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SUMMARY 

Anion exchange membrane (AEM) fuel cells and electrolyzers are of interest 

because they have potential advantages over their acidic counterparts for the production 

and storage of renewable energy. Alkaline conditions are attractive because of the facile 

electrochemical reaction kinetics at high pH for oxygen reduction and water oxidation. 

Device operation at high pH allows for the use of non-precious metal catalysts, simpler 

design for the balance of plant, and reduced fuel crossover. However, it is imperative that 

the AEMs are thin, have long-term alkaline stability, and high hydroxide ion conductivity. 

There have been issues in the past with AEMs showing low ionic conductivity, poor 

stability at high pH, and high water uptake (leading to dimensional change); however, these 

issues have all been systematically addressed in this work.  

A series of stable, non-hydrolysable, hydroxide-conducting tetrablock copolymers 

containing an all-hydrocarbon backbone were synthesized by Dr. Mrinmay Mandal 

(Georgia Tech) for the purposes of this work. The synthesis methods are outlined in 

Appendix A. To characterize the polymers, the tetrablock polymers were cast into 

membranes with an ion-exchange capacity (IEC) between 1.55 and 2.60 milliequivalents 

per gram (meq/g). Excellent hydroxide conductivity (>120 mS/cm at 80 °C) was obtained 

at an ion-exchange capacity of 1.88 meq/g. The results show that hydroxide mobility was 

aided by phase segregation within the tetrablock copolymer. The number of bound and 

unbound water molecules per ion pair was measured and correlated with conductivity. The 

presence of excess unbound water led to flooding of the ion conductive channels and low 

hydroxide ion conductivity. The optimal anion conductivity was found with about 6.7 



 xx 

unbound and 11.9 bound water molecules per ion pair. The ion conducting polymers were 

stable in 1 M NaOH solution at 80 °C, showing essentially no loss in ion conductivity for 

1200 h. Thermogravimetric analysis showed that the membrane backbone was stable up to 

400 °C, consistent with previous poly(norbornene)-based materials. The peak power 

density of a H2/O2, hydroxide conducting fuel cell containing one of these membranes was 

542.57 mW/cm2 at 0.43 V and current density of 1.26 A/cm2 at 60 °C.  

To enable the use of very high IEC (>3 meq/g) polymers with high hydroxide 

conductivity, light cross-linking of the polymers was performed using N,N,N′,N′-

tetramethyl-1,6-hexanediamine (TMHDA). The addition of the cross-linker was found to 

be adequate for providing critical control over unwanted water uptake and providing 

additional film rigidity. Without light cross-linking, the unwanted water uptake would 

cause swelling and softening of the membrane. The cross-linked membranes also showed 

no significant drop in ionic conductivity over 1,000 h of aging in 1 M NaOH at 80 °C and 

record high ionic conductivity for a chemically stable AEM. The number of bound and free 

water molecules per ion pair is correlated with the ion mobility within the materials.  

Composite membranes composed of poly(norbornenes) tetrablock copolymers with 

pendant quaternary ammonium head-groups and a proprietary polymer reinforcement were 

prepared for use in AEM fuel cells. It was found that the reinforced membranes were more 

suitable for use in alkaline hydrogen/oxygen fuel cells due to their thinness. The 

reinforcement layer and light cross-linking provided additional mechanical stability and 

hydrophobicity which allowed very high ion exchange capacity polymers to be used 

without penalty of excessive water uptake and swelling. The optimum membrane and fuel 

cell operating conditions were able to achieve a peak power density of 3.4 W/cm2 using 
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hydrogen and oxygen. The performance increase was greater than expected from 

minimizing ohmic losses because mechanical deformations within the membrane due to 

excess water uptake can disrupt full cell operation. Cells were also run for over 500 h under 

load with no change in the membrane resistance and minimal loss of operating voltage. 

High water transport and thinness are critical aspects of the membrane in extending 

the power and current density of AEM fuel cells to new record values. Very high hydroxide 

conductivity was achieved through reinforced and cross-linked norbornene-based 

tetrablock copolymers with an ion-exchange capacity of 3.88 meq/g. A H2/O2 alkaline 

polymer electrolyte fuel cell was assembled and was able to achieve a record peak power 

density of 3.5 W/cm2 with a maximum current density of 9.7 A/cm2 at 0.15 V at 80 °C. 

The effects of membrane thickness were explored to show the influence of anode to cathode 

water transport on the achievable current density and peak power. Finally, the detrimental 

effects of electrolyte carbonation by ambient CO2 were reduced using very high 

conductivity AEMs.  

The recent advances in AEMs and catalysts have made alkaline devices 

increasingly competitive with PEM-based technology. However, less attention has been 

paid to the anion conductive ionomers (ACI) used in the fabrication of electrodes for AEM 

devices and in particular, AEM electrolyzers. A series of poly(norbornene)-based ionomers 

were synthesized, characterized and used to fabricate oxygen evolving anodes for low-

temperature AEM water electrolysis. The IEC of the ionomers (0 to 4.73 meq/g) was 

adjusted by controlling the ratio of ion conducting to non-ion conducting norbornene 

monomers in the ACI tetrablock copolymers. Low conductivity ionomers were shown to 

yield the best-performing oxygen evolution electrodes, in the absence of ACI polymer 



 xxii 

cross-linking because they do not experience excessive water swelling. Light cross-linking 

within the anode ACI was used as a means to independently lower WU of the ionomer 

without compromising ionic conductivity. This control over water swelling allows higher 

ionic conductivity within the ACI to be used in water-fed electrolyzer applications. Other 

methods of water management were compared including the use of hydrophobic additives 

and adjustment of the ionomer concentration in the electrode. It was shown that the cell 

performance greatly benefits from a highly conductive ionomer in the oxygen evolution 

reaction electrode if the WU is managed. In addition, a series of poly(norbornene)-based 

ACIs were characterized and used to fabricate hydrogen evolving electrodes for AEM 

electrolyzers. Unlike the oxygen evolving electrode, higher water uptake was preferred in 

the hydrogen evolving electrode. Light cross-linking of the cathode ionomer was used to 

fine-tune the WU and ionomer swelling to achieve optimum cell performance. These 

results demonstrate the importance of managing water content for the reactions at each 

electrode in an AEM electrolyzer and suggest the use of asymmetric ionomers to achieve 

optimal cell performance.  



 1 

CHAPTER 1. INTRODUCTION 

1.1 Anion exchange membrane fuel cells and electrolyzers 

Energy conversion devices containing solid polymer electrolytes (e.g., fuel cells and 

electrolyzers) are seen as promising options for producing and storing clean, renewable 

energy because of their high thermodynamic efficiency and solid-state design.1-4  

Specifically, fuel cells are used to convert hydrogen directly into electricity and 

electrolyzers are used to split water into hydrogen and oxygen. These types of devices are 

scalable and can be used for transportation, remote and distributed power, and large-scale 

facilities for electricity and hydrogen production.5, 6 

Polymer electrolyte-based fuel cells and electrolyzers are both typically composed 

of two electrodes, an anode and a cathode, that are electronically separated by an ionically 

conductive polymer membrane. Solid polyelectrolyte membranes simplify the fabrication 

of electrodes with a three-phase boundary because liquid/gas pressures do not have to be 

balanced like in liquid electrolyte devices. Polymer electrolyte membranes are divided into 

two broad categories based on the dominant charge carrying ion: proton exchange 

membranes (PEMs) and anion exchange membranes (AEMs). Most of the fuel cells and 

electrolyzers today are based on PEMs which are operated in highly acidic conditions. In 

a PEM fuel cell (Figure 1.1, left), hydrogen fuel supplied at the anode is oxidized into 

protons which move through the membrane separator to the cathode. The electrons from 

this half reaction are sent through an external circuit to do useful work before reentering 

the cell on the cathode side. Oxygen, typically from air, is supplied at the cathode which 

recombines with the protons and electrons and is reduced to from water. In a PEM 
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electrolyzer (Figure 1.2, left), the direction of the oxidation-reduction reactions is reversed. 

Water is oxidized at the positively charged anode to form oxygen, protons, and electrons. 

The protons move through the separator while the electrons travel through an external 

circuit to the negatively charged cathode. A power supply (ideally from a renewable source 

such as wind or solar) provides voltage control for the electronic circuit. The electrons and 

protons then recombine at the cathode to form hydrogen gas.  

 

Figure 1.1 – Comparison of PEM and AEM fuel cells and their associated half-

reactions.7  

AEM devices work very similarly to PEM devices, with the main difference being 

the negatively charged hydroxide ion as the charge carrier species. The overall chemical 

reactions at the electrodes in AEM-based fuel cells and electrolyzers are identical to those 

in their PEM counterparts. In an AEM fuel cell (Figure 1.1, right), water and oxygen are 

reduced at the cathode to form hydroxide ions that are transported through the separator to 

the anode. Hydrogen supplied at the anode reacts with the hydroxide ions to form water 

and electrons. The electrons from this half reaction are sent through an external circuit to 

do useful work before reentering the cell on the cathode side. In an AEM electrolyzer 

(Figure 1.2, right), an external power supply is used to reduce water at the cathode to form 
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hydrogen and hydroxide ions. The hydroxide ions move through the separator to the anode 

where they recombine to form oxygen and water. It is often advantageous to supply water 

to only the oxygen evolving electrode in order to keep the hydrogen evolving electrode 

dry. For an AEM electrolyzer, water must first diffuse through a separator to the cathode 

side before it can react to form hydrogen.  

 

Figure 1.2 – Comparison of PEM and AEM electrolyzers and their associated half-

reactions.8  

There are already several examples commercialized fuel cell electric vehicles 

(FCEV) from major automobile manufacturers such as Toyota, Honda and Hyundai based 

on PEM membranes. Yet, widespread adoption of PEM devices has still been stagnant due 

to lack of hydrogen infrastructure and significant costs associated with the platinum-based 

electrocatalysts and perfluorosulfonic acid (PFSA) membranes.9 Despite recent 

developments in catalyst optimization that have significantly reduced the amount required, 

platinum is necessary as the electrocatalyst because it is one of the only materials that can 
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overcome the sluggish oxygen reduction reaction kinetics in low pH conditions.10  Nafion 

(DuPont) also remains as the preferred proton conductor due to its high conductivity and 

excellent thermal and mechanical properties even though it is expensive and difficult to 

manufacture.11  

AEM-based devices, on the other hand, have the potential to lower the cost of 

ownership compared to PEM-based devices. Operation of fuel cells and electrolyzers at 

high pH allows the use of non-precious metal catalysts, especially for the oxygen reduction 

and evolution reactions, and reduced fuel crossover compared to proton-exchange 

membranes devices.2, 7, 12-20 Also, a variety of low-cost and safe monomers can be used to 

synthesize hydrocarbon-based hydroxide ion conducting polymers that are stable in 

alkaline conditions, compared to the perfluorinated polymers like Nafion needed for PEM-

based electrochemical devices.2, 21 This is because PFSAs are expensive and present 

significant hazards due to monomer reactivity. The majority of research and development 

has been focused primarily on PEM-based devices in recent decades.9 As such, early AEMs 

have suffered from low ionic conductivity, poor stability at high pH, and high water uptake 

(leading to dimensional change). However, these issues have all been systematically 

addressed in this work.1, 22-32  

1.2 Rational design of anion exchange membranes 

For realistic deployment of AEMs as a PEM alternative, the critical metrics for 

AEMs are (i) high anion (e.g., hydroxide) conductivity, (ii) long-term alkaline stability at 

the AEM fuel cell operating temperature, (iii) control over excessive water uptake and (iv) 

robust mechanical properties for withstanding in-use pressure differences and avoiding 

polymer creep under compression, which can disrupt ion transport within the electrodes 
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and membrane.2, 33, 34 The following sub-chapters outline the strategies employed in this 

work to simultaneously achieve all these properties using a single, low-cost material. To 

date, the composite poly(norbornene)-based AEMs developed in this work have 

demonstrated the highest performance ever reported in an alkaline fuel cell system.35, 36 

This notable progress has shown that certain structural moieties can be used to address 

pervious AEM deficiencies and truly rival Nafion in PEM systems. 

1.2.1 Phase segregated ion conduction channels 

High hydroxide conductivity is critical in membranes for fuel cells and electrolyzers. 

Hydroxide conductivity is a function of the ion mobility and ion exchange capacity (IEC). 

The IEC of the AEM is often kept to a modest value in an effort to avoid high water uptake 

which can result in swelling of the membrane and low ion mobility. The mobility can be 

improved by the formation of efficient (i.e., ordered, interconnected, continuous and 

appropriately sized) ion conducting channels and preventing excess water uptake within 

the membrane.18  

The high conductivity of Nafion is often attributed to the formation of nanochannels 

created through nanophase segregation of a hydrophobic polymer backbone and 

hydrophilic ion conducting side groups.18 Block copolymer (BCP) architecture, where 

ionic groups are concentrated in segments along a polymer backbone, is effective in 

constructing continuous ionic domains to improve the proton mobility.37 Attempts have 

been made to create alternative proton conducting materials with Nafion-like morphology 

using hydrophilic−hydrophobic multiblock copolymers based on comb-shaped 

poly(arylene ether sulfone) copolymers with highly sulfonated side chains.38 Similar 
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attempts have also been made to apply these design principles in creating Nafion-like 

morphology in hydroxide conducting materials. In anion conductive poly(arylene ether)s, 

it was shown that the multiblock copolymer versions of these materials had higher 

hydroxide conductivity over their corresponding random copolymers.39 This underlines the 

importance of an ordered polymer structure in both proton and hydroxide conducting 

materials.  

Understanding the relationships between polymer structure and morphology is 

critical for improving ionic conductivity. The use of multiblock copolymers can improve 

the hydroxide mobility compared to random copolymers due to the high degree of phase 

segregation in block copolymers leading to efficient ion-channel formation.18, 40-44  There 

have been several reports of AEMs with hydroxide conductivity of over 100 mS/cm (60 

°C to 80 °C) and chemical stability (80 °C in 1 M NaOH) has been achieved by a number 

of researchers.23, 32, 34, 45-48 More recent reports of AEMs have shown conductivity above 

200 mS/cm (at 80 °C) using phase segregated BCP schemes.36, 45, 49, 50 It is important to 

note that not all BCP morphologies lead to high conductivity because the channels must 

also be interconnected for efficient ion conduction.51  

1.2.2 Alkaline stability 

The long-term stability of AEMs largely depends on the chemical nature of the 

polymer backbone, position of the cation within the polymer architecture and chemical 

nature of the fixed cation. In the past, polymers based on poly(arylene ether sulfone)s52-54 

and poly(arylene ether ketone)s55, 56 were investigated as AEMs. It has been experimentally 

shown that polar moieties, such as ether, ketone or ester linkages, within the polymer or 
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side-groups, are susceptible to nucleophilic attack of the C−O bonds in the polymer 

backbone at high pH which limits the long-term use.22, 34, 57-60 Figure 1.3 shows an example 

of backbone cleavage occurring in the ether linkage of BTMA substituted aryl group of 

poly(aryl ether). 

 

Figure 1.3 – Aryl-ether cleavage occurring in the ether linkage with benzyl 

trimethyl ammonium substituted aryl group of poly(aryl ether).58 

 

In addition to the polymer backbones, nucleophilic attack of the fixed cation 

headgroups also results in degradation. The mechanisms for degradation of quaternary 

ammonium headgroups are illustrated in Figure 1.4 and include β-hydrogen Hofmann 

elimination, direct nucleophilic substitution (SN2) and elimination via ylide formation.60-62 

Hibbs et al. found that a hexamethylene spacer between the trimethylammonium (TMA) 

cation and the polymer backbone results in better stability than the 

benzyltrimethylammonium (BTMA) cation in 4 M KOH at 80 °C.63 Later, Mohanty et al. 

reported that a quaternary ammonium headgroup tethered to the backbone by a long alkyl 

chain had the best alkaline stability by comparing the stability of small molecules.22 A 

cation attached to a long alkyl chain increases the barrier for the Hofmann elimination 

reaction and minimizes the risk of degradation.64  
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Figure 1.4 – Common degradation pathways involving OH- nucleophiles with 

benzyltrimethylammonium cationic groups. The dashed box shows the Hofmann 

Elimination degradation mechanism that can occur with alkyl-bound QA groups.2 

These degradation mechanisms are easily resolved by modifying the polymer 

structure of the AEM. Backbone degradation issues are mitigated by the use of a polymer 

with an all-hydrocarbon backbone which is impervious to aryl-ether cleavage by 

completely eliminating sulfone, ketone and ether linkages.32 Positioning the cation head 

groups at the ends of pendant alkyl tethers, typically 4 to 6 carbons long, has also been 

found to be an effective strategy for mitigating polymer degradation.64, 65 Quaternary 

ammonium head groups, especially the trimethyl ammonium cation, has been found to 

have an excellent balance of conductivity and stability, although other conducting groups 

show merit as well.31, 47, 63 In addition, the alkyl tether can isolate the cation head-group 

from the electron withdrawing inductive effect of aromatic groups in the tether or polymer 
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backbone (if aromatic groups are present). Hence, stable AEMs under realistic operating 

conditions (e.g., 80 °C and 1 M KOH) can be synthesized by combining the advantages of 

an all-hydrocarbon backbone with an adequate glass transition temperature with tethered 

cations on long alkyl chains.66-68  

1.2.3 Water management and swelling 

AEM fuel cells are known to be sensitive to the relative humidity of the fuel and 

oxidant streams, as well as the water uptake in the AEM and ionomer. Proper water 

management in the membrane and electrodes is critical for achieving high power density.69 

Water is needed in the membrane to form the ionic hydration shell for the mobile hydroxide 

ion and stationary cation. However, excessive water uptake can lead to swelling of the ion 

conduction channels resulting in lower ionic conductivity (i.e., lower ion mobility) and 

softening of the membrane.18 Thus, it is necessary to optimize the ion conducting channel 

size so that the amount of free, unbound (unproductive) water is minimized.  

The AEM plays a key role in balancing the water content and distribution during 

device operation.69, 70 Efficient ion channels are needed in the AEM to achieve high 

conductivity because the number of ions cannot be independently increased (i.e., higher 

ion exchange capacity) because of the penalty due to excessive water uptake.32 Water is 

electrochemically generated at the anode during the hydrogen oxidation reaction (HOR) 

and is consumed at the cathode by the oxygen reduction reaction (ORR) in an AEM fuel 

cell. In an electrolyzer, water is consumed at the hydrogen evolution reaction (HER) 

electrode and generated at (OER) electrode. It has been shown that a significant majority 

of the reacting water at the AEMFC cathode is provided by back-diffusion of water 
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produced at the AEMFC anode.71 This suggests that high AEM water permeability is 

beneficial in AEMFCs.  However, excessive AEM water uptake can flood the ion 

conducting channels within the polymer and lead to higher internal stresses and expansion 

which causes the membrane to soften and experience mechanical failure.43, 72 Thus, high 

water permeability without high water solubility appears to be a critical feature for 

AEMFCs.   

Bulk water uptake alone does not precisely describe the issue with membrane 

swelling. Water molecules in the membrane can be divided into two types: (i) bound or 

productive waters of hydration that aid in creating a solvation shell around the tethered 

cationic and mobile anionic species and are necessary for ion conduction and (ii) unbound 

or free water molecules that populate the ion channels. Excessive unbound water leads to 

low hydroxide mobility and membrane distortion.45 Hence, it is necessary to balance the 

amount of free and bound water inside the membranes to yield the maximum hydroxide 

mobility and water transport.32, 45, 46 This is typically controlled by limiting the ion 

exchange capacity to relatively low values (i.e., <1.5 meq/g).23, 31, 48  More recently, cross-

linking has been shown to be an effective way to reduce water uptake and swelling.35 

Unfortunately, AEMs with high cross-linking density can become too rigid, leading to poor 

ion mobility, mechanical properties and water diffusivity (i.e., high water solubility without 

high diffusivity).73-75 However, the work in this thesis shows that a light amount of cross-

linking has been found to be an effective strategy in polymers with high IEC (>3 meq/g) 

to balance the high conductivity and water uptake (WU) without sacrificing IEC.45, 46  In 

addition, thinner membranes can enable rapid water transport without high water uptake, 
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and enable high current density AEMFCs. Conveniently, light cross-linking also helps in 

the production of thin membranes with good mechanical properties.   

1.2.4 Dimensionally stable reinforced composite membranes  

Dimensional stability allows the efficient transport of anions throughout the entire 

membrane electrode assembly. Thin membranes are desired to minimize ohmic losses in 

the AEM however they are inherently more fragile and difficult to handle and integrate 

into an electrochemical device. A thin reinforcement layer made of a chemically inert 

polymer such as poly(tetrafluoroethylene) (PTFE) can be used to form composite 

membranes to mitigate mechanical swelling and promote scalable manufacturing.25, 76-78 

Swelling in the z-direction is to be expected, but swelling in the x-y direction will be a 

function of (i) the substrate material employed for compositing process and (ii) the ability 

to crosslink the polymer in-situ within the pores of the substrate material so that it 

essentially follows the behavior of the substrate material as it operates in a cell 

environment. If the substrate is strong and the material is properly crosslinked, then 

swelling in the x and y directions will be minimized.  

1.2.5 Carbon dioxide mitigation  

The conductivity, pH, and mechanical properties of the AEM are all affected by the 

presence of carbon dioxide in air because it readily reacts with hydroxide ions to form 

bicarbonate and subsequently carbonate ions within the membrane. Exposure to even small 

amounts of CO2 (5-50 ppm) during any part of the manufacturing, assembly, and operation 

of AEM devices could severely impact operating voltage in AEMFCs. The dominating 

mechanism for voltage loss is accumulation of carbonate anions in the anode, which results 
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in two performance-robbing mechanisms: (i) a Nernstian thermodynamic shift in the anode 

potential from a decrease in the anode pH with carbonates; and (ii) an increase in charge 

transfer resistance due to a lack of availability of reacting OH− anions.79 

Steps can be taken mitigate the negative effects of CO2 at the air-cathode in AEMFCs 

such as the removal of the CO2 from air before it is used. Conductivity tests are often 

performed with only hydroxide conductive ions. Fuel cell measurements are often made 

with CO2-free air to avoid the complications of carbonate formation.80 This is not a 

practical solution when operating a fuel cell with ambient air as PEM fuel cells typically 

are, and the balance of plant penalties for including a CO2 scrubber would lower the overall 

efficiency of the system.  

