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ABSTRACT 

Global warming and climate change are urgent global challenges driven by the 

notable increase in atmospheric carbon dioxide (CO2) resulting from fossil fuel combustion. 

International agreements, such as the Paris Agreement and the Kyoto Protocol, signify 

collective efforts to curtail greenhouse gas emissions and combat global warming. To achieve 

near-zero net CO2 emissions, transitioning to renewable energy sources, particularly 

hydrogen, is pivotal. Hydrogen offers promise as an energy carrier and industrial feedstock, 

with applications ranging from methanol and ammonia production, steel manufacturing, and 

using hydrogen as an energy carrier for fuel cell device applications. However, establishing a 

hydrogen-based energy grid necessitates prioritizing 'green hydrogen' production, generated 

using renewable energy sources, and development of efficient and economically feasible 

hydrogen-based energy devices, such as fuel cells and electrolyzers. For economic feasibility 

of the hydrogen economy, significant enhancement in durability coupled with performance of 

the electrochemical devices is crucial. 

In this study, efforts were made to enhance the chemical durability of proton 

exchange membrane fuel cells (PEMFCs) through the utilization of a heteropoly acid 

functionalized perfluorosulfonic acid (PFSA-VDF-HPA) membrane. A composite membrane 

was fabricated by applying the doctor-blade method onto a KaptonÈ liner, blending PFSA-

VDF-HPA and 3M-PFSA. Notably, the density of HPA particles varied between the two sides 

of the membrane, with the liner-side exhibiting a higher concentration. When the HPA-dense 

liner-side was integrated into a fuel cell, specifically facing the anode, a significant 

improvement in chemical durability was observed under accelerated stress conditions (AST), 

utilizing a 25 cm2 active area fuel cell. 
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To delve deeper into the properties of the PFSA-VDF-HPA membrane, four 

variations were synthesized by controlling the HPA loading through adjustments in the VDF 

anchoring group ratio of the starting polymer. Additionally, expanded-polytetrafluoroethylene 

(ePTFE) support was introduced to create reinforced membranes, to fabricate thin membranes 

(ca. 12əm), to mitigate mechanical degradation and the risk of electrical short circuits during 

chemical durability tests. The inclusion of ePTFE led to a more crystalline polymer structure. 

However, despite increased crystallinity, the synergistic effects of sulfonic acid and HPA 

functionalities contributed to higher water uptake and consequently, improved proton 

conductivity. Chemical durability testing was conducted under AST conditions with a larger 

active area (50 cm2). The results indicated that HPA loading was not the sole determinant of 

chemical durability enhancement, but an overall improvement was evident. 

In the final phase of this study, the performance and durability of anion exchange 

membrane water electrolyzers (AEMWE) were explored with a focus on transitioning away 

from precious platinum group metal catalysts and fluorinated polymers that are often 

produced with carcinogenic solvents. Three transition metal oxidesðCo3O4, Mn2O3, and 

MnO2ðwith low kinetic overpotential and high catalytic activity were selected for the 

oxygen evolution reaction side of the AEMWE. The addition of these electrocatalysts 

improved kinetics and performance, although a limitation arose due to the maximum loading 

capacity of the catalysts. This limitation stemmed from the transition metal oxides' lack of 

electrical conductivity, effectively acting as insulators. Subsequently, 100 h durability tests 

were conducted at 750 mA/cm2 and 50ęC for each catalyst, revealing conditioning of the 

membrane electrode assembly (MEA) for all samples, with Co3O4 and MnO2 exhibiting more 

pronounced conditioning effects. No signs of membrane thinning nor statistically meaningful 

ion-exchange capacity were registered. Comparing before and after durability test 
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electrochemical impedance spectroscopy (EIS) measurements and Fourier Transform Infrared 

Spectroscopy (FTIR) mapping indicated micron-sized rearrangements in the bulk membrane, 

with Co3O4 and MnO2 showing more significant changes compared to minimal alterations in 

Mn2O3. Furthermore, a shift in the OH peak in FTIR post-test suggested that water became 

less tightly hydrogen-bound to the polymer after 100 h operation. 
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CHAPTER 1: INTRODUCTION 

1.1 The Hydrogen Economy 

 

Global warming and climate change are manifesting as observable phenomena 

globally, exemplified by occurrences such as severe heatwaves and polar vortex events.1, 2 

The principal driver behind these climate change is the notable increase in atmospheric 

carbon dioxide (CO2) resulting from the combustion of fossil fuels, establishing a strong 

relationship between human activities and the exacerbation of greenhouse gas-induced global 

warming (as shown in Figure 1.1). In response to this critical global challenge, nations have 

forged international agreements, such as the Paris Agreement3 and the Kyoto Protocol4, 

signifying collective commitments to significantly curtail emissions of CO2 and other 

greenhouse gases. These agreements constitute a concerted endeavor to address global 

warming on a worldwide scale. To realize the ambitious objective of achieving net-zero CO2 

emissions and thereby mitigate the risks associated with climate change, the transition to 

renewable energy sources emerges as an imperative facet of the solution. This shift is pivotal 

in fostering climate stabilization on a global scale. 
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Figure 1.1. CO2 concentration over time in Mauna Loa Observatory, Hawaii, named as the 

Keeling curve, last updated August 2023.5 Adapted from ref. 5 under CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/) 

 

Hydrogen indeed presents itself as a promising candidate to potentially replace fossil 

fuel-based energy grids, serving not only as an energy carrier but also as a valuable industrial 

chemical feedstock. It has various applications, including the production of substances like 

methanol, ammonia, and a potential that can be used to produce steel. The transition to 

hydrogen economy can be accomplished by subsequently utilizing hydrogen as an energy 

carrier through technologies like fuel cells and hydrogen internal combustion engines.6 

However, two essential criteria must be met to establish a hydrogen-based energy grid. 

Firstly, the production of ógreen hydrogenô must be prioritized, implying that hydrogen should 

be generated using renewable energy sources.7 Secondly, the cost of green hydrogen must 

become competitive with the current state-of-the-art natural gas-based steam methane 

reforming process. This can be accomplished through the advancement and optimization of 

technologies for both the production and utilization of hydrogen at both large-scale stationary 

facilities and smaller portable systems. 
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In the United States, roughly 95% of hydrogen production relies on steam methane 

reforming, a process feasible only with large-scale pressure swing adsorption (PSA) plants 

that generate CO2 as a byproduct. Moreover, the hydrogen produced through steam methane 

reforming requires additional energy input to achieve the purity necessary for use in 

hydrogen-based energy devices like fuel cells.8 Consequently, there has been a significant 

surge of interest in green hydrogen production, aligning with the broader goal of achieving 

carbon neutrality in both energy consumption and production. 

The remainder of this chapter will delve into two key hydrogen-based technologies: 

fuel cells, which leverage electrochemical conversion to transform hydrogen fuel into 

electricity, and electrolyzers, which generate hydrogen fuel via the electrochemical splitting 

of water. 

 

1.2 Fuel Cells 

1.2.1 Anion Exchange Membrane and Proton Exchange Membrane Fuel Cells 

(AEMFC/PEMFCs) 

In the 19th century, William Grove pioneered the development of the fuel cell, 

demonstrating its ability to generate electrical current through an electrochemical reaction 

between hydrogen and oxygen, catalyzed by platinum. The initial application of modern fuel 

cells in vehicles took place with the conversion of a farm tractor's internal combustion engine 

to a 15 kW fuel cell operating in an alkaline electrolyte system.9 During the Cold War-driven 

space race, the National Aeronautics and Space Administration (NASA) adopted alkaline fuel 

cells for use in both the Gemini (1963) and the Apollo spacecraft missions (1968).10 A 

significant breakthrough occurred in the 1960s with the revolutionary development by Walter 

Grot of perfluorinated sulfonic acid (PFSA) proton exchange membrane, known as NafionÈ.11 
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This advancement spurred research into the application of Proton Exchange Membrane Fuel 

Cells (PEMFC) for light-duty vehicles, driven by the imperative need for carbon dioxide 

emission control. 

The initial focus on applying PEMFC primarily centered around alternative 

transportation, particularly in the context of light-duty vehicles. Notably, commercialized 

examples of such vehicles already exist, including the Toyota Mirai, Honda Clarity, and 

Hyundai Nexo. However, the cost of fuel cell vehicles (FCVs) remains considerably higher 

than that of electric vehicles (EVs) primarily due to their reliance on precious metal catalysts, 

typically composed of platinum and its alloys. Despite this cost disparity, FCVs offer several 

advantages compared to both electric vehicles (EVs) and internal combustion engine (ICE) 

vehicles. These advantages include extended driving ranges, rapid refueling capabilities, and 

reduced vehicle weight.12-14 The benefits of FCVs over other transportation technologies 

become especially pronounced when applied to heavy-duty vehicles. 

Presently, both governmental and industrial attention is squarely directed towards 

harnessing PEMFCs for heavy-duty vehicles, with the goal of creating more efficient and 

long-lasting fuel cell vehicles. This endeavor is exemplified by initiatives like the U.S. 

Department of Energy's "Million Mile Fuel Cell Truck" (M2FCT) project.15 This heightened 

interest has subsequently permeated research efforts aimed at enhancing Pt utilization and 

understanding the degradation mechanism of membrane electrode assembly components to 

develop robust membrane and catalysts.16-18 This thesis study was partially funded by the 

Department of Energy M2FCT and the goal for the project was ñDevelop highly stable 

catalysts and membrane materials for use in direct H2 fed PEM fuel cell MEA in medium 

duty (MD) and heavy duty (HD) truck applications featuring low cathode PGM loading less 

or equal to 0.2 mgpt/cm
2, high efficiency of 65%, and high durability of less than 10% 



р 

 

decrease of power density over 10,000 h operationò.19 

In contrast to PEMFCs, AEMFCs employ anionic solid electrolytes. AEMFCs offer 

notable advantages over their PEMFC counterparts, primarily stemming from their avoidance 

of precious platinum group metals, which are essential components of PEMFCs.20-22 

Additionally, AEMFCs do not rely on perfluorinated materials, known for their potential 

negative environmental impacts due to its robustness to degradation and perfluorinated 

solvents that are used in manufacturing.23, 24 However, despite these favorable attributes, 

AEMFCs exhibit overall performance and durability characteristics that are not yet on par 

with PEMFCs. Furthermore, precise control of water management is imperative for both the 

anode and cathode in AEMFCs, given their inherent propensity to possess water molecules on 

both sides. This inherent characteristic adds an extra layer of complexity to their 

application.25 These limitations pose significant challenges for the widespread adoption of 

AEMFC technology, necessitating further research and development to bridge the 

performance gap. 
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Figure 1.2 Schematic of AEMFC and PEMFC and electrochemical reaction. 

 

The electrochemical reaction for AEMFC and PEMFC with hydrogen and oxygen is, 

respectively. 

 

PEMFC: 

Anode (Hydrogen Oxidation Reaction, HOR): ς(ᴼτ(  τÅ      E = 0V 

Cathode (Oxygen Reduction Reaction, ORR): / τ( τÅᴼ(/      E = 1.23V 

       -------------------------------------------------------------------------------- 

Overall Reaction:  ς( / ᴼς(/        E = 1.23V 

 

AEMFC: 

Anode (HOR): (  ς/(O ς(/  ςÅ             E = 0.83V 

Cathode (ORR): / ς(/ τÅᴼτ/(         E = - 0.40V 

--------------------------------------------------------------------------------- 

Overall Reaction:  ς( / ᴼς(/       E = 1.23V 
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PEMFCs operate in challenging conditions characterized by both humidity and 

temperature variations, as well as electrical potentials. The overall durability of the PEMFC is 

significantly affected by the solid polymer electrolyte, commonly referred to as the 

membrane. In electrochemical devices, ion-conductive polymers, also known as ionomers, 

play a vital role by facilitating the movement of specific ions, such as protons in the case of 

PEMFCs, through the membrane while simultaneously preventing the flow of electric current 

between the anode and cathode.26 For a polymer membrane to be considered suitable for use 

in PEMFC applications, it must possess several essential characteristics, including chemical 

stability, mechanical strength, effective proton transport, high electrical resistance, and 

minimal gas crossover.27 

 

Figure 1.3. Chemical structure of PFSA, blue dotted box indicates PTFE backbone and red 

dotted box indicates sulfonic acid side chain.27 Reproduced from ref. 27 under CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/) 

 

https://creativecommons.org/licenses/by/4.0/
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Due to the reasons outlined above, PFSA ionomer membranes currently represent the 

benchmark material in this field. These membranes exhibit a generic chemical composition, 

characterized by a polymer consisting of a polytetrafluoroethylene (PTFE) backbone and 

sulfonic acid side chains. The PTFE backbones are electrically neutral and hydrophobic, 

whereas the sulfonic acid side chains are negatively charged and hydrophilic. Consequently, 

the separation of phases between these chemically bonded polymer groups enables the 

transport of ions and solvents.27 It's important to note that, despite sharing the same backbone 

structure and sulfonic acid side chains, various PFSAs have been developed to enhance their 

chemical and mechanical stability, as well as their overall performance. The formulation of 

PFSA chemistry is meticulously controlled, considering factors like the length of the side 

chain and the equivalent weight (EW). 

Early studies of PFSA membranes concentrated on long-side chain (LSC) polymers, 

such as NafionÈ (Dupont), Aciplex (Asahi Chemical), Flemion (Asahi Glass), and Gore-select 

(W. L. Gore and Associates). However, the design of PFSA has moved to short sidechains 

(SSC), such as Aquivion (Dow), Hyflon (Solvay), 3M-PFSA (3M), due to its advantage in a 

higher mechanical stability from the more crystalline backbone and higher transport 

properties from higher ratio of sulfonic acids groups per polymer and phase separation.27-29 

Despite the robust fluorinated backbone of PFSA, achieving long-term stability and durability 

remains a formidable challenge and bottleneck in electrochemical applications, particularly 

for heavy-duty fuel cell vehicle application.15 PFSA durability issues can stem from various 

factors, including contamination, hygrothermal aging, chemical degradation, and mechanical 

stability under stress.27 
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1.2.2 PEMFC Chemical Durability 

Chemical and mechanical degradation of PFSA is a critical area of concern, 

suspected to be a major impediment to realizing a million-mile fuel cell truck. PFSA 

ionomers can experience chain-unzipping or chain-scission mechanisms induced by radicals, 

which are produced as byproducts of the fuel cell electrochemical reaction. One of the 

primary culprits for chemical degradation is the hydroxide radical (ǐOH), originating from the 

unwanted side reaction involving hydrogen peroxide produced during the fuel cell operation. 

Once radicals are formed, degradation mechanisms can manifest at multiple sites. Chemical 

degradation can involve the attack on perfluoro-carboxylic acid end groups (R-CF2COOH), 

leading to the formation of H-F groups, consuming, and shortening the backbone CF2 groups. 

Additionally, sulfonic acid side-chains and PTFE backbone are susceptible to radical attacks, 

where ether linkages experience chain cleavage. 

Initially, direct impregnation of platinum on the membrane was adopted, using Ptôs 

redox catalytic reaction to decompose radicals and hydrogen peroxides.30 But the usage of 

precious platinum group catalysts on the membrane is not practical, especially the price of the 

platinum catalysts are the limiting factor. Also, Zhao et al reported a free radical and 

hydrogen peroxide formation mechanism with platinum on carbon.31 Therefore an effect of 

platinum is controversial and has lost the interest due to impracticality. 

Several strategies have been proposed and tested to protect PFSA against chemical 

degradation caused by radical attacks without using platinum group metals. These solutions 

include end group capping, chemical stabilizers, and radical decomposing catalysts. Chemical 

stabilizers work by neutralizing radicals before they can interact with polymer chains or react 

with crossover gases before reaching the opposite side. For instance, cerium cations have 

been reported to decompose peroxide radicals by Ce3+ reacting with hydroxyl radical protons 
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to form water and Ce4+.32, 33 Subsequently, Ce4+ reacts with hydroperoxyl radicals, resulting in 

the formation of oxygen, protons, and Ce3+.12, 33 It's worth noting that the reaction rate of 

cerium cations scavenging hydroxyl radicals is approximately an order of magnitude higher 

than that of manganese cations (k = 4 x 107 M-1S-1). As a result, research conducted by Coms 

et al. has indicated that the chemical stability of the membrane, as measured by the fluoride 

release rate (FRR) under open circuit voltage (OCV) conditions, was observed to be 

approximately 10 times higher when cerium cations were employed.33 This highlights the 

significant impact of the reaction rate, with the rate of radical consumption being higher than 

that of radical production, which is crucial for enhancing chemical durability. 

 

Ͻ/( #Å (  O  (/  #Å     k = 3 X 108 M-1S-1 

 ( / #Å P  Ͻ//( (  #Å 

Ͻ//(#Å O  /   (  #Å 

 

While the addition of these substances can potentially affect the membrane's 

performance by partially neutralizing the proton-conducting sulfonic acid groups, this impact 

is minimal when used in low concentrations.34, 35 It's worth noting that these inorganic 

catalysts are initially introduced in soluble form into the membrane or electrode, and their 

mobility can result in unwanted migration and the accumulation of cations, especially after 

durability testing.36-39 Agrawal et al. have investigated a mitigation strategy for cerium 

migration using a cation-sized crown ether group and ligands, but their approach is limited to 

preventing potential gradient-induced migration only.40, 41 
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 1.2.3 Heteropoly Acids (HPAs) 

HPA is an inorganic super acid with a heteroatom (typically Si or P) surrounded by 

oxygen clusters with transition metals (tungsten, molybdenum, or vanadium). Even though 

HPA was first discovered in the early 19th century, Keggin was the first to report the HPA 

phosphotungstic acid (HPW) structure using x-ray crystallography.42 The structure of the HPA 

(PW12O40
3-) that Keggin first reported has been named after him. Another well-known HPA 

structure are discovered by Wells and Dawson, P2W12O62
-6, and named after them.43 

 

Figure 1.4. Representative Keggin (left), Wells-Dawson (middle), and Wells-Dawson 

Sandwich (right).44 Reproduced from ref. 44 with permission from Elsevier. 

