curves for AEM electrolyzers EL-PE-TM and EL-PE-MP in 1 M
K2CO3 (a) or DI H 2O (b) at 50 °C with iR correction. 60% iR correction was
used for polarization curves in 1 M K2CO3 and 100% iR correction was used
for polarization curves in DI H2O. . . . . . . . . . . . . . . . . . . . . . . . . . 165

Figure 5.23 Polarization curves for AEM electrolyzers EL-PE-TM and EL-PE-MP in 1 M
K2CO3 (a) or DI H 2O (b) at 50 °C with no iR correction. . . . . . . . . . . . . 166

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 2CO3, and (c) shows EL-PE-TM
and EL-PE-MP in DI H 2O. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

Figure 5.25 Voltage degradation of EL-PE-MP electrolyzer. The current density of the
cell was held constant at 500 mA cm-2 for a duration of 5 h. . . . . . . . . . . 167

Figure 6.1 Bibliometric analysis the publications for OER catalysts at neutral pH.
\Oxygen evolution reaction" and \neutral pH", along with each catalyst were
used as search terms. This citation report was generated using Web of
Science. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

Figure 6.2 Reaction scheme showing the hydrogenation of PCMS-b-PIp-b-PCMS to
PCMS-b-PMb-b-PCMS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

Figure A.1 Permission to reproduce Figure 1.7 from [45]. . . . . . . . . . . . . . . . . . . . 229

Figure A.2 Permission to reproduce Figure 1.8 from [78]. . . . . . . . . . . . . . . . . . . . 230

Figure A.3 Permission to reproduce Figure 1.11 from [165]. . . . . . . . . . . . . . . . . . . 231

Figure A.4 Permission to reproduce Figure 1.12 from [189]. . . . . . . . . . . . . . . . . . . 232

Figure A.5 Permission to reproduce Chapter 2 from [102]. . . . . . . . . . . . . . . . . . . 232

Figure A.6 Permission to reproduce Chapter 3 from [395]. . . . . . . . . . . . . . . . . . . 233

Figure A.7 Permission received to reproduce co-authored journal articles, either
published or in review, from Yifeng Du. . . . . . . . . . . . . . . . . . . . . . . 233

Figure A.8 Permission received to reproduce co-authored journal articles, either
published or in review, from Mei-Chen Kuo. . . . . . . . . . . . . . . . . . . . . 234

Figure A.9 Permission received to reproduce co-authored journal articles, either
published or in review, from Jacob S. Wilkinson. . . . . . . . . . . . . . . . . . 234

xix



Figure A.10 Permission received to reproduce co-authored journal articles, either
published or in review, from Ivy Wu. . . . . . . . . . . . . . . . . . . . . . . . . 235

Figure A.11 Permission received to reproduce co-authored journal articles, either
published or in review, from Kayla A. Ahrens. . . . . . . . . . . . . . . . . . . 235

Figure A.12 Permission received to reproduce co-authored journal articles, either
published or in review, from Ryan J. Gasvoda. . . . . . . . . . . . . . . . . . . 236

Figure A.13 Permission received to reproduce co-authored journal articles, either
published or in review, from James M. Crawford. . . . . . . . . . . . . . . . . . 237

Figure A.14 Permission received to reproduce co-authored journal articles, either
published or in review, from Ria Ghosh. . . . . . . . . . . . . . . . . . . . . . . 238

Figure A.15 Permission received to reproduce co-authored journal articles, either
published or in review, from Morgan S. Ezell. . . . . . . . . . . . . . . . . . . . 239

Figure A.16 Permission received to reproduce co-authored journal articles, either
published or in review, from Sumit Agarwal. . . . . . . . . . . . . . . . . . . . 240

Figure A.17 Permission received to reproduce co-authored journal articles, either
published or in review, from Moises A. Carreon. . . . . . . . . . . . . . . . . . 241

Figure A.18 Permission received to reproduce co-authored journal articles, either
published or in review, from Soenke Seifert. . . . . . . . . . . . . . . . . . . . . 242