The lower ion mobility for bicarbonate and carbonate compared to hydroxide results 

in higher ohmic losses within the anion conducting membrane and the possible 

accumulation of CO2 in the hydrogen at the anode.81 The adverse effects of membrane 

carbonation could be minimized by using AEMs with very high ionic conductivity so that 

the decrease in mobility upon carbonation can be mitigated. The only means to remove the 

carbon dioxide is to vent unused hydrogen (a very undesirable process) or let the carbon 

dioxide diffuse back across the membrane, which converts hydroxide to carbonate. Thus, 

under steady-state conditions, carbonate conductivity will dominate. Cell decarbonation 

during operation through the so-called “self-purging” mechanism can occur more rapidly. 

Bench scale fuel cell tests using fresh feed hydrogen avoid facing this critical issue of 

carbon dioxide build-up and carbonate conduction. Hence, it is imperative that the IEC and 

ion mobility be as high as possible for efficient carbonate conduction as well as hydroxide 

conduction.45, 71, 79   
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1.3 Anion conductive ionomers in electrochemical devices 

Fuel cells and electrolyzers electrodes are often fabricated by spraying a slurry of 

catalyst, ion conducting polymer (i.e., ionomer) and solvent onto a gas diffusion layer 

(GDL). This slurry is sometimes referred to as a catalyst ink and when dried forms the 

catalyst layer on the surface of the GDL. The sprayed electrode is then pressed onto the ion 

conducting membrane to form a membrane electrode assembly (MEA).  

The anion conductive ionomer (ACI) serves two primary purposes: (i) facilitate 

hydroxide conduction between the catalyst and bulk electrolyte and (ii) bind the catalyst to 

the porous transport layer and membrane. High ion exchange capacity (IEC) ACIs are 

desired, however, high IEC can cause excessive water uptake (WU) and detrimental ACI 

swelling. Proper water management is a key factor in obtaining maximum performance in 

AEM-based devices. Because ionomers and membranes serve different functions in the 

cell, the materials used for these functions should be different and optimized for each 

purpose.82 For example, the membrane should have low oxygen permeability and high 

mechanical strength while the ionomer for the air-cathode should have high oxygen 

permeability. Free-standing mechanical strength is not an issue for the ionomer. Some 

properties, such as ion conductivity and chemical stability, are common to both.  

 

 

 

  



 14 

CHAPTER 2. EXPERIMENTAL METHODS  

The purpose of this chapter is to illustrate the common experimental methods used 

for characterizing the physical properties of the vinyl addition poly(norbornene) anion 

conductive polymers after synthesis as well as the methods for AEM fuel cell and 

electrolyzer testing. Nuclear magnetic resonance (NMR), Fourier transform infrared (FT-

IR) spectroscopy, gel permeation chromatography (GPC) and thermogravimetric analysis 

(TGA) measurements and analysis were conducted by Dr. Mrinmay Mandal (Georgia 

Tech). Assistance with small angle X-ray scattering at Brookhaven National Laboratory 

was provided by Dr. Jong Yeob Jeon (RPI). Assistance with transmission electron 

spectroscopy (TEM) was provide by Hong Yi (Emory). 

2.1 Characterization 

2.1.1 Chemical structure and ion exchange capacity (IEC)  

The chemical structures of the polymer samples were analyzed by one-dimensional 

1H NMR using Bruker Avance 400 MHz NMR instrument using CDCl3 as the solvent. The 

absence of olefinic protons in the 1H NMR spectra of the polymer produced shows that the 

polymerization reaction proceeded through the vinyl addition pathway, eliminating the 

occurrence of ring-opening metathesis polymerization (ROMP). A representative spectrum 

is shown in Figure 2.1. The polymerization time for the individual monomers for the 

different monomer-to-initiator feed ratios ([M]0/[Pd]) was optimized in order to avoid 

branching side-reactions.83 Incomplete conversion of the polymer into monomer would 
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also create problems in synthesizing the block copolymer via the sequential addition of 

different monomers.84  

 

Figure 2.1 – Representative 1H NMR spectrum of tetrablock GT46 in CDCl3
 

showing only polymerization through the vinyl addition pathway. 

The IEC was evaluated via 1H NMR analysis by integration of the terminal methyl 

protons (Ha) of the hydrophobic (not halogenated) block which resonate at 0.89 ppm and 

the methylene protons (Hb) adjacent to the bromine atom of the halogenated block which 

appear at 3.42 ppm.  1H NMR is a more accurate means of determining IEC because of the 

quantitative nature of solution NMR. The integration ratio of Ha and Hb was used to 

calculate the IEC (Figure 2.1). This value was used to calculate the molar ratio between 



 16 

the hydrophobic and halogenated blocks by recognition of the fact that the hydrophobic 

block has three methyl protons and the halogenated block has two methylene protons.  

The membrane IEC was also verified by titration.85 The titration involved 

converting the counter anion to chloride, followed by titration of the chloride in the 

membrane. The membrane in Br- form was first immersed in 0.1 M NaCl solution for 24 h 

to exchange the bromide ions for chloride ions. Next, the membrane in chloride form was 

thoroughly washed with DI water and dried under vacuum for 24 h to obtain the dry weight. 

The dried membrane was immersed in a fixed volume of 0.5 M aqueous NaNO3 solution 

for 24 h. The Cl- ions released from the membrane were titrated with 0.05 M AgNO3 using 

K2CrO4 (10 wt. %) as the indicator. The IEC was calculated using Equation 3. 

 
𝐼𝐸𝐶 =  

𝐶𝐴𝑔𝑁𝑂3
× 𝑉𝐴𝑔𝑁𝑂3

𝑀𝑑
 (3) 

In Eq. 3, VAgNO3 (mL) is the volume of AgNO3 solution, CAgNO3 (0.05 mol·L−1) is the 

concentration of AgNO3 solution, and Md (g) is the weight of the dried membrane sample. 

It was found that IEC measurements obtained via 1H NMR (pre-aminated samples) 

and titration (post-aminated samples) were the same (within experimental error).32 For 

example, the IEC of GT33 (Table 3.1), was found by titration and NMR and results were 

1.90 meq/g and 1.92 meq/g, respectively.32 The fact that they match shows that each 

bromoalkyl group was quantitatively converted into a quaternary ammonium head-

group.32, 86 That is, each available bromoalkyl group available was reacted with trimethyl 
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amine. 1H NMR was found to be the more dependable method and is the preferred 

technique for measuring IEC in this thesis. 

In order to confirm that the brominated head-groups were fully quaternized, the films 

were analysed by FT-IR. A representative analysis performed on a cross-linked membrane 

is shown in Figure 2.2 for the polymer in precursor form, after cross-linking, and after 

cross-linking and quaternization. The disappearance of the alkyl bromide peak at 646 cm-

1 and the appearance of quaternary ammonium peaks at 908 cm-1, 968 cm-1, and 1481 cm-

1 show complete quaternization, within the sensitivity of the FT-IR, Figure 2.2. In addition, 

the successful incorporation of TMHDA after cross-linking was also indicated by the 

appearance of a new quaternary ammonium peak at 1481 cm-1 in the IR spectra, Figure 

2.2. 



 18 

 

Figure 2.2 – Representative FT-IR spectra of the GT82 film in precursor polymer 

form, after cross-linking, and after cross-linking and quaternization. 

2.1.2 Number average molecular weight (Mn) and polydispersity index (Ð) 

The number average molecular weight (Mn) and polydispersity index (Mw/Mn) of 

the polymer samples were determined by GPC (Shimadzu) equipped with an LC-20 AD 

HPLC pump and a refractive index detector (RID-20 A, 120 V). Measurements were 

performed in THF with the eluent flow rate of 1.0 mL/min at 30 °C with a polystyrene 

standard. A representative GPC trace of tetrablock copolymer is shown in Figure 2.3 to 

demonstrate the sequential growth of each block in the formation of the tetrablock 

copolymer. 
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Figure 2.3 – Representative GPC trace of GT33 showing the sequential growth of 

each block during the formation of tetrablock copolymer. 

2.1.3 Morphological characterization 

SAXS was used to analyze the morphology of AEMs. Hydrated membranes in 

bromide form were tested in air using either a Malvern Panalytical Empyrean XRD 

instrument with a Pixel 3D detector or the NSLS-II beamline at the Center for Functional 

Nanomaterials (Brookhaven National Laboratory, Upton, NY). The wave vector (q) was 

calculated using Equation 1, where 2 is the scattering angle. 

 
𝑞 =

4𝜋

𝑙 𝑠𝑖𝑛 2𝜃
 (1) 

The characteristic separation length, or inter-domain spacing (d) (i.e., the Bragg spacing) 

was calculated using Equation 2. 
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𝑑 =

2𝜋

𝑞
 (2) 

Transmission electron microscopy (TEM) was also used to analyze the morphology 

of membranes. TEM was performed with a JEOL JEM-1400 Transmission Electron 

Microscope. Dry membranes with a bromide counter ion were stained by fuming with 

osmium tetroxide at room temperature prior to TEM examination. The stained membranes 

were embedded within an epoxy resin, sectioned into ca. 50 nm thick samples with a Leica 

UC6rt Ultramicrotome, and placed on a copper grid for observation. 

2.1.4 Ionic conductivity (σ) and alkaline stability 

The hydroxide conductivity of the membranes was measured using a four-point, in-

plane probe and electrochemical impedance spectrometry (1 Hz to 1 MHz) with a PAR 

2273 potentiostat. All samples were tested in HPLC-grade water under a nitrogen purge to 

minimize the detrimental effects of CO2. The samples were allowed to equilibrate for 30 

min prior to each measurement. The in-plane ionic conductivity was calculated using 

Equation 4. 

 
𝜎 =

𝐿

𝑊𝑇𝑅
 (4) 

In Eq. 4, σ is the ionic conductivity in S/cm, L is the length between sensing electrodes in 

cm, W and T are the width and thickness of the membrane in cm, respectively, and R is the 

resistance measured in Ohms. The CO3
2- conductivity was measured in a similar manner 

after storing the films (initially in hydroxide form) in saturated aqueous K2CO3 for 24 h. 
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The long-term (>1000 h) alkaline stability testing was performed by immersing the 

membrane in 1 M NaOH solution at 80 °C in a Teflon-lined Parr reactor. Prior to each 

measurement, the membranes were taken out of solution and thoroughly washed with DI 

water. After each measurement, the membranes were stored in the reactors with a freshly 

prepared NaOH solution. The change in ionic conductivity was used to evaluate the long-

term alkaline stability. During measurement, each data point was measured in triplicate 

and the average value was reported (deviation in the measurement of each data point was 

<0.5%). The deviation in the measurements of each data point was <1%. In addition, the 

alkaline stability was further analyzed by characterizing the chemical structure of the same 

samples using a Nicolet 6700 FT-IR spectrometer. FT-IR was used rather than NMR due 

to the insolubility of the membrane samples after quaternization and ion-exchange. 

2.1.5 Water uptake (WU), hydration number (λ) and swelling 

The water uptake of the membranes was calculated using Equation 5. In Eq. 5, Md 

is the dry mass of the membrane and Mw is the wet mass of the membrane after removing 

excess surface water. The membranes were in hydroxide form and measured at room 

temperature. 

 
𝑊𝑈 (%) =

𝑀𝑤 − 𝑀𝑑

𝑀𝑑
× 100 (5) 

The hydration number (λ) or the number of water molecules per ionic group was 

calculated using Equation 6 from the previously measured WU and IEC. 
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𝜆 =  

1000 ×  𝑊𝑈%

𝐼𝐸𝐶 ×  18
 (6) 

The percent swelling was calculated by Equation 7, where Vd is dry volume of the 

membrane and Vw is the volume of the fully hydrated membrane after removing excess 

surface water. 

 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =
𝑉𝑤−𝑉𝑑

𝑉𝑑
× 100  (7) 

2.1.6 Number of freezable (Nfree) and non-freezable (Nbound) water molecules 

The number of freezable water (Nfree) and bound water (or non-freezable water) 

(Nbound) were determined by differential scanning calorimetry (DSC). DSC measurements 

were carried out on a Discovery DSC with autosampler (TA Instruments). In the DSC 

thermogram, free water freezes just below 0 °C. Using the hydration number, the number 

of free water Nfree can be obtained by subtracting the number of bound waters. The 

membrane samples were fully hydrated by soaking in deionized water for one week. After 

the water on the membrane surface was dabbed off, a 5 to 10 mg sample was quickly sealed 

in an aluminum pan. The sample was cooled to -50 °C and then heated to 30 °C at a rate of 

5 °C/min under N2 (20 mL/min). The quantity of freezable and non-freezable water was 

determined by Equations 8 to 10.87-89  

 
𝑁𝑓𝑟𝑒𝑒 =

𝑀𝑓𝑟𝑒𝑒

𝑀𝑡𝑜𝑡
× 𝜆 (8) 
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Mfree is the mass of freezable water and Mtot is the total mass of water absorbed in the 

membrane. The weight fraction of freezable water was calculated using Equation 9. 

 𝑀𝑓𝑟𝑒𝑒

𝑀𝑡𝑜𝑡
=

𝐻𝑓 𝐻𝑖𝑐𝑒⁄

(𝑀𝑊 − 𝑀𝑑) 𝑀𝑤⁄
 (9) 

Hf is the enthalpy obtained by the integration of the DSC freezing peak and Hice is enthalpy 

of fusion for water, corrected for the subzero freezing point according to Equation 10. 

 𝐻𝑖𝑐𝑒 = 𝐻𝑖𝑐𝑒
𝑜 − Δ𝐶𝑝Δ𝑇𝑓 (10) 

ΔCp is the difference between the specific heat capacity of liquid water and ice. ΔTf is the 

freezing point depression. A representative DSC trace is shown in Figure 2.4. 
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Figure 2.4 – Representative DSC trace with enthalpy integration from GT66-5. 

2.1.7 Thermal stability and glass transition temperature (Tg) 

The thermal stability of the membranes was investigated by thermogravimetric 

analysis (TGA) on a TA Instruments Q50 analyzer. The temperature was ramped at 10 

°C/min up to 800 °C in a nitrogen atmosphere. Figure 2.5 shows several representative 

TGA traces for poly(norbornene) AEMs with varying IEC. Four degradation stages were 

observed. The first stage of decomposition, below 100 °C, was due to water loss from the 

membrane. The second stage around 250 °C was due to the decomposition of the 

quaternary ammonium group. The third stage from 300 °C to 400 °C resulted from the 

degradation of the alkyl side chains in the polymer. The fourth stage, above 400 °C, was 

due to the decomposition of polymer backbone.23, 84 These results suggest that the 

XL5-PNB-X34-Y66 Freezable Water

Exo Up

Peak temperature: -18.284 °C
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membranes were sufficiently stable at the operating conditions for low temperature AEM 

fuel cells or electrolyzers, which typically operate below 80 C.  

 

Figure 2.5 – Representative TGA traces of the poly(norbornene) AEMs under 

nitrogen atmosphere. 

Vinyl addition poly(norbornene) copolymers are known to have high Tg (250 °C to 

400 °C).90-93 The addition of flexible alkyl side-chains tends to lower the Tg of the polymer. 

DSC experiments were performed on the tetrablock copolymers used in this study. The 

AEM samples were heated from 25 °C to 400 °C. However, a Tg was not detected below 

the decomposition temperature of the polymer (<300 °C). The quaternary ammonium head-

groups are known to break-down at or below 250 °C.32 The Tg of the polymer in other 

forms (e.g., non-quaternized form) is of no interest because forming the ionic head-groups 

and absorbing water will affect the Tg of the final polymer. 
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2.1.8 Mechanical properties 

The storage modulus (G’) of the reinforced composite membranes was measured 

by dynamic mechanical analysis (DMA) using a TA Instruments Q800 under a 1 Hz single-

frequency strain mode in air at 30 °C. A fully hydrated, rectangular sample was loaded into 

the DMA with tension clamps after removing surface water. Experiential parameters for 

the DMA were set to 0.1 % strain and a preload force of 0.01 N with a force track of 125%. 

2.2 Alkaline exchange membrane fuel cell (AEMFC) testing 

2.2.1 Electrode fabrication and membrane electrode assembly (MEA)  

AEM gas diffusion electrodes (GDE) used for preliminary evaluations of MEAs 

containing unreinforced membranes were fabricated by spraying a catalyst and ionomer 

slurry directly onto a carbon paper gas diffusion layer (GDL). Both the anode and cathode 

electrodes used Pt on Vulcan carbon as the electrocatalyst and were identical in 

composition. A lower molecular weight (20.5 kg/mol) version of the poly(BuNB-b-BPNB-

b-BuNB-b-BPNB) tetrablock copolymer anion-conductive ionomer powder was first 

synthesized using the same method as the membranes discussed earlier. Low molecular 

weight ionomer material was previously found to be advantageous for use as a polymeric 

binder in fuel cell and electrolyzer electrode fabrication.42 The dry ionomer powder and 

50% platinum on Vulcan XC-72 (carbon) catalyst was ground together with a mortar and 

pestle in 1.5 mL of isopropyl alcohol (IPA) for 10 minutes to produce finer particles. An 

additional 2 mL of IPA was added and the mixture and ground for another 5 minutes to 

achieve the proper slurry viscosity for spraying. The catalyst and ionomer slurry was 

further sonicated in a water bath at room temperature for 30 min to ensure even dispersion. 
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The homogenized catalyst and ionomer slurry was sprayed onto 1% water-proofed Toray 

TGPH-060 carbon paper and dried for 24 h at room temperature. The platinum loading was 

approximately 2.1 mg/cm2 and an ionomer/carbon ratio of 40% was used. The high metal 

loading was chosen intentionally to minimize any kinetic losses caused by the non-

optimized catalyst. 

Prior to MEA testing, the electrodes and membranes were soaked in 1 M NaOH for 

1 h (replacing the solution every 20 mins) in a nitrogen atmosphere to convert the 

membrane and ionomer to hydroxide form. The MEA was placed into Fuel Cell 

Technologies (Albuquerque, NM) hardware between single-pass serpentine graphite plates 

with 6 mil PTFE gaskets. The MEAs were tested in a Scribner 850e Fuel Cell Test Station 

at a cell temperature of 60 °C. Humidified H2 and O2 gas feeds were supplied at the anode 

and cathode, respectively, at 0.5 L/min. The dew points of the anode and cathode streams 

were adjusted throughout the course of testing in order to optimize the water balance within 

the AEMFC.  

2.2.2 USC and NREL electrode fabrication method 

Highly optimized gas diffusion electrodes were used for evaluating MEAs built 

with reinforced composite membranes through collaborations with the University of South 

Carolina (USC) and the National Renewable Energy Laboratory (NREL). Gas diffusion 

electrodes (GDEs) were prepared by hand spraying the catalyst layer onto a gas diffusion 

layer (GDL, Toray TGP-H-060 with 5% or 20% PTFE wetproofing) using a similar method 

described in Omasta et al.70  ETFE-[poly(ethylene-co-tetrafluoroethylene)]-based radiation 

grafted anion conductive ionomer (ACI) was provided by Varcoe and Poynton et al.94 The 
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ETFE ACI solid ionomer was finely ground with a mortar and pestle and then mixed with 

platinum on Vulcan carbon (Pt/C, Alfa Aesar HiSPEC 4000) to form the cathode catalyst 

ink mixture (20 wt% ionomer).  Then, a small amount of DI water (1 ml) was added to the 

solid mixture and the mixture was ground for additional 10 minutes to avoid aggregated 

particles and then transferred to a vial. 2-propanol was added (a total of 9 ml) to the mortar 

to rinse the residual powder and then transferred to the mixture.  The 2-propanol was added 

in 2 to 3 steps to ensure that the majority of the ink mixture was collected.  The final ground 

ink mixture was sonicated with a sonic probe for 20 seconds followed by an additional 20 

minutes of sonication in an ice bath before it was hand sprayed onto the GDL to produce 

one 25 cm2 GDE.  This process was repeated for the anode catalyst ink mixture using PtRu 

on Vulcan carbon catalyst with 8% PTFE (20 wt% ionomer). The platinum and platinum 

ruthenium metal loading of these GDEs were determined by X-ray fluorescence (XRF) or 

by weighing the mass of the loaded GDE and subtracting the weight of the GDL. 5 cm2 

GDEs were cut from the larger Pt/C and PtRu/C 25 cm2 GDEs and combined with an 

oversized 5 cm2 composite PNB AEM to assemble the MEAs. 

The anode and cathode GDEs and membrane were ion exchanged in 1 M KOH 

solution for a total of 60 minutes (refreshing the base solution every 20 minutes) prior to 

cell assembly.  The membrane was sandwiched between two GDEs and pressed together 

and secured in 5 cm2 Fuel Cell Technologies hardware between two graphite single pass 

serpentine flow-fields and PTFE gaskets. The torque applied to the cell was 40 in-lb with 

a compression ratio of 25%.    

2.2.3 Single-cell AEMFC testing 
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AEMFCs with 5 cm2 active area were assembled by placing the anode and cathode 

GDEs on opposite sides of the AEM in Fuel Cell Technologies fuel cell hardware with a 

single channel serpentine flow field. Fuel cell experiments were controlled using a Scribner 

850e fuel cell test station. At cell start-up, N2 at 100% relative humidity was flowed through 

the anode and cathode until a cell temperature of 60 °C was reached. Then, the N2 feeds 

were switched to ultra-high purity (UHP) H2 and O2 and a constant voltage of 0.5V was 

applied to allow the cell to break-in. After a stable current density was established, the dew 

points of the anode and cathode reacting gases were optimized. The cell temperature was 

gradually increased to 80 °C in 5 °C increments, with the anode/cathode dew points being 

simultaneously optimized with the cell temperature to avoid membrane dry out. After the 

cell temperature reached 80 °C, the degree of back-pressurization was also set. After the 

cell equilibrated at the desired conditions, a polarization curve was collected by slowly 

sweeping the voltage from open circuit to 0.1 V at 10 mV/s scan rate.  Cell performance 

was also investigated with CO2-free air fed to the cathode.  In this case, after the H2/O2 cell 

testing, the cathode gas was switched to air and the system was allowed to equilibrate at 

the same reacting gas dew points and back pressurization for 10 min.  Then, the reacting 

gas dew points and back pressurization were again optimized using the same procedure as 

above before the polarization curve was collected.   