 

HPAôs unique structure and highly acidic nature and ability to undergo 

oxidation/reduction reactions give capability for usage as catalysts. For the super acidity 

perspective, comparing the Hammett acidity function (H0)
45 : 

( Ð+ ÌÏÇ      (1.1) 
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Where pKA is the dissociation constant, CB is the concentration of the base, and CBH
+ 

is the concentration of protonated base. 

The comparison of Hammett acidity function shows a couple of HPAs are 

approximately ten-fold more acidic than sulfuric acid, which gives applications as catalysts.46-

49 Some HPAs are reported to own not only redox catalyst functionality but also owns high 

conductivity, such as phosphotungstic acid (H3PW12O40ǐ29 H2O) owns high conductivity of 

0.17 S cm-1 at 25 ÁC, but direct application to water containing environment was impossible 

due to its water soluble nature. 

Interestingly, some heteropoly acids are both strong acids and peroxide 

decomposition catalysts.50-52 It is crucial to have faster reaction kinetics to decompose 

radicals than radicals decomposing the polymer and faster recycling reaction to decompose 

radicals continuously.33 Mn and Ce cations are also an effective radical decomposing catalyst, 

which has reaction constant of 4 X 107 M-1S-1 and 3 X 108 M-1S-1 respectively.33, 53, 54 Lastly, 

silicotungstic acids (HSiW) have even faster kinetics to decompose the radical, >1 X 109 M-

1S.55 Thus, it has been studied to be used as a radical scavenging material in PFSA 

ionomers.56-59 

Silicotungstic acid radical decomposing redox reaction has been studied by Kim et 

al.55 Where the redox reaction was: 

ὛὭὡ ὕ  ʹὕὌ Ὄ  O  ὛὭὡ ὕ Ὄὕ 

Also, Motz et al. have used density functional theory (DFT) calculations to 

investigate the possible reactions involving both SiW12O40
-4-H and SiW12O40

-4-OH with a 

conclusion that exothermic reaction from SiW12O40
-4-H and SiW12O40

-4-OH regenerate 

Keggin anions and have an order of magnitude faster kinetics than Ce.60 Therefore, a 
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continuous recycling of silicotungstic acid was available during the fuel cell operation to 

decompose radicals and was shown in fuel cell chemical durability tests.34, 60, 61 

Given the potential advantages of HPA in enhancing PEMFC performance and 

chemical durability, efforts have been made to fabricate HPA-polymer hybrid membranes 

using various techniques based on electrostatic interactions, hydrogen bonds, or covalent 

attachment. Multiple polymers were investigated to incorporate HPAs to polymer electrolyte 

membranes, such as PFSA,62 polybenzimidazole,63 and hydrocarbon-based membranes such 

as polyethersulfone,64 poly(ether ether ketone),65 poly(arylene ether ketone),66 or poly(arylene 

ether sulfone).67 HPAs can be impregnated directly into these matrices, either alone or in 

combination with other inorganic components. However, when attempting to fabricate PEMs 

by directly blending these polymers with HPAs, a common issue arises due to weaker binding 

forces between HPAs and the polymer matrices, as well as the high-water solubility of HPAs, 

leading to inevitable leakage and leaching out.57 

To address these challenges and stabilize HPAs in organic-inorganic hybrid 

membranes, various strategies have been employed and can be categorized into three main 

approaches: 

1. Using water-insoluble salts of HPAs: This method involves partially exchanging the 

protons in HPAs with larger cations such as Cs+,63, 65, 68 or Rb+ 69 to create water-

insoluble salts. 

2. Immobilization of HPAs onto various substrates: HPAs can be immobilized onto 

diverse substrates, including SiO2,
70 ZrO2,

71 carbon nanotubes,72 or graphene-based 

materials.73, 74 
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3. Covalently binding HPAs to the polymer structure: This approach involves forming a 

covalent bond between the HPA molecules and the polymer structure to ensure their 

stable integration and mitigate leaching out.34, 60, 75, 76 

These strategies aim to overcome the challenges associated with HPA incorporation into 

PEMs, ultimately enhancing their stability and performance in PEMFC applications. 

 

1.2.2 PEMFC Mechanical Durability 

Mechanical degradation is mainly driven by swelling, local stress point on assembly, 

and stretching of the membrane.77 Even with a robust fluorinated backbone of the PFSA, a 

thin PFSA membrane (< 30 ɛm) without a mechanical support typically experiences electrical 

shorting during the chemical durability tests.60 Enhancing the mechanical strength and 

dimensional stability of PFSA membranes can be achieved through various methods, 

including addition of structural support,78, 79 blending with more robust polymer such as 

polyvinylidene fluoride (PVDF),56, 80-84 impregnating inorganic pillars,85-88 adjusting side-

chain lengths,89 and thermal annealing,90 electrospinning PVDF to PFSA.83, 91, 92 Dong et al. 

used a multiblock poly (arylene ether ketone nitrile) copolymer containing sulfoalkyl, triazole 

pendants, and used alkene units to thermally crosslink the polymer, which resulted in 

mechanical strength improvement and maintaining performance but  the chemical durability 

test under AST conditions were consistently lower than 0.8V possibly due to high gas 

crossover.93 Wang et al. synthesized a semi-interpenetration proton exchanged membranes 

(SIPN PEMs) using PFSA resin and polydivinylbenzene (PDVB). An interesting structure of 

PFSA resin semi-interpenetrated the PVDB polymeric structure was investigated. However, 

both ion-exchange capacity and proton conductivity was compromised while the mechanical 
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property enhancement was observed.94 Lastly, Nawn et al. reported the PTFE backbone and 

sulfuric acid sidechains of PFSA causes a structural change of PVDF, which resulted in 

stabilization of ɓ-phase PVDF, and a drastic decrease in water uptake was observed.92  

With all the reinforcement method listed above, the most successful strategies to 

enhance dimensional and mechanical stability of PFSA membranes is using expanded-

poly(tetrafluoroethylene)(e-PTFE) polymers and making a composite membrane with PFSA 

and e-PTFE, which was first proposed and commercialized by W. L. Gore and Associates, 

used in commercialized PEMFC vehicle Toyota Mirai.78  

E-PTFE is created through a process that involves the extrusion of PTFE resins in 

paste form, followed by mechanical expansion and subsequent amorphous locking, 

commonly referred to as "sintering." The expansion of the porous E-PTFE leads to a 

significantly higher degree of crystallinity in the polymer, which can reach up to 95%, in 

contrast to the 40-50% crystallinity typically found in PTFE products.95 E-PTFE exhibits a 

unique combination of properties, including chemical inertness, a low coefficient of friction, a 

wide range of usable temperatures, hydrophobicity, and biocompatibility from PTFE. 

Additionally, it offers porosity, air permeability, and exceptional mechanical strength.96 

 

1.3 Water Electrolyzers 

1.3.1 Anion Exchange Membrane Water Electrolyzers (AEMWEs) 

Water electrolysis was demonstrated and invented on 18th century and by early 

20th century hydrogen production using electrolysis was in operation.97 However, current 

state-of-the-art method for hydrogen production in United States is via steam methane 

reforming of methane or other hydrocarbons. Those hydrocarbon based hydrogen production 

inevitably yields carbon dioxide emission, which needs to be sequestered by addition of 
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another equipment.98 Steam methane reforming is only practical at scale, which requires high 

capital cost, because pressure swing adsorption is the only practical method to be used to 

produce pure hydrogen, so it is not suitable for smaller scale applications. 

 

Figure 1.5. Schematic of AWE, PEMWE, and AEMWE and comparison chart 

 

For low temperature operation (< 100ęC), alkaline water electrolysis (AWE) is the 

most commercialized and developed technology due to its proven robust and durability over 

30 years. AWE offers the advantage of using low-cost components such as nickel for both 

electrodes and porous transport layer. However, the usage of the porous diaphragm bears a 

natural limitation of high overpotential and therefore runs in low efficiency and low hydrogen 

production rate.99, 100 Also, AWE application is not suitable for coupling with other renewable 

energy sources such as solar and wind because of its necessity of large scale, need of current 

density ramp rate control, and high minimum load required for operation.101-103 

Electrochemical green hydrogen production using polymer electrolyte 

membranes is an attractive alternative. This technology is scalable from watts to MW, which 

allows field deployment with solar or wind systems. Proton exchange membrane water 

electrolyzer (PEMWE) is another commercialized technology with lower overpotential and 
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faster proton transport replacing diaphragm of AWE to well-studied perfluorinated sulfonic 

acid ionomers (i.e. NafionÈ) resulted in achieving 2 A/cm2 at 2V.104, 105 The hydrogen product 

from the PEMWE is also high purity and non-porous membrane enables pressure differential 

between the anode and cathode which can produce pressurized hydrogen at the cathode that 

can be directly used to fuel cells.103 However, the usage of precious platinum group metal 

(PGM) catalyst on both the anode and cathode, titanium mesh requirement on the anode gas 

diffusion electrode, and corrosion-resistance coating layers on flow components significantly 

increases the capital costs for PEMFC.106 Especially iridium, which is typically used on the 

anode side of the PEMWE, is more scarce than other platinum where it is estimated about 

0.03 ppb in earthôs crust.107 Also, the crucial usage of fluorinated backbone polymer are the 

current bottlenecking challenge.104 Perfluorinated compounds ought to be utilized as 

sparingly as feasible, given their persistent, bio accumulative, and toxic property, which raises 

concerns about human health.23 

Anion exchange membrane water electrolysis (AEMWE) can be an attractive 

alternative for green hydrogen production. AEMWE are also scalable from watts to MW, 

perfluorinated material is not required due to alkaline system, and non-PGM catalysts such as 

transition metal oxides can be used. AEMWEs exhibit reduced overpotential in comparison to 

AWEs. This allows AEMWEs to achieve a current density of up to 1.3 A/cm2 at a cell voltage 

of 1.8V in a 1M KOH solution.108 Moreover, the increased kinetics of the oxygen evolution 

reaction (OER) in alkaline environments, as opposed to acidic or neutral settings, provides 

flexibility in selecting ionomers and supports which does not require robust perfluorinated 

ionomers.109 

While AEMWE holds multiple advantages over AWE and PEMWE, the cost of 

hydrogen production which can directly be correlated with the performance of the cell should 
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be lowered to compete with other technologies, the target that DOE has set is $2/kg for end 

uses and transportation, and $1/kg for industrial and bulk power generation uses.110, 111 To 

facilitate the achievement of this price target, the DOE recently announced a funding 

opportunity as part of the bipartisan infrastructure law. They have specified the performance 

and durability criteria as follows: a minimum of Ó 2.0 A/cmĮ with a degradation rate of Ò 4 

mV/kh, which is equivalent to 4 ɛV/h to be tested on cells with an active area of at least 25 

cmĮ, using either water or a supporting electrolyte at a concentration of approximately 0.5 

M.112 

Achieving enhanced performance through lowering overpotential involves 

several key steps. To minimize overpotentials, the reduction of kinetic overpotentials can be 

achieved through precise catalyst distribution and using catalyst alloys. Addressing mass 

transport overpotentials requires manipulation of support materials and/or redesigning the 

flow field. Lastly, reducing ohmic overpotential involves enhancing hydroxide/carbonate 

conductivity and/or utilizing a thinner membrane (less than 30 ɛm).75, 103, 108 However, the 

thickness of the membrane must be strategically chosen, as there's a balance between 

performance improvement and the potential increase in gas crossover. 

To compare the kinetics of the AEMWE or electrochemical reaction, IR-corrected 

curves are employed along with the polarization curves that are obtained from 

electrochemical device tests. IR-correction was developed to compensate the voltage drop 

induced by electrolyte solution between the working electrode and the reference electrode.113 

For polymer electrolyte membrane electrochemical devices such as fuel cells and water 

electrolyzers, the membrane will be the solvent or polymer electrolyte. IR-correction enables 

the accurate analysis of Tafel slope and region and therefore a better comparison between 

different experimental data. 
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AEMWEs frequently employ liquid electrolytes like potassium carbonate 

(K2CO3) or potassium hydroxide (KOH) solutions, unlike PEMWEs that solely rely on 

polymer electrolytes. So far AEMWEs working in pure water has not yet reached the practical 

performance and durability.103 The use of liquid electrolytes reduces the ohmic resistance in 

the membrane and catalyst layer, and a localized pH increase at the catalyst-electrolyte 

interface can enhance reaction kinetics.114 While KOH give higher performance than K2CO3, 

the overall cost of hydrogen production including both capital cost and operation cost could 

be higher than using K2CO3. KOH liquid electrolyte system requires more durable and 

corrosion-resistant components in the entire system including membrane electrode assembly 

(MEA), bipolar plates, flow fields, and flow line materials. Additionally, extra assurance for 

CO2 contamination, which CO2 will react with KOH electrolyte and produce less conducting 

carbonate form. Moreover, caution must be exercised when combining a thin membrane with 

high hydrogen crossover in a highly alkaline electrolyte environment, as this can lead to 

severe degradation of the anion exchange membrane. Considering these factors, K2CO3 

presents a favorable compromise compared to KOH solution. While there is a trade-off in 

performance (0.34 A/cm2 versus 0.5 A/cm2 at 1.6V),103 the benefits can extend beyond just 

utilizing cost-effective materials due to the less corrosive nature of the medium and longer 

lifetime of the cell. Additionally, electrolyzers fed with K2CO3, even at the same pH, 

outperform those fed with KOH.115 

A significant advantage of AEMWE in terms of hydrogen production cost is its 

ability to utilize transition metal oxide catalysts instead of the more expensive PGM catalysts 

employed in PEMWE. While transition metal oxide catalysts are considerably more cost-

effective than PGM group catalysts, they do have limitations due to their semiconductor 

nature, resulting in lower electrical conductivity compared to PGMs. AEMWE involves two 
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half-cell reactions: the Oxygen Evolution Reaction (OER) at the anode (4OHī Ÿ 2H2O + 4e
ï 

+ O2) and the Hydrogen Evolution Reaction (HER) at the cathode (H2O + 2e
ï Ÿ 2OHī + H2). 

The rate-limiting step for AEMWE is the OER at the anode, where the four-electron transfer 

reaction proceeds slowly and sluggishly in comparison to the two-electron transfer reaction of 

HER at the cathode. Therefore, the development of highly efficient electrocatalysts for OER 

is of utmost importance to enhance the performance of AEMWE. 

Moreover, due to the high pH and voltage of the AEMWE operation, the carbon 

substrate material cannot be used in OER reaction. Therefore, a more corrosion resistive 

material such as Ni was employed to the system. Ni is also an electrocatalyst that can serve 

and assists in the catalytic reaction. Also, a porous Ni-foam are more often used in 

electrochemical devices due to its high electrical conductivity and larger surface area 

compared to the bulk material.116 Those advantages of porous Ni-foam compensate the semi-

conductor nature of transition metal oxide catalysts and boosts the catalytic reaction by larger 

surface area. Das et al. investigated three-dimensional foam-in-foam architecture using Ni 

and Cu and achieved superhydrophilic electrode surface resulting in 1.6V at 10 mA/cm2 with 

1M KOH liquid electrolyte.117 

The current leading materials for achieving the highest OER activities are RuO2 

and/or IrO2.
119, 120 However, these materials are rare PGM catalysts, which goes against the 

advantage of AEMWE that aims to avoid the use of such rare and expensive catalysts. 

Consequently, current research efforts are focused on developing non-PGM catalysts that can 

match or surpass the OER activity of these benchmark materials. Hence, the key objective is 

to create OER electrocatalysts that exhibit high efficiency, on par with or even superior to the 

current standard materials. Researchers are turning their attention to earth-abundant first-row 

transition metal oxide catalysts as part of this endeavor. Examples of such non-PGM 
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electrocatalysts for OER include Co3O4, Mn2O3, and MnO2.
121-124 (Figure 1.6) These 

materials show promise in addressing the challenge of reducing hydrogen production costs 

while maintaining high OER performance. 

 

Figure 1.6. Electrocatalytic activity towards oxygen evolution, negative theoretical 

overpotential vs. standard free energy.118 Reproduced with permission from ref. 112. 