Figure A.19 Permission received to reproduce co-authored journal articles, either
published or in review, from E. Bryan Coughlin. . . . . . . . . . . . . . . . . . 243

xx



LIST OF TABLES

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. . . . . . . . . . . . . . . . . . . . . . . . 42

Table 2.2 Descriptions and Ion Exchange Capacities of All Anion Exchange Membranes
Studied . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Table 2.3 Thermal Characterization from DSC . . . . . . . . . . . . . . . . . . . . . . . . . 45

Table 2.4 Water Uptake and � from DVS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Table 2.5 Liquid Water Uptake, � , and Dimensional Swelling . . . . . . . . . . . . . . . . . 47

Table 2.6 Radius of Gyration, Porod Slope, and Bragg Spacing obtained from Uni�ed Fit
Modeling of SAXS Pro�les . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Table 2.7 Mechanical Properties of Dry and Wet Films . . . . . . . . . . . . . . . . . . . . 57

Table 3.1 Chemical Composition of PCMS-b-PCOE-b-PCMS base copolymer . . . . . . . . 69

Table 3.2 FT-IR ATR Vibrational Mode Assignments and Observations from AgNP
Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Table 3.3 Summary of Parameters from Jeziorny-Modi�ed Avrami Crystallization
Kinetics Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Table 4.1 Chemical composition and bulk morphology of diblock copolymer PIp-b-PCMS
and triblock copolymer PCMS-b-PIp-b-PCMS . . . . . . . . . . . . . . . . . . . . 101

Table 4.2 Domain Spacing of Neutral Block Copolymers Determined from GISAXSq� . . 111

Table 4.3 Domain Size and Surface Coverage of Neutral Block Copolymers Determined
from AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

Table 4.4 Uni�ed Fit Model Parameters for Di-1-TMA Samples. . . . . . . . . . . . . . . . 125

Table 4.5 Uni�ed Fit Model Parameters for Di-1-MPRD Samples. . . . . . . . . . . . . . . 125

Table 4.6 Uni�ed Fit Model Parameters for Tri-1-TMA Samples. . . . . . . . . . . . . . . 126

Table 4.7 Uni�ed Fit Model Parameters for Tri-1-MPRD Samples. . . . . . . . . . . . . . 126

xxi



Table 5.1 Chemical Composition and Ion Exchange Capacity of PCMS-b-PCOE-b-PCMS
from GPC and NMR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

Table 5.2 Surface elemental composition for Ni foam and Ag-ionomer coated Ni foam,
from EDS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

Table 5.3 Summary of Ag-ionomer inks used in this work. . . . . . . . . . . . . . . . . . . 149

Table 5.4 Summary of Electrokinetic Parameters from iR Corrected LSVs �t to Tafel
Equation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

Table 5.5 Summary of Electrokinetic Parameters from LSVs with no iR correction �t to
the Tafel Equation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Table 5.6 Summary of OER Performance Parameters from iR Corrected LSVs. . . . . . . 156

Table 5.7 Summary of OER Performance Parameters from LSVs with no iR correction. . . 157

Table 5.8 Chemical Composition and Ion Exchange Capacity of PCMS-b-PCOE-b-PCMS
from GPC and NMR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

Table 5.9 Ionic Conductivity of the AEM fabricated from Tu�brane —in Liquid Water. . . 164

Table 5.10 Area Speci�c Resistances (ASR) of AEM Electrolyzers in 1 M K2CO3 and DI
H2O. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

xxii



LIST OF SYMBOLS

Current density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . j

Domain spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ds

Double layer capacitance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Cdl

Enthalpy of crystallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � Hc

Enthalpy of melting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � Hm

Exchange current density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . j 0

Overpotential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �

Porod slope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .P

Radius of gyration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Rg

Waters per charge carrier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �

xxiii



LIST OF ABBREVIATIONS

Alkaline fuel cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AFC

Alkaline water electrolyzer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AWE

Anion exchange ionomer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AEI

Anion exchange membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AEM

Anion exchange membrane fuel cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AEMFC

Anion exchange membrane water electrolyzer . . . . . . . . . . . . . . . . . . . . . . . AEMWE

Area speci�c resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ASR

Atomic force microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AFM

Benzylmethylpiperidinium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MPRD