Constant current density stability tests were performed for ca. 100 hours at 600 

mA/cm2.  These cells were broken-in using the same procedure described above.  UHP H2 

was fed to the anode and CO2-free air was fed to the cathode in lieu of UHP O2.  The dew 

points of the reacting gases were adjusted periodically during durability testing to ensure 
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adequate membrane hydration. The cell high frequency resistance was also monitored (at 

a frequency of 7 kHz) by the fuel cell test station throughout the test. 

2.2.4 Electrochemical impedance spectroscopy (EIS) 

 High frequency resistance (HFR) was analyzed by electrochemical impedance 

spectroscopy (EIS) using a Metrohm Autolab potentiostat/galvanostat with booster at a 

constant current of 600 mA/cm2 prior to cell polarization measurements. Cell temperature 

was either 60 °C or 80 °C with H2 and O2 or CO2-free air flowed at the anode and cathode, 

respectively. Area specific resistance (ASR) of the membranes was calculated using the 

HFR. The hydrogen crossover rate was measured by from a linear voltage sweep from 0 to 

0.5 V while H2 and N2 flowed at the anode and cathode, respectively. The cell temperature 

was set to 60 °C with anode and cathode dew points set to 50 °C. 

2.3 Alkaline exchange membrane electrolysis (AEMEL) testing 

2.3.1 Membrane electrode assembly (MEA) fabrication 

Anodes and cathodes were fabricated using the catalyst-coated substrate (CCS) 

method by using an airbrush to spray catalyst ink directly onto the porous transport layer 

(PTL). The dry ACI powder was first dry ground into finer particles using a mortar and 

pestle. The amount of ACI is specified in the experiments described in the Chapters 6-7. A 

small amount of DI water (1mL) was used to wet the dry ACI powder and allowed to 

hydrate for 20 to 30 min before use. The hydrated ionomer was wet ground for 10 min 

using a mortar and pestle. 200 mg of platinum on carbon black (Pt/C, Nel Hydrogen), 30 

wt% platinum ruthenium alloy on ECS-3701 (PtRu, Pajarito Powder) or 30 wt% platinum 
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nickel alloy on ECS-3701 (PtNi, Pajarito Powder) was added to the ACI and mixed 

together with the mortar and pestle to form the cathode catalyst ink mixture.  5 mL of 

isopropyl alcohol (IPA) was added to the solid mixture and ground for an additional 10 

min to break up aggregated clumps. The mixture was then transferred to a vial and another 

9 mL of IPA was added to the mortar to rinse the residual catalyst slurry. This was 

combined with the rest of the mixture.  IPA was added in 2 or 3 steps to ensure that the 

majority of the catalyst ink was collected.  The final ink mixture was sonicated for at least 

60 min in an ice bath before it was hand sprayed with an airbrush onto the PTL (Toray 

TGP-H-090 with 5% wetproofing) to produce a 16 cm2 electrode.   

The same fabrication method was used for the anode using iridium oxide (IrO2, Nel 

Hydrogen) or lead ruthenate (PbRuOx, Pajarito Powder) to form the catalyst ink mixture 

(25 wt% ionomer) and sprayed on a platinized titanium PTL (Nel Hydrogen). The target 

catalyst loading of the cathode and anode electrodes was 2 mg/cm2. Smaller electrodes (4 

cm2) were cut from the larger 16 cm2 anode and cathode electrodes and combined with an 

oversized 5 cm2 poly(norbornene) AEM to assemble the MEAs.  

The AEM, OER and HER electrodes were ion exchanged individually in 1.5 M 

NaOH solution for a total of 60 min (refreshing the base solution every 20 minutes) prior 

to cell assembly. A nitrogen cover gas was applied during the entire ion exchange.  The 

AEM was placed between the two electrodes and pressed together in 5 cm2 Fuel Cell 

Technologies hardware between two 316 stainless steel single-pass serpentine flow-fields 

and 10 mil Tefzel gaskets. The torque applied to the cell hardware was 25 in-lb.    
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2.3.2 Single-cell AEMEL testing 

The MEA was tested in a custom-built electrolysis test station and operated at a cell 

temperature of 50 °C. Potassium carbonate in DI water (1 or 3 wt%) was supplied at 0.2 

L/min to the anode side only. The cathode side was left open to the atmosphere. The cell 

was allowed to equilibrate at the desired temperature for 1 hr before testing. A linear 

polarization sweep was performed prior to break-in of the cell. Cell break-in was performed 

by first applying 125 mA/cm2 of current until the cell voltage no longer changed. The 

current density was then increased and allowed reach steady state in steps of 250 mA/cm2 

until the desired operating current density was reached. Additional polarization curves 

were taken periodically throughout the course of the operational test. 

2.3.3 Electrochemical impedance spectroscopy (EIS) 

The high frequency resistance (HFR) and low frequency resistance (LFR) were 

measured via electrochemical impedance spectroscopy (EIS) using a PARSTAT 2263 

potentiostat after the cell break-in period. Measurements were conducted at 0 V with a 

frequency range from 10 mHz to 1 kHz. Area specific resistance (ASR) and charge transfer 

resistance were calculated from the EIS data.  
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CHAPTER 3. PROPERTIES OF POLY(NORBORNENE) ANION 

CONDUCTIVE POLYMERS 

The purpose of this chapter is to summarize the physical properties of the materials 

used as anion exchange membranes and anion conductive ionomers in this thesis. These 

polymers were synthesized by Dr. Mrinmay Mandal (Georgia Tech) following the methods 

outlined in Appendix A and cast into freestanding films for characterization.  

3.1 Background 

Stable, non-hydrolysable, hydroxide-conducting polymers are of interest for high-

pH electrochemical devices such as fuel cells and low-temperature electrolyzers. Guided 

by the rational design principles outlined in Chapter 1, poly(norbornene) was chosen as a 

platform because of its compact monomer size, all-hydrocarbon backbone, high thermal 

stability and inexpensive precursor (dicyclopentadiene). In this chapter, a facile synthetic 

strategy was used to prepare a series of anion conducting tetrablock copolymers with long 

quaternary ammonium head-group tethers based on vinyl addition polymerization of 

norbornenes. This strategy was found to produce highly conductive membranes and 

ionomers with high head-group tether density (ion exchange capacity), alkaline and 

thermal stability, strong mechanical properties and scalable manufacturing.  

Poly(norbornene)s can be polymerized through two different synthetic routes that 

produce materials with glass-transition temperatures (Tg) relevant to fuel cells and 

electrolyzers, Figure 3.1. In this work, the properties of vinyl addition polymerization of 

norbornenes were explored. The properties of ring-opening metathesis polymerization 
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(ROMP) of norbornenes are disclosed in a separate publication.46 The methods of synthesis 

and resulting properties of the ROMP and vinyl addition polymer are different. Especially 

notable between these two materials is the glass transition temperature (Tg). Vinyl addition 

polymerized norbornenes have a high glass transition temperature.90-93 Vinyl addition PNB 

has high Tg, very good thermal stability, and excellent mechanical properties. Vinyl 

additional poly(norbornene) has a Tg of 390 °C and poly(hexylnorbornene) has a Tg of 265 

°C. A variety of norbornene copolymers were shown to have a Tg between 340 °C and 355 

°C,90 203 °C and 331 °C,91 293 °C and 360 °C,92 and over 380 °C for 

poly(methylnorbornene).93 By contrast, many ROMP norbornenes have been reported to 

have Tg below 150 °C.95-97 While ROMP norbornene was not used in this work, there is 

interest in ion conducting polymers with different properties for ion conducting adhesion 

layers between the electrode and membrane. 

 

Figure 3.1 – Vinyl addition and ring-opening metathesis polymerization of 

norbornene. 

In this work, it was shown that the vinyl addition polymerization route could produce 

AEMs and ionomers with high hydroxide conductivity and excellent alkaline and thermal 

stability. For these materials to be useful in electrochemical devices (e.g., fuel cells, 

electrolyzers), the ion conducting polymers should have the highest possible ion 

conductivity. A multiblock structure of these polymers consisting of ion conducting 

“hydrophilic” blocks and structural “hydrophobic” blocks was designed to allow for the 
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formation of continuous nanophase segregated ion conduction channels and improve the 

ion mobility and conductivity, as shown in earlier examples.23, 31, 48 For anion conducting 

polymers, there is a compromise between the polydispersity of the blocks, overall 

molecular weight of the polymer and product yield. Tetrablock copolymer was chosen for 

this work because it has a sufficiently high molecular weight and good yield.  Butyl 

norbornene (BuNB) and bromopropyl norbornene (BPNB) were used as the hydrophobic 

and hydrophilic monomers, respectively. The post-polymerized materials were treated with 

trimethylamine (TMA) to convert the bromoalkyl sites to anion conducting quaternary 

ammonium head-groups. The bromide counter ions were exchanged with hydroxide ions 

before being used. The compact size of the norbornene monomer allows for high ion 

exchange capacity (IEC) because the tethered quaternary ammonium head groups can be 

concentrated along the chemically stable all-hydrocarbon backbone. High IEC can be 

useful for increasing ionic conductivity, but it can also lead to excessive water uptake and 

swelling if not properly managed. It was found that light cross-linking of post-polymerized 

norbornene extended the usable IEC range to very high values (>3 meq/g) without 

unwanted water uptake or swelling. Figure 3.2 shows the tetrablock copolymers used in 

this work cross-linked via the hydrophilic groups using N,N,N′,N′-tetramethyl-1,6-

hexanediamine (TMHDA) as the cross-linking agent. This configuration preserved the 

number of ion conductive head groups and spacing from the polymer backbone while 

improving the mechanical properties and increasing the molecular weight.  
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Figure 3.2 – Vinyl addition poly(norbornene) tetrablock copolymers cross-linked 

with TMHDA (yellow). Hydrophobic blocks (green) and hydrophilic blocks (blue) 

are highlighted. 

In the following sections of this chapter, the molecular weight, polydispersity, IEC, 

ionic conductivity, alkaline stability, water uptake, swelling, and morphology for the non-

cross-linked and cross-linked poly(norbornene) tetrablock copolymers are described. 

Later, the properties of composite AEMs composed of the cross-linked polymers and a 

proprietary polymer reinforcement layer are also described. The IEC was controlled by 

varying the length of the hydrophobic and hydrophilic blocks and related to the ionic 

conductivity. The block sizes were changed by adjusting the monomer-to-initiator feed 

ratio in toluene during polymerization. The ion mobility was quantified by the ratio of the 

ionic conductivity to the IEC (/IEC) in units of g S/cm eq. The alkaline stability was 
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characterized by aging the polymers in 1 M NaOH at 80 °C and measuring the loss in ionic 

conductivity vs. time. The distribution of water in the membranes, in terms of the number 

of bound and unbound water molecules per ion pair, was measured and correlated with 

ionic conductivity. The nanophase segregated morphology was examined to determine the 

size, shape and continuity of the ion conduction channels. In Chapters 4-7, the polymers 

were evaluated in AEM fuel cells and electrolyzers. The results were used to help elucidate 

the relationship between the polymer structure and physical properties with device 

performance. 

Throughout this thesis, the poly(norbornene) tetrablock copolymers are denoted as 

GTXX, where XX is the mol% of bromoalkyl norbornene monomer (resulting in the 

quaternary ammonium head group) in the block copolymer. Larger XX values result in a 

higher IEC and WU. Cross-linked versions of these polymers are denoted as GTXX-Y, 

where Y represents the mol% of cross-linker relative to the available cationic sites. Larger 

Y values result in lower WU. A non-ionic homopolymer with no ionic conductivity (GT0) 

and a fully ionic homopolymer (GT100) were also used in this work. 

3.2 Vinyl addition poly(norbornene) anion conducting polymers 

3.2.1 Physical properties and ion exchange capacity 

The properties of the vinyl addition poly(norbornene) tetrablock copolymers used 

in this thesis are listed in Table 3.1. The number average molecular weight (Mn) of the 

synthesized polymers ranged from 38 to 116 kDa with polydispersity of 1.11 to 1.88. This 

range of molecular weights was previously found to be effective for highly conductive 

anion conducting polymers.23, 31, 42, 45, 48, 98 The IEC value was determined by 1H NMR 
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spectroscopy scaled linearly with the hydrophilic monomer content and found to range 

from 0 to 4.88 meq/g. There was a general trend between molecular weight and membrane 

performance for similar IEC polymers which will be discussed in greater detail in the 

Section 3.2.2. For example, GT32 and GT38 have a similar IEC, however, the conductivity 

of GT32 is 22% higher than GT38 at 80 °C due to its higher molecular weight. The physical 

presence of more ion conducting head groups and chain entanglement within longer 

polymers may be responsible for improved performance.  

The hydroxide conductivity, ion mobility (σ/IEC), alkaline stability, water uptake 

(WU), hydration number (λ), free and bound waters (Nfree, Nbound), inter-domain spacing 

(d) and morphology are discussed in detail in the following subsections. Conductivity and 

water uptake were not measured for GT0 due to the absence of ion conduction. The 

conductivity of high IEC polymers (e.g., GT69, GT72, GT74, GT75, GT82, GT100) could 

not be measured as-is because the materials were soft and delicate when hydrated and could 

not be handled. These materials were used primarily as the anion conductive ionomer 

(ACI) for electrolyzer anodes and cathodes in Chapters 6 and 7.  

Table 3.1 – Properties of poly(norbornene) tetrablock copolymers in hydroxide 

form. 

Block 

copolymer 

Mn 
a 

(kg/mol) 

Ð IEC b 

(meq/g) 

OH- 

Conductivity 

(mS/cm)c 

σ/IECd Water 

Uptake 

(%)e 

Hydration 

number 

(λ) 

Nfree Nbound d-

spacing 

(nm) f 

25°C 80°C 

GT0 84.45 1.11 0 ND ND ND ND ND ND ND ND 

GT11 84.73 1.62 0.69 0.47 0.79 1.14 3.7 2.98 ND ND ND 

GT18 36.53 1.38 1.13 5.8 11.6 10.3 15 7.37 ND ND ND 

GT25 68.6 1.88 1.49 27.5 60.4 40.5 24 8.95 ND ND ND 
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GT26 39.58 1.42 1.55 23.4 61.3 39.5 26.2 9.41 0.91 8.50 ND 

GT30 37.97 1.29 1.77 27.0 67.4 38.1 59.6 18.71 5.42 13.29 37.2 

GT32 114.9 1.42 1.88 62.0 122.7 65.2 63.0 18.62 6.74 11.88 ND 

GT33 38.86 1.28 1.92 32.2 71.8 37.4 68.8 19.91 7.81 12.10 44.2 

GT38 50.77 1.54 2.21 50.9 101.9 46.1 71.0 17.85 7.61 10.24 49.9 

GT46 45.33 1.55 2.60 44.9 80.0 30.8 133.6 28.55 10.65 17.90 86.4 

GT64 50.96 2.02 3.37 ND ND ND >1000 ND ND ND ND 

GT66 29.15 1.42 3.46 ND ND ND >1000 ND ND ND ND 

GT69 116.4 1.56 3.45 ND ND ND >1000 ND ND ND ND 

GT72 68.2 1.17 3.53 ND ND ND >1000 ND ND ND ND 

GT74 40.35 1.26 3.63 ND ND ND >1000 ND ND ND ND 

GT75 73.8 1.51 3.70 ND ND ND >1000 ND ND ND ND 

GT78 103.6 1.30 3.73 ND ND ND >1000 ND ND ND ND 

GT82 57.7 1.41 3.95 ND ND ND >1000 ND ND ND ND 

GT100 23.31 1.42 4.88 ND ND ND >1000 ND ND ND ND 

a Measured in bromopropyl form by gel permeation chromatography at RT in THF relative to polystyrene standards. b IEC (Ion 

Exchange Capacity) was calculated via 1H NMR results in bromopropyl form. c OH- conductivity was measured by four-probe 

conductivity cell. d Ionic conductivity at 80 °C/IEC. e Water uptake was measured at room temperature. f Inter-domain spacing 

measured using small angle X-ray scattering (SAXS) in bromide form; GTXX (GT = Georgia Tech; XX = molar ratio of halogenated 

block) GT18, GT32, GT38, and GT100 were synthesized using BPNB as the halogenated block and the others used BBNB. Standard 

deviation for WU was ± 3%. ND = not determined.  

3.2.2 Hydroxide conductivity, ion mobility and alkaline stability 

High hydroxide conductivity () is desired in membranes used in electrochemical 

devices.27 The ionic conductivity of the polymer samples generally increased with IEC. 

Among the samples measured, GT32 had the highest hydroxide conductivity and mobility 

(σ/IEC = 65.2), despite having a more modest IEC compared to the others (Table 3.1). 

Conversely, the hydroxide mobility in GT46, for example, was among the lowest the 

membranes even though the IEC was the higher than GT32 (Table 3.1). A possible 

explanation for the outliers (e.g., GT33, GT38 and GT46) is that the higher molecular 
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weight of GT32 contributed to greater chain entanglement which enables better ion 

mobility through more efficient ion conduction channel formation. The effect of molecular 

weight is particularly clear when comparing the GT32 to the GT33 and GT38 (Table 3.1). 

The number of blocks is the same and the IEC values are close (ca., 1.88 to 2.21). However, 

the /IEC is almost double for GT32 due to its longer block length.  

Figure 3.3 shows that the hydroxide conductivity of a representative selection of 

samples from Table 3.1 increased with temperature from 25 °C to 80 °C and followed an 

Arrhenius relationship. In general, the hydroxide conductivity of all samples approximately 

doubled when the temperature was increased from 25 C to 80 C. The hydroxide transport 

activation energy (Ea) was calculated from the of slope lnσ vs. 1000/T in Figure 3.4 and 

was found to be 9.33 to 15.28 kJ mol-1. These Ea values were close to that of proton 

exchange membranes such as Nafion-117 (12.75 kJ mol-1).99  
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Figure 3.3 – Ionic conductivity of poly(norbornene) AEMs at different 

temperatures. 
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Figure 3.4 – Arrhenius plot of ln(σ) vs. inverse temperature for poly(norbornene) 

AEMs. 

 

Membrane durability is essential for long operational life in electrochemical 

devices.  Figure 3.5 shows the alkaline stability assessment of a representative selection of 

samples from Table 3.1. The membranes were soaked in 1 M NaOH solution at 80 °C and 

the loss of ionic conductivity was measured vs. time for 1200 h. Each data point was 

measured in triplicate and there was <0.5% deviation in the individual measurements. No 

detectable (<1 %) loss was observed in the ionic conductivity over 1200 h. Hence, it can 

be concluded that the non-hydrolysable polymer backbone with cations tethered via long 

side chains displays adequate alkaline stability compared to hydrolysable polymer 
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backbones (e.g., polysulfone, polyketone, polyethers) and the benzyl attachment of cations 

to the polymer chains.53, 63, 75, 100  

 

Figure 3.5 – The alkaline stability of poly(norbornene) AEMs at 1 M NaOH solution 

at 80 °C. 

3.2.3 Water uptake, hydration number, free and bound water molecules 

Water uptake is a key parameter in determining the conductivity and mechanical 

stability of the AEMs. An adequate amount of water is necessary for ion hydration and 

conduction. However, excess water in the form of free water can lead to swelling and poor 

performance of the membrane electrode assembly (MEA) due to membrane softening and 

channel flooding. Hence, an optimum amount of bound water in the membrane is required 

to form the ion solvent shell.23, 31, 48 As shown in Table 3.1, the water uptake of the 

membranes increased linearly with increasing IEC. Molecular weight of the polymer did 

not have significant effect on the WU. Polymer samples with high IEC (e.g., GT69, GT72, 
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GT74, GT75, GT82 and GT100) had excessive water uptake which was estimated to be 

greater than 1000%.  

The hydration number (λ) is the number of water molecules per ionic head-groups. 

The high hydration number of GT46 was the result of the presence of unproductive water. 

Differential scanning calorimetry was used to differentiate the waters of hydration and 

measure the number of freezable water molecules (Nfree) and bound, non-freezable water 

molecules (Nbound) in the membrane. The results of several representative samples are 

shown in Table 3.1. In the case of GT32, the amount of Nfree and Nbound in the membrane 

was 6.7 and 11.9, respectively. This was close to the optimum number of bound waters (9 

to 10 per ionic pair), as previously reported.31 Consequently, this membrane also showed 

the highest conductivity, 122.7 mS/cm at 80 °C. The presence of higher free (10.6) and 

bound (17.9) water for GT46 resulted in a decrease in the conductivity, 80 mS/cm at 80 

°C, although the IEC (2.60 vs. 1.88) was higher than GT32. This can be attributed to the 

formation of overly large ion conducting channels flooded with unproductive water. The 

lower free water content (0.9) for GT26 was not sufficient to support effective ion 

transport. Hence, the conductivity was lower (61.3 mS/cm at 80 °C). In case of GT33, even 

though the free water (7.8) was acceptable, the higher bound water (12.1) resulted in lower 

conductivity due to the larger number of waters of hydration. The lower free water (5.4) 

and higher bound water (13.3) for GT30 was the reason for lower ionic conductivity in the 

membrane.       
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3.2.4 Morphology 

SAXS and TEM were used to investigate the phase segregated microstructure of 

the poly(norbornene) membranes synthesized for this work. The inter-domain spacing (d), 

or the average separation length between inhomogeneities in the membranes, was 

determined from the Bragg spacing of the primary scattering peak in the SAXS spectra, as 

shown in Figure 3.6. The inter-domain spacing of several representative samples are listed 

in Table 3.1. The domain size range was 37.2 to 86.4 nm, which directly correlated with 

water uptake. More specifically, it can be seen that the number of unbound waters tracks 

with the domain size. This shows that the unproductive, free-water can populate ion 

channels when they are larger than the optimum size.18 For example, GT46 showed a very 

high water uptake, 133.6%, and a d-spacing, 86.4 nm. By comparison, these values are 

about twice as large as the ones for GT33, which had a water uptake of 68.8% and a d-

spacing of 44.2 nm.  
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Figure 3.6 – SAXS spectra of hydrated tetrablock copolymer poly(norbornene) 

membranes in bromide form. 