 

Cobalt oxides, specifically Co3O4, are known to possess the lowest theoretically 

achievable overpotential for the OER.125, 126 As a result, Co3O4-based catalysts have gained 

significant attention in the quest for highly efficient OER catalysts. Co3O4 exhibits two 

distinct oxidation and coordination environments: tetrahedral coordination with Co (II) and 

octahedral coordination with Co (III). In the anodic potential region where the oxidation 

reaction takes place, the tetrahedral coordination Co (II) transforms into cobalt oxyhydroxide 

intermediates, which exhibit a more robust ability to catalyze water oxidation compared to 
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Co3O4 itself.
127 Consequently, there have been efforts to enhance the proportion of tetrahedral 

coordination Co (II). For instance, researchers have explored the use of oxygen plasmas to 

etch Co3O4, removing oxygen surface atoms and converting Co
3+ ions to Co2+. This 

modification resulted in a significant increase in specific activity, approximately ten times 

higher.128 However, it's important to note that Co3O4 catalysts have limitations. They are 

prone to severe surface self-agglomeration under highly acidic, alkaline, and oxidative 

conditions during the OER process. This agglomeration leads to a reduction in surface area, 

ultimately resulting in a loss of catalytic performance.129-131 

While manganese oxide may exhibit relatively lower activity compared to cobalt 

oxide, it possesses a compelling advantage and potential for use as an OER catalyst. This 

potential arises from several factors, including a significant number of unsaturated edge sites 

that can serve as both electrocatalytic surface areas and sites for the adsorption of 

intermediate species that facilitate the reaction.121, 122 Additionally, manganese oxide offers 

versatility in terms of morphologies and structures that can be tailored to enhance OER 

kinetics. The oxygen evolution process involving manganese oxides encompasses three 

oxidation states: Mn2+, Mn3+, and Mn4+, with Mn3+ being identified as the primary active 

center in both alkaline and acidic conditions.122 Consequently, the concentration of Mn3+ ions 

plays a crucial role in determining catalytic performance. Antoni et al. devised a method to 

increase the Mn3+ ratio through thermal treatment, resulting in higher current density and 

faster OER kinetics.132 Also, manganese oxides can exists in multiple structures and the OER 

and surface area differs by connectivity between the [MnO6] units via sharing corners or 

edges. The OER electrocatalytic activities are strongly dependent on crystallographic 

structures in an order of Ŭ-MnO2 > amorphous > ɓ-MnO2 > ŭ-MnO2.
133 
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1.3.2 AEMWE Durability 

The performance of AEMWEs has steadily improved and is now nearing that of 

PEMWEs under ambient pressure conditions, utilizing non-PGM catalysts and a 1M KOH 

electrolyte. Nevertheless, a significant hurdle for AEMWEs remains their durability, needing 

to match the durability of AWEs, which can operate for 30 years, and PEMWEs, which can 

operate for over 50,000 h, all while sustaining performance comparable to PEMWEs.75, 100 

While durability remains the foremost challenge in AEMWE research, the 

versatility of materials offers an engineering variable to explore. The primary focus has been 

on developing new anion exchange ionomers (AEIs) and anion exchange membranes 

(AEMs). In order to uphold ion conductivity within both the ionomer and membrane, the 

incorporation of multiple cationic functional groups has been investigated to counteract 

detachment under high-pH conditions, from benzyltrimethylammonium (BTMA) to more 

alkaline-stable ammonium group using electron-donating alkyl spacer chains.134-136 

Additionally, the commonly employed aryl ether backbone has been substituted with aryl 

ether-free polymers to enhance the alkaline stability of the polymer backbone.137, 138 

The durability limiting factor for AEMWE differs by the type of liquid electrolyte 

used on the system, such as pure water, KOH, and K2CO3. In pure water-fed systems, because 

the electrolyte is neutral pH water, alkaline stability of the components is not a durability 

limiting factor but mostly durability limitation from operating at high voltage and current 

density due to its lower performance. Ionomers are the components that mostly suffer from 

high voltage and current density. Ionomer detachment was reported as a durability limiting 

factor for water-fed systems, where a dimensional fluctuation from gas bubble formation is 

higher than the KOH solution because of fully hydrated condition and lower gas-permeability 

of the hydrocarbon-based polymers.139 Lindquist et al. reported that the dominant oxidative 
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degradation occurs on the anode-ionomer compared to the cathode ionomer and inert PTFE 

support on the AEI has shown improvement in ionomer degradation but compromised 

performance due to poor catalyst ink dispersion.140 Also, ionomer poisoning can occur with 

the adsorption of ionomer fragment on the surface of OER catalysts, where electrochemical 

oxidation of the phenyl group would lead to neutralization of the ammonium hydroxide and 

decrease the performance and durability.141 

In the context of alkaline liquid electrolytes like KOH and K2CO3, the main factor 

limiting durability is the stability in alkaline conditions. When using alkaline liquid 

electrolytes, the problem of ionomer detachment can be reduced because there is no need for 

high IEC ionomers. This is because the liquid electrolyte creates a stable interface between 

the catalyst and electrolyte, maintaining catalyst utilization. Additionally, the presence of 

liquid electrolyte can help minimize the issue of ionomer poisoning caused by phenyl groups, 

as the liquid electrolyte can neutralize phenols without significantly changing the local pH.103 

However, it's worth noting that highly alkaline liquid electrolytes themselves can lead to 

problems like instability and degradation of AEMs,142 hydrolysis induced by radicals,143 and 

durability issues related to the catalyst.108 When using relatively weaker alkaline liquid 

electrolytes such as K2CO3, these alkaline instability issues become less severe, because of 

lower nucleophilicity of the carbonate compared to hydroxide which can result in chemical 

degradation of AEM by nucleophilic displacement.144 

A study by Li et al. compared the mechanical degradation and integrity of 

AEMWEs using K2CO3 as the electrolyte. They found that the durability limitation was 

related to the mechanical properties of the membrane, comparing a high-stiffness 

hexamethyltrimethylammonium functionalized DielsïAlder poly(phenylene) (HTMA-DAPP) 

membrane to a trimethylalkylammonium functionalized poly(styrene-b-ethylene-b-styrene) 
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triblock copolymer (SES-TMA) membrane. It's important to mention that they applied a 100 

psi differential pressure to the system to produce highly pure carbon at the cathode side. The 

membranes survived through the 500 h durability test with the differential pressure. However, 

the lower tensile strength membrane, which was SES-TMA, failed to maintain the pressure 

differential after 200 h, highlighting the need for a high-stiffness and high-tensile-strength 

membrane for long-term testing with pressure differentials.103 

Conducting long-term durability assessments on water electrolyzers is imperative 

and offers valuable insights for their practical application, particularly to develop a system 

that competes with AWE and PEMWE technologies in both performance and durability. Chae 

et al. documented a long-term durability experiment for an AEMWE using benzyltrimethyl 

ammonium functionalized Diels-Alder poly(phenylene) (BTMA-DAPP) and RadelÈ 

poly(sulfone) at 200 mA/cm2 and 50ęC. The BTMA-DAPP exhibited a degradation rate of 0.2 

mV/h, while the Radel-based polymer experienced catastrophic failure between 200 and 535 

hours of operation.145 In contrast, the AEMWE operating with 1M KOH showed significantly 

improved performance and long-term durability. Motealleh et al. demonstrated the sustained 

durability of both SustainionÈ and PTFE-reinforced SustainionÈ at 1A/cm2 for over 10,000 

hours with a degradation rate of 0.7 ɛV/h.146 Lastly, the long-term durability of the K2CO3-

fed AEMWE was investigated by Nel Hydrogen and our research group. Nel Hydrogen 

conducted tests on a 1 wt.%-K2CO3 fed AEMWE at 50ęC, maintaining a constant current 

density of 500 mA/cm2 with a 100 psi differential pressure. At the conclusion of the 500 h 

test, they observed a voltage decay of approximately 50 ɛV/h.103 It is worth noting that 

operating a water electrolyzer under differential pressure offers an advantage as it allows to 

produce pressurized high-purity hydrogen on the cathode side. 
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The conventional pathway for developing a membrane electrode assembly 

commences with the creation of a novel polymer material capable of conducting anions. 

Subsequently, ex-situ characteristics such as morphology, ion-exchange capacity, and ion-

conductivity are examined to refine the design of tunable AEIs and AEMs. Our group have 

previously reported poly(vinylbenzyl N-methylpiperidinium carbonate-b-polyethylene-b-

poly(vinylbenzyl N-methylpiperidinium carbonate)) ionomer, and its structure-property 

relationship was scrutinized to verify its suitability for application in anion-exchange 

electrochemical devices.147-149 This newly formulated ionomer could also be cast as a 

freestanding membrane, serving as an AEM within the electrochemical device. Wu et al. 

investigated the AEMWE performance and durability as a function of hydrophobic 

polyethylene midblock ratio and reported an impressive durability of last 200 h voltage decay 

rate of 58 ɛV/h and with 600 h durability test at 500 mA/cm2.150 For this study, transition 

metal oxide catalyst are going to be employed to investigate the ionomer-catalyst-membrane 

interaction to understand AEMWE performance and durability. 

 

1.4 Thesis Outline and Scope of Work / Thesis Statements 

The primary objective of this study is to investigate and enhance the durability of 

electrochemical devices, specifically PEMFCs and AEMWEs. To achieve this goal, this 

research can be divided into two main components: the enhancement of chemical and 

mechanical durability of PEMFCs (covered in Chapters 2 and 3), and the improvement of 

performance and durability of AEMWEs (discussed in Chapter 4). One approach involved the 

fabrication of a proton exchange membrane by covalently binding HPA to a perfluorinated 

sulfonic acid-vinylidene fluoride terpolymer, followed by an investigation of the relationship 

between membrane structure and durability. Additionally, three distinct transition metal oxide 
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catalysts were strategically selected to enhance the performance of AEMWEs, with a 

comprehensive examination of the impact of each catalyst on both performance and 

durability. 

The three chapters aim to address the following hypotheses: 

Hypothesis 1: Covalently bound HPA will catalyze the decomposition of oxygenated 

radicals due to its redox catalytic property, leading to the suppression of PFSA 

chemical degradation. 

Hypothesis 2: The super acidic nature for more mobile and dissociated protons of HPA 

will enhance proton conductivity when functionalized with PFSA-VDF polymer, 

resulting in improved fuel cell performance. 

Hypothesis 3: The incorporation of e-PTFE reinforcement into PFSA-VDF-HPA 

membranes will enhance the mechanical integrity of the membrane. Also, HPA 

functionality working as a redox catalyst for radical decomposition will 

effectively suppress both chemical and mechanical degradation in fuel cells. 

Hypothesis 4: Anion exchange membrane water electrolyzer performance will be 

enhanced by addition of low overpotential and high catalytic activity transition 

metal oxide with poly(vinylbenzyl N-methylpiperidinium carbonate)-b-

polyethylene-b-poly(vinylbenzyl N-methylpiperidinium carbonate) (PCMS-b-

PE-b-PCMS with MPRD) ionomer on the oxygen evolution reaction side. 

Polymer electrolyte membrane and catalyst change will lower the activation 

energy because both catalyst and polymer electrolyte will change the electron 

transfer reorganization energy. 
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CHAPTER 2: IMPROVED FUEL CELL CHEMICAL DURABILITY OF AN 

HETEROPOLY ACID FUNCTIONALIZED PERFLUORINATED 

TERPOLYMER-PERFLUOROSULFONIC 

ACID COMPOSITE MEMBRANE 
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2.1 Motivation 

In the pursuit of improving the durability of PEMFCs, a novel approach was adopted, 

involving the incorporation of chemically bound heteropoly acid functionality into 

perfluorinated sulfonic acid-vinylidene fluoride polymer. This led to the creation of a 

composite membrane, comprising heteropoly acid functionalized perfluorinated terpolymer 

and 3M perfluorosulfonic acid polymer, with a composition ratio of 10 wt.%. 
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Notably, the composite polymer membrane functionalized with heteropoly acid exhibited a 

distinctive traitðhigher particle density on the liner-side. Consequently, when this denser liner-

side was oriented towards the anode, it resulted in a more substantial enhancement in chemical 

durability. Hypothesis 1 is designed to investigate the extent to which this heteropoly acid 

functionalization can improve the chemical durability of PEMFCs, particularly under 

accelerated stress conditions. 

2.2 Abstract 

Commercial proton exchange membrane heavy-duty fuel cell vehicles will require a 

five-fold increase in durability compared to current state-of-the art light-duty fuel cell 

vehicles. We describe a new composite membrane that incorporates silicotungstic heteroply 

acid (HPA), ɻ-K8SiW11O40ǐ13H2O, a radical decomposition catalyst and when acid-

exchanged can potentially conduct protons. The HPA was covalently bound to a terpolymer of 

tetrafluoroethylene, vinylidene fluoride, and sulfonyl fluoride containing monomer 

(1,1,2,2,3,3,4,4-octafluoro-4-((1,2,2-trifluorovinyl)oxy)butane-1-sulfonyl fluoride) by 

dehydrofluorination followed by addition of diethyl (4-hydroxyphenyl) phosphonate, giving a 

perfluorosulfonic acid-vinylidene fluoride-heteropoly acid (PFSA-VDF-HPA). A composite 

membrane was fabricated using a blend of the PFSA-VDF-HPA and the 800EW 3M perfluoro 

sulfonic acid polymer. The bottom liner-side of the membrane tended to have a higher 

proportion of HPA moieties compared to the air-side as gravity caused the higher density 

PFSA-VDF-HPA to settle. The composite membrane was shown to have less swelling, more 

hydrophobic properties, and higher crystallinity than the pure PFSA membrane. The proton 

conductivity of the membrane was 0.130  0.03 S/cm at 80ęC and 95% RH. Impressively, 

the membrane with HPA-rich side facing the anode survived > 800 h under accelerated stress 

test conditions of open-circuit voltage, 90ęC and 30% RH. 
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2.3 Introduction 

Proton exchange membrane fuel cells (PEMFCs) have been adopted and 

commercialized for light-duty vehicles by multiple car manufacturers, such as Toyota and 

Hyundai with the Mirai and Nexo fuel cell vehicles (FCV), respectively.151 Subsequent to 

these commercialization activities, the focus of PEMFC research has shifted towards heavy-

duty fuel cell vehicles due to the advantage of their higher energy density and faster refueling 

of the fuel cell system compared to battery electric vehicles, and the relatively low start-stop 

cycle damage compared to light-duty, higher cycling fuel cell vehicles.15, 152, 153 Hence, efforts 

to lower both the capital and operating costs of FCVs are necessary to commercialize reliable 

and affordable heavy-duty FCVs, such as adopting thinner membranes and lowering the 

catalyst loading, respectively.16, 154 A major challenge for commercializing heavy-duty FCVs 

is fuel cell durability as heavy-duty vehicles have five-fold longer mileage requirements than 

current state-of-the art light-duty vehicles while also tending to operate at more stressful 

conditions.155 The ultimate DOE target for heavy-duty FCVs is an operating durability longer 

than one million miles or 30,000 hours.15 

Perfluorinated sulfonic acid (PFSA) polyelectrolyte membranes are the benchmark 

material for PEM FCVs. The fluorinated backbone enables PFSA membranes to have robust 

durability and the sulfonic acid side-chains give high proton conductivity.156 Despite the 

outstanding durability of the fully fluorinated polymer, improvements are still needed to meet 

the million-mile target. Polymer electrolyte membranes can undergo degradation from two 

main mechanisms: mechanical or chemical degradation. Mitigation methods for mechanical 

degradation are relatively well-studied, and an effective solution has been proposed with the 

use of a mechanical support in the membrane, such as expanded-polytetrafluoroethylene (e-

PTFE).78, 157 However, chemical degradation induced by radicals formed as a product of 
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incomplete oxygen reduction reaction and oxygen and/or hydrogen crossover through the 

membrane is not yet fully resolved.18, 35 It has been shown that this problem is exacerbated by 

O2 crossover to the anode and both chemically and electrochemically formed H2O2 are 

sources of ÅOH radical generation which needs to be suppressed for further chemical stability 

enhancement.35, 158 Researchers have studied radical scavenger materials such as cerium or 

manganese oxides or cations which, when added to the membrane, act as a catalyst that 

decomposes ÅOH radicals faster than they react with the PFSA polymer and initiate 

degrdation.33, 60, 158-161 These additives as cations can compromise the performance of the 

membrane as they partially neutralize the protons conducting sulfonic acid groups. However, 

when added in low concentrations this effect is negligable.34, 35 These inorganic catalysts that 

are initially placed in the membrane or electrode in soluble form which are neither fixed nor 

bound, and so undesirable migration and accumulation of cations has been observed after 

durability testing leaving the cation depleted membrane regions vulnerable to early failures.36-

39 

A moiety that can be chemically immobilized that is both proton conducting and a 

radical decomposition catalyst, such as a heteropoly acid (HPA) would be a highly attractive 

alternative to these mobile cations. HPAs are a sub-class of polyoxometalate, inorganic 

superacids, that can be utilized as catalysts.162 The simplest HPA structure consisting of 12 

tungsten oxygen octahedra surrounding a central heteroatom is called the Keggin structure 

which is roughly spherical of ca. 1 nm diameter.163 Some HPAs, such as silicotungstic acid 

(H4SiW12O40), have been reported to have radical decomposition catalyst functionality.
50-52 

However, the unfunctionalized HPAôs high solubility in water and tendency to agglomerate 

and migrate have made them challenging for PEMFC applications.59 One or more tungsten 

oxygen octahedra can be removed from the HPA to give a lacunary HPA where the vacancy 
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can be used to covalently attach the HPA to a chemical functional group.162 We have used this 

strategy quite successfully in the past to produce water stable HPA functionalized 

membranes.164 As previously reported, highly efficient chemical immobilization of 

silicotungstic acid to poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP-HPA).34, 

60 This method eliminates the migration and leaching of the HPA and provides a promising 

approach to address the clustering issue as well. The PVDF-HFP-HPA membrane also 

showed exceptional proton conductivity under standard operating conditions (0.298 S/cm2 at 

80ęC and 95 % RH) with the HPA as the only proton conducting moiety in the membrane. An 

alternative approach to take advantage of the desirable mechanical and transport properties of 

the state-of-the art PFSAs is to add the HPAs to a PFSA matrix. 

In this work a hybrid PVDF-PFSA polymer was developed by 3M as a base material 

for the HPA functionalization to increase the compatibility of the HPA functionalized material 

with the PFSA polymer.34, 60, 165 The new terpolymer was a statistical random copolymer of 

the tetrafluoroethylene (TFE), vinylidene fluoride (VDF) and 3M sulfonyl fluoride containing 

monomer (1,1,2,2,3,3,4,4-octafluoro-4-((1,2,2-trifluorovinyl)oxy)butane-1-sulfonyl fluoride, 

MV4S) in a ratio of 0.67/0.18/0.15 respectively, referred here to as PFSA-VDF.166 The VDF 

moieties in PFSA-VDF were used to tether the HPA to the polymer (PFSA-VDF-HPA) via 

dehydrofluorination as described previously (Figure 2.1).165 Due to the relatively high density 

of the HPA additive we obtained membranes where the lower, liner-side of the as-cast 

membrane was HPA-rich, which enabled us to place the additive specifically toward the 

anode or the cathode electrodes. We optimized the HPA loading by fabricating a composite 

membrane via blending of conventional of 800EW 3M-PFSA with PFSA-VDF-HPA. The 

proton conductivity of the composite was investigated as we hypothesized that the additional 

highly mobile protonic acid site, HPA, would enhance the proton conductivity. The composite 
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membranes were tested in a fuel cell for performance and chemical stability in an open circuit 

voltage (OCV) accelerated stress test (AST) as a function of HPA distribution. 