Benzyltrimethylammonium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TMA

Catalyst layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CL

Cyclic voltammetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CV

Degree of polymerization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DP

Di�erential scanning calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DSC

Dynamic vapor sorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DVS

Electrochemical impedance spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . EIS

Gas di�usion electrode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . GDE

Gel permeation chromatography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . GPC

Grazing-incidence small-angle X-ray scattering . . . . . . . . . . . . . . . . . . . . . . . GISAXS

Grazing-incidence wide-angle X-ray scattering . . . . . . . . . . . . . . . . . . . . . . . GIWAXS

Hydrogen evolution reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . HER

Hydrogen oxidation reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . HOR

xxiv



Ion exchange capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IEC

Oxygen evolution reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OER

Oxygen reduction reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ORR

Per
uorinated sulfonic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PFSA

Platinum group metal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PGM

Poly(chloromethylstyrene) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PCMS

Poly(cyclooctene) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PCOE

Poly(ethylene) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PE

Poly(isoprene) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PIp

Polydispersity index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PDI

Porous transport layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PTL

Proton exchange membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PEM

Proton exchange membrane fuel cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PEMFC

Proton exchange membrane water electrolyzer . . . . . . . . . . . . . . . . . . . . . . . PEMWE

Quaternary ammonium cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . QAC

Relaive humidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . RH

Reversible addition-fragmentation chain transfer radical polymerization . . . . . . . . . . RAFT

Ring-opening metathesis polymerization . . . . . . . . . . . . . . . . . . . . . . . . . . . . ROMP

Silver nanoparticle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AgNP

Small-angle X-ray scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SAXS

Thermogravimetric analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TGA

Transmission electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TEM

Water uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . WU

Wide-angle X-ray scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . WAXS

xxv



ACKNOWLEDGMENTS

First, I would like to thank my advisor, Dr. Andrew M. Herring, for his insight, guidance, and

consistent encouragement throughout my thesis work. I am grateful to have worked with such

fantastic colleagues in the lab, including Mei-Chen Kuo, Ivy Wu, ChuloOong Chris Kim, Jed

LaCoste, Ashutosh Divekar, and Andrew Motz, with guest appearances by Jim Horan. I was

fortunate to work alongside colleagues from the University of Massachusetts Amherst, Dr. E.

Bryan Coughlin and Yifeng Du, whose invaluable collaboration and insight made this thesis work

possible. I would also like to thank my fellow graduate students in our department, the gentlefolk,

and the tour. This would have not been possible without their support and camaraderie. I am

extremely grateful for the camping trips, mountain bike rides, powder days, and white water

rafting excursions that we have shared together, which made graduate school a time I will always

cherish. I am incredibly lucky to have been a part of such a wonderful research group and a

welcoming department.

Further, my graduate studies would not have been possible without the stimulating and

positive experience I had in my undergraduate at Rowan University. I gratefully acknowledge the

excellent instruction and mentorship provided by all of my undergraduate professors, with special

recognition to Dr. Kevin Dahm and Dr. Zenaida Otero Gephardt, whose continued counsel,

throughout my graduate education, proved invaluable. I would also like to thank the high school

teachers who inspired me to pursue engineering, including Mayra Bachrach, Rebecca Allison, and

Michael Dancho. The importance of quality educators, who inspire and motivate you to reach

your full potential, cannot be understated.

My graduate work was graciously funded by the Army Research O�ce through Grant

W911NF-17-1-0568. Their �nancial support allowed me to travel to work with our excellent

beamline scientist at Argonne National Laboratory, Soenke Seifert, whose consistent espresso

shots were essential for a productive beamline shift. Finally, I would like to acknowledge my

family, for supporting my education and ambitions, even when it meant moving far from home. I

would especially like to thank my partner Grace for her love, patience, and unwavering support

throughout my graduate studies.

xxvi



In loving memory of my grandmother, Hildegard Eva Louise Dimond,

who continued to inspire me to pursue my education to the fullest

and who undoubtedly would have been proud

to see how far I have come.