TEM analysis was performed on several representative samples from Table 3.1. 

TEM was done in bromide form rather than in hydroxide form to avoid inadvertent 

degradation of the membranes due to concentrated hydroxide in dry membranes. Figure 

3.7 shows TEM micrographs for five membranes with varying IEC. The dark regions 

correspond to the hydrophilic domains with bromide counter ions and the bright regions 

correspond to hydrophobic domains. Membranes with higher IEC also contain more dark 

regions in the TEM micrographs. It was observed that the size of the hydrophilic phase 

appeared to increase with the IEC of the membranes. This is consistent with the increasing 

inter-domain spacing observed previously using SAXS. The ion channels also appear to 
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lose their definition and structure as the channel size became larger. It should be noted that 

trends observed using TEM in the dry state would likely be more pronounced if the 

membranes could be observed hydrated with water as in the SAXS measurements.  

 

Figure 3.7 – TEM micrographs of a) GT26, b) GT30, c) GT33, d) GT38, e) GT46 in 

bromide form. 

 

3.3 Cross-linked poly(norbornene) anion conducting polymers 

3.3.1 Physical properties and ion exchange capacity 

High IEC is desired to increase the conductivity of ion conducting polymers. 

However, the membranes become mechanically unstable due to excessive water uptake as 

discussed in the previous section. Light cross-linking of post-polymerized norbornene was 
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used to extend the usable IEC range to very high values (>3 meq/g) without unwanted 

water uptake or swelling. Several high IEC polymers from Table 3.1 (e.g., GT64, GT66, 

GT72, GT74, GT78, GT82) were selected to be precursors for cross-linked membrane and 

ionomer studies. A cross-linking agent, TMHDA, was added to the at different 

concentrations (1-50 mol%) with respect to the total moles of the halogenated monomer in 

the tetrablock polymer. The properties of the cross-linked vinyl addition poly(norbornene) 

tetrablock copolymers used in this thesis are listed in Table 3.2 

The number average molecular weight and polydispersity of the could not be 

measured using GPC after cross-linking because the polymers were no longer soluble. It is 

assumed that the cross-linked polymer samples have significantly higher molecular weight 

than their non-cross-linked counterparts. The IEC of the cross-linked polymers was 

calculated from the IEC of the precursor polymer measured previously using NMR and the 

mass of the cross-linker added. These IEC values were also verified by titration and were 

found to be nearly identical. In all samples, the IEC decreased linearly with the addition of 

the cross-linker shown in Table 3.2. The change in IEC after cross-linking was minimal 

and decreased by 0-9%. Like the non-cross-linked polymers, there was a general trend 

between precursor polymer molecular weight and performance of similar IEC polymers. 

For example, the precursor to GT75-5 ionomer has twice the molecular weight of the 

precursor to GT74-5 ionomer and its conductivity at 80 °C is 26% higher than GT74-5 

even though their IEC values are nearly identical. Again, the physical presence of more ion 

conducting head groups and chain entanglement within longer polymer chains may be 

responsible for improved performance which will be discussed in more in the Section 3.3.2.  
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The hydroxide conductivity, ion mobility (σ/IEC), alkaline stability, water uptake 

(WU), hydration number (λ), free and bound waters (Nfree, Nbound) and inter-domain spacing 

(d) are discussed in detail in the following subsections. These materials were used to make 

reinforced composite membranes used fuel cells and electrolyzers in Chapters 4-7 as well 

as the anion conductive ionomer (ACI) for electrolyzer anodes and cathodes in Chapter 6 

and 7.  

Table 3.2– Properties of cross-linked poly(norbornene) tetrablock copolymers in 

hydroxide form. 

Block 

copolymer 

XL  

(mol. 

%) a 

OH- 

Conductivity 

(mS/cm) 

IEC 

(meq/g) b 

IEC 

(meq/g) c 

σ/IECd WU 

(%) 

Hydrat

ion 

num. 

(λ) 

Nfree Nbound d-

spacin

g  

(nm) 25°C 80°C 

GT64-5 5 84 181 3.34 3.3 54.2 90 15.0 3.18 11.8 ND 

GT64-10 10 74 162 3.31 3.24 48.9 61 10.2 0.13 10.1 ND 

GT64-15 15 62 142 3.28 3.26 43.3 52 8.81 0.05 8.76 ND 

GT64-20 20 52 119 3.25 3.16 36.7 43 7.35 0.09 7.26 ND 

GT66-4 4 86.8 184 3.43 ND 53.5 73.7 11.9 6.20 5.73 49.0 

GT66-5 5 95.2 198 3.43 ND 57.8 69.1 11.2 5.21 6.00 48.9* 

GT66-7 7 81.2 175 3.41 ND 51.4 66.2 10.8 4.22 6.56 48.6 

GT66-10 10 74.8 167 3.39 ND 49.3 52.9 8.67 2.31 6.35 51.8 

GT66-20 20 45.9 111 3.33 ND 33.3 50.8 8.47 0.96 7.52 51.8 

GT66-50 50 29.0 74.0 3.15 ND 23.5 42.0 7.39 0.00 7.40 49.7 

GT69-5 5 89 178 3.38 ND 52.7 115 18.90 ND ND ND 

GT72-1 1 ND ND 3.53 ND ND 502 79.01 ND ND ND 

GT72-3 3 ND ND 3.52 ND ND 198 31.25 ND ND ND 

GT72-5 5 83 175 3.50 ND 50.0 96 15.24 ND ND ND 

GT72-10 10 69 153 3.47 ND 44.1 78 12.49 ND ND ND 

GT72-15 15 57 131 3.44 ND 38.1 66 10.66 ND ND ND 

GT74-3 3 ND ND 3.58 ND ND 219 33.99 ND ND ND 

GT74-5 5 80 160 3.56 ND 44.9 103 16.07 ND ND ND 

GT75-5 5 99 201 3.63 ND 55.4 119 18.21 ND ND ND 
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GT78-5 5 96 162 3.70 3.61 43.8 163 24.5 12.7 11.0 ND 

GT78-15 15 65 138 3.62 3.52 38.1 65 9.98 1.71 8.26 ND 

GT82-5 5 109 212 3.84 3.76 55.2 122 17.6 7.59 10.1 ND 

GT82-10 10 90 193 3.80 3.71 50.8 87 12.7 1.04 11.7 ND 

GT82-15 15 67 147 3.76 3.70 39.1 67 9.90 1.41 8.49 ND 

GT82-20 20 55 128 3.72 3.69 34.4 61 9.11 0.00 9.11 ND 

GT100-15 15 66 148 4.73 ND 31.3 89 10.45 ND ND ND 

a Cross-linker concentration. b IEC was determined by 1H NMR c IEC was determined by titration. d Ionic conductivity at 80 °C/IEC. 

e Water uptake was measured at room temperature. XL = cross-linked, PNB = poly(norbornene); * d-spacing was estimated via linear 

interpolation. GTXX-Y (GT = Georgia Tech; XX = molar ratio of halogenated block; Y = cross-linker concentration). Standard 

deviation for WU was ± 3%. ND = not determined. 

3.3.2 Hydroxide conductivity, ion mobility and alkaline stability 

High hydroxide conductivity is needed for membranes used in electrochemical 

devices. The addition of an adequate amount of cross-linking agent enables the use of 

higher IEC materials (>3 meq/g) without mechanical instability. Like the non-cross-linked 

versions of these polymers, the ionic conductivity tracked with the IEC of the polymer. For 

example, GT82-5 had a higher conductivity than GT64-5 (212 vs. 181 mS/cm at 80 °C) 

due to its higher IEC (3.84 vs. 3.34 meq/g). Figure 3.8 shows the effect of cross-linker 

concentration on ionic conductivity for a representative polymer series (GT66). In general, 

it was observed that highest ionic conductivity for any polymer series was measured at 5 

mol% cross-linker concentration. In all polymers, the ionic conductivity decreased with 

higher cross-linker concentration. The ionic conductivity also decreased when there was 

not enough cross-linking (<5 mol%). The trend can be seen in the slightly lower 

conductivity of the 4% cross-linker sample in Figure 3.8. In some cases of samples with 

very high IEC (e.g., GT72 and GT74), mechanically stable films could not even be made 
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for conductivity measurements with cross-linker concentrations <5%. This shows that only 

a light amount of cross-linking is needed to enable full use of high IEC materials. 

The hydroxide mobility (C) gives insight into the cause of lower hydroxide 

conductivity with higher cross-linker concentrations. Since the IEC value of each 

membrane in a series is approximately the same (the only mass change is due to the added 

cross-linker), the hydroxide mobility tracks with conductivity. The data in Table 3.2 shows 

that the highest mobility values were in samples with 5 mol% cross-linker whereas, 

samples with high amounts of cross-linker (15 mol%) displayed the lowest mobility. This 

shows that a high degree of cross-linking limits mechanical deformation in the membranes 

and inhibits ion mobility.101 
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Figure 3.8 – The variation of hydroxide ion conductivity with cross-linker 

concentration in GT66. 

 

As expected, the hydroxide conductivity was found to increase linearly with 

temperature as shown for two representative cross-linked polymer series (GT64 and GT82) 

in Figure 3.9. Like the non-cross-linked versions of these polymers, conductivity 

approximately doubled when temperature was increased from 25 °C and 80 °C. The slope 

of ln(σ) vs. 1/T was used to calculate an effective activation energy (Ea) using the Arrhenius 

Equation, Figure 3.10. The calculated activation energy, 10.8 to 13.6 kJ/mol, is also 

comparable to previously reported AEM materials and Nafion-117.99, 102, 103  
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Figure 3.9 – Plot of ionic conductivity of cross-linked AEMs at different 

temperatures. 
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Figure 3.10 – Arrhenius plot of ln(σ) vs. inverse temperature of cross-linked AEMs. 

 

The alkaline durability of the cross-linked polymers was almost identical to the non-

cross-linked versions.32, 45, 46  The cross-linked films were aged in 1 M NaOH for more than 

1000 h and the conductivity was measured at regular intervals. Each data point was 

measured in triplicate and there was <0.5% deviation in the individual measurements. The 

loss in hydroxide ion conductivity was plotted as a function of aging time. As shown in 

Figure 3.11 (left), the AEMs had <1.5% loss in ionic conductivity over 1000 h. The alkaline 

stability was further confirmed by monitoring the structural change before and after the 

alkaline treatment using FT-IR spectroscopy. Figure 3.11 (right) shows the lack of 

appearance/disappearance of new/old peaks in the IR spectrum. The C-N stretching 
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frequencies at 911, 971, and 1483 cm-1 is unchanged, which indicates that the head-group 

moiety was intact after alkaline aging.100, 104, 105 

 

Figure 3.11 – Alkaline stability analysis of cross-linked AEMs in 1 M NaOH solution 

at 80 °C. OH− conductivity loss over time (left). Structural characterization using 

FT-IR spectroscopy (right). 

3.3.3 Water uptake, hydration number, free and bound water molecules 

The conductivity of a film is closely related to its water uptake per ion because the 

water is needed for ion hydration and transport.106 The WU of the cross-linked films was 

measured at room temperature and the results are shown in Table 3.2. Figure 3.12 shows a 

representative plot of water uptake and IEC vs. cross-linker concentration for GT82 series 

of films. WU decreased significantly with TMHDA concentration, although the IEC 

dropped marginally. Hence, it is clear that cross-linking is an effective strategy to mitigate 

WU without sacrificing IEC.  
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Figure 3.12 – Variation of water uptake and IEC with TMHDA concentration of 

cross-linked GT82 AEMs. 

The trend observed in Figure 3.12 also followed the same trend observed in ionic 

conductivity vs. cross-linker concentration (Figure 3.8). To illustrate this point, the WU 

can also be viewed in terms of hydration number (λ), which is a measure of the number of 

water molecules per ionic pair. The number of bound or non-freezable (Nbound) water and 

unbound or freezable (Nfree) water molecules per ion pair (i.e., anion-cation pair) were 

calculated from λ using DSC measurements for representative polymer series (GT64, 

GT66 and GT82) and are listed in Table 3.2. Increasing the TMHDA concentration 

primarily decreased the Nfree for each polymer series. For example, a heavily cross-linked 

membrane like GT82-20 had low Nfree and Nbound waters (0 and 9, respectively). On the 

other hand, a lightly crosslinked film like GT82-5 had near optimal Nfree and Nbound (7.6 

and 10, respectively). This shows that the low mobility and conductivity of the ions in films 
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with high cross-linker concentrations is a result of lack of sufficient free water (which swell 

the ion conduction channels to maintain their size) because the film is more rigid and it is 

difficult for water molecules to populate inside.45, 106 

3.3.4 Morphology 

SAXS was used to investigate the phase segregation and microstructure of the 

cross-linked poly(norbornene) membranes. During casting, the poly(norbornene) block 

copolymers phase segregate into ion conduction channels based on the thermodynamic 

dissimilarities between the halogenated and hydrophobic blocks. Once cross-linking begins 

to occur, the crosslinking agent further limits the self-assembly, thereby locking in the 

microstructure of the membrane upon curing. The inter-domain spacing (d-spacing), or the 

average separation length between inhomogeneities in the membranes, was determined 

from the Bragg spacing of the primary scattering peak in the SAXS spectra, as shown for 

a representative polymer series (GT66) in Figure 3.13. The inter-domain spacing values 

were determined by a Lorentz curve fitting function and are listed in Table 3.2. It was found 

that the domain size for the polymers with different cross-link densities were all similar, 

ranging only from 48.6 to 51.8 nm. From the previous section, it was found that the 

hydration number, specifically the number of free water molecules, decreases with 

increasing cross-linker concentration. This suggests that channel size is not dictated by 

cross-linker concentration however channel swelling becomes more restricted.32 
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Figure 3.13 – SAXS spectra of cross-linked tetrablock copolymer poly(norbornene) 

membranes in bromide form. 

3.4 Composite cross-linked poly(norbornene) AEMs 

3.4.1 Physical properties and ion exchange capacity 

Thin membranes are desired to limit ohmic losses and improve water transport 

across the AEM. However, thin (<30 m) membranes are often too fragile as free-standing 

films alone. Composite films were made with cross-linked high IEC, vinyl addition 

poly(norbornene) tetrablock copolymer a poly(tetrafluoroethylene) (PTFE) reinforcement 

layer by Xergy, Inc. (Harrington, DE).32 The thin, proprietary PTFE reinforcement 

provides mechanical strength so that thin membranes can be easily handled.  
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The number average molecular weights, polydispersity and IEC of the precursor 

polymers (GT64, GT72, GT78 and GT82) used in composite membrane casting are listed 

in Table 3.1. This range of molecular weight and Ð was previously found to provide 

membranes with high conductivity and good mechanical strength. Cross-linked reinforced 

membranes with different amounts of TMHDA cross-linker (2.5 to 25 mol%) were made. 

The IEC of the membranes were calculated prior to reinforcement and decreased slightly 

with increasing TMHDA concentration as observed previously with other cross-linked 

polymers in Table 3.2.  

The area specific resistance, water uptake (WU), swelling and storage modulus of a 

representative composite membrane series (GT64) are listed in Table 3.3 and are discussed 

in detail in the following subsections. The ratios of IEC/ASR and WU/ASR are discussed 

in Chapter 4. The properties of the other composite AEMs used in this thesis were inferred 

from their unreinforced counterparts listed in Table 3.2. These materials were used in the 

membrane electrode assemblies (MEA) of the fuel cells and electrolyzers in Chapters 4-7.  

Table 3.3 – Properties of composite cross-linked poly(norbornene) AEMs. 

Sample Cross-

linking 

(mol%) 

IEC 

(meq/g)a 

ASR 

(Ω-

cm2)b 

Storage 

Modulus 

(MPa)c 

Water 

Uptake 

(%) 

Swelling 

(%) 

IEC/ASR 

(meq/g Ω-

cm2) 

WU/ASR  

(%/Ω-

cm2) 

GT64 0 3.37 0.038 66.8 88 68 3.33 2316 

GT64-2.5 2.5 3.36 0.056 75.4 82 45 3.30 1464 

GT64-5 5 3.34 0.041 119 65 39 3.30 1585 

GT64-10 10 3.31 0.033 129 35 24 3.28 1061 

GT64-15 15 3.28 0.020 175 29 14 3.26 1472 

GT64-20 20 3.25 0.025 458 24 11 3.23 968 
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GT64-25 25 3.22 0.025 553 18 7 3.20 735 

GT72-10 10 3.47 ND ND ND ND ND ND 

GT78-5 5 3.70 ND ND ND ND ND ND 

GT78-15 15 3.62 0.029 ND ND ND ND ND 

GT82-5 5 3.84 ND ND ND ND ND ND 

GT82-10 10 3.80 ND ND ND ND ND ND 

GT82-15 15 3.76 ND ND ND ND ND ND 

GT82-20 20 3.72 ND ND ND ND ND ND 

a IEC calculated after the addition of TMHDA molecular weight; b Area specific resistance measured by EIS; c Storage 

modulus determined by DMA. ND = not determined. 

3.4.2 Ionic area specific resistance 

The ionic area specific resistance (ASR) is an important membrane metric for 

electrochemical devices. This value represents the through-plane area resistance of the 

membrane. Resistance in this direction is especially important for composite membranes 

because the supporting material does not contribute to ionic conductivity. Through-plane 

hydroxide mobility also depends on the orientation of the pores in the reinforcement layer 

and membrane packing. The ASR values for the membranes in this study are listed in Table 

3.3. The ASR was calculated from high frequency resistance (HFR) of the fully assembled 

fuel cell using electrochemical impedance spectroscopy (EIS). Figure 3.14 shows the 

Nyquist plots from the EIS measurements of MEAs containing GT64 membranes at a cell 

temperature of 60 °C with anode and cathode dew points set to 50 °C. The high frequency 

intercept in the plots represents the total series ohmic resistance of the system (i.e., time-

independent resistances without a parallel capacitance). All of the membranes, with the 

exception of GT64-2.5, have an ASR less than or equal to 0.04 Ω-cm2, which exceeds the 

ARPA-E IONICS (US Department of Energy) goal for fuel cell integration. 
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Figure 3.14 – Nyquist plots of EIS measurements using five GT64 membranes with 

0, 2.5, 5, 10, and 15 mol% cross-linker. Cell temperature was 60 °C with anode and 

cathode dew points set to 50 °C. 

3.4.3 Water uptake and swelling 

The water uptake and swelling of the GT64 composite membranes decreased with 

TMHDA concentration, Table 3.3. The water uptake and swelling were highest for the non-

cross-linked composite membrane, 88% and 68%, respectively. A very small TMHDA 

concentration (2.5 mol%) significantly lowered the swelling due to a more tightly bound 

structure within the cross-linked polymer network. At higher TMHDA concentrations, 

10%, the water uptake and swelling were both well below 50%, which is advantageous 

for reducing the physical deformation when integrated into a membrane electrode 
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assembly. The water uptake values are also much lower for the composite films than those 

of the free standing films without PTFE support, as reported previously.45 For example, an 

unreinforced polymer membrane with 10 mol% TMHDA had 53% water uptake while 

GT64-10 had only 35% water uptake. At 20 mol% cross-linker, the effect is even more 

dramatic. The water uptake was 51% for the unreinforced membrane vs. 24% for the 

reinforced membrane. Furthermore, the water uptake of the non-cross-linked GT64 

membrane without reinforcement could not even be measured due to excessive swelling 

and mechanical instability. This shows that the hydrophobic PTFE reinforcement (as well 

as the cross-linking) significantly contributes to limiting the water uptake in these 

membranes.  

3.4.4 Mechanical properties 

The mechanical properties of the membranes were influenced by PTFE 

reinforcement and the degree of cross-linking, Table 3.3. The storage modulus of the 

membranes improved with the amount of cross-linking. The non-cross-linked membrane 

(GT64) had a storage modulus of only 66.8 MPa, which is similar to that of the PTFE 

reinforcement by itself. Very light cross-linking (2.5 mol% TMHDA) led to a small 

increase in modulus to 75.4 MPa. There was an 8-fold increase in storage modulus (553 

MPa) for the membrane with the highest TMHDA concentration (25 mol%) compared to 

the uncross-linked sample. The higher modulus obtained with the cross-linked membranes 

provided further rigidity and mechanical strength so that they could be handled and used 

in very thin films which minimized the ohmic losses during device operation.  

 



 63 

3.5 Summary 

A series of tetrablock copolymers containing all-hydrocarbon backbone based on 

vinyl addition polymerization of norbornene were synthesized for anion-exchange 

membranes. To the author’s knowledge, this is first anion exchange membrane based on 

vinyl addition-type poly(norbornene). These membranes displayed high thermal stability 

up to 400 °C. For GT32, the ionic conductivity was 122.7 mS/cm at 80 °C with an IEC 

(1.88 meq/g), which was less than GT46 (2.6 meq/g). This shows the importance of 

optimizing the bound and unbound water content in the membrane. Water content in GT32 

was measured by DSC analysis and it was found that 6.7 unbound water molecules and 

11.9 bound water molecules in the membrane leading to the best ionic conductivity among 

the synthesized samples. The long-term alkaline stability test in 1 M NaOH solution at 80 

°C showed exceptional chemical stability with no detectable degradation (<1 %) over a 

1200 h period.  