 

2.4 Experimental 

Materials. ð The perfluorinated sulfonic acid ï vinylidene fluoride (PFSA-VDF), 

TFE-MV4S-VDF, 0.67/0.15/0.18 mol/mol/mol respectively, terpolymer and 800EW 3M-

PFSA were supplied by 3M. Diethyl (4-hydroxyphenyl) phosphonate) (DHPP) was purchased 

from SynQuest Labs. Bromotrimethylsilane (BTMS, Aldrich, 97%), sodium hydroxide 

(NaOH, 98 %, Aldrich), potassium hydroxide solution in methanol (1 N, Aldrich), 

hydrochloric acid (HCl, Macron, 36.5%-38%), and sulfuric acid (H2SO4, EMD Millipore) 

were used as received. Methanol (MeOH, Pharmco, ACS grade), iso-propanol (i-PrOH, 

Pharmco, ACS grade), acetonitrile (CH3CN, Acros Organics, 99.9%, anhydrous), and N, N- 

dimethylacetamide (DMAc, Acros Organics, 99+ %, anhydrous), all solvents were used 

without further purification. The lacunary silicotungstic heteropoly acid (HPA, ɻ-

K8SiW11O40ǐ13H2O) was synthesized as previously reported.
167 

Preparation of phenol phosphonic ester functionalized PFSA-VDF (PFSA-VDF-PPE, 

Figure 2.1, Step 1). ð10.64 g of PFSA-VDF (11.77 mmol) was mixed with DMAc (106 mL) 

at 45ÁC for 3 days to form a suspension. This was followed by stepwise addition of 68 mL of 

0.1 M NaOH in isopropanol, followed by the addition of 3.58 g of DHPP (15.54 mmol) in 1M 

KOH in MeOH at 45ęC and the resultant reaction mixture was stirred at 45ęC overnight, 

giving a yellow-orange clear reaction mixture. The polymer was then precipitated for 10 min 

by the addition of 1.2 M HCl (aq) (400 mL). The yellow solid was collected on a coarse 

fritted funnel and rinsed with DI water until the pH of the washing water was 6, as measured 
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with pH paper. The resultant yellow solid, PFSA-VDF-PPE, was dried in room-temperature 

(RT) air overnight and then under vacuum for 48 h at 40ęC, (11.58 g, yield: 85.23%) 

Preparation of phenol phosphonic acid functionalized PFSA-VDF (PFSA-VDF-

HPPA, Figure 2.1, Step 2). ð PFSA-VDF-PPE (10.02g) was suspended in 200 mL of dry 

acetonitrile under ultrahigh purity (UHP) nitrogen at RT for 48 h. The polymer suspension 

was cooled to 0ęC in an ice-water bath under UHP nitrogen. 10 mL of bromotrimethylsilane 

(BTMS, 11.24g, 73.5 mmol) was added under nitrogen at 0 ęC. The reaction temperature was 

gradually increased to 50ęC over 1 h and then allowed to react for 22 h while stirred. The 

reaction mixture was cooled to RT and quenched in 10 vol. % of HCl in MeOH (300 mL). 

The resultant reaction mixture was then stirred at RT for 3 h. The mixture was kept at room 

temperature and then the polymer mixture was decanted from the insoluble residual pale-

yellow bottom layer. The polymer mixture was dried in RT air overnight and the dried solid 

was washed with DI water until pH 6 as shown by pH paper. The solid was dried in RT air for 

24 h and then dried in vacuum for 48 h, producing phenol phosphonic acid functionalized 

PFSA-VDF (PFSA-VDF-HPPA, pale yellow solid, 9.12g, yield: 96.65 %) 

Preparation of heteropolyacid functionalized perfluorosulfonic acid-vinylidene 

fluoride (PFSA-PVDF-HPA, Figure 2.1, Step 3). ð 5.06 g of PFSA-VDF-HPPA was 

suspended in DMAc (90 mL) at RT overnight. 3.65 g (1.131 mmol, 1 equivalent) of HPA was 

added to the homogeneous polymer solution at RT for 5 min. HCl (aq) (12M, 0.565 mL, 6 

equivalent based on HPA) was added dropwise to the reaction mixture at RT. The reaction 

mixture was stirred at 80ęC for 3 days. The solution was centrifuged for 20 min at 4500 rpm 

and decanted, producing HPA functionalized PFSA-VDF (PFSA-VDF-HPA, 8.37g). 

Membrane fabrication. ð To measure the properties of PFSA-VDF and PFSA-VDF-

HPA, membranes were fabricated by hot-pressing at 165ęC for 10 min and acid-exchanged 
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with 4 M sulfuric acid, aim to cast at 30ɛm thickness but giving a film with a thickness of 27-

87ɛm. 

A series of composite membranes, with 5, 10, and 20 wt. % blended solution were 

fabricated by casting and drying in 100ęC for 15 min and then thermal annealed at 165ęC for 

10 min. An example membrane fabrication for the optimized 10 wt.% composite is as 

follows. A suspension of 20 wt.% 800EW 3M-PFSA in 70:30 ethanol to water solvent and a 

suspension of 8.37 wt.% of PFSA-VDF-HPA in DMAc were formed. The mixture of two 

polymer suspensions in a ratio of 9:1 was made to obtain a 10 wt.% blended polymer 

suspension resulting in 0.41 wt. % of HPA additives. Approximately 10 mL of the blended 

suspension was cast on a KaptonÈ liner using a doctor blade with a knife gap of 0.762 mm to 

fabricate a 100 cm2 membrane. After casting and annealing, the membrane was removed from 

the KaptonÈ liner and then acid-exchanged with 4M sulfuric acid overnight at RT. The 

membrane was then rinsed with D.I water three times and dried in RT air overnight. The 

membrane was cut down to 25 cm2 for fuel cell testing and the thickness of the film was 

measured with a micrometer at 5 different locations, giving a film thickness of 27-87ɛm. The 

thickness variation of the membrane can be improved in the future by using a doctor-blade 

machine instead of hand-cast doctor-blade and going through drying process immediately 

without moving the cast solution from casting area to the oven. 

Fourier-Transform Infrared-Attenuated Total Reflection (FTIR-ATR) Spectroscopy. 

ð FTIR was recorded using a Nicolet iN10 MX microscope equipped with an attenuated 

total reflection (ATR) stage under room temperature conditions. 512 scans with a resolution 

of 1cm-1 were used. All samples were in membrane form if not specified otherwise. 
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Nuclear Magnetic Resonance spectroscopy (NMR). ð Liquid-state NMR spectra 

were measured using a JOEL ECA 500 MHz spectrometer in DMSO-d6, in 5 mm diameter 

tubes at 25ęC. 1H, and 31P chemical shifts were calibrated with tetramethylsilane, and 

phosphoric acids standards respectively. 

Elemental Analysis. ð Elemental analysis was performed at Huffman Hazen 

Laboratories in Golden, CO using flame atomic absorption spectroscopy. Thermo FlashEA 

1112 analyzer (Thermofisher, USA) was used. Weighed samples were combusted in oxygen 

at 950 ęC. Carbon and hydrogen contents were determined following ASTM D5291. Sulfur is 

determined on a LECO model S-144DR sulfur analyzer using ASTM D4239, with weighed 

samples combusted in oxygen at 1300 ęC and SO2 was measured using infrared spectroscopy. 

Silicon was measured after preparation by high temperature fusion with lithium metaborate 

flux. The fusion bead is dissolved in mineral acid followed by analysis by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). Phosphorous, potassium, and tungsten 

were determined after dissolution in a mixture of perchloric acid and nitric acid followed by 

ICP-AES. Fluorine was determined after preparation by high temperature fusion with lithium 

metaborate flux. The fusion bead was dissolved in mineral acid followed by analysis by ion 

selective electrode. 

X-ray Diffraction (XRD). ð A Siemens D-500 diffractometer was used with the 

operating condition of 30 kV and 25 mA. The 2ɗ range was from 3 to 60ę with a step size of 

0.05ę and 6 s dwell time. Match! (Crystal Impact GbR) software was used to identify and 

analyze the peaks. The crystallinity of the membrane was calculated based on the area under 

the crystalline peaks (assigned centered at 17.5ę) using the JADE 9 (MDI Inc.) fitting 

software.168-170  
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Differential Calorimetry (DSC). ð DSC data was obtained using a TA instruments 

Q20 DSC. 5-10 mg of polymer sample was loaded in Tzero aluminum pan and the change in 

heat flow was measured from -30 to 150 ęC twice and followed by -30 to 200ęC twice. The 

heating and cooling rates were both 10ęC per min. 

Thermogravimetric Analysis (TGA). ð TA instruments TGA Q500 with a platinum 

pan was used for TGA experiments. Experiments were conducted either in nitrogen or air. 

The temperature was ramped at 10ęC/min with a gas flow rate of 50 mL/min. Samples were 

dried at 80ęC for 1 h and equilibrated at ambient temperature and humidity for 1 h prior to the 

test. 

Ion-exchange capacity (IEC) calculation from thermogravimetric analysis (TGA) 

residue. ð HPAs are instable at high PH, therefore the IEC cannot be calculated using 

conventional acid-titration method. However, the TGA residue data can be utilized to 

calculate the IEC. Assuming that each silicotungstic acid moiety has 13 H2O molecules at RT, 

the elements in the PFSA-VDF-HPA membrane will oxidize and result in 11 WO3 and 1 SiO2 

for each K8SIW11O40 when the temperature is ramped up to 800ęC in air.
34, 171 And the IEC 

can be calculated as below: 

Calculated theoretical residue from PFSA-VDF-HPA34 
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Therefore, the theoretical mass residue from TGA should be 17.4% 

Proton per gram of residue can be calculated: 
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Then, the theoretical IEC can be calculated using EW of the HPA tethered polymer 
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Mol % of HPA tethered VDF and unutilized VDF can be calculated by 
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Calculate IEC from TGA residue 

For trial 1, residue from TGA was 
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For trial 2, residue from TGA was 
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Average IEC will be  
Ȣ   Ȣ   

  
 

We can also calculate theoretical IEC of the 10 wt.% composite membrane of PFSA-VDF-

HPA and 3M-PFSA 800EW with the calculated IEC.  

IEC of 3M-800EW PFSA will be 

ρ
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Using TGA calculated IEC of PFSA-VDF-HPA 
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Small Angle X-ray Scattering (SAXS). ð The 12-ID-B beamline at the Advanced 

Photon Source, Argonne National Lab, was used to obtain the SAXS data with 13.3 keV 

radiation. A custom built environmental chamber was able to control temperature and relative 

humidity.172 An Eiger9M detector was used with the sample-to-detector distance of 1995 mm 

and 0.0750 mm pixel size. 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). 

ð SEM images were taken at Oak Ridge National Lab. Membrane cross sections were 

prepared for SEM by diamond-knife ultramicrotomy after embedding in epoxy. Backscattered 

and secondary electron images were captured on a Hitachi S4800 SEM operated at 10 keV. 

Complementary images in the supplemental information were taken with the electron 

scanning microscope (TESCAN S8252G) operating under low vacuum at 10 keV with 

standard parameters. All SEM images shown were taken with a solid-state backscatter 

electron detector. The Energy dispersive X-ray spectroscopy (EDS) was performed with an 

element Apex software. 

Scanning Transmission Electron Microscopy (STEM). ð High-angle annular dark-

field (HAADF) STEM images were taken at Oak Ridge National Lab. Membrane cross-

sections were prepared for STEM imaging by diamond-knife ultramicrotomy after embedding 

in epoxy. STEM imaging and EDS analysis were performed on a JEOL JEM-ARM200F 

ñNEOARMò microscope operated at 80 keV and equipped with dual silicon drift X-ray 

spectrometers. 

Atomic Force Microscopy (AFM). ð Height and phase images were obtained using 

an Asylum Research MF3PD Atomic Force Microscope. The tapping mode with silicon AFM 

probes (Ted Pella, Prod. No. TAP150AL-G) with resonant frequency of ~150 kHz and 5 N/m 

force constant was used.  
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Water uptake / Dynamic Vapor Sorption (DVS). ð Water uptake as a function of 

different relative humidity was measured using a DVS Adventure water vapor sorption 

analyzer (Surface Measurement Systems, North America). Membrane samples were dried 

under vacuum and room temperature for 24 h prior to the experiment. After the sample was 

loaded in the DVS another 120 min of drying was conducted to obtain the initial dry mass. 

The relative humidity was increased in five steps to reach 95 % RH. At each step the 

membrane was allowed to equilibrate for at least 120 min. The lamda (ɚ) value, water 

molecules per acid site, was calculated based on the water uptake percentage. For liquid water 

uptake and in-plane swelling measurement, 5 cm2 samples were dried in vacuum for 24 h and 

the initial dry mass was obtained. Samples were then soaked in DI water at room temperature 

for 24 h and then the measurement was conducted. 

Contact Angle Measurement. ð Contact angle measurements were conducted using 

an Attension Theta Flex tensiometer from Biolin Scientific, and the image analysis used was 

OneAttension. A single drop of DI water was manually placed on the center of the sample and 

images were taken for 10 s at 10% frame per second and polynomial analysis mode was used. 

All samples were dried in vacuum overnight at RT prior to the measurement and 1 cm2 

sample was stuck on the glass slide using a double-sided tape. Four identical samples of 1 

cm2 were measured for each membrane. 

Electrochemical Impedance Spectroscopy (EIS). ð Electrochemical Impedance 

Spectroscopy was performed using a BioLogic VMP3 potentiostat with the sample 

equilibrated inside an environmental chamber (TestEquity) to determine in-plane proton 

conductivity. Two independent humidity probes (Vaisala Inc.) were placed inside the 

environmental chamber, one to cross-check and one to precisely control the temperature and 

relative humidity. The membranes were placed in a four-platinum electrode fixture based on 
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an established design, BekkTech conductivity cell (BT-115). The data were fit using a 

Randleôs circuit and the results were used to calculate the proton conductivity of the cell as 

described in equation 2.1. 

ʎ
  

       (2.1) 

Where ʎ, R, L, W and ɿ are proton conductivity, resistance, dry length, width, and thickness 

of the membrane, respectively. 

Fuel Cell testing / Accelerated Standard Test (AST). ð Membrane electrode 

assemblies (MEAs) were fabricated using catalyst-coated gas diffusion layer (GDL) with a 

sub-gasket to frame the active area to 25 cm2. Electrodes were fabricated at 3M by casting an 

ink formulation consisting of 3M 1000EW ionomer binder and platinum on carbon catalysts 

with ionomer to carbon ratio (I/C) of 0.90 wt% for the anode and 3M 800EW ionomer at 1.15 

wt% I/C for the cathode. The anode catalysts loading was 0.1 mg Pt/cm2 and the cathode was 

0.3 mg Pt/cm2. 

The fuel cell performance and chemical durability test was performed on the 25 cm2 

MEA in fuel cell hardware (Fuel Cell Technologies, Albuquerque, NM) equipped with 

graphite quad serpentine flow fields, described in elsewhere.173 The fuel cell performance test 

was run under cell temperature of 70ęC with saturated conditions. A constant flow rate of 

anode and cathode were 800 standard cubic centimeters per minute (SCCM) and 1800 SCCM 

with no back pressure. 

Open circuit voltage (OCV) tests were run using the US Department of Energy 

accelerated test protocol.174 The cell temperature was 90ęC, relative humidity was 30% both 

anode and cathode, and operated under H2/Air with no backpressure. Membrane failure was 

determined when OCV of the cell fell below 0.8 V. High frequency resistance (HFR) was 
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measured twice a day at an excursion of 0.2 A/cm2 and an operation conditional at a 

frequency of 10 kHz. Effluent fluoride was measured using ion-chromatography (ICS-2000, 

Dionex, Sunnyvale, CA) with cathode effluent water collected approximately every 1-3 days 

as previously reported.175 

 

2.5 Results and Discussion 

Synthesis. ð A four-step synthesis procedure previously reported for poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP) was used to covalently anchor the 

silicotungstic heteropoly acid (HPA) to the PFSA-VDF.34, 165 The initial terpolymer (PFSA-

VDF) provided by 3M contained 18 mol% of VDF as an HPA anchoring site. 

Dehydrofluorination and the addition of DHPP were used to covalently bind the HPA to the 

terpolymer. DHPP was attached to the PFSA-VDF using NaOH as a dehydrofluorination 

reactant (PFSA-VDF-PPE), to a number of the VDF repeat units followed by hydrolysis of 

sulfonate group by precipitating in HCl. The attached phosphate ester was then hydrolyzed to 

produce phosphonic acid binding sites for the lacunary HPA and sulfonic acid functionality 

from the sulfonyl fluoride. (PFSA-VDF-PPA). Finally, the lacunary HPA was attached to the 

hydrolyzed polymer as shown in Figure 2.1. 
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Figure 2.1. Synthetic reaction scheme for silicotungstic acid functionalized perfluorinated 

sulfonic acid-vinylidene fluoride (PFSA-VDF-HPA) from perfluorinated sulfonic acid-

vinylidene fluoride (PFSA-VDF) and diethyl (4-hydroxyphenyl) phosphonate (DHPP)  

 

An investigation of a series of composite films revealed that the maximum proton 

conductivity was observed for a 10 wt.% blended PFSA-VDF-HPA with 800EW 3M-PFSA, 

as shown in Figure 2.2. This membrane was fully characterized and used in this study, and 

less conductive membranes were not investigated further. 
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Figure 2.2. Proton conductivity of 3M-PFSA 800EW (black square), 5 wt% (magneta 

sqaure), 10 wt% (red circle), 20 wt% (blue triangle) composite membrane at 80ęC. (left). 

Difference in proton conductivity tend to get smaller as the relative humidity increases due to 

solvation of HPA bound side chains. 

 

The proton conductivity of the membrane was measured using electrochemical 

impedance spectroscopy (EIS). The sample was loaded on the four-electrode setup and placed 

on the TestEquity environmental chamber to control the temperature and relative humidity. 