xxvii



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 signi�cantly over the last 200 years, and land and ocean surface

temperatures have elevated over the past 100 years [1]. Anthropogenic emissions of CO2

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 acidi�cation [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 a�ordable 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

CO2 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 CO2
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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

CO2 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 e�cient than combustion at lower

temperatures, which is limited by the e�ciency of the Carnot cycle [13]. The principle of fuel cell

technology was �rst 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 �rst H2/O 2 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

per
uorinated sulfonic acid (PFSA) membrane Na�on ® , which was originally developed for

electrolysis in the chloro-alkali industry. Na�on ® 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
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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
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cathode and the hydrogen oxidation reaction (HOR) occurs at the anode. The reactions are given

below:

Anode Reaction (HOR): 2 H2 + 4 OH { ��! 4 H2O + 4 e {

Cathode Reaction (ORR): O2 + 2 H 2O + 4 e { ��! 4 OH{

Overall Reaction: 2 H2 + O 2 ��! 2 H2O

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


ows 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 di�erential 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.

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


ow in the opposite direction of protons in a PEMFC and, therefore, there is less fuel crossover
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due to ionic and osmotic drag across the polymer membrane [27].

1.3 Electrolyzers

For hydrogen to be e�ectively utilized by fuel cell technologies, it must �rst 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 CO2 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 (AWEs) 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
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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-2 at a cell voltage of 1.8 V with a conversion e�ciency of � 75% [40, 41].

PEM water electrolyzers (PEMWEs) utilize a proton conducting membrane and ionomer,

eliminating the need for recirculating liquid electrolytes. This con�guration 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 con�guration. PEMWEs can operate at� 2 A cm-2 with a conversion

e�ciency of � 74% due to the advantages associated with the zero-gap con�guration [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 
ow �elds [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 con�guration with an alkaline environment where non-PGM catalysts can

be implemented. In an AEMWE, water or alkaline liquid electrolyte (e.g. KOH, K 2CO3) 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): 4 OH{ ��! O2 " + 2 H 2O + 4 e {

Cathode Reaction (HER): 4 H2O + 4 e { ��! 2 H2 " + 4 OH {

Overall Reaction: 2 H2O ��! 2 H2 " + O 2 "

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

AEMWEs 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].
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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.

Figure 1.3 Bibliometric analysis of the publications for AEMFCs and AEMWEs 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-1 or meq g-1 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
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swelling. Having a high IEC can also lead to ionic clustering if there is poor phase separation or

insu�cient 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 simpli�ed 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 di�erent 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 �nal composition of a random

copolymer. Block copolymers have discrete segments of each monomer, as shown in Figure 1.5.

Figure 1.5 Schematic representation of di�erent copolymers of \A" and \B" components. Top:
Example of a random copolymer con�guration. Middle: Example of a diblock (AB) copolymer
con�guration. Bottom: Example of a triblock (ABA) copolymer con�guration.

8



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-de�ned 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.

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-de�ned 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 e�ect of degree of branching in poly(arylene ether sulfone)s [78]. An

improvement in hydroxide ion conductivity from 96 mS cm-1 to 126 mS cm-1 (80 °C in water) was
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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 signi�cantly improved the conductivity by creating a

discrete ionic pathway for e�cient transport.

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]

Figure 1.8 Di�erent 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 signi�cant role in the stability of the material and resistance to degradation mechanisms.

In 1998, Tomoi et al. �rst 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

e�ect 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

di�erent quaternary ammonium moieties [85]. They found the presence of benzyl-, hetero-atoms,

and other electron-withdrawing groups escalated degradation mechanisms signi�cantly 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 e�ort 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 signi�cant e�ects 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 di�erently as thin

�lms in the catalyst layer compared to their bulk properties.
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1.5 Ionomers and the Enigma of the Catalyst Layer

Electrochemical device performance is strongly in
uenced 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 �lm 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).