Cross-linked anion conductive polymers synthesized via vinyl addition 

polymerization of norbornenes were also studied. The membranes had record high ionic 

conductivity, up to 212 mS/cm at 80 °C. It was found that only light cross-linking was 

needed to mitigate water swelling problems which have plagued other high-IEC AEMs. 

The dimensional stability was attributed to cross-link density, which can be tuned to 

balance the free and bound water content within the membrane. There were 7.8 free water 

molecules and 10.0 bound water molecules per ion pair within the most conductive 

membrane. Excellent alkaline stability in 1 M NaOH solution at 80 °C was demonstrated 

(<1.5 % conductivity loss in >1000 h at 80 °C). The cross-linked polymers were also cast 
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into composite membranes using a PTFE reinforcement, which improved the mechanical 

properties and dramatically decreased water uptake and swelling.  
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CHAPTER 4. COMPOSITE POLY(NORBORNENE) ANION 

CONDUCTING MEMBRANES FOR ACHIEVING DURABILITY, 

WATER MANAGEMENT AND HIGH POWER IN 

HYDROGEN/OXYGEN ALKALINE FUEL CELLS 

4.1 Motivation 

Thin membranes are desired to minimize ohmic losses in the AEM. In this chapter, 

a composite block copolymer membrane made of poly(norbornene) (PNB) synthesized by 

vinyl addition polymerization and a poly(tetrafluoroethylene) (PTFE) reinforcement layer 

was used as the electrolyte in AEM fuel cells. The anion conductive PNB precursor 

material was previously shown to form chemically stable polymers with high 

conductivity.32, 45, 46, 107 The proprietary PTFE reinforcement layer (Xergy, Inc.) was 

chemically inert and shown to be useful when casting thin yet mechanically robust 

membranes.25, 76 In the past, similar approaches have been used to make composite AEMs 

for fuel cells that have achieved modest peak power densities of <350 mW/cm2.77, 78 The 

membranes in this chapter used light cross-linking of a high IEC polymer to balance 

conductivity, water uptake and dimensional stability and enable maximum fuel cell 

performance. Optimized cross-linker concentration in the AEM produced H2/O2 fuel cells 

with peak power density up to 3.4 W/cm2 at 80 °C using H2/O2. This was 70% higher than 

the previous highest reported H2/O2 AEM fuel cell by Wang et al.108 Optimization of the 

inlet gas dew points for the anode and cathode was also performed. The membranes were 

also operated reliably for over 500 h (H2/CO2 free air) with no change in membrane 

resistance and minimal loss of operating voltage. 



 66 

4.2 Results 

4.2.1 Effect of cross-linker concentration on peak power density 

The fuel cells in this chapter were constructed using the reinforced membranes with 

varying TMHDA cross-linker concentration from Table 3.3. Highly optimized electrodes 

were fabricated using the USC and NREL method described in Chapter 2. A set of fuel 

cells was operated with humidified H2 and O2 reacting gases, with the catalyst layer 

deposited onto 5% wetproofed Toray-H-60 GDLs, at a cell temperature of 60 °C. After a 

short break-in period where the anode and cathode RH were optimized, forward and 

reverse polarization scans were run on each cell to determine peak power density. The 

optimized anode and cathode dew points are listed in Table 4.1 using the notation (A/C), 

where the value of A represents the anode dewpoint and the value of C represents the 

cathode dew point in degrees Celsius. This notation will be used throughout this chapter. 

The power density and polarization curves for the cells with various TMHDA content in 

the AEM are shown in Figure 4.1 and the peak power densities are summarized in Table 

4.1. The specific power and specific current values were also calculated based on the peak 

power density, current produced at peak power, and the metal loading of the electrodes in 

Table 4.1.  

Table 4.1 – AEM fuel cell performance highlights at 60 °C. 

XL 

(mol%) 

H2 

cross-

over 

(mA/ 

cm2)a 

OCV 

(V) 

A/C 

dew 

point 

(°C) 

HFR 

(m-

cm2)b 

Cell 

poten

tial 

(V) 

CD 

(A/ 

cm2) 

PPD 

(W/ 

cm2) 

PtRu/

C 

load. 

(mg/ 

cm2)c 

Pt/C 

load. 

(mg/ 

cm2)c 

Spec. 

power 

(W/mg 

PtRu) 

Spec. 

power 

(W/mg 

Pt) 

Spec. 

current 

(mA/mg 

PtRu) 

Spec. 

current 

(mA/mg 

Pt) 

0 40 0.881 50/50 38.0 0.555 2.497 1.39 0.472 0.424 2.94 3.27 5291 5890 

2.5 25 0.873 55/55 55.5 0.547 2.270 1.24 0.331 0.313 3.75 3.97 6857 7251 
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5 5 0.950 48/52 40.5 0.554 3.431 1.90 0.948 0.490 2.01 3.88 3620 7003 

10 54 0.882 40/40 35.0 0.555 3.417 1.89 0.730 0.515 2.56 3.68 4680 6634 

15 12 0.930 40/40 31.0 0.537 4.097 2.20 0.986 0.560 2.23 3.93 4155 7316 

a Hydrogen crossover measured by EIS; b High frequency resistance measured by EIS; c Metal loadings for specific power and current determined by XRF. All 

other values measured or calculated based on test station data. XL = cross-linker concentration; A/C = denotes anode (A) and cathode (C) dew points in degrees 

Celsius, respectively; CD = current density; PPD = peak power density. 

 

Figure 4.1 – Comparison of peak performance after RH optimization. Cell 

temperature for all samples was 60 °C.  

The cell voltage at peak power for all samples at 60 °C was ca. 0.55 V. The peak 

power density generally increased with cross-linker concentration, although the peak 

power output for 0 and 2.5 mol% TMHDA, and 5 and 10 mol% TMHDA were very similar.  

Among the membranes tested, the lowest performing cells used membranes with 0 and 2.5 

mol% TMHDA; 1.24 to 1.39 W/cm2 peak power, respectively. Intermediate power levels 

were recorded for membranes with 5 and 10 mol% TMHDA: 1.89 and 1.90 W/cm2, 

respectively. The highest peak power density was observed for the cell containing the 

GT64-15 membrane: 2.20 W/cm2.  The MEA with the GT64-2.5 membrane had the highest 

specific power density and current density due to its lower than average catalyst loading. 
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Even at 60 °C, this cell exceeded the previous best literature value for AEM fuel cell 

reported by Wang et al., which achieved 2.0 W/cm2 at 80 °C.108 

At 80 °C, the performance of the fuel cells significantly increased, as shown in 

Figure 4.2 and the peak power densities and optimal dew points are summarized in Table 

4.2. The specific power and specific current values were also calculated based on the peak 

power density, current produced at peak power, and the metal loading of the electrodes in 

Table 4.2. Membranes with 10 and 15 mol% TMHDA were selected for testing at 80 °C 

because of their higher performance. The GDEs used in these tests and the testing method 

were slightly modified compared to the 60 °C experiments.  Most notably, the catalyst 

layers were deposited onto Toray-H-60 with 20% wetproofing (vs. 5% wetproofing), and 

the dew point of the anode and cathode feed gases were optimized more granularly. As 

shown in Figure 4.2, there was less separation in power density among the four cells tested, 

and the power density produced was similar across a wide range of TMHDA 

concentrations. Just like the 60 °C experiments, the cells achieved peak power at ca. 0.54 

V.  Both GT64-10 and GT64-20 achieved a peak power density of ca. 3.0 W/cm2 with 

similar optimal anode and cathode dew points. The peak power for GT64-25 was 3.27 

W/cm2. Again, GT64-15 showed the highest performance among all membranes tested 

with a peak power density of 3.37 W/cm2. This performance at this cross-linker 

concentration also correlates the highest specific power density and current density in this 

chapter. This was also one of the highest performances reported for an AEM fuel cell to 

date, surpassing the previous record by 70%.108   
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Table 4.2 – AEM fuel cell performance highlights at 80 °C. 

XL 

(mol%) 

OCV 

(V) 

A/C 

dew 

point 

(°C) 

HFR 

(m-

cm2)a 

Cell 

voltage 

(V) 

CD 

(A/cm2) 

PPD 

(W/cm2) 

PtRu/C 

loading 

(mg/cm2) 

Pt/C 

loading 

(mg/cm2) 

Spec. 

power 

(W/mg 

PtRu) 

Spec. 

power 

(W/mg 

Pt) 

Spec. 

current 

(mA/mg 

PtRu) 

Spec. 

current 

(mA/mg 

Pt) 

10 1.001 68/74 35.1 0.514 5.940 3.06 0.70 0.60 4.36 5.09 8491 9906 

15 1.016 67/74 25.3 0.524 6.425 3.37 0.70 0.60 4.81 5.61 9182 10712 

20 1.009 68/75 7.60 0.536 5.588 3.00 0.70 0.60 4.28 4.99 7982 9313 

25 0.996 68/76 28.7 0.528 6.179 3.27 0.70 0.60 4.66 5.44 8834 10307 

a High frequency resistance measured by EIS; All other values measured or calculated based on test station data. XL = cross-linker concentration; A/C = denotes 

anode (A) and cathode (C) dew points in degrees Celsius, respectively; CD = current density; PPD = peak power density. 

 

 

Figure 4.2 – Comparison of peak performance after RH optimization. Cell 

temperature for all samples was 80 °C. 
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required significantly higher inlet dewpoints (>50 °C) to show optimal performance. At 80 

°C (Table 4.2), the optimal dewpoints were similarly low for cross-linker concentrations 

10 mol% and varied only by 1-2 °C on either the anode or cathode. 

Figure 4.3 shows the RH optimization for the GT64-15 membrane at 60 °C cell 

temperature. At anode and cathode dew points of 50 °C, there is clearly too much water in 

the system which causes electrode flooding and lower power. The performance increased 

steadily as the humidity was reduced to a dew point of 40 °C for both feed streams. This 

trend continued for an intermediate TMHDA concentration (5 mol%), where the dew 

points at the highest peak power density were 48 °C for the anode and 52 °C for the cathode. 

At TMHDA concentration of ≤2.5 mol%, the best performance was achieved when the 

dew points for the anode and cathode were both at 50 °C. At dew points of 60 °C at both 

electrodes, lower power was observed due to cell flooding. At the opposite end of the 

spectrum (dew points at 50 °C), the membrane is too dry and low power is also observed. 

At dew points of 55 °C, significantly higher power is able to be achieved due to a better 

balance of input water and generated water. The optimal dew points for the membrane 

without any cross-linker are between 50 °C (for both electrodes) and 55 °C (for both 

electrodes). When the dew points were both set at 45 °C, lower power was observed due 

to a lack of hydration. Another interesting trend from the optimization data in Figure 4.3 is 

that the mass transport limited current increased with decreasing reacting gas dew points. 

This is a clear sign that water transport is performance-limiting during AEM fuel cell 

operation. 
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Figure 4.3 – Polarization curves for GT64-15 at cell temperature of 60 °C with 

various anode and cathode inlet dew points. 

 

RH sensitivity was also investigated at a cell temperature of 80 °C. Figure 4.4 

shows the RH optimization at 80 °C for an AEM fuel cell operated at 80 °C with a GT64-

15 membrane. Although the overall water content at the inlet is higher at this elevated 

temperature, the same trend was observed. At 80 °C, water has a higher vapor pressure so 

the membrane dries out at a faster rate, thus requiring higher humidity in the feed streams. 

For a cross-linker concentration of 15 mol%, the cell performance benefited from lower 

anode and cathode dew points (66 °C and 74 °C, respectively) than the operating 

temperature. The effect of cell flooding can be seen starting at inlet dew points of 68 °C 

and 74 °C (anode and cathode, respectively) and became more severe at 70 °C and 76 °C 

(anode and cathode, respectively).  
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Figure 4.4 – Polarization curves for GT64-15 at cell temperature of 80 °C with 

various anode and cathode inlet dew points. 

4.2.3 Long-term in-situ stability of composite cross-linked AEMs 

The fuel cells were generally operated for 24 h to ensure that dependable 

performance values were obtained and the AEMs had good stability in the highly alkaline 

environment. One long-term AEM fuel cell stability test was performed with the GT64-15 

membrane at 80 °C using CO2-free air and electrodes deposited onto a 5% wetproofed 

GDL. This cell was not fully optimized for the highest power density (like later cells) and 

its power density at 0.7 V was 1450 mW/cm2. It is noted that the peak power of this cell 

with H2/O2 gas feeds was about 2.3 W/cm2, which still exceeds the highest published cell 

to-date. This cell was selected for long-term aging and Figure 4.5 shows hourly data of the 

cell voltage vs. time at constant current, 600 mA/cm2. It is noted that the cell power dropped 

to 31% of its H2/O2 value when air was used in place of oxygen. This reflects the lower 

activity of oxygen in air and also the importance of optimizing the electrode structure and 

relative humidity of the feed gas. These effects are currently under investigation and may 
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be the subject of future reports. The cell ran for 545 h without detectable membrane 

degradation, at which point the experiment was terminated. During the first 300 hours, the 

cell performance dropped by about 17%. This change in performance was likely caused by 

the cell water dynamics, where a net loss of water slowly occurred at the electrode over 

time, as evidenced by the increasing ASR. As such, the dew points of the anode and cathode 

were adjusted to 78 °C at the 300 h point to increase the water content in the cell. This 

increase in dew point restored the cell to its initial level of performance. After operating 

for an additional 150 h, the dew points of the anode and cathode were both increased to 79 

°C and were held there for the remainder of the durability test. The cause of the change in 

the MEA that necessitated a higher dew point is not clear at this time. After adjusting the 

water content, the cell voltage and the HFR also returned to their initial values showing 

that proper hydration had been restored. The initial and final HFR values (0.043 Ω-cm2 and 

0.042 Ω-cm2, respectively) were essentially the same showing that the AEM conduction 

properties did not change substantially and the membranes had very high in-situ stability.   
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Figure 4.5 – Cell voltage and HFR of GT64-15 over time at 80 °C under H2 and 

CO2-free air. 

4.3 Discussion 

Figure 4.1 and Figure 4.2 both show that the maximum peak power density that 

achieved occurred in a cell with an AEM that did not have the highest hydroxide 

conductivity among those tested. Conductivity alone does not capture the deleterious 

effects of mechanical deformations on cell performance. From Table 3.1, GT64-5 (181 

mS/cm) had higher in-plane hydroxide conductivity than GT64-15 (142 mS/cm) due to the 

presence of higher amounts of cross-linker which lowers the water uptake of the AEM. It 

was also observed that the fuel cells with these cross-linked membranes generally 

performed better with drier inlet gas feeds, particularly on the anode side where water is 

generated. This illustrates the disruptive nature of excessive WU and swelling within a fuel 

cell and the subtle interactions between conductivity, mechanical deformation and current 
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density. The achieved power density appears to be the result of off-setting trends of 

mechanical dimensional stability (better with higher TMHDA concentration) and lower 

conductivity, both of which may be related to lower WU.  

The relative humidity of the anode and cathode feeds are known to play a critical 

role in alkaline exchange membrane fuel cell performance.69 The water content in the 

hydrogen and oxygen input streams must be carefully balanced with the production of 

water at the anode, the diffusion of water through the membrane, and consumption of water 

at the cathode. Factors such as catalytic activity and loading can affect each electrode 

differently, which in turn affects the overall cell performance. As mentioned earlier, the 

three tiers of power output can be seen in Figure 4.1 based on the TMHDA concentration 

in the membrane. However, there is an additional trend that can be seen in this data. Not 

only did the performance go up with TMHDA concentration, but the amount of water fed 

to the cell in the reacting gases decreased (i.e., lower dew points).  As reported previously, 

water uptake decreases with increasing TMHDA concentration in the polymer network.45 

As seen in the WU data in Table 3.2, the higher TMHDA concentration decreased the WU. 

However, the tighter and more rigid polymer network also appears to lock water inside the 

membrane, limiting the rate of dry-out. 

For the composite membranes used in this work, the normalization of the water 

uptake (WU/ASR) and the IEC (IEC/ASR) by the area specific resistance, Table 3.3, gives 

insight into why certain TMHDA concentrations are better than others. The ASR 

normalized IEC (IEC/ASR) is analogous to conductivity per IEC (σ/IEC), which has been 

used to measure mobility or how efficient ion conducting groups are at transporting 

hydroxide ions.32, 45, 46, 48 For membranes in this study, the IEC/ASR are all quite similar, 
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ranging from 3.20 to 3.33, showing that the movement of the hydroxide was not severely 

impacted by the more rigid structure of higher TMHDA concentrations. On the other hand, 

the WU/ASR showed that although the in-plane hydroxide conductivity (Table 3.3) 

decreased with TMHDA concentration, cell performance did not suffer much because the 

lower WU and swelling were ultimately more beneficial.  

One potential concern that was found with the use of thin composite membranes is 

hydrogen crossover. Prior to the break-in procedure, a hydrogen crossover test was 

performed by flowing H2 at the negative electrode (anode) and N2 at the positive electrode 

(cathode). The hydrogen crossover current was measured by applying a voltage of 0.5 V 

across the cell and the resulting values are listed in Table 4.1. The hydrogen crossover was 

5 to 54 mA/cm2 but did not correlate with membrane thickness or cross-linker 

concentration, as would have been expected. The effect of the elevated crossover for the 

composite membranes can be observed in the lower open circuit voltage (OCV) values. 

The OCV ranged from 0.881 V to 0.950 V. Other fuel cells using similar electrode 

formulations had OCV values of ca. 1.1 V.70, 108 From these results, it is suspected that 

crossover measurements may have been influenced by unintentional thin spots or 

fabrication defects in the membranes, although no obvious regions were seen.  

The work of this chapter shows the importance of minimizing excess water uptake 

to achieve high performance in AEM fuel cells. Light membrane cross-linking preserves 

efficient ion transport and hydroxide mobility in the membrane and enables exceptionally 

high current density and power density fuel cell operation. The impact of dimensional 

stability on cell performance was found to be much greater than simply the reduction of 

ohmic losses and allowed for the efficient transport of anions throughout the entire 
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membrane electrode assembly. This study opens the way for advances in low-platinum and 

non-platinum electrodes operating at high power.  

4.4 Conclusion 

The behavior of high IEC, high conductivity composite AEMs were analyzed and 

used in alkaline H2/O2 fuel cells. The membranes were composed of a reinforced 

poly(norbornene) BCP. It was found that light cross-linking provided critical dimensional 

stability so that very high IEC could be used without penalty of excessive water uptake and 

swelling. The improvement in fuel cell performance was greater than simply minimizing 

the membrane ohmic losses through the use of thinner membranes. Mechanical stability of 

the membrane and electrode/membrane interface is exceedingly important to the efficient 

transport of ions within the cell. The fuel cells were sensitive to the relative humidity of 

the feed gases, and the reacting gas dew points needed to be optimized to yield the highest 

peak power. The optimum AEM (15 mol% TMHDA crosslinker) and cell operating 

conditions resulted in one of the highest reported peak power densities to-date (3.4 W/cm2 

at 80 °C). It was also shown that the AEMs were stable for long periods of time (>500 h) 

under load with no change in the membrane resistance. 
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CHAPTER 5. THE IMPORTANCE OF WATER TRANSPORT IN 

HIGH CONDUCTIVITY AND HIGH-POWER ALKALINE FUEL 

CELLS 

5.1 Motivation 

Water management is a key factor in achieving high AEMFC performance. The 

AEM plays an important role in balancing the water content and distribution during device 

operation.69, 70 It has been shown that a significant majority of the reacting water at the 

AEMFC cathode is provided by back-diffusion of water produced at the AEMFC anode.71   

This suggests that high AEM water permeability is beneficial in AEMFCs.  However, 

excessive AEM water uptake can flood the ion conducting channels within the polymer 

and lead to membrane softening and mechanical failure.43, 72 Thus, high water permeability 

without high water solubility appears to be a critical feature for AEMFCs. Waters of 

hydration are necessary for hydroxide ion conduction; however, excessive unbound (i.e., 

free) water leads to low hydroxide mobility and membrane distortion.45 Hence, it is 

necessary to balance the amount of free and bound water inside the membranes to yield the 

maximum hydroxide mobility and water transport.32, 45, 46 Cross-linking is an effective way 

to reduce water uptake and swelling.35 However, AEMs with high cross-linking density 

can become too rigid, leading to worse ion mobility, mechanical properties and water 

diffusivity (i.e., high water solubility without high diffusivity).73-75 In the case of polymers 

with high IEC, light cross-linking is an effective strategy to balance the high conductivity 

and water uptake (WU) without sacrificing IEC.45, 46  In addition, thinner membranes can 

enable rapid water transport without high water uptake, and enable high current density 
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AEMFCs. Conveniently, light cross-linking also helps in the production of thin membranes 

with good mechanical properties.   

AEM carbonation upon exposure to CO2 is another important factor in AEMFC 

performance.  When CO2-containing air is fed to an operating AEMFC, the hydroxide 

anions produced by the reduction of oxygen at the positive electrode react with carbon 

dioxide to produce carbonated anions with lower mobility than hydroxide (i.e., carbonate 

or bicarbonate), increasing Ohmic-related losses.81  Additionally, these carbonated anions 

can rapidly populate the AEM and AEMFC anode, leading to significant thermodynamic 

and kinetic-related losses.71, 79  It has been stated that the adverse effects of membrane 

carbonation could be minimized by using AEMs with very high ionic conductivity so that 

the decrease in mobility upon carbonation can be mitigated and cell decarbonation during 

operation through the so-called “self-purging” mechanism can occur more rapidly. Hence, 

AEMs with very high conductivity are most desirable.45  

In this chapter, the synthesis of chemically stable AEMs with record high 

conductivity, 212 mS/cm at 80 °C, and their implementation into AEMFCs are described.  

The polymer was cast into ultra-thin, composite membranes using a PTFE reinforcement 

layer. This AEM was used to enable record performance in a hydrogen/oxygen AEMFC 

with a peak power density of 3.5 W/cm2 and maximum current density of 9.7 A/cm2 at 0.15 

V at 80 °C when water transport from the anode to cathode was controlled. Light cross-

linking was used to control the WU at high IEC in this polymer, 3.88 meq/g. It is shown 

that thin, reinforced, high-conductivity membranes with excellent water transport are a 

critical component in producing high-power AEMFCs. A comparison of AEMFC 
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membrane thickness supports the hypothesis that water transport from anode to cathode is 

a critical factor in the achievable current and power density. 