The proton conductivity at 80ęC and 80 % RH was used as a value to compare different 

blending ratio of PFSA-VDF-HPA and 3M-PFSA. 5/10/20 wt.% blending ratio composite 

polymer were tested to get the proton conductivity, 0.029  0.002 S/cm / 0.089  0.02 

S/cm / 0.045  0.02 S/cm respectively. The conductivity of the 10 wt.% blended polymer 
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was the highest among the samples but still lower than the 3M-PFSA 800EW control (0.130 

 0.03 S/cm). 

Membrane fabrication. ð 10 wt.% composite membrane was cast using a doctor-

blade method on a KaptonÈ liner followed by solvent drying (100ęC) and thermal annealing 

(165ęC), which resulted in 26-87 ɛm thickness (Figure 2.3).  

 

Figure 2.3. Schematic of membrane casting side (air-side and liner-side) 

 

Chemical Characterization. ð The chemical characterization and verification of the 

polymer, PFSA-VDF-HPA, were confirmed using FTIR, NMR, and elemental analysis. NMR 

(Figure 2.5) and elemental analysis (Table 2.1) are available in the supplemental information. 

Elemental analysis was measured and calculated by the Huffman Hazen Lab in 

Golden, CO. The results on the analysis verified the presence of silicon (Si) and tungsten (W) 

on both the heterpoly acid functionalized perfluorosulfonic acid-vinylidene fluoride (PFSA-

VDF-HPA) and the 10 wt% blended polymer with 3M-PFSA 800EW. The presence of Si and 
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W are the crucial indicator of the silicotungstic HPA binding to the perfluorosulfonic acid 

(PFSA). 

The FTIR spectra of the PFSA-VDF-HPA, composite membrane of 10 wt.% PFSA-

VDF-HPA and 3M-PFSA 800EW, and the subtraction of the 3M-PFSA 800EW spectrum 

from the composite membrane spectrum are shown in Figure 2.4. For all spectra, strong peaks 

at 1200 cm-1 (symmetric) and 1150 cm-1 (asymmetric) corresponding to ɜ(C-F) were observed 

due to the presence of fluorinated backbone. PFSA-VDF terpolymer showed a strong ɜ(S-F) 

peak at 1460-1470 cm-1 due to the sulfonyl fluoride sidechain.176. The hydrolysis of sulfonyl 

fluoride was indicated by the removal of ɜ(S-F) at 1480 cm-1 and new peak of solvated 

sulfonic acid groups (1056 cm-1, ɜ-SO3
-) that remained even after drying.177 The HPA has a 

characteristic infrared fingerprint of five peaks, which is fully assigned previously,164 where 

the coordination and hydration state of the HPA can be further probed in the membrane. 

Specifically, the peaks are ɜas (Si-Oa) (asymmetric silicon-oxygen, 968 and 914 cm-1), ɜas 

(W=Oter) (asymmetric tungsten-terminal oxygen, 894 cm-1), ɜas (W-Oe-W) (asymmetric 

tungsten-edge shared oxygen, 779 cm-1), ɜas (W-OC-W) (asymmetric tungsten-corner shared 

oxygen, 755 cm-1). When the HPA is chemically bound to the polymer, in addition to the HPA 

peaks one phenyl phosphorous anchoring group-derived peak is also observed ɜ (P-O) 

(phosphorous-oxygen, 1049 cm-1) (Figure 2.4).164, 178-180 Note that the symmetric stretching of 

SO3H group peak should be ca. 1060 cm-1 181 but was too close to determine between 

phosphorous anchoring group-derived peak.  
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Figure 2.4. FTIR spectra of PFSA-VDF-HPA (black), 10 wt. % composite membrane of 

PFSA-VDF-HPA to 3M-PFSA 800EW (red), and subtracted spectra of the 3M-PFSA 800EW 

from the composite membrane (blue). HPA-induced bands are labeled and indicated with 

dashed black lines. 

 

 

Figure 2.5. 1H and 31P NMR data respectively, blue line indicates intermediate polymer with 

phenol phosphonic acid attachment on anchoring group and red line indicates final polymer 

with heteropoly acid (HPA, ‌-K8SiW11O40ǐ13H2O) chemically bound to the perfluorinated 

sulfonic acid ï vinylidene fluoride (TFE-MV4S-VDF, 0.67/0.18/0.15 respectively, which will 

be mentioned as PFSA-VDF from now on). 
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NMR measurements were conducted to further support the covalent attachment of 

HPA to the starting polymer. 1H NMR showed the existence of the desired functional groups. 

For the phenol phosphonic acid functionalized polymer, aromatic protons were observed from 

7.0 to 7.2ppm (Figure 2.5, a, blue). 31P NMR shows additional evidence of the covalent 

attachment of HPA to the polymer. For the phenol phosphonic acid functionalized polymer, a 

sharp peak at 10.8 ppm was observed distinctly shifted from the DHPP resonance at 21 

ppm.60 When the HPA was attached, chemical shifts at 13.8 ppm and 8.6 ppm were observed 

(Figure 2.5, b, red). The 8.6 ppm resonance was assigned to the phosphoric acid anhydride 

and the 13.8 ppm resonance to the two phosphorous attachment points to the HPA.34 

The results in Table 2.1 of the elemental analysis verified the presence of all the 

expected elements in the polymers including silicon (Si) and tungsten (W) for both the PFSA-

VDF-HPA and the 10 wt. % blended polymer with 3M-PFSA 800EW. The experimentally 

obtained values matched to the calculated values for all elements except W, which is known 

to be hard to analyze quantitively in many compounds and materials.182, 183 
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Table 2.1. Elemental analysis for 10 wt.% composite membrane, PFSA-VDF-HPPA, and 

PFSA-VDF-HPA  

Sample ID C 

(% 

w/w) 

H 

(% 

w/w) 

O 

(% 

w/w) 

S 

(% w/w) 

Si 

(% 

w/w) 

W 

(% 

w/w) 

F 

(% 

w/w) 

P 

(% 

w/w) 

10 wt.% 

Composite 

Membrane 

18.64 

(14.02) 

0.78 

(0.19) 

13.68 

(16.15) 

3.64 (1.79) 0.035 

(0.47) 

0.151 

(33.84) 

22.3 

(32.50) 

0.0160 

(1.04) 

PFSA-

VDF- 

HPPA 

23.52 

(25.63) 

0.89 

(0.35) 

14.21 

(9.46) 

3.37 

(3.27) 

NR NR 25.3 

(59.39) 

1.37 

(1.89) 

PFSA-

VDF- 

HPA 

17.75 

(13.68) 

0.89 

(0.19) 

17.15 

(15.75) 

2.14 

(1.75) 

0.273 

(0.49) 

2.15 

(33.0) 

14.9 

(34.17) 

0.351 

(1.02) 

* NR = Not Requested 

* Bracket = Calculated value 

 

Thermal Characterization. ð TGA results for the PFSA-VDF-HPPA and PFSA-

VDF-HPA are shown in Figure 2.6, and for the 10 wt.% composite membrane in Figure 2.7. 

In all cases, even though the samples were pre-dried additional water is lost up to 100ęC 

under N2, 1.9 wt.% (PFSA-VDF-HPA) and 1.4 wt.% for PFSA-VDF-HPPA. Up to 200ęC 

additional mass loss of 1.1 wt.% (PFSA-VDF-HPA) and 3.3% (PFSA-VDF-HPPA) was 

observed due to the remaining tightly bound water residue (SO3(H3O) Ÿ SO3H) and the 

partial decomposition of sulfonic acid groups to sulfur oxide and ÅOH.184, 185 The normalized 

mass loss for PFSA-VDF-HPPA was higher for PFSA-VDF-HPA over all temperature 

regimes due to the high inorganic content of the HPA. When the temperature was ramped up 

higher than 310ęC a rapid decrease in mass was observed due to the loss of sulfonate sites by 

C-S bond cleavage186 and loss of polyether sidechains187, which lead to a 25.5% and a 39.3% 

mass loss for PFSA-VDF-HPA and PFSA-VDF-HPPA respectively. The primary degradation 

of the polyvinylidene fluoride (PVDF) and backbone decomposition of 
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polytetrafluoroethylene (PTFE) was observed when the temperature was ramped from 410ęC 

to 600ęC, resulting in a 45.8% and a 47.1% mass loss for PFSA-VDF-HPA and PFSA-VDF-

HPPA respectively.188 

Due to the instability of the HPA in alkali media, a conventional acid-base titration 

method to obtain ion-exchange capacity (IEC) is not possible. The residual masses after 

oxidation shown in the TGA measurements were used to quantify the amount of the HPA in 

the PFSA-VDF-HPA material, to give the IEC. The theoretical IEC values of the HPA 

containing membranes can be calculated using the estimated residual mass of SiO2 and 

WO3.
34 In the blended polymer, three potential proton-conducting sidechains exist: a sulfonic 

acid group in PFSA, the HPA, and an acidified HPA unbound phosphorous anchoring group. 

A previous study reported that the proton conductivity of the phosphorous anchoring group is 

four orders of magnitude lower than for sulfonic acid sidechains.189 Therefore, the IEC of the 

phosphorous anchoring group was neglected. The TGA-calculated IEC of the PFSA-VDF-

HPA membrane was ρȢρτ πȢπρ ÍÍÏÌ (ȾÇȟ which is ςȢυ ρȢπϷ lower than the 

calculated theoretical IEC. This is a result of phosphorous anchoring groups that are not 

utilized. However, the influence of these unutilized phosphorous anchoring groups on the 

composite membrane IEC was negligible due to the low amount (0.41 wt.%) of HPA additive 

(Table 2.2). 
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Figure 2.6. Thermogravimetric measurement of PFSA-VDF-HPA (a) and PFSA-VDF-HPPA 

(b). Black solid line indicates thermal decomposition under air and red solid line with 

nitrogen. Dotted line on the graph is normalized mass loss per ęC, to identify the breakout 

points of thermal decomposition. 
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Figure 2.7. Thermogravimetric measurement of 10 wt.% composite membrane of PFSA-

VDF-HPA and 3M-PFSA. Black solid line indicates thermal decomposition under air and red 

solid line with nitrogen. Dotted line on the graph is normalized mass loss per ęC, to identify 

the breakout points of thermal decomposition. 

 

Table 2.2. Theoretical and actual ion-exchange capacity of PFSA-VDF-HPA and composite 

membrane 

 PFSA-VDF-HPA 

(mmol H+/g) 

Composite 

membrane  

(mmol H+/g) 

Theoretical IEC 1.17 1.24 

TGA-calculated IEC 1.14  0.01 ǐ 

% Difference 2.5  1.0 ǐ 
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DSC did not show any strong thermal transitions due to the polymer for all 

membrane samples, over the range studied, 30ęC to 200ęC. Minor irreversible peaks at 120ęC 

and 200ęC were observed in the DSC on the first cycle and were assigned to loosely and 

tightly bound water to the membrane evaporated, respectively. (Figure 2.8) 

 

Figure 2.8. DSC measurement of 2 cycles of temperature ramped up to 130ęand 200ęC. 3M-

PFSA 800EW (black), PFSA-VDF (violet), PFSA-VDF-HPA (red), and 10 wt.% blended 

polymer (blue).  

 

Morphology. ð The morphology of the membrane; air-side, liner-side, and cross-

sectioned, was investigated by SEM, STEM, AFM, and SAXS. Importantly, the HPA 

distribution was shown to be heterogenous as influenced by its relatively high density. The 
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distribution of the HPA is critical in optimizing its utilization in the radical scavenging 

functionality. In both SEM and HAADF STEM images, the position of the HPA clusters and 

agglomerates were readily determined as tungsten has a relatively high electron density. SEM 

was utilized to analyze the HPA distribution on both surfaces. The micron-scale morphology 

of the composite membrane differed on each side of the membrane. Figure 2.9 and Figure 

2.10 show that the liner-side of the membrane has uniformly distributed HPA moieties of 2.6 

 0.9 ɛm throughout the surface. In contrast, the air-side of the membrane has a relatively 

small amount of HPA moieties on the surface. 

 

 

Figure 2.9. SEM image of the 10 wt.% composite membrane. Liner-side image shows well-

distributed HPA agglomerates at the surface (left). However, the air-side of the membrane 

does not show as much HPA at the surface (right). 

 

The cross-sectioned SEM image shows that the chemically anchored HPA was well 

distributed across the membrane with an average particle size of 0.7  0.4 ɛm smaller than 

that observed on the liner-side surface (Figure 2.9). Consistent with the SEM imaging, the 

density of HPA was higher at the liner-side than the air-side (Figure 2.11-a). Mapping by 

EDS showed that the W (red in Figure 2.11-c) and F (green in Figure 2.11-c) signal correlated 

with the bright region on the matching HAADF-STEM image (Figure 2.11-b). Previous 
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studies have shown that the HPA can be distributed in either small, 1-10 nm clusters, or form 

much larger clusters of hundreds of nanometers.34, 59 Again here, two additional regimes of 

moiety size, hundreds of nanometers, and sub-10 nm were identified by SEM and STEM as 

expected. The particle size of the upper right figure was 260  130 nm and same size regime 

feature was observed in the 200 nm scale HR-TEM image (red arrow in Figure 2.11-c) as 

well as sub 10 nm HPA cluster (blue arrows in Figure 2.11-c). In contrast on the air-side, 

negligible HPA was observed, but on the liner-side a layer of HPA clusters of 90-100 nm are 

apparent (green arrow in Figure 2.11-d). 

 

 

Figure 2.10. Complementary SEM image of the 10 wt. % composite membrane (sample 1 and 

2). Liner-side image shows well-distributed HPA molecules throughout the surface. (left) 

However, the air-side of the membrane does not show as much as HPA on the surface. (right) 
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Atomic force microscopy (AFM) in tapping mode was used as a complementary 

method to electron microscopy imaging to further characterize the surfaces of the membrane. 

In the topology image for the liner-side (Figure 2.12-a), 1-3 ɛm sized features with a 300-500 

nm height difference were observed. This was assigned to HPA clusters that were similarly 

observed in the SEM image (Figure 2.10). In contrast, the air-side was relatively flat 

compared to the liner-side which correlates with the lower HPA distribution on the air-side in 

cross-sectioned SEM image (Figure 2.11). HPA molecules are harder than either polymer 

backbone or sidechains. Therefore, the HPA moieties on the surface will show a lower phase 

angle than the polymer. When comparing the phase image of an identical sample, the phase 

angle difference on the liner-side was ca. 50ę but the air-side was ca. 20ę (Figure 2.12-c and 

d). This corroborates the assignment of the higher island on the height image to the HPA 

moiety. 
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Figure 2.11. Cross-sectioned images of the membrane. a) SEM image of the 10 wt.% 

composite membrane. b, c) HAADF-STEM and energy dispersive X-ray spectroscopy (EDS) 

images of the 10 wt.% composite membrane with green indicating the fluorine signal from 

the polymer and red the tungsten signal from the silicotungstic HPA. The two bright vertical 

lines on the image were wrinkles in the microtomes cross section. d) HAADF-STEM image 

showing hundred nanometer regime HPA clusters (red arrows) along with a single digit 

nanometer regime HPAs (blue arrows). A dense layer of HPA clusters are observed on the 

liner-side (green arrows).  
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Figure 2.12. AFM image of the 10 wt.% blended membrane, 10 X 10 ɛm2. Phase image of the 

liner-side (c) showed larger difference between HPA and polymer, which higher side on the 

topology matching with lower phase angle. In contrast, air-side phase image had relatively 

smaller phase difference. 

 

Small angle x-ray scattering (SAXS) was used to study the morphology of the bulk 

film at 80ęC while varying the relative humidity (RH) (Figure 2.13 and Table 2.3). In the 

SAXS results for the PFSA-VDF-HPA, two related features were identified. The peak at ca. 

0.6 ¡-1, which corresponds to d-spacing of ca. 1 nm, is assigned to the ordering and closest 

approach of the HPA clusters as they have a diameter of ca. 1 nm. 34, 163 The absence of Bragg 

peaks corresponding to crystalline HPA is further evidence that the HPA are bound to the 

polymer as they do not form crystal aggregates as is observed in the unbound case.163 When 

the RH was increased the high q HPA peak of the membrane shifted towards lower q and 
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increased in intensity. This change in d-spacing, as previously observed in similar material, is 

due to the hydration of HPA moieties which move further apart as water enters the structure 

and become more predominant as the larger clusters, described next, break up.34 A second 

peak at lower q, ca. 0.1 ¡-1, with d-spacing of ca. 62.3 nm, was observed and also shifted as a 

function of RH. This peak moved to lower q and with lower intensity as the hydration level 

increased, indicating that this larger HPA cluster breaks up as water molecules hydrate the 

membrane. 