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 di�cult to examine under relevant conditions. In PEMFCs, the catalyst layer was

developed empirically, and only recently are more scienti�c e�orts being made to understand

exactly how and why they work. Na�on ® 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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Na�on ® 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 di�er 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 di�erentiation, transport of water in AEMs is a function

of di�usion and migration by electro-osmotic drag, whereas in the electrode, transport of water

occurs entirely via di�usion and convection, which can be promoted by the addition of pore

formers [97]. Ionomers are not required to form a freestanding �lm, so the mechanical properties

are considered from a di�erent perspective in terms of transport (e.g., water management is still

critical in the electrode [98]), especially in AEMWEs [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 di�usion 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 speci�cally investigating the performance of the ionomer as a thin �lm

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 con�nement e�ects of the AEI thin

�lm 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 a�ected mass transport limitations. Gupta et al. published on a SEBS block

polymer with an IEC of 1.91 mmol g-1 and OH{ conductivity of 180 mS cm-1 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

di�usion. Xu et al. also investigated the e�ect 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

di�erent 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-1) and di�erent 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 e�ect 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 �ndings 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, �nding 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-1) 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-2 [115].

Biancolli et al. compared the AEMFC performance of poly(ethylene-co-tetra
uroethylene)

(ETFE)-based AEI powders functionalized with three di�erent 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 e�ects on AEMWE performance. A study by Ghoshal et al. found

that the per
uorinated ionomer (PFAEM-Gen 2) resulted in worse reaction kinetics, yielding

higher Tafel slopes and overpotentials, likely due to interfacial e�ects 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 IrO2 or PbRuOx 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 a�nity on Pt-Ru alloy

surfaces. Infrared re
ection adsorption spectroscopy was used to experimentally con�rm more

signi�cant phenyl adsorption to Pt surfaces in the material with rotatable phenyl groups, and

cyclic voltammetry (CV) con�rmed this also signi�cantly a�ected the HOR activity. Improved

performance was also observed using a Pt-Ru catalyst, thus con�rming 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 a�nity for this adsorption signi�cantly improved performance.

Additionally, a unique Pt microelectrode mini-cell study was performed to investigate

di�erences between two ionomers, a benzyltrimethylammonium quaternized polyphenylene and a

phenylpentamethyl guanidinium per
uorinated ionomer [124]. E�ects of the ionomer backbone

16



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

AEI. 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 signi�cant 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 �rst step in ORR is the adsorption of O 2 (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 O2 inhibited relative

to the adsorption of intermediates such as charged superoxide radical anions (O{ ·
2 ). 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 �nal

product is OH { , as opposed to the incomplete 2e- transfer pathway, where peroxide intermediates
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and radicals desorb as the �nal 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 e�ects 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 g-1 Ag,

$35 g-1 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

arti�cially 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 PEMWEs, IrO2 is the benchmark PGM catalyst for OER. The cost of iridium was almost

twice that of platinum ( $60 g-1) 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-1 [163, 164]. Currently,

the price of Ir remains at $212 g-1, severely a�ecting 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 o�cial benchmark OER catalyst for AEMWEs, though

many report utilizing Co 3O4, or compare to PEMWEs by using IrO2 [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 scienti�c 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 �nal chapter of this thesis.

Figure 1.11 Pourbaix diagram of silver. Reproduced with permission from [181].

1.7 Ionomer Thin Films: Current Understanding

The thin �lm morphology of ionomers in the electrode is still widely unexplored, with the

majority of work focusing mainly on Na�on ® thin �lms. In PEMFCs, it is established that

ionomers ideally exist as thin �lms (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 �lms 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 �lm morphology in the CL cannot

be understated; it is clear that the morphology a�ects transport of species through ionomer thin
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�lms, 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 
at surfaces such as polished silicon wafers or metal surfaces.

Understanding the chemistry-morphology-property relationship of ionomer thin �lms has

already provided insight into mitigating transport resistances in the CL of PEM-based devices. In

order to probe ionomer thin �lm 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 �lm conductivity measurements are used to examine the

thin �lm morphology, water uptake and ionic conductivity [183{185]. Numerous studies have

shown that ionomer thin �lm (1-100 nm) morphology di�ers greatly from their bulk ( µm scale)

structure, leading to shifts in material characteristics. These changes are attributed to nano-scale

con�nement and surface tension e�ects, along with interfacial interactions between the ionomer

and the thin �lm substrate [186, 187].