5.2 Results 

5.2.1 Fuel cell performance of composite cross-linked poly(norbornene) AEMs with 

optimized electrodes 

GT82-15 was selected for detailed analysis in an alkaline fuel cell because of its 

high conductivity and balanced WU (Table 3.2). A reinforced GT82-15 membrane was 

loaded into a 5 cm2 single cell AEMFC with identical electrodes to those published 

previously.35 In these electrodes, a small amount of PTFE is added to both the anode and 

cathode electrodes in order to help with water management.  This allows the results 

obtained in this study to be directly compared to the literature state-of-the-art.  Polarization 

curves were collected with both H2/O2 and H2/air (CO2-free) feed gases entering the cell at 

a volumetric flowrate of 1 L/min, and the results are shown in Figure 5.1.  Positively, the 

GT82-15 based AEMFC was able to achieve a power density of 3.5 W/cm2 and a maximum 

current density of 9.7 A/cm2 at 80 °C, making this cell the highest-performing AEMFC 

reported to-date.35, 109, 110 The high performance was due to a combination of factors: (i) 

very high ionic conductivity (i.e., low internal resistance loss) and (ii) very high water 

transport through the AEM from the hydrogen anode to the oxygen cathode during 

operation.  A critical current-limiting factor in AEMFC’s is the rate of water transport from 

the water-producing negative electrode to the water-consuming positive electrode.71 
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Figure 5.1 – Current-voltage (filled) and current-power density (empty) curves for 

AEMFCs with a 10 μm GT82-15 AEM, operating with H2/O2 (blue) and H2/air (red) 

feeds at 1 L/min.  The cell temperature was 80 °C.  The anode/cathode dew points 

for the cells operating with O2 and air (CO2-free) at the cathode were 66 °C /75 °C 

and 70 °C /78 °C, respectively.  The Anode: 0.70 mgPtRu/cm2; 0.05 MPa 

backpressure.  Cathode: 0.60 mgPt/cm2; 0.1 MPa backpressure. 

5.2.2 Effect of membrane thickness on water transport 

In order to show the influence of anode to cathode water transport on the achievable 

current density and peak power more definitively, two variables were changed in the 

following set of fuel cell tests.  First, the electrode composition was changed to be identical 

to a previous study where no PTFE was added to the catalyst layers.70  This is important 

because in these tests, the electrode itself does little to remove water from the anode. This 

places an even greater burden on the membrane to transport water from the anode to 

cathode.  This change in the electrodes is expected to reduce the overall achievable current 

and power, but the purpose of this experiment is to show the importance of water transport 
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through the membrane, not just achieving the highest power density.  Second, the 

membrane and membrane thickness were varied; GT78-15 membranes with thicknesses of 

10 m, 20 m and 30 m were used.  Testing different thicknesses is important because 

the diffusional flux of water from the hydrogen anode to the oxygen cathode is inversely 

proportional to thickness. The cells were operated under various conditions and their 

performance and operating HFR were measured in order to understand the water transport 

behavior during operation.  Figure 5.2 shows the results of AEMFC tests with GT78-15 

AEMs with different thicknesses.  The cell with the 10 µm membrane has a lower peak 

power density and achievable current than the cell in Figure 5.1, due to the experimental 

conditions noted above. However, the performance was still very high, and higher than 

other cells with identical electrodes.70 The optimized dew points for the cell with the 10 

µm AEM were 75 °C and 77 °C  at the anode and cathode, respectively.  The peak power 

density was 1.95 W/cm2 and the cell was able to support a current density of 6.3 A/cm2 at 

0.1 V.  Also, the average HFR during operation was 5.8 mΩ, which corresponds to an ASR 

of 0.029 Ω cm2.  The in-situ ASR of this membrane is also the lowest of any AEM reported 

to date in an operating AEMFC.   

As shown in Figure 5.2, as the thickness of the AEM increased, the achievable peak 

power density significantly decreased.  However, the decrease in current and power density 

were not caused by an increase in the voltage drop across the thicker membrane because 

the ASR of the 20 µm GT78-15 AEM was slightly lower (0.028 Ω cm2) than the HFR of 

the 10 µm GT78-15 AEM (0.029 Ω cm2). Although the ASR is proportional to the 

membrane thickness, the membrane conductivity depends on the WU.  During operation 

in a fuel cell, the hydration state of the membrane varies across the membrane as water is 
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consumed at the cathode and produced at the anode. This means that the hydration number 

in an operating cell will have a spatial dependence with a lower value at the oxygen cathode 

and a higher value at the hydrogen anode. Thus, in an operating cell, very thin membranes 

can have higher HFR because the local hydration state is less favorable. This local 

hydration gradient is likely more exaggerated in very thin membranes than thicker 

membranes. This is supported by the observation that during operation, the HFR for the 30 

µm was 80% higher than the HFR for the 20 µm AEM (i.e., 50% higher thickness led to 

80% higher HFR).  The gradient in hydration number does call into question the validity 

of ex-situ hydroxide aging of AEMs since the hydration number (i.e., local hydroxide 

concentration within the membrane) in operating cells is non-uniform and is likely to be 

low at the oxygen cathode. No degradation in performance with time was observed, 

however, and the long-term durability and of these AEMs is the subject of another study.111  
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Figure 5.2 – Current-voltage (filled) and current-power density (empty) curves for 

AEMFCs assembled with GT78-15 AEMs with three thicknesses: 10 µm, 20 µm and 

30 µm.  All cells were operated with H2/O2 reacting gases at 80 °C with no back 

pressurization.  The anode and cathode catalyst loadings were 0.70 mgPtRu/cm2 and 

0.60 mgPt/cm2, respectively.  The AEMFCs operated with 10 µm (blue) and 20 µm 

(red) were operated at anode/cathode dew points of 75 °C/77 °C.  AEMFCs 

assembled with the 30 µm AEM were operated at anode/cathode dew points of 75 

°C/77 °C (cyan) and 70 °C/72 °C (purple).   

The values for the optimized dew points of the feed gases were different for the 10 

µm and 20 µm thick membranes.  Figure 5.2 showed the performance for all cells at the 

optimized dew points for the 10 µm AEM, 75 °C and 77 °C, respectively, for the anode 

and cathode.  The optimized dew points for the 20 µm membrane were 70 °C for the anode 

and 73 °C for the cathode.  The difference in the optimized dew points is important because 

the dew point helps to set the rate of water evaporation from the anode where water is 

produced.  The water formed at the anode either evaporates into the anode reacting gas or 

diffuses across the membrane to the cathode. The lower the dew point of the incoming 

anode, the higher the rate of evaporation. If the rate of water removal from the anode is not 
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fast enough, anode flooding occurs.   Combined with the lower achievable power density 

and lower current density for the thicker membrane, the lower values for the optimum dew 

points shows that the rate of water transport through the AEM is lower, resulting in lower 

water flux and current at the oxygen cathode.  This is the first time that the AEM thickness 

and water transport rates have been linked, which is important for understanding the design 

and operation of AEMs and AEMFCs. 

The distortion of the polarization and power curves (Figure 5.2) at higher thicknesses 

and higher dew points also suggests that water dynamics are playing a significant role in 

device performance.  In the 30 µm thick AEM, there is an initial polarization that reaches 

an apparent mass transport limit at ca. 1.5 A/cm2.  Then, there is an inflection point as the 

cell passes 2 A/cm2 where this limitation appears to be somewhat alleviated.  This can be 

explained by observing the rate of water consumption at the cathode at high current.  Water 

consumption at the cathode dries out the electrode and lowers the local hydration number 

of the AEM, but a higher water flux from the anode through the membrane allows the cell 

to support a higher current density without anode-flooding.  It should be noted that the 

distorted current-voltage shape can be avoided by increasing the amount of water removed 

from the cell by lowering the oxygen dew point.  Also shown in Figure 5.2 are polarization 

and power curves for a cell with the 30 µm GT78-15 AEM operated at anode and cathode 

dew points of 70 °C and 72 °C, respectively. The cell performance at the reduced reacting 

gas dewpoints curves is denoted as “GT78-15 30 µm (RDP)”.  As shown, the polarization 

curve has a more typical shape and a higher peak power density was achieved. Lowering 

the feed gas dew points in this cell does come at the expense of reduced performance in 
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the kinetic region and higher HFR (ca. 14 mΩ) and ASR (0.07 Ω cm2) due to the relatively 

lower rate of water transport through the thicker AEM.   

The dynamics between the cell performance at one static set of dew points and 

optimal dew points for each AEM thickness shows the dew points sensitivity of AEMFCs.  

In general, the thicker the AEM, the more sensitive the AEMFC performance was to the 

reacting gas dew points.  With the thickest AEM tested here (30 µm), even the shape of the 

polarization curve changed when the reacting gas dew points were too high.  In addition, 

the distorted shape was still prevalent when the anode and cathode dew points were each 

only 2 °C higher that their optimized values.  With thinner AEMs, the shapes of the 

polarization curves were less sensitive to the dew points, as was the achievable current and 

peak power density.  For example, when the dew points for the 20 µm AEMs were 

increased by 2 °C, the peak power density decreased by ca. 5% from its maximum value 

and the current density at 0.1 V was nearly identical.  It was only when the dew points were 

increased by 6 °C to 8 °C that the peak power and achievable current density were 

significantly affected.  For the cells operating with the 10 µm AEM, their performance was 

slightly more sensitive to the dew point values than the 20 µm membranes, but the shape 

of the polarization curve did not change as a result of altering the dew points.  For these 

cells, if the dew points were either raised or lowered by 2 °C, there was around a 10% drop 

in the peak power density, although the achievable current density at 0.1 V was similar.   

Finally, in-situ stability is an important factor in all fuel cells.  Constant-current, short 

term durability tests were performed with the GT82-15 membrane-based AEMFC, Figure 

5.3 (identical configuration to the cell in Figure 5.1).  Remarkably, at a constant current 

density of 600 mA/cm2 under H2/air (CO2-free), the cell voltage loss was negligible over 
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100 h. The cell voltage fluctuation at the 80 h point was due to a change in the feed dew 

points caused by automatic filling of cold water into the test station humidifier. The high 

frequency resistance (HFR) of the cell was nearly constant over the entire experiment.  The 

extremely stable HFR suggests very little, if any, degradation of the GT82-15 membrane 

during testing, which is in good agreement with the ex-situ chemical stability tests for this 

AEM, discussed above. The most likely reason for the drop in the maximum current with 

air (about 3.5 A/cm2) compared to the maximum current density with pure oxygen (about 

9.5 A/cm2) is permeation of oxygen through the ionomer at the positive electrode. 

 

Figure 5.3 – Cell voltage at constant current (left axis) and HFR (right axis) for 

AEMFC with GT82-15. 

5.2.3 Mitigating effects of carbonation using high conductivity AEMs 

The effect of carbonation has an impact in fuel cell operation because the mobility 

of carbonate is significantly lower than hydroxide. Very high ionic conductivity AEMs like 
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the ones reported in this study can potentially mitigate the adverse effects of electrolyte 

carbonation from ambient air. Unreinforced GT64-5 and GT64-10 (Table 3.2) were 

selected for study of the carbonate conductivity because they have a good balance of 

conductivity and water uptake. The comparison of OH- and CO32- conductivity for GT64-

5 and GT64-10 with temperature is shown in Figure 5.4 (left). The OH- conductivity for 

GT64-5 was 84 mS/cm and 181 mS/cm at 25 °C and 80 °C, respectively. In the CO3
2- form, 

the conductivity of GT64-5 was 18 mS/cm and 54 mS/cm at 25 °C and 80 °C, respectively. 

For GT64-10, the conductivity before and after carbonation was 74 mS/cm vs. 15 mS/cm 

at 25 °C, and 162 mS/cm vs. 47 mS/cm at 80 °C. The activation energy (Ea) for OH- and 

CO3
2- transport was calculated from the lnσ vs. 1/T for GT64-5 and GT64-10, Figure 5.4 

(right). The Ea values were 12.3 kJ/mol (OH-) and 17.6 kJ/mol (CO3
2-) for GT64-5, and 

12.6 kJ/mol (OH-) vs. 18.4 kJ/mol (CO3
2-) for GT64-10. 
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Figure 5.4 – The measurement of OH- and CO3
2- conductivity as a function of 

temperature (left), Arrhenius plot of ln(σ) vs. inverse temperature for cross-linked 

AEMs in OH- and CO3
2- form (right). 

Other examples of membranes with very high hydroxide conductivities (e.g., >200 

mS/cm at 80 °C) have been reported in the literature. A comparison of this work to other 

high conductivity AEMs is shown in Table 5.1. The anion conducting films synthesized in 

this study are still the only stable AEMs with little or no degradation (<1.5% degradation 

over 1000 h at 80 °C in 1 M NaOH) with >200 mS/cm ionic conductivity at 80 °C. 

Previously, Wang et al. synthesized radiation-grafted HDPE and LDPE AEMs with high 

hydroxide conductivity, 202 to 214 mS/cm at 80 °C; however, there was 6.2 to 8% decrease 

in conductivity after 500 h ex-situ aging.108, 110 Later, Zhu et al. developed crossed-linked, 

comb-shaped PPO films with ionic conductivity of 200 mS/cm (80 °C) that showed a 27% 

decrease in conductivity after 500 h aging.50 Recently, Zhu et al. reported an AEM able to 

achieve 201 mS/cm (80 °C) and 15.8% loss in conductivity over 1000 h with poly(olefin)-

based AEMs.112 Jannasch reported QPip-tethered PPO based AEMs with high ionic 

conductivity of 221 mS/cm at 80 °C, but 15% degradation occurred after only 240 h.113 

Recently, we have reported the synthesis of poly(norbornene) films by vinyl addition and 
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ROMP.45, 46 The films have high ionic conductivity, ca. 200 mS/cm (80 °C), and no 

detectable loss in ionic conductivity in ex-situ aging at 80 °C .  

 

Table 5.1 – Properties (hydroxide ion conductivity, alkaline stability, water uptake 

etc.) of highly conducting (>190 mS/cm at 80 °C) AEMs. 

Membrane OH- 

Conductivity 

(mS/cm)b 

IEC 

(meq/g)d 

Water 

Uptake 

(%)e 

Alkaline Stabilityf Reference 

Cross-linked membranes using VA 

poly(norbornene) 

198 3.43 69 <1.5% degradation after 1000 h 45 

Cross-linked membranes using 

ROMP poly(norbornene) 

195 4.51 115 Retained its initial conductivity 

after 792 h 

46 

Cross-linked membranes using VA 

poly(norbornene)a 

212 3.84 

(3.76) 

122 <1.5% degradation after 1000 h This work 

HDPE-based radiation-grafted 

AEM 

214c (2.44) 155 8% drop in ionic conductivity 

after 500 h 

110 

LDPE-based radiation-grafted AEM 202c (2.54) 149 6.2% drop in ionic conductivity 

after 500 h 

108 

Crossed-linked comb-shaped PPO 

membranes 

200 2.63 

(2.35) 

144 27% decrease in conductivity 

for similar membrane after 500 

h 

50 

Poly(olefin)-based AEMs 201 2.76 

(2.41) 

193 15.8% degradation after 1000 h 112 

AEM Based on QPip-Tethered PPO 221 2.8 

(2.6) 

115 15% degradation after 240 hg 113 

a Block copolymers using bromobutyl norbornene (BBNB) as the halogenated block. b OH- conductivity was measured at 80 °C. c 

Measured at 100% relative humidity. d Theoretical IECs was determined by 1H NMR or feed ratio, numbers in the brackets indicate 

the IECs by titration. e Water uptake was measured at room temperature. f Stability assessment was performed at 80 °C in 1 M 

NaOH or 1 M KOH. g Measurement was performed at 90 °C. VA = vinyl addition; ROMP = ring-opening metathesis 

polymerization. 
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5.3 Discussion 

High ionic conductivity, rapid water transport, long-term alkaline stability and the 

ability to make thin, robust membranes are the key properties that are needed from AEMs 

in AEMFCs. The work of this chapter shows that the critical AEM features responsible for 

the leap in fuel cell performance shown here are the mechanical properties (i.e., ability to 

fabricate ultra-thin membranes) and water transport (i.e., transporting water from the anode 

to the water-consuming cathode). Water removal from the anode is critical for preventing 

anode flooding and supplying water to the oxygen cathode. Humidification or 

dehumidification of the feed gases alone is not sufficient for achieving high current density 

because the inner portion of the electrodes (closest to the AEM) are the most active regions. 

Thus, high water flux from the anode to the cathode is the most effective means of 

mitigating anode flooding and supplying the water to the cathode. Ultra-thin membranes 

facilitate high flux rates for water and minimize the parasitic voltage drop across the 

membrane.  Very light cross-linking in the AEMs used here provided enough control over 

WU so that very high IEC values could be used without mechanical distortion of the 

membranes. 

The effect of carbonation has a significant impact in fuel cell operation because the 

mobility of carbonate is significantly lower than hydroxide. The ratio of the OH- to CO3
2- 

mobility was 4.7 (GT64-5) and 4.9 (GT64-10) at 25 °C (Figure 5.4). This is in agreement 

with a previous reported mobility ratio of 5.79 That is, carbonate has only about 20% to 

22% of the mobility of hydroxide at 25 °C. At 80 °C, the mobility ratio decreased to 3.4 

and 3.7 for GT64-5 and GT64-10, respectively (Figure 5.4). Hence, the adverse effect of 

carbonation on anion mobility becomes comparatively less significant at fuel cell-relevant 
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temperatures. The anionic conductivity of the AEMs discussed in this work and others 

(Table 5.1) display record high hydroxide conductivities (e.g., >200 mS/cm at 80 °C). 

However, to reach an acceptably high CO3
2- conductivity (>100 mS/cm) for a fuel cells, 

the ionic conductivity of the AEMs would likely still need to double if the polymer 

electrolyte becomes completed carbonated from CO2 exposure. It is noted AEMFC 

carbonation has other negative effects on fuel cell performance, such as lowering the pH 

at the negative electrode, inducing kinetic losses at the anode, and build-up of CO2 in the 

hydrogen fuel if it is recirculated.71, 79 

5.4 Conclusion 

A series of highly conductive cross-linked poly(norbornene) membranes were used 

in AEMFCs. The precursor polymers were cross-linked with a hexyl diamine (TMHDA) 

in different mol% with respect to the halogenated monomer in the polymer chain. It was 

found that the mechanical properties and ability to form ultra-thin membranes was critical 

to obtaining high fuel cell performance by enabling efficient water transport from anode to 

cathode. Light cross-linking was found to be effective for mitigating the effect of high IECs 

towards high water uptake and low mechanical stability. The 10.1 bound water molecules 

and 7.6 free water molecules were optimum for hydration and effective conduction of ions 

through the film (GT82-5) to produce maximum ionic conductivity. Record high ionic 

conductivity of 212 mS/cm at 80 °C was achieved with only <1.5% loss in ionic 

conductivity over 1000 h of aging in 1 M NaOH at 80 °C and were stable up to 400 °C. 

The H2/O2 fuel cell performance at 80 °C showed a peak power density of 3.5 W/cm2 and 

maximum current density of 9.7 A/cm2, the highest reported to date.  
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CHAPTER 6. IONOMER OPTIMIZATION FOR WATER 

UPTAKE AND SWELLING IN ANION EXCHANGE MEMBRANE 

ELECTROLYZER: OXYGEN EVOLUTION ELECTRODE 

6.1 Motivation 

Solid polymer electrolyte electrolysis based on alkaline exchange membranes 

(AEM) seeks to combine the advantages of conventional alkaline electrolysis (AEL) and 

proton exchange membrane electrolysis (PEMEL).28, 42, 114-117 A schematic of an AEM 

electrolysis (AEMEL) cell is shown in Figure 6.1 along with its half-reactions. Like AEL, 

AEM electrolysis systems have facile OER kinetics and electrodes that can use no (or little) 

platinum group metals. The polymer membranes used in AEM-based systems have been 

advanced in recent years, with development of high conductivity, stable and low-cost 

membranes used in hydrogen/oxygen AEM fuel cells. Fuel cells with up to 3.5 W/cm2 at 

peak power density have been demonstrated.2, 32, 35, 36, 45, 46, 108, 111, 118 Furthermore, 

AEMELs do not require circulation of a highly concentrated alkaline electrolyte. Rather, 

the solid polymer electrolysis process uses a liquid water feed which may contain a dilute 

salt for pH control and may be recirculated.116, 119 
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Figure 6.1 – Schematic of the low-temperature AEM electrolysis cell configuration 

and associated half-reactions used in this study. 