 

 

Figure 2.13. SAXS analysis of PFSA-VDF-HPA (a) and 10 wt.% composite membrane (b) 

and at 80ęC and various relative humidifies. Arrows indicate increasing RH. An ionomer peak 

at 0.2 Å-1 and HPA induced peak at 0.6 Å-1 was observed. Both ionomer peak and HPA 

induced peak moved toward the lower-q region and higher intensity as RH increases. 
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Table 2.3 Peak intensity, d-spacing and low q region Porod slope (P) with varying RH 

 PFSA-VDF-HPA 10 wt.% Composite Membrane 

RH 

(%) 

0.1 ¡-1 peak 

intensity (cm-

1) 

d HPA: 

PFSA-VDF-

HPA (nm) 

Rg 

Composite 

membrane 

(nm) 

P Composite 

membrane 

Ionomer 

peak 

intensity 

(cm-1) 

d Ionomer 

peak 

(nm) 

d HPA: 

composite 

membrane 

(nm) 

0% 0.922 1.012 10.94 2.06 ǐ ǐ 1.496 

25% 0.835 1.017 11.96 1.83 0.026 3.01 1.563 

50% 0.825 1.076 13.39 1.40 0.027 3.04 1.540 

75% 0.775 1.093 11.99 1.03 0.042 3.14 1.548 

95% 0.545 1.120 10.67 1.29 0.787 3.32 1.595 

 

   

The SAXS results of the composite membrane as function of RH at 80ęC is shown in 

Figure 2.13-b. In the low q region of the composite membrane, the Porod slope (P) changes 

with RH. The Porod slope corresponds to the symmetry of the scattering features, where P = 

1, 2, 3, 4 to a first approximation are randomly distributed rods, lamellae, cylinders, and 

spheres, respectively.190 P of the membrane under dry conditions was 2 and as the hydration 

level increased the P decreased towards a minimum value of 1 at 75% RH, as previously 

reported for the 3M-PFSA.172 However, when the RH is increased to 95%, the slope increased 

to 1.3. This change in P indicates that the hydrophilic domains experience a decrease in 

symmetry and a morphological change from lamellae to randomly distributed rods as the RH 

increases. This reverse trend at 95% RH could be favorable for proton transport, as discussed 

below, because the lamellae morphology may form a more interconnected pathway for proton 

transport depending on its orientation. A peak at ca. 0.07 ¡-1. with d-spacing of ca. 89.8 nm, 

is assigned to the distance between 260  130 nm HPA clusters observed in HR-TEM 

(Figure 2.11). The expected ionomer peak for a PFSA was observed ca. 0.2 ¡-1,27 with 

corresponding d-spacing of ca. 3.1 nm, which indicates a significant amount of independent 

PFSA properties in the composite membrane. As reported elsewhere, the peak intensity of the 
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ionomer peak and d-spacing increase as the hydration level increases from 0.026 to 0.787 cm-

1 and 3.01 to 3.32 nm respectively.172, 191, 192 

The HPA clusters observed in PFSA-VDF-HPA, with corresponding d-spacing of ca. 

1 nm, was again observed on the composite membrane, yet lower intensity than the pure 

material as they are only present in 10 wt.%. In the composite film, the HPA clusters peak 

shifted towards lower q and higher intensity with increasing RH, with corresponding d-

spacing of ca 1.5 nm, as was observed in PFSA-VDF-HPA. 

Water uptake and Proton Transport. ð The effects of water uptake in PFSA 

membranes have been broadly studied and discussed in terms of the phase-separation and 

structural properties.27, 90, 193, 194 The water uptake measurements at 60ęC of the 3M-PFSA 

800EW and the 10 wt.% composite membranes are shown in Figure 2.14. The 10 wt.% 

composite membrane has a lower gravimetric water uptake compared to the control 3M-

PFSA 800EW membrane, with 20.7  1.7 wt.% and 26.4  1.4 wt.% at saturated 

conditions for 10 wt.% composite and 3M-PFSA 800EW membranes respectively. ɚ was 

calculated based on the water uptake measurement resulting in 10.4  0.9 and 11.7  0.6 

for the 10 wt.% composite membrane and the 3M-PFSA 800EW membrane at saturation 

respectively. The water content, ɚ, of the 10 wt.% composite membrane was expected to have 

ca. 20% higher based on the HPAôs hydration number, 13, compared to the sulfonic acid 

hydration  number, 4. However, this observation of lower water uptake of the composite 

membrane was not expected since previous studies on HPA have reported HPAsô tendency to 

interact with water due to higher a hydration number of the HPA compared to the saturated 

PFSA.50-52, 55, 59, 195 The lower water uptake and ɚ of the 10 wt.% composite membrane 

indicate the HPA clusters observed on SEM hindering the interaction between water 

molecules and the HPA. 
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Figure 2.14. Water uptake (%) (a) and lambda (ɚ) values (b) of 3M-PFSA (black) and 10 

wt.% composite membrane (blue) at 60 ęC. Water uptake and ɚ for liquid water is represented 

as star. 

 

Swelling results for the composite and PFSA membranes at RT are shown in Figure 

2.15. Consistent with the gravimetric water uptake measurements, the in-plane swelling of the 

membrane was smaller for the 10 wt.% composite membrane, 13.0  2.2 % and 19.4  

3.2 % for the 10 wt. % composite and 3M-PFSA 800EW membranes, respectively. The 

hydrophobic properties of the membrane surface may affect the water uptake and so contact 

angle was measured to specifically identify the cause of less swelling and lower water uptake 

of the composite membrane.27 The contact angle of the surface of the liner-side 3M-PFSA 

(62.3  4.8ę) is lower than that of the liner-side (87.2  1.4ę) of the starting polymer 

PFSA-VDF-HPA, which indicate that the hydrophobicity of the PFSA-VDF was the 

dominant cause of the hydrophobic nature of the composite membrane. When phenol 

phosphonic anchoring groups were attached (PFSA-VDF-HPPA), the contact angle of the 

PFSA-VDF-HPPA liner-side surface decreased to 84.7  2.0 ę. For the composite membrane 
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where HPA was attached to the polymer, the contact angle of the liner-side surface decreased 

to 64.9  3.9ę, which indicate the hydrophilic nature of both the PFSA and HPA. 

 

 

Figure 2.15. In-plane swelling measurement of 3M-PFSA 800EW and blended polymer (a) 

and contact angle measurement of 3M-PFSA, PFSA-VDF, PFSA-VDF-HPPA, and 10 wt.% 

composite membrane (b). Note that all the measurements were conducted on liner-side 

surface. 
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Figure 2.16. X-ray diffraction (XRD) spectra of 3M-PFSA, PFSA-VDF, and 10 wt.% 

composite membrane. 

 

Table 2.4. Crystallinity comparison calculated from XRD spectra 

Samples Area (Total) Area 

(Amorphous) 

Area 

(Crystalline) 

Crystallinity 

(%) 

3M-PFSA 35841 22129 13712 38.3 

PFSA-VDF 99434 13461 85973 86.5 

10 wt.% 

composite 

membrane 

48737 26272 22465 46.1 

 

 

In addition to the contact angle measurements, the XRD peaks centered at 17.5ę 

(crystalline) and 16ę (amorphous) can be used to corroborate the more hydrophobic nature of 

the PFSA-VDF (Figure 2.16 and Table 2.4).170, 196 The crystallinity of the 3M-PSFA, PFSA-
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VDF, and PFSA-VDF-HPA were 38.3, 86.5, 46.1%, respectively. This shows that the 

crystallinity of the PFSA-VDF is significantly higher than the 3M-PFSA and suggests that the 

higher crystallinity of the PFSA-VDF contributed to the hydrophobic properties of the 10 

wt. %. composite membrane. 
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Figure 2.17. Proton conductivity of 3M-PFSA 800EW (black circle), 10 wt.% composite 

membrane liner-side (red square) and air-side (blue triangle) at 80ęC. 3M-PFSA 800EW 

(black circle) and 10 wt.% composite membrane (red square). Difference in proton 

conductivity trend to get smaller as the relative humidity increases due to solvation of HPA 

bound side chains. 

 

Ex-situ proton conductivity of the bulk membrane measured using electrochemical 

impedance spectroscopy (EIS) is shown in Figure 2.17. One motivation to add the HPA bound 
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polymer was to increase the conductivity of the film as the HPA is known to have super acidic 

properties and more highly mobile protons compared to PFSA.76 Note that the 3M-PFSA 

800EW has a theoretical IEC of 1.25 mmol H+/g and the blended polymer has a similar 

theoretical sulfonic acid IEC of 1.24 mmol H+/g. 

At lower RH, the composite membrane was only 41% as conductive compared to the 

3M-PFSA 800EW, 0.01  0.005 S/cm and 0.026  0.002 S/cm at 80ęC and 30% RH, 

respectively (Figure 2.17). Over most of the data, 40% to 80% RH, the composite membrane 

and control membrane difference became smaller as the RH increased. At 95% RH, the 

composite membrane achieved 81% of the 3M 800EW PFSA membrane conductivity, 0.130 

 0.02 S/cm and 0.161  0.04 S/cm, respectively. 

At the lowest RH, 30 %, the HPA moieties tend to cluster only allowing the minority 

surface protons on the HPA cluster to contribute to the overall proton conductivity of the 

membrane.34 In contrast, at the highest RH, 95%, the conductivity of the composite and the 

control 3M-PFSA films are relatively closer because the hygroscopic nature of the 

silicotungstic acid moiety results in the favorable phase separation as observed in SAXS, 

which exposes more surface area of the smaller HPA clusters (Figure 2.13).34, 59, 60  

The conductivity difference of the liner-side and air-side of the composite membrane 

was indistinguishable which indicate the minimal contribution of HPA on the membrane 

surface to the bulk proton conductivity. 

Fuel cell testing. ð At beginning of life, the fuel cell performance of 10 wt.% 

composite membrane is similar to the 3M-PFSA 800EW control (Figure 2.18), which are 27 

ɛm and 30 ɛm thick respectively. These similar power density and current density at 0.6 to 

0.8V region corroborate with the ex-situ proton conductivity trend that the connectivity of the 
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proton conducting phases increased as the operating RH was ramped up to saturated 

conditions. The Open Circuit Voltages (OCV) of the 10 wt.% composite membrane and the 

3M-PFSA 800EW control were similar, 0.91 V and 0.94 V respectively. Interestingly, the 

slope of 0.1-1.0 A/cm2 region, was similar even though conductivity data showed the 

composite membrane less conductive. This indicates the HPA in the clusters become more 

dispersed and result in favorable phase separation under saturated fuel cell operating 

conditions which was observed in SAXS. Also, the observed hysteresis of the composite 

membrane as compared to the control could indicate that the potential improvement in 

performance could be achieved through electrode optimization. 

  



сф 

 

0.0 0.5 1.0 1.5 2.0
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
V

o
lt
a

g
e

 (
V

)

Current Density (A/cm
2
)

 10 wt.% Blended Polymer

 3M-PFSA 800EW

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

P
o

w
e

r 
D

e
n

s
it
y
 (

W
/c

m
2
)

 

Figure 2.18. Fuel cell performance polarization curve of 3M-PFSA 800EW (black circle) and 

10 wt.% composite membrane (red square) at 90ęC and saturated environment, 30 ɛm and 27 

ɛm respectively. Power density curve of 3M-PFSA 800EW (black empty circle) and 10 wt.% 

composite membrane (red empty square) at 90ęC and saturated environment. The sequence of 

the data collection is shown by the blue arrows. 

 

 The primary goal for the HPA attachment to the PFSA-VDF ionomer was to enhance 

membrane chemical stability by catalyzing the radical decomposition reaction using the HPA, 

while not reducing or, preferably, enhancing proton conductivity under fuel cell operating 

conditions. The OCV measured as function of time under the DOE accelerated stress (AST) 

conditions to assess the chemical stability are shown in Figure 2.19. The DOE target for light 

duty vehicles is 500 h retaining on OCV above 0.8V in this test. A sawtooth like features of 

the OCV measurement are caused by twice daily excursion of 0.2 A/cm2 for the high 

frequency resistance (HFR) measurement. As the composite membrane thickness increased, 
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an increase in beginning of test OCV was observed from ca. 0.95 V to 1 V, which indicates 

the higher membrane thickness suppressed the hydrogen crossover. Also, the discontinuity in 

the 10 wt.%. composite membrane-5 data (red in Figure 2.19) were caused by test stoppage 

due to a hydrogen fuel tank change. 
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Figure 2.19. OCV test of 3M-PFSA 800EW controls (black and grey, 30 ɛm) and 10 wt.% 

blended membrane liner-side facing anode (red (75 ɛm), orange (44 ɛm)), liner-side facing 

cathode (blue (26 ɛm), cyan (41 ɛm), light blue (87 ɛm)) at 90ęC and 28% RH. High-

frequency resistance was measured and plotted as dots on corresponding color. Department of 

Energy light-duty vehicle chemical durability test lifetime target for OCV durability test is 

500 h with > 0.8 V (magenta cross)197. Note that the big jump of HFR for blue and black dots 

and OCV discontinuity for red line were results of shut-down and re-start of the test. 

 

Under AST conditions, standard PFSA membranes without additives or supports 

experience a rapid decrease in OCV upon membrane breach due to hydroxide and hydroxyl 
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radical generation and scission of polymer chains from radical attacks.33, 35, 76, 158, 198, 199 Also, 

one should note that the durability testing results in a statistical failure distribution, typically 

following a log normal or Weibull distribution.175 Thus, the chemical durability test results 

can experience statistical failure distribution even with same thickness. As seen in Figure 

2.19, the non-stabilized 3M-PFSA controls failed after 258 and 387 h. All the 10 wt.% 

composite membranes with liner-side facing anode had longer lifetimes than the 3M-PFSA 

controls. 3M-PFSA 800EW control was 30 ɛm, and 10 wt.% composite membrane thickness 

were 26 ɛm - blue/ 41 ɛm ï cyan / 44 ɛm - orange / 75 ɛm - red / 87 ɛm - light blue. We note 

that the thicker membranes may contribute to longer chemical durability but based on the data 

we obtained the effect of high density of HPA additive facing the anode dramatically 

increased the chemical durability compared to both the control and liner-side facing the 

cathode as shown in Figure 2.20. A minor improvement in chemical stability compared to the 

PFSA control was observed when the liner-side faced the cathode, 432 and 639 h with 

average FRR of 6.4  2.3 and 7.3  3.1 ɛg (cm2 day) -1 shown in Figure 2.19 and Table 

2.5. The 26 ɛm thick composite membrane with the liner facing the cathode showed 

performance comparable to the 30 ɛm 3M-PFSA control (Figure 2.18) and improved 

chemical durability. Note that the FRR data for 10 wt.% composite membrane-2 was not 

collected. The durability of composite membrane-3 was much improved due to the membrane 

being thicker, 639 h with average FRR of 7.3  3.1 (cm2 day) -1 (87 ɛm, light blue in Figure 

2.19). While OCV durability may increase when the membrane is thicker, the ASR would be 

3.3 fold higher than the 26 ɛm membrane and, therefore, significantly sacrificing 

performance. 

Impressively, dramatic chemical durability enhancement was achieved when the 

liner-side of the membrane faced the anode compared to when facing the cathode. The 
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chemical durability of the 10 wt.% composite membrane was greater than 809 h under OCV 

AST with average FRR of 4.0  1.7 and 5.1  2.1 ɛg (cm2 day) -1, which is significantly 

more durable than the 3M-PFSA 800EW chemical stability of 258 and 387 h with average 

FRR of 16.9  1.9 and 9.4  3.1 ɛg (cm2 day) -1, respectively (30 ɛm, black and grey lines 

in Figure 2.19). This result is most likely due to the ca. 100 nm layer of the HPA 

functionalized polymer on the liner-side surface placed against the anode to promote radical 

decomposition arising due to chemical and electrochemical formation of hydrogen peroxide 

on the anode.200-202 We note that the thinnest of the liner-side faced to the anode films are 

thicker than the control used in the performance and durability data, 44 ɛm and 30 ɛm, 

respectively (Figure 2.19 and 2.20). However, the difference in performance with thickness of 

all the films studied in OCV test points to a 30 ɛm film, with the HPA layer facing the anode, 

would minimize performance while also providing enhanced durability (Figure 2.20). 
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Table 2.5. Thickness, liner-side location, average fluoride release rate (FRR) and chemical AST 

durability 

Sample * 
Thickness 

(ɛm) 

Liner side 

location 

Average FRR 

until failure 

(ɛg (cm2 day) -1) 

Chemical 

durability (hr) 

3M-PFSA 800EW 

Control-1 (Grey) 

 

30 N/A 16.9  1.9 258 

3M-PFSA 800EW 

Control-2 (Black) 
30 N/A 9.4  3.1 387 

10 wt.% composite 

membrane-1 (blue) 
26 Cathode 6.4  2.3 432 

10 wt.% composite 

membrane-2 (cyan) 
41 Cathode N/A 390 

10 wt.% composite 

membrane-3 

(light-blue) 

87 Cathode 7.3  3.1 639 

10 wt.% composite 

membrane-4 

(orange) 

44 Anode 4.0  1.7 809 

10 wt.% composite 

membrane-5 

(red) 

75 Anode 5.1  2.1 859 
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Figure 2.20. Thickness vs. OCV chemical durability plot. 3M-PFSA 800EW control 

membrane (black triangle), 10 wt.% composite membrane liner-side facing cathode (blue 

square), and 10 wt.% composite membrane liner-side facing anode (red circle). This indicates 

thickness may be the factor for OCV chemical durability, but the HPA additive and location 

are the dominating factor for the chemical durability enhancement.  

 

2.6 Conclusions 

We have successfully functionalized the HPA to PFSA-VDF terpolymer using 

dehydrofluorination and addition of DHPP. The HPA was covalently bound to the phosphonic 

acid anchoring site and verified by HPA-induced peaks in FTIR spectroscopy and phosphorus 

group chemical shifts from NMR. 10 wt.% composite films of the PFSA-VDF-HPA and the 

3M-PFSA 800EW, with thicknesses ranging from 26 ɛm to 87 ɛm, were fabricated to 

investigate the fuel cell performance and chemical durability. Thermal analysis using TGA 
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showed PFSA-VDF-HPA membranes have a mass loss during the temperature ramp due to 

decomposition of sulfonic acid, PVDF, and PTFE. A normalized mass loss comparison 

showed that PFSA-VDF-HPA had lower mass loss in the same region than PFSA-VDF-HPPA 

due to the inorganic content of the HPA in the PFSA-VDF-HPA. The theoretical and actual 

IEC of the PFSA-VDF-HPA calculated using the residual mass after oxidation was 1.17 and 

1.14  0.01 mmol H+/g, respectively. The HPA moieties observed in SEM and STEM had 

three difference cluster size regimes, 1-3 ɛm, 100ï300 nm, and sub 10 nm. Due to the high 

density of the HPA, more HPA moieties were observed on the liner-side than the air-side of 

the films, as an HPA-rich layer with clusters of ca. 100 nm was observed at the liner-side of 

the composite membrane in cross-sectional images. This was further investigated by varying 

the HPA-rich side facing either anode or cathode during chemical durability ASTs. SAXS 

analysis showed two adjacent HPA molecules with d-spacing of ca. 1 nm was observed in 

both the PFSA-VDF-HPA and the composite membrane, in which the d-spacing increased as 

the hydration level increased due to water molecules residing between the adjacent HPA 

moieties. We observed a larger HPA cluster peak with d-spacing of ca. 62.3 nm breaking up as 

the water enter the membrane. A peak assigned to the distance between the HPA clusters 

observed in STEM was verified, as was an ionomer peak which indicates the PFSA domain 

spacing within the composite membrane. At the low q region of the composite membrane, a 

change in P from 2 to 1 was observed with increasing RH. The water uptake and in-plane 

swelling showed the composite membrane to be more hydrophobic than the 3M-PFSA 

control. Contact angle measurements indicate the hydrophobic nature is generated by the 

PFSA-VDF, 87.2  1.4ę, and that the blending of 3M-PFSA and HPA attachment decreased 

the hydrophobicity. When the HPA was attached, the contact angle decreased to 64.9  3.9ę 

on the liner-side. The proton conductivity of the composite membrane was significantly lower 
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than the 3M-PFSA 800EW control at 30 % RH likely due to the HPA clusters limiting surface 

protons conductivity. However, at the highest RH, 95%, the relative conductivity difference of 

the composite membrane to the control was smaller possibly due to the breaking up of the 

HPA clusters, as shown in SAXS. The fuel cell V-I polarization performance of composite 

membrane exhibited a hysteresis, which may indicate potential performance improvements 

could be achieved through electrode optimization. 