As stated previously, in the last 10 years researchers have mainly explored the morphology of

Na�on ® and PFSA ionomer thin �lms. 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 Na�on® thin �lms on SiO 2 display an isotropic structure, and on gold or

platinum exhibit parallel backbone alignment relative to the substrate [197]. Other studies have

shown thin �lms cast on substrates with hydrophilic properties (silicon and glass) absorb more

water compared to �lms on hydrophobic substrates (graphite, Au, and ITO) [198]. This �nding

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 Na�on® on SiO2 substrates, where

ultra-thin �lms result in a hydrophilic surface due to surface-aligned sulfonic groups and thicker

�lms 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 Na�on® thin �lm morphology
on SiO2 substrates. Reproduced with permission from [189]. Copyright© 2013 American
Chemical Society.

Dura et al. found lamellar structures formed on SiO2 substrates, but on Au and Pt they

observed only a thin partially hydrated layer [196]. Mohamed et al. also found di�erences 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, �nding that �lms

thicker than 20 nm swell less than bulk �lms, while �lms thinner than 20 nm showed greater

swelling due to morphological disorder [187, 192]. Additional work also investigated the e�ect of

thermally annealing Na�on ® thin �lms 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 con�rmed the formation of crystalline

domains at the substrate interface restrict swelling [195, 198].

Although ultra-thin Na�on ® �lms have a higher water uptake, they have been shown to

exhibit lower conductivity [190]. While these �ndings appear counterintuitive, they emphasize the

discrepancies in the proton transport mechanisms occurring in Na�on® thin �lms and bulk

membranes. The increase in activation energy of proton conductivity with decreasing �lm

thickness was attributed to polymer con�nement and morphological restructuring. Water

transport has also been shown to signi�cantly decrease in Na�on® thin �lms [191], where the
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di�usion coe�cient of water in a 20 nm thin �lm was found to be 7 orders of magnitude lower

than that of the bulk membrane [200].

Na�on ® ionomer �lms 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 Na�on®

membrane hot pressed on a carbon gas di�usion layer [204]. In this study they investigated

annealing e�ects 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 �lm. Barnes et al. also recently published a study using EFM on a

Na�on ® thin �lm 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 �lm 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 signi�cant insight into the connectivity and orientation of

conducting channels.

Research on Na�on® thin �lms has provided critical insight toward understanding the

PEMFC CL; however, little research has been conducted on AEI thin �lms. Only a limited

number of AEIs have been studied as thin �lms, 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 di�erent backbones and side chain chemistries, highlighting the role of ionomer chemistry in

their structure and water uptake [210]. Per
uorinated polymers showed phase separation in

GISAXS, while all hydrocarbon-based thin �lms 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

insu�cient 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 �lms in catalyst

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

The main gaps in this �eld 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

�rst 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 scienti�c insight. Currently, there is limited work

published in this area, especially in the �eld of AEIs and on interactions between AEIs and

non-PGM catalysts. It is known from studies with Na�on ® thin �lms and a few AEIs that

restructuring can occur at catalyst interfaces and alter ionomer properties compared to their bulk

characteristics, which directly a�ect 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 e�ect 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 di�erent aspects of block

copolymer architecture a�ect 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 di�erent 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 o�er

better stability and conductivity [58, 85, 214], and the e�ects of their di�erent structures can be

compared. Speci�cally, 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 �nally

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

devices (Chapter 5).

The learnings from this are summarized inChapter 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, a�ording 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 �lms will be

determined by the interactions at the silver-polymer interface, but in AEIs thin �lms, 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

a�nity 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 modi�ed from a journal article published in ACS Applied Polymer Materials. 1

Nora C. Buggy,2 Yifeng Du,3 Mei-Chen Kuo,4 Kayla A. Ahrens,5 Jacob S. Wilkinson,6 Soenke