While AEM performance has advanced in recent years, less attention has been paid 

to the anion conductive ionomer (ACI) in the catalyst layers, especially with regards to 

AEMEL. Both fuel cell and electrolyzer electrodes are often fabricated via the catalyst-

coated substrate (CCS) method by spraying a slurry of catalyst, ionomer and solvent 

directly onto a gas diffusion layer (GDL). The deposited catalyst and ionomer mixture form 

the catalyst layer on the surface of the GDL after solvent evaporation. The main functions 

of the ionomer are to provide an ionic pathway between the catalyst sites and AEM and 

provide adhesion of the components within the electrode. High ionic conductivity and 
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chemical stability are important attributes of the electrolyzer ACI.42, 120 The ionomers do 

not need to form free-standing films so mechanical strength and polymer chain 

entanglement are less of an issue, compared to AEMs.82 Adhesion of the catalyst and 

ionomer to the current collector within the electrode is especially important in electrolyzers 

where liquid water is present and gas is vigorously evolved at the electrodes. The gaseous 

hydrogen and oxygen products may form bubbles between the membrane catalyst layer 

which can cause MEA delamination.121  This is not as important in fuel cells where 

reactants are supplied in gas form and catalyst detachment is less of an issue. High ion 

exchange capacity (IEC) ionomers are favored because they have higher ionic conductivity 

and are generally stickier than low IEC ionomers. However, water management and 

excessive water uptake (WU) within the electrodes has been found to be a critical factor in 

achieving high performance in AEM fuel cells.36, 69, 70, 122 Electrode swelling due to 

excessive WU can disrupt the three-phase boundary between the catalyst, ionomer and 

current collector. Improved fuel cell performance was achieved by optimizing ionomer 

properties through a trade-off between conductivity and WU.17, 123, 124 Hydrophobic 

additives have also been shown to be a useful tool for controlling water uptake within the 

catalyst layer in AEM fuel cells.35  

In this chapter, a series of poly(norbornene) tetrablock copolymers and 

homopolymers were used as the OER ionomer in AEMEL to investigate the trade-offs 

between WU and conductivity. Cross-linking within the ACI was used to control its 

hydrophilicity and water uptake so that the benefits of high conductivity ionomers could 

be realized without the penalty of excess water swelling. To the author’s knowledge, this 

work demonstrates the first application of a cross-linked OER ionomer in an AEM water 
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electrolyzer and explains the balance between ionic conductivity and WU in achieving 

optimal device performance. 

6.2 Results 

6.2.1 Optimization of OER ionomer content 

The ACI content in the oxygen-evolving anode was first evaluated by comparing 

MEAs with four levels of GT25 (Table 3.1) ionomer content: 15%, 25%, 30% and 45%. 

Steady state electrolysis tests were performed at 1A/cm2 with 3 wt% carbonate in the anode 

water feed. The resulting cell voltage at 1A/cm2 was 1.76 V, 1.70 V, 1.73 V and 1.89 V for 

the MEAs with 15%, 25%, 30% and 45% ionomer content, respectively. The area specific 

resistance for the four MEAs was 0.33 Ohm-cm2 (15% ionomer), 0.30 Ohm-cm2 (25% 

ionomer), 0.38 Ohm-cm2 (30% ionomer) and 0.38 Ohm-cm2 (45% ionomer). Figure 6.2 

shows a comparison of the polarization curves of the MEAs with the different wt% ionomer 

in the OER catalyst layer. Figure 6.3 shows the steady state response while the cell was 

operated at constant current density of 1 A/cm2. The highest ionomer content, 45%, showed 

a significant increase in cell voltage with time due to disruption in the ionic and gas 

pathways. Based on this set of experiments, 25% ionomer content was used in the anode 

for the remainder of the study, unless otherwise noted.   
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Figure 6.2 – Comparison of polarization curves of MEAs with various OER ionomer 

content after break-in. The AEM was radiation grafted ETFE (25 μm thick). The 

anode ionomer was GT25 and catalyst was PbRuOx. The cathode ionomer was 

GT73 (20 wt%) and catalyst was PtNi. 
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Figure 6.3 – Cell voltage vs. time of MEAs with various OER ionomer content at 1 

A/cm2. The AEM was radiation grafted ETFE (25 μm thick). The anode ionomer 

was GT25 and catalyst was PbRuOx. The cathode ionomer was GT73 (20 wt%) and 

catalyst was PtNi. 

6.2.2 Effect of OER ionomer ion exchange capacity 

Six ionomers with different IEC values (GT0, GT18, GT32, GT75, GT82, GT100) 

were investigated in the oxygen-evolving anode using IrO2 catalyst (Table 3.1). The 

samples were divided into four groups based on their IEC and hydrophilicity, namely (i) 

non-ionic homopolymer (GT0), (ii) low IEC tetrablock copolymer (GT18, GT32), (iii) high 

IEC tetrablock copolymer (GT75, GT82), and (iv) fully ionic homopolymer (GT100).  
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Figure 6.4 shows a comparison of the polarization curves for MEAs from 0 to 450 

mA/cm2 for the six ionomers. The MEAs containing low IEC tetrablock copolymers ACIs 

(i.e., GT18, GT32), showed the best (lowest) cell voltage among the six ionomers tested. 

The MEA with GT18 had the lowest cell voltage (1.59 V and 1.86 V for 100 mA/cm2 and 

500 mA/cm2, respectively). The MEA with the GT32 ionomer had a slightly higher cell 

voltage (1.62 V and 1.98 V for 100 mA/cm2 and 500 mA/cm2, respectively). The MEA 

with the zero IEC ionomer (GT0) had a slightly higher cell voltage, 1.69 V and 2.46 V for 

100 mA/cm2 and 500 mA/cm2, respectively, even though it had no ionic conductivity. The 

ionomers with the highest IEC (i.e., GT75, GT82 and GT100) showed the worst 

performance among the six non-cross-linked ACI samples tested. The MEA with the 

hydrophilic ionomer (GT100) had a cell voltage of 1.83 V and 2.67 V at 100 mA/cm2 and 

500 mA/cm2, respectively. The MEA with the GT75 ionomer had a more extreme cell 

voltage of 2.08 V at for 100 mA/cm2. At 450 mA/cm2, the cell voltage was greater than 3 

V.  In addition, catalyst detachment from the GDL occurred with electrode material 

observed coming out of the anode gas exhaust. The is likely the cause of the rapid rise in 

voltage over the first hour of operation for the GT75 and GT82 MEAs. Lastly, the MEA 

with the GT82 ionomer had a cell voltage of 2.11 V at 100 mA/cm2, which was the highest 

among the non-cross-linked ACI samples tested. The trends observed in the polarization 

curves are consistent with the constant current results at both low current density (100 

mA/cm2) and high current density (500 mA/cm2), Figure 6.5.  
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Figure 6.4 – Comparison of polarization curves of MEAs with OER ionomers of 

various ion exchange capacities after break-in. The AEM was GT74 with a PTFE 

reinforcement layer (50 μm thick, 5 mol% cross-linking). The anode catalyst was 

IrO2. The cathode ionomer was GT32 (20 wt%) and catalyst was Pt/C. 
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Figure 6.5 – Cell voltage vs. time for MEAs with OER ionomers of various ion 

exchange capacity at 100 mA/cm2 (left) and 500 mA/cm2 (right). The AEM was 

GT74 with a PTFE reinforcement layer (50 μm thick, 5 mol% cross-linking). The 

anode catalyst was IrO2. The cathode ionomer was GT32 (20 wt%) and catalyst was 

Pt/C. 

6.2.3 Effect of hydrophobic additive 

The selection of 25% ACI loading discussed above was retested with GT11 (Table 

3.1) ionomer in the oxygen evolving anode to confirm that the loading was optimum for 

different IEC ionomers. Four levels of ionomer loaded were used. A baseline anode (25% 

ionomer) was made using the same ionomer-to-catalyst ratio as the above-mentioned 

experiments using GT11 as the ionomer and IrO2 as the OER catalyst. Two variations of 

this anode electrode were fabricated with higher (50%) and lower (12.5%) ionomer 

content. A fourth anode type (denoted as “25% Ionomer + 8% PTFE”) was constructed to 

test the effect of adding a small amount of hydrophobic PTFE (8 wt% with respect to the 

dry mass of solids) to the baseline anode composition. The addition of PTFE to the ionomer 

slurry is known to make the electrode more hydrophobic. The amount of catalyst in these 

formulations was kept the same as the baseline to isolate the effect of the anode ionomer 
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loading. Figure 6.6 shows the polarization curves from 0 to 1 A/cm2 taken after 1 hr of 

operation at 100 mA/cm2. The cell voltage over time at 100 mA/cm2 is shown in Figure 

6.7.  Among the four cells tested, the more hydrophobic MEA with added PTFE showed 

the best overall performance with stable operation at 100 mA/cm2 with a cell voltage of 

1.71 V.  The MEA with 25% ionomer content had a slightly higher cell voltage, 1.76 V, at 

the same current density, although it was the best non-PTFE cell. The cell voltage with less 

ionomer (12.5%) was the worst performing electrode within this set. The electrode with 

higher ionomer (50%) was worse than the 25% ionomer electrode but better than the 12.5% 

ionomer electrode. This shows that choking-off the ionic and gas pathways with too much 

ionomer (50% ionomer) has a penalty, and not providing enough ionic conductivity (12.5% 

ionomer) also has a penalty. In addition, the cell with 12.5% ionomer content showed an 

initial cell voltage of 1.84 V and increased over time. The cell with 50% ionomer showed 

stable operation but had the highest cell voltage among the four MEAs (1.89 V at 100 

mA/cm2).  
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Figure 6.6 – Comparison of polarization curves of MEAs with various amounts of 

OER ionomer and PTFE after break-in. The AEM was GT74 with a PTFE 

reinforcement layer (35 μm thick, 5 mol% cross-linker). The anode ionomer was 

GT11 and catalyst was IrO2. The cathode ionomer was GT32 (20 wt%) and catalyst 

was Pt/C. 
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Figure 6.7 – Cell voltage vs. time for MEAs with various OER ionomer content and 

PTFE at 100 mA/cm2. The AEM was GT74 with a PTFE reinforcement layer (35 

μm thick, 5 mol% cross-linking). The anode ionomer was GT11 and catalyst was 

IrO2. The cathode ionomer was GT32 (20 wt%) and catalyst was Pt/C. 
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effect on electrode hydrophobicity and not conductivity, or the PTFE changed the ionomer 

distribution in some way so as to improve the effective conductivity. 

 

 

Figure 6.8 – Comparison of Nyquist plots of MEAs with various amounts of OER 

ionomer and PTFE. The AEM was GT74 with a PTFE reinforcement layer (35 μm 

thick, 5 mol% cross-linking). The anode ionomer was GT11 and catalyst was IrO2. 

The cathode ionomer was GT32 (20 wt%) and catalyst was Pt/C. 
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Table 6.1 – EIS data of MEAs with various amounts of GT11 ionomer and PTFE. 

Sample  

(Ionomer wt%) 

HFR  

(Ohm-cm2) 

LFR  

(Ohm-cm2) 

Rct  

(Ohm-cm2) 

25% 0.39 5.27 4.88 

50% 0.44 5.27 4.84 

12.5% 0.39 4.80 4.40 

25% + 8% PTFE 0.45 1.10 0.65 

    

6.2.4 Effect of OER ionomer water uptake 

The WU of the OER electrode was investigated and the electrode performance was 

improved by controlling the water swelling of the ionomer via polymer cross-linking. 

MEAs with cross-linked, high IEC ionomers were used because they have excellent ionic 

conductivity without excessive WU.  A high IEC tetrablock copolymer, GT72 (Table 3.1), 

was selected as the baseline polymer for the cross-linked ACI experiments. Three levels of 

cross-linking (5 mol%, 10 mol%, and 15 mol%) were used. The properties of the cross-

linked ionomers are listed in Table 3.2. GT72 had a high degree of swelling without any 

cross-linking and with a WU of over 1000%. The WU of the cross-linked ionomers was 

much lower, 96% WU, by adding a small amount of TMHDA (5 mol%). Increasing the 

amount of cross-linker further lowered the WU to 78% and 66% for 10 mol% and 15 mol% 

cross-linker, respectively. The conductivity of the cross-linked ionomers also remained 

high (>130 mS/cm) with a slight decrease at higher cross-linker content. 
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Figure 6.9 shows the cell voltage vs. time at 1 A/cm2 for MEAs fabricated with 

different OER ionomers. MEAs constructed with GT11 and GT38 OER ionomers (same 

catalyst system) are also shown for comparison to previous tests. The MEA with GT11 had 

an initial cell voltage of 1.79 V at 1 A/cm2 but increased gradually over time. The cells 

with cross-linked ionomer had the lowest cell voltage among all samples tested. The 10 

mol% cross-linked ionomer performed slightly better than the other two cross-linked 

ionomers, with an initial cell voltage of 1.75 V at 1 A/cm2. The MEAs with 5 mol% and 

15 mol% cross-linked ionomers had cell voltages of 1.77 V and 1.78 V, respectively. This 

results shows that the high conductivity of GT72 ionomer can only be used if its WU can 

be controlled. 
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Figure 6.9 – Cell voltage vs. time for OER ionomers at 1 A/cm2 constant current. 

The anode catalyst was PbRuOx. The cathode ionomer was GT74 (20 wt%) and the 

catalyst was PtRu on ECS-3701. 

6.3 Discussion 
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addition of PTFE show that MEA performance is strongly influenced by WU. Although 
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with low IEC ionomer had significantly better performance than any of the non-cross-
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and GT32) had similar performance even though the number average molecular weight of 

GT32 was three times higher than that of GT18. Thus, the molecular weight of the anode 

ionomer does not appear to have been a major factor in performance.  

The critical factor in anode performance is the WU of the OER electrode, in the 

form of hydrated ACI. The electrodes with high IEC ionomers all had very high WU 

(>1000%) which causes the material to swell and negates the benefit of high ionic 

conductivity. It is noted that the volume fraction of hydrated ionomer in the electrode is 

significantly greater in the case of electrodes with high IEC ionomer compared to low IEC 

ionomers, even though the dry mass of the ionomer was the same. Excess WU can swell 

the ionomer and disrupt the three-phase boundary needed in the electrode. It is also possible 

that high ionomer swelling can decrease the void volume between the catalyst particles. 

An electrically insulating film of residual ionomer can form around the catalyst particles 

leading to a higher contact resistance and kinetic overpotential as suggested by Bernt et 

al.125 In the case of GT0, hydroxide ions are transported through the ionomer via diffusion 

only. The oxygen evolution reaction can take place at catalyst sites that are supplied with 

hydroxide via the ionomer or the carbonate water feed at the anode. GT18 and GT32 have 

higher conductivity than GT0 and modest water uptake (15% and 63%, respectively). By 

increasing the IEC from GT0 to GT18 or GT32, hydroxide ions can be more efficiently 

shuttled to catalyst sites which resulted in improved cell performance.126 Without proper 

management of the WU in the electrode, the benefits of having even higher ionic 

conductivity (e.g., GT75 and GT82) are negated due to ionomer swelling, as occurred in 

the high IEC, non-cross-linked ionomer.  
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The high IEC ionomer with excessive WU also had a detrimental effect on catalyst 

durability. In Figure 6.5, the rapid rise in cell voltage over the first hour of operation for 

both the GT75 and GT82 MEAs is attributed to catalyst detachment from the GDL, as was 

observed in the anode gas exhaust. Similarly, the MEA containing the highest IEC ionomer 

(GT100) had a high cell voltage and showed an undesirable rise in cell voltage over time 

due to catalyst detachment. Catalyst detachment was observed while operating at both low 

and high current density. The high IEC ionomers have excessive swelling and are more 

soluble in water which causes the ionomer and catalyst to lose adhesion and be washed 

away by the water feed during operation. Thus, even though the high IEC OER ionomers 

were stickier (a desirable attribute in electrode fabrication), the high WU negated the 

benefit. 

Figure 6.8 demonstrates that the water content in the OER electrode can be 

managed successfully via the introduction of hydrophobic additives. Adding PTFE to the 

anode ink improved the cell voltage and charge transfer resistance due to a reduction in 

water content within of the OER catalyst layer. However, the results also highlight the 

sensitivity of cell resistance to the ionomer-to-catalyst ratio. The addition of PTFE 

increases the effective ionomer/binder-to-catalyst ratio slightly (up from 25% to 31%) 

which resulted in a 17% increase in the HFR from the baseline. A similar trend was 

observed in the MEA where the OER ionomer content was increased (50% ionomer). The 

cell voltage at 100 mA/cm2 was 7% higher than the baseline cell because the HFR was 

increased by 13% due to the insulating effect of the higher ionomer volume fraction. On 

the other hand, the electrode showed severe durability issues when there was an inadequate 

amount of binder. The MEA with reduced ionomer content (12.5% ionomer) showed that 
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insufficient binder led to catalyst detachment accompanied by a rise in cell voltage over 

time. Many reports have previously shown that 10 to 20 wt% is the optimal amount of 

binder for AEM electrolyzers.8, 125 The results of this study suggest the need to manage 

WU without modifying the ionomer to catalyst ratio, and it is more important to consider 

the hydrated mass of the ACI rather than its dry mass.  

Modification of the molecular structure of the ionomer to reduce water uptake has 

been achieved in the past through cross-linking.45, 46 The addition of the cross-linker 

significantly lowers WU of the ionomer while only marginally affecting the IEC and ionic 

conductivity of the ionomer. To enable the use of a high IEC ACI while maintaining 

reasonable water uptake, light cross-linking was introduced to limit the swelling of the 

ionomer. Restricting the ionomer WU increased the density of quaternary ammonium head 

groups in the hydrated ionomer and facilitated more efficient ion conduction. The WU of 

the high IEC cross-linked ionomers was similar to the WU of the non-cross-linked GT38 

ionomer, yet the conductivity of the cross-linked, high IEC ionomer was 28 to 72% higher. 

Figure 6.9 shows that all three of the MEAs containing cross-linked ionomers had a lower 

cell voltage than any of the non-cross-linked ionomer electrodes. The average cell voltage 

of the cross-linked ionomer samples was similar (1.77 V at 1 A/cm2), showing that cell 

performance has low sensitivity to the amount of cross-linker present in the OER electrode, 

within the range tested. It is also noted that the cell performance of 1.77 V at 1 A/cm2 is 

very favorable compared to state-of-the-art performance.127  

These results demonstrate that the use of light cross-linking provides a way to use 

their high ionic conductivity without inducing excessive WU and destructive swelling. It 

also shows that the dry weight of the ionomer is a misleading metric when constructing 
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MEAs, when excessive WU can occur. The results also suggest that other means, such as 

polymer molecular structure and highly hydrophobic monomers, can be used to control 

ionomer hydrophobicity in high ionic conductivity ionomers without altering the ionomer-

to-catalyst ratio. 

6.4 Conclusion 

 A series of poly(norbornene) tetrablock copolymers and homopolymers with 

widely varying ion exchange capacities were synthesized and used in the fabrication of 

oxygen evolving electrodes in low-temperature AEM electrolyzers. It was found that 

ionomers with low or zero IEC outperformed ionomers with very high IEC and ionic 

conductivity. Excessive swelling of the high IEC ionomer was identified as the cause of 

poor performance. Uncontrolled WU caused an increase in ionic and electronic resistance 

and also caused durability issues in the form of catalyst detachment. Control over the water 

content in the catalyst layer was first achieved through the addition of a small amount of a 

PTFE hydrophobic agent. However, the ionomer-to-catalyst ratio was found to be a 

particularly sensitive parameter for maintaining a proper water balance and adhesive 

properties. Light cross-linking within the OER ionomer was a more effective way to limit 

swelling of the ACI and allowed the conductivity benefits of high IEC ionomers to be used 

in the oxygen evolving electrode. The cross-linked, high IEC ionomers had comparable 

WU to non-cross-linked, low IEC ionomers. They showed an improvement of over 150 

mV in cell voltage, demonstrating that the benefits of higher conductivity could be used as 

long as WU was properly managed. Overall, modification of the ionomer structure was 

found to be the preferred method of reducing WU. The results of this study provide 

guidance for optimizing OER electrodes in AEM electrolyzers to achieve maximum ionic 
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conductivity while properly managing water content. Optimization of the ionomer in the 

HER electrode in AEM electrolyzers will be the focus of a future study. 
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CHAPTER 7. IONOMER OPTIMIZATION FOR WATER 

UPTAKE AND SWELLING IN ANION EXCHANGE MEMBRANE 

ELECTROLYZER: HYDROGEN EVOLUTION ELECTRODE  

7.1 Motivation 

In the previous chapter, the ACI in the oxygen evolution electrode (OER) was 

optimized through a trade-off between conductivity and WU.128 In this study, a family of 

poly(norbornene) tetrablock copolymers were synthesized and used to investigate the 

properties of the hydrogen evolution reaction (HER) ionomer in low-temperature AEM 

electrolysis cells. The ion exchange capacity (IEC) of the ionomers (1.49 to 3.60 meq/g) 

was adjusted by controlling the ratio of ion conducting to non-ion conducting norbornene 

monomers in the ACI and used to control the hydrophilicity and water uptake within the 

cathode catalyst layer. Ionic conductivity and swelling due to WU are especially important 

at the negative electrode because water is used as a reactant in the HER. Light cross-linking 

of the ionomer was used to maintain adequate WU in high IEC ionomers without the 

penalty of excessive swelling or dry-out. Optimization of the ionomer loading was also 

performed. This work compliments the previous chapter on the use of cross-linked high 

IEC OER ionomer in an AEM water electrolyzer and highlights for the first time the 

differences in ionomer requirements between the OER and HER electrodes.129 

7.2 Results 

7.2.1 Optimization of HER ionomer content 
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The ACI content in the hydrogen-evolving cathode was first investigated by 

comparing MEAs with four GT74 (Table 3.1) ionomer loadings: 10%, 15%, 20% and 30%. 

The tests were performed at 1 A/cm2 and identical anodes. The resulting cell voltage using 

the four ACIs was 1.80 V, 1.82 V, 1.82 V and 1.86 V for the MEAs with 10%, 15%, 20% 

and 30% HER ionomer content, respectively. The area specific resistances of the four 

MEAs were similar, though there was a slight increase with ionomer content: 0.83 Ω-cm2 

(10% ionomer), 0.84 Ω-cm2 (15% ionomer), 0.86 Ω-cm2 (20% ionomer) and 0.87 Ω-cm2 

(30% ionomer). Figure 7.1 shows a comparison of the polarization curves of the MEAs 

with the different ionomer content in the HER catalyst layer. Figure 7.2 shows the steady 

state response for these MEAs operated at 1 A/cm2.  This set of results shows that the 

electrode with 10% ionomer gave the best performance, although there was not a sharp 

drop-off from 10% to 20% ionomer. Electrodes with less than 10% ionomer content did 

not perform as well. It is also noted that higher ionomer content (i.e., 30% in Figure 7.2) 

showed an increase in current with time indicative of electrode flooding. 
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Figure 7.1 – Comparison of polarization curves of MEAs with various HER ionomer 

content. The AEM was GT69 with a PTFE reinforcement (40 μm thick, 15 mol% 

cross-linking). The anode ionomer was GT25 (25 wt%) and catalyst was PbRuOx. 