Significant chemical durability enhancement in the chemical durability AST of >800 

h was achieved using a 10 wt. % of covalently bound silicotungstic acid functionalized 

polymer when the ca. 100 nm HPA-rich layer was placed against the anode. It is well-known 

that the O2 crossover and incomplete oxygen reduction reaction on the anode results in 

hydrogen peroxide and ÅOH radical formation.35, 158, 200 Therefore, strategically placing the 

HPA-rich layer towards the anode effectively utilizes the radical decomposition function of 

the HPA. Experiments with different membrane sides facing either the anode or cathode have 

verified the hypothesis that radical decomposition is more efficient when the side of the 

membrane with greater HPA content faces toward the anode. The proton conductivity penalty 

of the composite membrane was minimal considering the durability enhancement and the 

increase in power density at saturated conditions. The composite membrane and PFSA-VDF-

HPA were more hydrophobic and crystalline compared to the 3M-PFSA 800EW control, 

leading to lower water uptakes and proton conductivities. In future work, we will fabricate 

thinner films using a mechanical support to provide superior mechanical durability in addition 

to enhancing chemical stability in a higher performance fuel cell. 
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EXCHANGE MEMBRANE 

FUEL CELLS 

ChulOong Kim,1 Jordan L. Hawks, 2 Marco J. Salgado,3 Mei-Chen Kuo,4 Srikanth Ponnada,5 

Soenke Seifert,6 David A. Cullen,7 Matthew J. Lindell,8 Ruichun Jiang,9 Craig S. Gittleman,10 

Michael A. Yandrasits,11 and Andrew M. Herring 12 

 

 

3.1 Motivation 

A thinner membrane, approximately 12 ɛm in thickness, with ePTFE support was 

employed to study the performance and durability of PEMFC. This study focused on 

achieving a significant improvement in chemical durability through the functionalization of 

PFSA-VDF polymer with HPA. To address potential issues arising from varying HPA particle 

density during casting, which was observed in chapter 2, a two-sided casting process was 

adopted on an e-PTFE support. Two hypotheses, Hypothesis 2 and 3, were formulated to 

assess the impact of HPA on proton conductivity and the influence of ePTFE reinforcement 

on PFSA membranes. The results of this investigation demonstrated a synergistic effect 

arising from the combination of ePTFE, 3M-PFSA, and PFSA-VDF-HPA, leading to 

enhanced proton conductivity, water uptake, mechanical integrity, and chemical durability. 
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3.2 Abstract 

Thin membranes are crucial for heavy-duty vehicle proton exchange membrane fuel 

cell (PEMFC) applications to achieve performance and efficiency, but they must also be 

chemically and mechanically robust. We have successfully fabricated thin membranes, 

approximately 12 ɛm thick, using expanded-polytetrafluoroethylene (e-PTFE) support and 

silicotungstic acid (HPA) functionality to ensure both chemical and mechanical durability. 

Previously reported HPA-functionalized perfluorosulfonic acid-vinylidene fluoride (PFSA-

VDF-HPA) membranes were prepared with four different ratios of anchoring vinylidene 

fluoride (VDF) groups, resulting in four distinct HPA loadings.61 The maximum loading of 

HPA was achieved with the starting polymer containing 18 mol% VDF, while the lowest 

loading was observed with 23 mol% VDF, where hinderance prevented HPA moieties from 

crosslinking to two VDF anchoring groups for chemical anchoring. We fabricated HPA-

functionalized polymer on e-PTFE support on both sides, resulting in four different loading e-

PTFE-supported HPA-functionalized polymer (ePVH) configurations. Additionally, a 10 

wt.% blended polymer membrane containing HPA-functionalized PFSA-VDF and 3MPFSA 

800EW was prepared with varying HPA loadings (e10PVH). Surface and cross-sectioned 

scanning electron microscopy (SEM) and x-ray fluorescence (XRF) confirmed the presence 

of e-PTFE support and HPA functionalization, with HPA clustering observed in two different 

size regimes, approximately 1 ɛm and 100 nm. Small-angle x-ray scattering (SAXS) revealed 

ionomer peaks and matrix knees for the e10PVH membranes but not for the ePVH 

membranes, and the presence of HPA influenced the intensity of the ionomer peak and the d-

spacing. The combination of e-PTFE support, 3MPFSA, and HPA-functionalized polymer 
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showed an interesting improvement in water uptake and proton conductivity, particularly at 

high relative humidity (RH), while e-PTFE support decreased both water uptake and proton 

conductivity. The highest values obtained were 38.2 wt.% for water uptake and 0.224 Ñ 0.02 

S/cm for proton conductivity. Tensile strength increased with the addition of e-PTFE but was 

not solely governed by e-PTFE. The combination of e-PTFE, PFSA, and HPA-functionalized 

polymer exhibited higher tensile strength compared to e-PTFE-supported HPA-functionalized 

polymer. Interestingly, HPA loading and chemical durability were found to be independent, 

but the enhancement of chemical durability through HPA functionality was impressive. It 

increased chemical durability under accelerated stress conditions, averaging 511.5 Ñ 45.5 

hours with a fluoride release rate (FRR) of 6.7 Ñ 5.5 ɛg/(cmĮ day). 

 

KEYWORDS: Proton Exchange Membrane Fuel Cell, Chemical Durability, Mechanical 

durability, Heteropoly Acid, Poly-vinylidene fluoride, Perfluorosulfonic acid, Radical 

decomposition catalyst, e-PTFE reinforcement 

 

3.3 Introduction 

Proton exchange membrane fuel cells (PEMFCs) have gained interest in the 

automotive industry and have been put into commercial use for light-duty vehicles by various 

car manufacturers like Toyota, Honda, and Hyundai, who have introduced the Mirai, Clarity 

and Nexo fuel cell vehicles (FCV) respectively. Following the success of these 

commercialization, the focus of PEMFC research has now shifted towards heavy-duty fuel 

cell vehicles. This shift is primarily driven by the advantages these vehicles offer, such as 

higher energy density, longer range, and faster refueling of the fuel cell system compared to 
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electric vehicles.13-15, 152 Therefore, it is imperative to work on reducing both the capital and 

operational costs of heavy-duty FCVs for more feasible and successful commercialization. 

This could involve adopting thinner and robust membranes and decreasing precious platinum 

group catalyst loading. One of the key challenges in making heavy-duty FCVs commercially 

viable is ensuring the durability of the fuel cell. Heavy-duty vehicles are required to cover 

five-fold more mileages than current light-duty vehicles, and they often operate under more 

demanding conditions.155 Achieving an operating durability longer than one million miles or 

30,000 h, as per the Department of Energy's (DOE) target, remains a substantial challenge for 

the commercialization of heavy-duty FCVs.15 

Perfluorinated sulfonic acid (PFSA) polyelectrolyte membranes stand as the industry 

standard material for PEMFCs. The fluorinated structure of PFSA membranes provides them 

with robust durability, while the sulfonic acid side-chains contribute to their high proton 

conductivity.27 Despite the exceptional durability of fully fluorinated polymers, further 

enhancements are necessary to meet the ambitious million-mile target. Polymer electrolyte 

membranes can undergo degradation via two primary mechanisms: chemical and mechanical 

degradation.35 

Chemical degradation stemming from radicals produced during incomplete oxygen 

reduction reactions and oxygen and/or hydrogen crossover through the membrane remains a 

challenge which can synergistically destroy the membrane with mechanical degradation. This 

problem is exacerbated by oxygen crossover to the anode and the formation of chemically 

and electrochemically generated H2O2, both of which contribute to the generation of ÅOH 

radicals.35, 158 These radicals must be suppressed to enhance the chemical stability of the 

membrane. Researchers have explored the use of radical scavenger materials, such as cerium 

or manganese oxides, or cations added to the membrane as catalysts to expedite the 
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decomposition of ÅOH radicals faster than they can react with the PFSA polymer, thus 

mitigating degradation.14-18 While these additives can potentially compromise the membrane's 

performance by partially neutralizing the proton-conducting sulfonic acid groups, this effect 

is negligible when added in low concentrations.34, 35 It's worth noting that these inorganic 

catalysts are initially introduced in soluble form into the membrane or electrode, and their 

mobility can lead to unwanted migration and accumulation of cations, particularly after 

durability testing, rendering specific regions of the membrane susceptible to early failures.36-

39 The mitigation strategy for Ce has been investigated by Agrawal et al. using a cation-sized 

crown ether group and ligands but the limited to eliminating the potential gradient induced 

migration.40, 41 

A compelling alternative to the use of mobile cations involves the incorporation of a 

moiety that can be immobilized and possesses both proton-conducting and radical 

decomposition catalyst properties, such as a heteropoly acid (HPA). HPAs belong to the 

category of polyoxometalates and serve as inorganic superacids that can function as catalysts. 

The fundamental structure of an HPA, known as the Keggin structure, consists of 12 tungsten 

oxygen octahedra surrounding a central heteroatom, forming a roughly spherical structure 

with a diameter of approximately 1 nm.50-52 While certain HPAs, like silicotungstic acid 

(H4SiW12O40), have been reported to exhibit radical decomposition catalyst functionality, 

their high solubility in water and tendency to agglomerate and migrate have posed challenges 

in the context of PEMFC applications.59 To address this issue, a lacunary HPA can be created 

by removing one or more tungsten oxygen octahedra, allowing for the covalent attachment of 

the HPA to a chemical functional group. This strategy has been successfully employed in the 

past to produce HPA-functionalized membranes with improved water stability.34, 60, 164, 165 For 

instance, silicotungstic acid was chemically immobilized onto a perfluorosulfonic acid-
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vinylidene fluoride (PFSA-VDF) polymer, leading to significant enhancements in chemical 

durability. When the HPA-dense liner-side of the membrane was oriented toward the anode, 

the proton conductivity remained minimally compromised, and cell performance remained 

similar. An alternative approach to leverage the desirable mechanical and transport properties 

of state-of-the-art PFSAs is to incorporate HPAs into a PFSA matrix.61 

Thin membranes ( 30 ɛm) without mechanical support typical experiences 

electrical shorting during chemical durability tests.60 However, for the performance of the fuel 

cell, thinner membranes are advantageous due to lower ohmic overpotential. Therefore, to 

develop a robust membrane that can be applied to a device that lasts longer than 30,000 h 

mechanical support is crucial. 

One approach to mitigating mechanical degradation is the utilization of mechanical 

support within the membrane. This support can take various forms, including using an 

inorganic pillar, a polymeric support, or electrospinning PVDF.79, 91, 187, 203-206 The mechanical 

strength and dimensional stability of the polymer membrane can also be increased by 

crosslinking polydivinylbenzene (PDVB) to PFSA, while an interesting morphology of PFSA 

resins and PDVB forming a semi-interpenetrated structure. However, the conductivity was 

compromised compared to the PFSA.94 Expanded (e-PTFE) support is by far the most 

effective and widely applied method for mechanical property enhancement, which has been 

applied to already commercialized Toyota Mirai. However, a study of a membrane with both 

chemical and mechanical degradation inhibitors is needed. 

In this work a set of composite membrane with different ratio of vinylidene fluoride 

(VDF) group, 5, 11, 18, 23 mol% respectively, in PFSA-VDF terpolymer and 3M-PFSA 

800EW with e-PTFE support was utilized to investigate the effect of e-PTFE reinforcement 
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and HPA loading to the durability of 50 cm2 single cell PEMFC. The VDF moieties in PFSA-

VDF were used to tether the HPA to the polymer (PFSA-VDF-HPA) via dehydrofluorination 

as described previously.61, 165 HPA functionalized PFSA-VDF (PFSA-VDF-HPA) ionomers 

were coated on both sides of e-PTFE mesh to ensure uniform distribution on both sides. 

Membrane fabrication resulted in four different HPA loading for both the e-PTFE supported 

PFSA-VDF-HPA (ePVH) and 10 wt.% composite membrane of PFSA-VDF-HPA and 3M-

PFSA 800EW (e10PVH), 1.0, 1.9, 2.2, 5.9 wt.% respectively. The proton conductivity of the 

composite membrane was investigated as we hypothesized that the additional highly mobile 

protonic acid site, HPA, would enhance the proton conductivity. The composite membranes 

were tested in a fuel cell for performance and chemical stability in an open circuit voltage 

(OCV) accelerated stress test (AST) as a function of HPA loading. 

 

3.4 Materials and Methods 

Materials. The perfluorinated sulfonic acid ï vinylidene fluoride (PFSA-VDF), TFE-MV4S-

VDF terpolymer and 800EW 3M-PFSA were supplied by 3M. 5, 11, 18, 23 VDF mol% of 

PFSA-VDF terpolymer was provided by 3M. 

Diethyl (4-hydroxyphenyl) phosphonate (DHPP) was purchased from SynQuest 

Labs. We utilized as-received reagents, including bromotrimethylsilane (BTMS, Aldrich, 

97%), sodium hydroxide (NaOH, 98%, Aldrich), potassium hydroxide solution in methanol (1 

N, Aldrich), hydrochloric acid (HCl, Macron, 36.5%-38%), and sulfuric acid (H2SO4, EMD 

Millipore). The solvents employed, methanol (MeOH, Pharmco, ACS grade), iso-propanol (i-

PrOH, Pharmco, ACS grade), acetonitrile (CH3CN, Acros Organics, 99.9%, anhydrous), and 

N, N-dimethylacetamide (DMAc, Acros Organics, 99+%, anhydrous), were all used without 
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the need for additional purification. The lacunary silicotungstic heteropoly acid (HPA, ɻ-

K8SiW11O40ǐ13H2O) was synthesized as previously reported.
167 

Expanded polytetrafluoroethyelene (e-PTFE) reinforcement to silicotungstic heteropoly acid 

functionalized PFSA-VDF polymer. 

HPA functionalization to the PFSA-VDF polymer was conducted using previously 

reported method using dehydrofluorination and addition of DHPP.34, 61, 165 Higher VDF mol% 

starting polymers were synthesized to achieve higher HPA chemical binding to the polymer. 

The e-PTFE films from Donaldson Membranes (Donaldson Company, Inc., PA, U.S.A.) were 

used to fabricate composite fuel cell membrane and studied in this work. Both PFSA-VDF-

HPA and 3M-PFSA ionomers were suspended in DMAC resulted in 10 wt.% suspension. 

PFSA-VDF-HPA and 3M-PFSA 800EW suspensions were blended to 1:9 ratio in weight and 

used for e-PTFE reinforced membrane fabrication. 

A piece of e-PTFE film was loaded on a frame. The coating procedure to make e-

PTFE reinforced membrane with interested ionomer dispersions included coating the first 

ionomer layer with ionomer dispersion coating solution; imbedding e-PTFE support with the 

first layer of coating dispersion; coating the second ionomer layer on top of the ionomer 

imbedded e-PTFE with ionomer coating dispersion. The membranes were coated on one 

piece of 50 Õm thick KaptonÈ substrate (Dupont, OH). The obtained membrane was first 

dried for about 30 min at 60oC, then was transferred to a forced-air oven heated at 80ÁC for 2 

h, followed by a heat treatment procedure at 165oC for 20 min. The resultant ePTFE 

reinforced membranes remained transparent and were controlled with a thickness target of 12 

Õm. The membrane thicknesses were measured using a Mitutoyo ID-F125E digital gauge 
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micrometer (Mitutoyo Corp., Japan). The membrane was acid exchanged with 1M H2SO4 for 

1 h and rinsed with D.I. water prior to other measurements. 

 

Fourier-Transform Infrared-Attenuated Total Reflection (FTIR-ATR) Spectroscopy. 

FTIR was recorded as reported previously.61 

 

Thermogravimetric Analysis (TGA). 

TGA experiments were carried out using a TA Instruments TGA Q500 instrument 

equipped with a platinum pan. The experiments were conducted either in an ambient air 

atmosphere. The temperature was incrementally increased at a rate of 10°C/min, with a 

constant gas flow rate of 50 mL/min. Prior to testing, the samples were subjected to a drying 

period at 80°C for 1 h and then allowed to equilibrate at ambient temperature and humidity 

conditions for 1 h. Theoretical residue mass and theoretical loading was calculated as 

previously reported method.61 

 

Small Angle X-ray Scattering (SAXS). 

SAXS data were acquired at the Advanced Photon Source, Argonne National 

Laboratory, utilizing the 12-ID-B beamline and 13.3 keV radiation. Temperature and relative 

humidity were carefully controlled within a custom-built environmental chamber.172 An 

Eiger9M detector, positioned at a distance of 1995 mm from the sample, captured the data 

with a pixel size of 0.0750 mm. 
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Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). 

SEM images were taken at Oak Ridge National Lab. Membrane cross sections were 

prepared as reported previously.61 Backscattered and secondary electron images were 

captured on a Hitachi S4800 SEM operated at 10 keV. 