Seifert,7 E. Bryan Coughlin,8 and Andrew M. Herring9

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

�ndings 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

modi�ed by hydrogenating the midblock in an e�ort to compare the e�ects 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 Tu�brane— 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
1Reprinted with permission of ACS Applied Polymer Materials, 2020, DOI: 10.1021/acsapm.9b01182
2Primary researcher and author
3Co-author, polymer chemist
4Co-author, polymer chemist
5Co-author, research assistant
6Co-author, research assistant
7Co-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 di�erent processing temperatures to tune

the water uptake and dimensional swelling. Quaternization with either trimethylamine or

methylpiperidine resulted in AEMs with improved characteristics, including excellent Cl- and OH-

conductivity (119 and 179 mS cm-1 at 80 °C, respectively) and moderate water uptake (33 wt%,

� , waters per charge carrier, = 12). Unexpectedly, extensional testing indicated that the

mechanical strength of the �lm 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.

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 
ow batteries [216], and

reverse electrodialysis [46, 217], in addition to water puri�cation 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 per
uorinated 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

humidi�ed 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 �eld of AEMs, despite signi�cant 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-1 at 80 °C in liquid water) su�er 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 di�erent 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 di�erent

hetero-cycloaliphatic quaternary ammonium groups, �nding 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-1 at 80

°C), but it su�ered from excessive swelling (225% at room temperature) due to having a high IEC

(2.3 mmol g-1) [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-1 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-1 and OH- conductivity of 180 mS cm-1 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
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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-1 and OH- conductivity of 73 mS cm-1 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 -1, 
uoride

ion conductivity of 34 mS cm-1 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 e�cient 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 ofp-xylene into a �lm.

Hot-pressing was performed at two di�erent temperatures, and the elevated temperature lightly

crosslinked the PCMS blocks through scission of benzyl chlorides. The �lms 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 6H13N, 99%), trimethylamine solution (C 6H3N, 25 wt% in water),

dichloromethane (DCM, CH2Cl2, > 99%), chloroform (CHCl3, > 99%), methanol, (CH3OH, ACS

grade), p-toluenesulfonyl hydrazide (TSH, C7H10N2O2S, 97%),p-xylene (C6H4(CH3)2, 99%). The

base triblock copolymer PCMS161-b-PCOE648-b-PCMS161 was synthesized as published

previously [58].

2.4.2 Hydrogenation with p-Toluenesulfonyl hydrazide (TSH)

PCMS161-b-PCOE648-b-PCMS161 (3.4 g, 0.0183 mol repeat units) was dissolved inp-xylene

(450 mL) in a 500 mL, two-necked, round-bottomed 
ask at RT. The 
ask 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 �ltration. 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 Te
on® sheet

before being hot pressed for 5 min at 95 psi and either 130°C or 180 °C to form �lms, 100 { 130

or 50 { 70 µm thick, respectively. The �lms 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 su�cient 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 1H NMR spectroscopy was performed in 5 mm diameter tubes in deuterated chloroform

(CDCl 3) at 25 °C on a Bruker 500 spectrometer at 500 MHz. The13C solid-state NMR

spectroscopy was performed on a Bruker Avance III 600 MHz NMR spectrometer equipped with 4

mm HX, 4 mm E-free, 1.9 mm PISEMA, and di�usion 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 CDCl3. The solution was then

dried with MgSO4 and �ltered.

2.4.5 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was performed in THF at a 
ow rate of 1.0 mL min-1

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 Scienti�c Nicolet iN10 infrared microscope with a germanium attenuated

total re
ectance (ATR) tip was used to collect IR spectra in the range of 4000 { 650 cm-1.

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 Hu�man 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 
ask combustion followed

by potentiometric titration.

33



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-1 up to 800 °C

with an air 
ow rate of 20 mL min -1 was used. Di�erential scanning calorimetry (DSC) was

performed using a TA instruments Q20 DSC. 5 { 10 mg of polymer was loaded in Tzero

aluminum pans and the change in heat 
ow was measured over a temperature range of 0 { 160°C

with a heating and cooling rate of 10°C min-1. Each sample was cycled over the temperature

range four times. The degree of crystallinity was calculated from the enthalpy of melting (�H m)

using 290 J g-1 as the heat of fusion for a pure orthorhombic polyethylene crystallite [241].