The cathode ionomer was GT74 and the catalyst was PtNi. 
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Figure 7.2 – Cell voltage vs. time for MEAs with various HER ionomer content at 1 

A/cm2. The AEM was GT69 with a PTFE reinforcement (40 μm thick, 15 mol% 

cross-linking). The anode ionomer was GT25 (25 wt%) and catalyst was PbRuOx. 

The cathode ionomer was GT74 and catalyst was PtNi. 

7.2.2 Effect of HER ionomer ion exchange capacity 

Next, the effect of HER ionomer IEC was investigated at a constant ionomer 

loading of 20 wt%. Figure 7.3 shows polarization curves from 0 to 500 mA/cm2 for 
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cathode (2.11 V vs. 2.21 V).  Figure 7.4 shows the cell voltage vs. time for these two MEAs 

at 500 mA/cm2 constant-current operation. The electrode with GT74 trended toward lower 

cell voltage with time, down to 2.05 V while GT32 trended up to 2.26 V. The upward trend 

of GT32 with time may be indicative of electrode dry out as the electrode consumes water. 

These trends indicate that water balance in the HER electrode is a critical factor with dry-

out possible with GT32 (i.e., rising voltage with time) and GT74 showing adequate water 

retention to support 500 mA/cm2.  

 

Figure 7.3 – Comparison of polarization curves of MEAs with HER ionomers of 

high and low ion exchange capacities. The AEM was unreinforced GT74 (54 μm 

thick, 5 mol% cross-linking). The cathode catalyst was Pt/C. The anode ionomer 

was GT38 (25 wt%) and the catalyst was IrO2. 
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Figure 7.4 – Cell voltage vs. time for MEAs with high and low IEC HER ionomers at 

500 mA/cm2. The AEM was unreinforced GT74 (54 μm thick, 5 mol% cross-

linking). The cathode catalyst was Pt/C. The anode ionomer was GT38 (25 wt%) 

and the catalyst was IrO2. 
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in Table 3.2. The hydroxide conductivity of GT72, GT72-1 and GT72-3 could not be 

measured because there was insufficient cross-linker to form a mechanically stable, free-

standing film for measurement, although the polymers could be used as ionomer. GT72 

had a high degree of swelling without any cross-linking and the estimated WU was greater 

than 1000%. The WU decreased significantly with increasing cross-linker content. The 

WU of GT72-1 was less than half that of the uncross-linked version (502%). Further 

increases in the cross-linker content lowered the WU to 198% (GT72-3), 96% (GT72-5) 

and 78% (GT72-10). The IEC of the cross-linked samples not significantly affected by 

cross-linker content, ranging from 3.47 (GT72-10) to 3.54 meq/g (GT72). The conductivity 

of the cross-linked ionomers remained high (>150 mS/cm) but decreased slightly with 

cross-linker content. 

 Figure 7.5 shows the polarization curves for AEMELs deploying the cross-linked 

ionomers from 0 to 500 mA/cm2. At low current density (100 mA/cm2), the performance 

of all of the MEAs was nearly identical. The difference in performance was more 

distinguishable at high current density (500 mA/cm2). The trend observed at 1 A/cm2, 

Figure 7.6, matched the trend in the polarization curves. The MEA with 10 mol% cross-

linker had the highest steady-state cell voltage among all samples tested (1.89 V). The 

MEA with 5 mol%, and 1 mol% cross-linker had cell voltages of 1.84 V and 1.80 V, 

respectively. The MEA with no cross-linker had a cell voltage of 1.83 V. The MEA with 3 

mol% cross-linker had the best constant-current cell voltage among all samples tested, 1.77 

V, which was an improvement of 120 mV over the MEA with 10 mol% crosslinker. The 

constant-current cell voltage (at 1 A/cm2) and water uptake as a function of the amount of 
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cross-linker are plotted in Figure 7.7. A minimum in-cell voltage at 3 mol% cross-linker 

was observed with a corresponding water uptake of 198%. 

 

Figure 7.5 – Comparison of polarization curves of MEAs with cross-linked HER 

ionomers. The AEM was GT72 with PTFE reinforcement (30 μm thick, 10 mol% 

cross-linking). The anode ionomer was GT72-10 (25 wt%) and catalyst was 

PbRuOx. The cathode catalyst was PtNi. 
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Figure 7.6 – Cell voltage vs. time for MEAs with cross-linked, high IEC HER 

ionomers at 1 A/cm2. The AEM was GT72 with PTFE reinforcement (30 μm thick, 

10 mol% cross-linking). The anode ionomer was GT72-10 (25 wt%) and catalyst 

was PbRuOx. The cathode catalyst was PtNi. 
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Figure 7.7 – Cell voltage at 1 A/cm2 (red) and water uptake (blue) vs. cross-linker 

concentration. The AEM was GT72 with PTFE reinforcement (30 μm thick, 10 

mol% cross-linking). The anode ionomer was GT72-10 (25 wt%) and catalyst was 

PbRuOx. The cathode catalyst was PtNi. 

The effect of ACI molecular weight was tested by comparing the performance of 
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with GT72 (1.83 V). The addition of cross-linker to GT74 showed an 18 mV increase in 

cell voltage compared to its non-cross-linked form.  

 

Figure 7.8 – Cell voltage vs. time for MEAs with HER ionomers at 1 A/cm2. The 

AEM was GT72 with PTFE reinforcement (30 μm thick, 10 mol% cross-linking). 

The anode ionomer was GT72-10 (25 wt%) and catalyst was PbRuOx. The cathode 

catalyst was PtNi. 
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OER ionomer where low IEC ionomers (with low conductivity and WU) outperformed 

high IEC ionomers in the absence of polymer cross-linking.128 In the case of the OER 

electrode, WU was the critical factor in performance because excess swelling in the water-

fed electrode negated the benefits of high ionic conductivity. Conductivity still played a 

role in cell performance, but it was a weak factor when there was high WU, especially in 

the flooded anode.  The HER electrode, on the other hand, requires a higher local water 

activity because water is consumed at the HER electrode to form hydrogen and hydroxide 

ions, and is supplied only by diffusion from the water reservoir at the anode. The HER 

electrode is also a drier environment than the anode because it is not being supplied 

externally with liquid water. These results show that a more hydrophilic environment is 

needed at the HER electrode than at the OER electrode for optimal cell performance. 

Figure 7.2 shows that cell performance was improved when the water content was 

changed by lowering the amount of high-IEC ionomer in the HER electrode. The volume 

fraction of water in the electrode (in the form of hydrated ionomer) decreases when the 

ionomer-to-catalyst ratio is decreased. The MEA with the lowest amount of ionomer (10%) 

showed the best performance among the four cells tested. Electrodes with <10% ionomer 

were not usable because of issues with catalyst detachment due to insufficient binder 

content. The MEA with the highest ionomer content (30%) showed the highest cell voltage 

and displayed performance stability issues after four hours of constant current operation. 

These results show that although a higher water content is preferred at the HER, excess 

swelling in the HER electrode can be detrimental to both performance and stability.  

The addition of a cross-linker to the ACI significantly lowered WU by limiting the 

swelling of the ionomer yet minimally affected the IEC and ionic conductivity. Restricting 
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the swelling in the hydrated ionomer increased the density of quaternary ammonium head 

groups and facilitated more efficient ion conduction, compared to ionomers with a high 

degree of swelling. Figure 7.7 shows that the HER electrode was sensitive to the amount 

of cross-linker in the ionomer. This degree of sensitivity was not observed previously in an 

OER electrode.128 This is most likely due the different operating environment where the 

anode is fully flooded and the cathode is much drier.  The optimal amount of cross-linker 

was found to be 3 mol% TMHDA, which corresponds to a water uptake of 198%. A 

favorable cell performance of 1.77 V at 1 A/cm2 was achieved using optimized HER and 

OER electrodes with a less conductive electrolyte (1 wt% vs. 3 wt% Na2CO3 in water), 

compared to the previous study.128 This cell configuration is competitive with Nafion-

based PEMELs and outperforms AEMELs built with other commercially available AEMs 

at higher operating temperature and NaOH electrolytes.127, 130  Increasing or decreasing the 

amount of cross-linker in the HER ACI adversely affected the performance of the cell. The 

cell voltage rose by 30 to 60 mV when the HER ionomer cross-linker content was less than 

3 mol% and WU was >500%. This behavior is similar to the flooded cathode behavior 

observed previously when the ionomer content in the HER was increased. On the other 

hand, when the WU was decreased to <100% using a higher level of polymer cross-linker, 

the cell voltage rose by 70 to 120 mV. In this case, performance suffered more severely 

when there was a lower water content in the hydrogen evolving cathode due to low local 

water activity. It should also be noted that GT72-10, which was previously found to be the 

best performing ionomer for the OER electrode, was the worst performing cross-linked 

ionomer for the HER electrode, among those compared.  
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Finally, the molecular weight of the ACI also had an impact on the effectiveness of 

the cross-linker. Non-cross-linked HER ionomers with comparable IEC performed 

similarly despite their differences in molecular weight. This observation was consistent 

with the previous report regarding non-cross-linked OER ionomers.128 However, the 

shorter chain ionomer (GT74-3) did not show the same jump in performance as the longer 

chain ionomer (GT72-3) when the same amount of cross-linker was added. The 

performance of the MEA with GT74-3 was more similar to that of the non-cross-linked, 

higher molecular weight ionomer (GT72). This suggests that the molecular structure of 

cross-linked, higher molecular weight ionomers is more favorable for ion conduction. 

Chain entanglement within high molecular weight polymers may be responsible for the 

improved ion conduction.  

The results from this study show that water management is needed in the HER 

electrode to a greater extent than in the OER electrode. These results also highlight the 

importance of using asymmetric ionomers that optimize the water content for the reactions 

at each electrolyzer electrode to achieve maximum cell performance.  

7.4 Conclusion 

Poly(norbornene) tetrablock copolymers with different ion exchange capacity were 

synthesized and used in the fabrication of hydrogen evolving electrodes in low-temperature 

AEM electrolyzers. It was found that ionomers with high IEC had better performance than 

ionomers with low IEC due to their higher ionic conductivity. The results also show that 

the HER electrode requires an ionomer that maintains high water activity. Optimization of 

the ionomer-to-catalyst ratio in the cathode electrode showed that better performance and 
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durability could be achieved by limiting the water content in cathode and by lowering the 

amount of ionomer present. Light cross-linking of the ionomer was used to manage the 

swelling of the ACI while maintaining high IEC and ionic conductivity. It was found that 

lowering the water uptake through cross-linking improved performance of the electrolyzer. 

Further reduction of the HER ionomer WU to below 200% had detrimental effects on cell 

performance. The highest achievable performance was 1.77 V at 1 A/cm2 at 50 °C. The 

results of this study, as well as the results of the companion study on the OER ionomer, 

demonstrate the importance of managing water content in both AEM electrolyzer 

electrodes. These two studies also suggest the use of asymmetric ionomers to optimize the 

water content for the reactions at each electrode to achieve optimal cell performance. 
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APPENDIX A. METHODS OF SYNTHESIS AND CROSS-LINKING 

OF VINYL ADDITION POLY(NORBORNENE) ANION 

CONDUCTING POLYMERS  

The purpose of this appendix is to provide the reader with a background on the 

common synthesis and cross-linking methods of the poly(norbornene) anion conductive 

polymers characterized in Chapter 3. The synthesis and processing of these materials was 

performed entirely by Dr. Mrinmay Mandal (Georgia Tech) for the purposes of this work.  

A.1  Materials 

1-hexene, 5-bromo-1-pentene and dicyclopentadiene were purchased from Alfa 

Aesar and used as-received. The monomers, butyl norbornene (BuNB) and bromopropyl 

norbornene (BPNB), were synthesized via a Diels-Alder reaction at high-temperature 

according to a published procedure.107 In later work, the monomers butyl norbornene 

(BuNB), bromobutyl norbornene (BBNB) and bromopropyl norbornene, were supplied by 

Promerus, LLC (Brecksville, OH). Prior to polymerization, the monomers were purified 

by distillation over sodium and degassed by three freeze-pump-thaw cycles. All 

polymerization reactions were performed under a dry argon atmosphere in a glove box with 

rigorous care to avoid moisture and air. Toluene was dried by heating under reflux for 6 h 

over sodium and benzophenone. Toluene was freshly distilled prior to use. 

Triisopropylphosphine and [(η3-allyl)Pd(Cl)]2 were purchased from Sigma-Aldrich and 

used as-received. The catalyst, (allyl)palladium(triisopropylphosphine)chloride ((η3-

allyl)Pd(iPr3P)Cl), was prepared according to a previously published report.131 Lithium 
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tetrakis(pentafluorophenyl)-borate·(2.5Et2O) (Li[FABA]) was purchased from Boulder 

Scientific Co. and used as-received. N,N,N′,N′-Tetramethyl-1,6-hexanediamine 

(TMHDA), anhydrous toluene (99.9 %), anhydrous α,α,α-trifluorotoluene (TFT, ≥ 99 %) 

and tetrahydrofuran (THF) were purchased from Sigma-Aldrich and used as-received. 

A.2  Synthesis 

A.2.1 Synthesis of poly(norbornene) tetrablock copolymer  

The tetrablock copolymer, [Poly(BuNB-b-BPNB-b-BuNB-b-BPNB)], consisting 

of alternating butyl norbornene (BuNB) and bromopropyl norbornene (BPNB) blocks (two 

blocks each) is described in Scheme A.1. The polymer was synthesized by the sequential 

addition of the monomers (one after the other) at room temperature in an inert atmosphere 

glove box. The monomers were divided into four round-bottomed flask (two for each 

monomer) and toluene was added to make a 5 wt% solution in each flask. The catalyst 

solution was prepared separately in a vial by dissolving (η3-allyl)Pd(iPr3P)Cl (12 mg, 0.03 

mmol) and Li[FABA] (28 mg, 0.03 mmol) in a solution composed of 0.5 g toluene and 0.5 

g TFT. The catalyst solution was stirred for 20 min. BuNB (0.45 g, 3.00 mmol) and toluene 

(10 mL) were added to a 100 mL round-bottomed flask fitted with a magnetic stir bar. The 

catalyst solution was injected into the flask under vigorous stirring. After 20 min the BuNB 

polymerization was complete. A small aliquot was removed and quenched with CH3CN 

for gel permeation chromatography (GPC) analysis. Then, a mixture of BPNB (0.64 g, 3.00 

mmol) and toluene (12 mL) was added to the reaction flask, still containing the catalyst, 

and stirred for 3 h to incorporate the BPNB block onto the BuNB polymer. After the 3 h 

reaction time (complete consumption of BPNB), a small aliquot was taken out and 
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quenched with CH3CN for GPC analysis. Next, BuNB (0.45 g, 3.00 mmol) and toluene (10 

mL) were added to the reaction flask and allowed to react for 20 min for incorporation of 

the third block. A small aliquot was again taken out and quenched with CH3CN for GPC 

analysis. Finally, a mixture of BPNB (0.64 g, 3.00 mmol) and toluene (12 mL) was added 

to the flask and stirred for 3 h to incorporate the fourth block onto the polymer. After 

completion, the reaction mixture was quenched and the polymer precipitated by addition 

of methanol. The resulting polymer was dissolved in THF and stirred over activated 

charcoal. The solution was passed through an alumina filter to remove any palladium 

residue. The resulting product was precipitated from THF by addition of methanol. The 

polymer product was dried under vacuum at 60 °C. Tetrablock copolymers with different 

hydrophobic and hydrophilic chain lengths were synthesized by changing the monomer to 

catalyst feed ratio depending on the target ion exchange capacity (IEC). A tetrablock 

copolymer labeled as GT66 contains 34 mol% of hydrophobic blocks and 66 mol% 

halogenated blocks (GT = Georgia Tech, XX = mole percent of combined halogenated 

blocks). Similarly, a tetrablock copolymer labeled as GT64 (GT = Georgia Tech, XX = 

mole percent of combined halogenated blocks) is made with 64 mol% halogenated 

monomer. 
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Scheme A.1 – Synthesis of poly(norbornene) tetrablock copolymer. 

 

A.2.2 Cross-linking of poly(norbornene) tetrablock copolymer 

Light cross-linking was carried out by adding a cross-linking agent, N,N,N',N'-

Tetramethyl-1,6-hexanediamine (TMHDA), to the polymer/solvent solution as depicted in 

Scheme A.2. The mole percent of TMHDA relative to the number of head-groups such as 

1 mol%, 2.5 mol%, 3 mol%, 5 mol%, 10 mol%, 15 mol%, 20 mol% and 25 mol%. For 

example, a tetrablock copolymer labeled as GT64-5 (GT = Georgia Tech, XX = mole 

percent of combined halogenated blocks, Y = mole percent of cross-linker) has 5 mol% 

TMHDA with respect to the moles of brominated head-groups within the BCP.  
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Scheme A.2 – Cross-linking of poly(norbornene) tetrablock copolymer. 

A.3  Membranes 

A.3.1 Membrane casting and ion-exchange 

The tetrablock copolymer (0.20 g) was dissolved in 5 mL chloroform and the 

resulting solution was filtered through a 0.2 µm poly(tetrafluoroethylene) (PTFE) 

membrane syringe filter into a 4 cm diameter aluminum dish. The solvent was evaporated 

at room temperature in a nitrogen gas stream. The membrane was dried overnight under 

vacuum. The membranes were colorless, flexible and free-standing with a thickness of ca. 
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50 µm. Next, the bromobutyl headgroup was quaternized by immersion of the membrane 

in 45 wt% aqueous trimethylamine solution for 48 h at room temperature. The quaternized 

membrane with bromide counter-ion was removed from solution and washed thoroughly 

with DI water. The membranes were then soaked in 1 M NaOH solution under nitrogen for 

24 h to exchange the bromide ions for hydroxide ions. The membranes were stored in DI 

water after being washed with DI water three times.  

A.3.2 Cross-linked membrane casting 

The tetrablock copolymer (0.1 g) was taken up in 5 mL of chloroform. In-situ cross-

linking was performed by adding a crosslinking agent to the polymer/solvent mixture when 

the membrane was cast, followed by reaction after casting. The cross-linking agent, 

TMHDA, was added to the solution at different mole ratios (e.g., 1 mol%, 3mol%, 4 mol%, 

5 mol%, 7 mol%, 10 mol%, 20 mol% and 50 mol%) with respect to the moles of 

brominated monomer in the polymer  (i.e., those monomers which were capable of forming 

a quaternary ammonium head-group). The cross-linker concentration in this thesis is given 

in terms of mol% TMHDA crosslinker added to the polymer. For example, 5 mol% 

TMHDA means that the up to 10% of the available head-groups are consumed by TMHDA 

cross-linker. It is noted that even if all the cross-linker were to react, the fraction of 

intramolecular cross-linking vs. intermolecular cross-linking would be difficult to evaluate. 

The solution was filtered through a 0.45 µm poly(tetrafluoroethylene) (PTFE) membrane 

syringe filter and a film was cast and dried at 60 °C for 24 h. The film was colorless, 

transparent, and flexible. The membranes were aminated by immersed in 50 wt% aqueous 

trimethylamine solution (48 h at room temperature). The quaternized membranes were 
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washed with DI water. The bromide ions were converted to hydroxide ions by soaking the 

membranes in 1 M NaOH solution under nitrogen for 24 h. 

A.3.3 Composite cross-linked membrane casting 

Reinforced membranes were formed by dissolving the synthesized precursor 

polymer in toluene, forming a 10 wt% solution.  Toluene was used rather than chloroform 

to better control the evaporation rate of the composite membranes, however the casting 

solvent did not affect the quality of the film or membrane. The cross-linking agent, 

TMHDA, was added to the solution in different molar ratios (e.g., 5 to 20 mol%) with 

respect to the moles of halogenated monomer in the polymer (determined by 1H NMR). 

After stirring for 30 min at room temperature until homogenous and translucent, the 

solution was filtered through a 0.45 µm PTFE membrane syringe filter. The precursor 

polymer solution was applied to a proprietary thin, microporous PTFE support material for 

reinforcement by Xergy, Inc. (Harrington, DE, United States) to form a composite film. 

The membranes, nominally 10 m thick, were formed by drying at room temperature. The 

membranes were quaternized with 50 wt% aqueous trimethylamine solution for 48 h at 

room temperature to convert the bromobutyl/bromopropyl moieties to quaternary 

ammonium head-groups. The quaternized membranes were ion-exchanged from bromide 

ions to hydroxide ions by immersion in 1 M NaOH solution under nitrogen for 24 h. The 

quaternized membranes were washed thoroughly with DI water and stored in DI water until 

they were ready to be used. 
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A.4  Ionomers 

A.4.1 Ionomer fabrication and processing 

Poly(norbornene) anion conductive ionomers (ACI) without cross-linking were 

made by soaking the dried polymer powder in 50 wt% aqueous TMA solution at room 

temperature for 48 h to convert the bromoalkyl sites to quaternary ammonium head-groups. 

The majority of solvent was allowed to evaporate off in a fume hood over a hot plate (60 

°C) over several days. The remaining solvent was evaporated in a vacuum oven (0.5 atm) 

at 60 °C. 

A.4.2 Cross-linked ionomer fabrication and processing 

Ionomers with light cross-linking were made by adding 1, 3, 5 or 10 mol% of a 

cross-linking agent, N,N,N',N'-tetramethyl-1,6-hexanediamine (TMHDA), with respect to 

the number of available bromoalkyl sites in the polymer. The polymer and cross-linker 

solution were cast into a shallow aluminium dish and allowed to dry overnight in a tube 

furnace. The polymer was then soaked in 50 wt% aqueous TMA solution at room 

temperature for 48 h to convert the remaining uncross-linked bromoalkyl sites to 

quaternary ammonium head-groups. The remaining solvent was evaporated in a vacuum 

oven (0.5 atm) at 60 °C. The dried, quaternized ACI was milled into fine powder using a 

high-speed grinder with dry ice.  
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