2.4.9 Ion 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 (AgNO 3) and using a potassium chromate (K2CrO4)

indicator. The formation of the brownish-red precipitate, Ag 2CrO4(s) , 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 NaNO3 for 24 h to allow the Cl- to fully exchange into

solution. 0.5 mL of indicator was added to 5 mL of this solution and was then titrated with

AgNO3 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 HCl 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 �ve 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� , was

calculated using Equation 2.1,

� =
WU

IEC � MW H 2O
(2.1)

where WU and MW H 2O 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� .

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 �xture and tension was applied

until the membrane broke. The Hencky strain rate used was based on the �nal elongation of each

�lm: 0.0033 s-1 for elongations less than 20% and 0.0167 s-1 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 Cl- and OH- ion conductivity were measured using potentiostatic electrochemical

impedance spectroscopy (PEIS) with a BioLogic Scienti�c Instruments VMP3 Potentiostat. Cl -

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 modi�ed fuel cell test stand to 
ow humidi�ed 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

t � w � R
(2.2)

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 �tting 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].

Brie
y, 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 con�rmed by 1H NMR,

shown in Figure 2.2. Successful synthesis of R2-CTA was con�rmed 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 2nd 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 e�ciency 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).

Figure 2.2 1H 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).

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 n of PCOE was 89,000 g mol-1 and D = 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. TheM n of the

triblock PCMS- b-PCOE-b-PCMS was � 121,500 g mol-1 with D of 1.68, using the same standards.

The high capping e�ciency 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 e�ects were not

observed after chain extension, indicating the living character provided by two CTA ends on the

telechelic PCOE.

Figure 2.4 Solid-state13C 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. Con�rmation of the hydrogenation reaction was performed with both

solid-state 13C 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 ole�nic functionalities in

PCOE from � (=C-H) at 3050 cm -1, � (C=C) at 1660 cm -1, and � (=C-H) at 970 cm -1. 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 �lms were quaternized in the solid state

with either TMA or MPRD quaternary ammonium cations by submerging �lms 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-1 from � (O-H) and � (O-H) of water, respectively, corresponding with the

ambient water uptake of the cationic moieties. Additionally, the broad peak at 827 cm-1 from

� (C-Cl) in benzyl chloride is replaced with three new peaks near 890, 860, and 830 cm-1

associated with � (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� (C-N) in MPRD. New peaks are

also noted in the � (C-N) range from 1300 { 1100 cm-1 from the addition of cationic moieties.

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-1 is shown at a larger scale for clarity. Dotted line indicates the
� (C-Cl) from benzyl chloride groups at 827 cm-1.

2.5.2 Membrane Fabrication and Thermal Characterization

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

hot-pressing a suspension of the polymer powder in minimump-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 di�erential 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 �rst 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.

(a) (b)

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-1.

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 di�erences (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)

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 �lms 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 �nal 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 Ion Exchange Capacities of All Anion Exchange Membranes Studied

Sample Midblock Cation Method IECNMR

(mmol g-1)
IEC titr

(mmol g-1)

AEM-MP PCOE, no XL a MPRD Solution cast 2.1 1.45± 0.05

AEM-MP-DT PCOE, DT XL b 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

aPCOE-based AEM reported previously, uncrosslinked [58].
bUV 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).

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 �rst cooling cycle.
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Table 2.3 Thermal Characterization from DSC

Sample Cycle Tm (°C) T c (°C) �H m (J g-1) �H c (J -1) Crystallinity (%)

HyAEM-TM-130
1 131 113 96 60 33

2-4 130 113 72 60 24

HyAEM-MP-130
1 130 111 80 63 27

2-4 130 111 63 63 22

HyAEM-TM-180
1 130 112 77 59 26

2-4 129 112 55 59 19

HyAEM-MP-180
1 130 113 79 58 27

2-4 128 113 66 58 22

The thermal history of the material appears to a�ect the degree of crystallinity, where a lower

crystallinity was observed across all samples after the �rst thermal cycle from 0 to 160°C. The

AEMs quaternized with TMA showed slight di�erences 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 di�erences 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 1H 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-1 [250, 251], and the authors speculate the titrated

values are lower as a result of di�usion 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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