Top-down view SEM images were captured using a TESCAN S8252G electron 

scanning microscope operating under low vacuum conditions at 10 keV with standard 

settings. All SEM images presented in this study were obtained utilizing a solid-state 

backscatter electron detector. For Energy Dispersive X-ray Spectroscopy (EDS), elemental 

analysis was conducted using the Element Apex software. 

 

X-ray fluorescence (XRF) mapping and Energy Dispersive Spectroscopy (EDS). 

XRF mapping to determine HPA content was performed using a Bruker M4 Tornado 

instrument equipped with a Rhodium Anode and two 30 mm XFlash SDD detectors, as 

previously reported.39 The instrument is configured with polycapillary optics that focus the X-

ray beam to a 25 ɛm probe size. To enhance the X-ray signal output from the sample, an 

accelerating voltage of 50 kV and a tube current of 600 ɛA were employed. Additionally, an 

Aluminum 12.5 ɛm filter was placed at the source to minimize interference from the 

Rhodium signal generated by the anode. The sample scanning was conducted under a vacuum 

of 20 mbar, using a step size of 500 ɛm and a scanning speed of 20 msec per step. Energy 

dispersive spectroscopy (EDS) signals were collected in real-time using both detectors. 
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Water uptake / Dynamic Vapor Sorption (DVS).  

Membrane samples were dried at 60ęC for 1 h prior to the experiment. The relative 

humidity was increased 5 % every step, and equilibrated until the fluctuation of weight was 

lower than 0.0010 wt.% in 5 min. 

 

Electrochemical Impedance Spectroscopy (EIS).  

EIS was conducted using a BioLogic VMP3 potentiostat, with the sample maintained 

inside an environmental chamber (TestEquity) for assessing proton conductivity. Within the 

environmental chamber, two separate humidity probes from Vaisala Inc. were deployedðone 

for cross-verification and the other for precise control of temperature and relative humidity. 

The membranes were positioned within a four-platinum electrode fixture, following a well-

established design known as the BekkTech conductivity cell (BT-115). The acquired data 

were subjected to fitting utilizing a Randle's circuit, and the results were then utilized to 

compute the proton conductivity of the cell, following equation 2. 

ʎ
  

       (eq. 2) 

Where ʎ, R, L, W and ɿ are proton conductivity, resistance, dry length, width, and thickness 

of the membrane, respectively. 

 

Dynamic Mechanical Analysis (DMA) and Tensile test. 

TA instruments Discovery DMA 850 was used to measure dynamic mechanical 

analysis and tensile test. Each membrane sample was cut to 8 X 20 mm rectangular strips in 
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transverse direction of casting direction. Membrane samples were dried in vacuum oven for 

24 h prior to the test. The dried samples were than loaded using a tensile clamp. To minimize 

the relative humidity effect on the test, N2 gas was purged prior to the test and the RH was 

monitored with Vaisala RH monitor. For tensile test, 0.05 N of preload was applied with strain 

increment of 10%/min at 30ęC. For DMA test, 0.03 N of preload was applied and temperature 

was ramped with a rate of 3ęC/min from 30ęC to 200ęC for ePTFE reinforced membranes and 

150ęC for 3M-PFSA, due to observation of deformation. The samples were test with 

frequency of 1 Hz with 0.03 N. 

 

Fuel Cell testing / Accelerated Standard Test (AST). 

MEAs were constructed using catalyst-coated gas diffusion layers (GDLs), 

incorporating a sub-gasket to define the active area as 50 cm2. The electrodes were 

manufactured at 3M by applying an ink formulation composed of 3M-PFSA 1000EW 

ionomer binder and Pt/C catalysts. The ionomer-to-carbon ratio (I/C) was set at 0.90 wt.% for 

the anode and 1.15 wt.% for the cathode, using 3M-PFSA 800EW ionomer for the latter. 

Anode catalyst loading was maintained at 0.05 mg Pt/cm2, while the cathode loading was set 

at 0.3 mg Pt/cm2. 

Fuel cell performance and chemical durability tests were conducted on the 50 cm2 

MEA using fuel cell hardware from Fuel Cell Technologies in Albuquerque, NM. This 

hardware was equipped with graphite quad serpentine flow fields, as described elsewhere.173 

The fuel cell performance test was executed under a cell temperature of 60ÁC, maintaining 

saturated conditions. A constant flow rate of 800 standard cubic centimeters per minute 
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(SCCM) was maintained for the anode and 1800 SCCM for the cathode, with no back 

pressure. 

Open circuit voltage (OCV) tests were conducted following the US Department of 

Energy's accelerated test protocol.174 The cell was maintained at a temperature of 90ÁC with a 

relative humidity of 30% for both the anode and cathode. The cell operated with H2/Air as the 

fuel source, without any backpressure. Membrane failure was identified when the OCV of the 

cell dropped below 0.8 V. High-frequency resistance (HFR) measurements were taken twice 

daily, with a current excursion of 0.2 A/cm2, and the operation was conducted at a frequency 

of 10 kHz. Effluent fluoride levels were monitored using ion-chromatography (ICS-2000, 

Dionex, Sunnyvale, CA), and cathode effluent water samples were collected approximately 

every 1-3 days, as previously documented.175 

 

3.5 Results and Discussion 

Membrane Fabrication. 

Previously investigated silicotungstic acid functionalized perfluorinated sulfonic 

acid-vinylidene fluoride (PFSA-VDF-HPA) statistical polymer was prepared with four 

different vinylidene fluoride ratio, 5, 11, 18, 23 mol% respectively.61 For this study, two 

different set of e-PTFE reinforced composite membrane were fabricated: e-PTFE reinforced 

PFSA-VDF-HPA (ePVH) and e-PTFE reinforced 10 wt.% blended polymers of PFSA-VDF-

HPA and 3M-PFSA 800EW (e10PVH). To mitigate the heteropoly acid (HPA) distribution 

difference between cast side reported previously,61 membrane fabrication was process on both 

sides of the e-PTFE support, forming a sandwich structure. 
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Thermal Characterization. 

To assess and quantify the HPA loading within the e-PTFE reinforced membranes, we 

employed thermogravimetric analysis (TGA) under air. The residual mass observed after 

subjecting the samples to a temperature ramp and maintaining them at 800ÁC is directly 

correlated to the quantity of HPA loading. This correlation arises from the presence of 

tungsten in HPA, which persists in the form of tungsten oxide during the TGA process. 

Through this method, we gained valuable insights into the relationship between HPA loading 

and the ratio of the VDF binding monomer. It was evident that the HPA loading exhibited a 

proportional increase with the VDF ratio up to a certain threshold. However, beyond this 

threshold, which can be attributed to the densely packed VDF sidechains hindering the 

covalent binding of HPA, the HPA loading did not increase as expected. Specifically, the HPA 

loading exhibited a consistent rise as the VDF ratio increased from 5, 11, and 18 mol%, 

respectively. However, when the VDF ratio reached 23 mol%, the resulting polymer 

displayed the lowest HPA loading, measuring at just 1.0 wt. %. Moving forward, we will 

characterize the e-PTFE polymers based on their actual loading as determined by TGA, and 

this data is presented in Table 3.1. 
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Figure 3.1. Thermogravimetric analysis under air of e-PTFE reinforced PFSA-VDF-HPA 

membranes (ePVH, dotted lines) and e-PTFE reinforced 10 wt.% composite membrane of 

PFSA-VDF-HPA and 3M-PFSA 800EW (e10PVH, solid lines). 
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Table 3.1. Sample name identification for different mol% VDF starting polymers. 

 

Sample 

Name 

Starting 

polymer 

m Theoretical 

(wt. %) 

m final 
(wt. %) 

m 

acid exchanged 

final (wt. %) 

HPA 

loading 

Theoretical 

(wt. %) 

HPA 

loading 

Actual 

(wt. %) 

ePVH-1.9 

PFSA-

VDF-

HPA5 

4.8 15.9 Ñ 0.3 2.4 Ñ 0.1 6.1 1.9 Ñ 0.1 

ePVH-2.2 

PFSA-

VDF-

HPA11 

10.6 23.8 Ñ 0.2 2.8 Ñ 0.1 13.4 2.2 Ñ 0.1 

ePVH-5.9 

PFSA-

VDF-

HPA18 

17.4 25.2 Ñ 0.2 7.4 Ñ 0.3 22 5.9 Ñ 0.3 

ePVH-1.0 

PFSA-

VDF-

HPA23 

18.2 10.0 Ñ 0.4 1.5 Ñ 0.2 28.1 1.0 Ñ 0.2 

 

 

In all instances, despite pre-drying the samples, there was an additional loss of water 

observed up to 100ÁC. For ePVH-1.0, 1.9, 2.2 and 5.9 membranes, the water loss was 

measured at 3.6, 1.6, 1.7, and 1.1 wt.%, while for e10PVH-1.0, 1.9, 2.2 and 5.9 membranes, it 

was 0.7, 0.4, 1.0, and 0.5 wt.% (refer to Figure 3.1, Figure 3.2, and Figure 3.3). 
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Figure 3.2. Thermogravimetric analysis under air of e-PTFE reinforced PFSA-VDF-HPA 

membranes (ePVH, solid lines) and derivative weight change per degree (dotted lines). 
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Figure 3.3. Thermogravimetric analysis under air of e-PTFE reinforced PFSA-VDF-HPA 

membranes (ePVH, solid lines) and derivative weight change per degree (dotted lines). 

 

Up to 200ÁC, an extra mass loss occurred, amounting to 4.3, 2.4, 1.8, and 2.6 wt.% 

for ePVH-1.0, 1.9, 2.2 and 5.9 membranes and 3.1, 1.6, 1.9, and 1.5 wt.% for e10PVH-1.0, 

1.9, 2.2 and 5.9 membranes. This loss was attributed to the presence of tightly bound water 

residue (SO3(H3O) Ÿ SO3H) and the partial decomposition of sulfonic acid groups into sulfur 

oxide and ÅOH.184, 185 The higher mass loss observed up to 100ÁC in ePVH membranes can be 

explained by HPA's propensity to retain H2O molecules, leading to more residual water in 

membranes with higher HPA content. Conversely, the presence of more sulfonic acid sites in 

e10PVH membranes resulted in higher mass loss up to 200ÁC, indicating more pronounced 
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sulfonic acid-induced mass loss. Starting at 350ÁC, traces of C-S bond cleavage and the loss 

of polyether sidechains were detected in both ePVH and e10PVH membranes.186, 187 As 

e10PVH membranes contain more C-S bonds compared to ePVH membranes, the mass loss 

for e10PVH-1.0, 1.9, 2.2 and 5.9 (18.9, 16.6, 15.9, and 16.8 wt.%, respectively) was more 

prominent than in ePVH-1.0, 1.9, 2.2 and 5.9 membranes (14.9, 5.5, 9.0, 19.5 wt.%, 

respectively). Starting at 410ÁC, primary PVDF degradation was more pronounced in ePVH-

1.0, 1.9, 2.2 and 5.9 membranes, resulting in a mass loss of 19.3, 24.2, 31.9, and 30.3 wt.%. 

Another significant mass loss occurred around 450ÁC (10.0, 11.2, 9.6, and 10.9 wt.%), 

attributed to PTFE backbone decomposition. In contrast, due to the lower PVDF backbone 

ratio, e10PVH-1.0, 1.9, 2.2 and 5.9 membranes experienced constant mass loss from 350 to 

480ÁC (45.5, 60.3, 46.5, and 48.9 wt.%), suggesting simultaneous decomposition of PVDF 

and PTFE backbones. Both ePVH and e10PVH, containing e-PTFE backbones, exhibited e-

PTFE degradation up to 550ÁC. 

A notable distinction between ePVH and e10PVH membranes was observed at the 

PVDF primary backbone degradation temperature, 440ÁC.188 Two distinct mass loss trends 

were noted for ePVH-1.0, 1.9, 2.2 and 5.9 membranes: one from 400 to 460ÁC and another 

from 540 to 550ÁC. The first peak was attributed to PVDF primary degradation and PTFE 

backbone decomposition, resulting in a mass loss of 19.3, 24.2, 31.9, and 30.3 wt.%, 

respectively. In contrast, e10PVH-1.0, 1.9, 2.2 and 5.9 membranes exhibited a relatively 

constant mass loss rate until 480ÁC (45.5, 60.3, 46.5, and 48.9 wt.%). The second peak could 

be linked to e-PTFE primary degradation, with ePVH-1.0, 1.9, 2.2 and 5.9 experiencing a 

more pronounced mass loss (43.9, 47.0, 36.4, and 41.8 wt.%) compared to e10PVH-1.0, 1.9, 

2.2 and 5.9 membranes (22.2, 11.2, 21.8, and 23.1 wt.%). 
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Figure 3.4. FTIR spectra of the 3M-PFSA, e-PTFE reinforced 3M-PFSA, ePVH, and e10PVH 

membranes 

 

 

Figure 3.5. FTIR spectra of the 3M-PFSA 800EW, e-PTFE reinforced 3M-PFSA, ePVH, and 

e10PVH membranes 
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Chemical Characterization.  

Figure 3.4 and Figure 3.5 display the FTIR spectra of both ePVH and e10PVH 

membranes. In all spectra, robust peaks were evident at 1200 cm-1 (symmetric) and 1150 cm-1 

(asymmetric), corresponding to ɜ (C-F) vibrations. These peaks are a result of the presence of 

a fluorinated backbone. It's worth noting that both PFSA and PFSA-VDF-HPA possess a 

fluorinated backbone structure identical to e-PTFE, hence the expected C-F bond vibrations 

in the spectra. 

When HPA was chemically bound to the polymer, an additional peak emerged, 

associated with the phenyl phosphorous anchoring group, ɜ (P-O) (phosphorous-oxygen, at 

1049 cm-1). It's noteworthy that the symmetric stretching peak of the SO3H group should 

typically appear around 1060 cm-1; however, it was challenging to distinguish from the 

phosphorous anchoring group-derived peak due to their proximity.181 On the other hand, the 

FTIR analysis allows us to discern the unique infrared fingerprints of HPA itself, enabling the 

exploration of the coordination and hydration state of HPA within the membrane. These 

distinctive peaks include ɜas (Si-Oa) (asymmetric silicon-oxygen, at 975 and 917 cm-1), ɜas 

(W=Oter) (asymmetric tungsten-terminal oxygen, at 879 cm-1), ɜas (W-Oe-W) (asymmetric 

tungsten-edge shared oxygen, at 779 cm-1), and ɜas (W-OC-W) (asymmetric tungsten-corner 

shared oxygen, at 755 cm-1).207-209 

  



фф 

 

Morphology.  

 

Figure 3.6. XRF contour plot with tungsten (W) signal for e3MPFSA, ePVH and e10PVH 

membranes 

 

The X-ray fluorescence (XRF) analysis provided corroborating evidence of the 

disparity in HPA loading based on the starting polymer, as it revealed traces of tungsten 

signals. (Figure 3.6) While the XRF data confirmed the consistent incorporation of HPA into 

the membrane, the observed HPA loading did not align with expectations derived from the 

VDF mol% ratio but aligned with the TGA. As anticipated, the self-standing ePVH 

membranes exhibited the most robust tungsten signal due to their higher HPA loading. When 

the polymer was blended with 3M-PFSA 800EW, the tungsten signal was lower compared to 

ePVH membranes, although detectable tungsten traces were still evident. In contrast, the 
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control e-PTFE reinforced 3M-PFSA membrane displayed no tungsten signal whatsoever, in 

accordance with the absence of HPA addition, as originally intended. 

Both cross-sectional and surface scanning electron microscopy (SEM) were 

employed to investigate the size distribution of HPA functionalities on the membrane and to 

validate the uniformity of polymer membrane fabrication on both sides of the membrane. 

The cross-sectioned SEM images confirmed that both sides of the e-PTFE support 

were coated with polymer material. (Figure 3.7 and Figure 3.8) However, the thickness of 

each side varied across different samples, primarily due to variations in viscosity among the 

sample solutions, necessitating further optimization. For example, the e3MPFSA membrane 

exhibited thicknesses of 7.3, 3.8, and 4.6 ɛm from top to bottom, while the e10PVH-5.9 

membrane displayed thicknesses of 6.7, 3.2, and 3.9 ɛm for each layer. In contrast, the ePVH-

5.9 membrane had thicknesses of only 0.7, 3.2, and 6.2 ɛm for its respective layers. Thus, the 

cross-sectional SEM images provided valuable insights indicating that ePVH membranes may 

not be suitable candidates for fuel cell device testing. This is primarily due to the thickness of 

the PFSA-VDF-HPA layer, which measures less than 1 ɛm on the thinnest side, and the 

inadequate distribution of HPA-functionalized polymer, rendering them unsuitable for 

meaningful fuel cell performance and durability testing. 

Because of the high electron density of the tungsten addenda atom, HPA 

functionalities were detected in both the cross-section and top-down view SEM images. It has 

been reported that the PFSA-VDF-HPA polymer comprises three categories of HPA particle 

sizes: micron-sized, ~100 nm, and sub-10nm.59, 61 For both ePVH and e10PVH membranes, 

clusters of HPA functionalities measuring approximately 56 Ñ 83 nm were observed within 2 

ɛm-sized aggregated island, distributed throughout the membrane. (Figure 3.7 bottom right) 
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The cross-sectional SEM image for e10PVH-5.9 indicated that the chemically anchored HPA 

was well-distributed across the membrane, with an average particle size of 99 Ñ 94 nm. 

 

 

Figure 3.7. Cross-sectioned and top-down view SEM image of ePTFE reinforced membranes 
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Figure 3.8. Cross-sectioned SEM image of ePTFE reinforced membranes 
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Figure 3.9. SAXS data of ePTFE reinforced membranes at 80ęC 95% RH 

 

Small-angle X-ray scattering (SAXS) was employed to investigate the bulk film 

morphology at 80ÁC while varying the HPA loading, as illustrated in Figure 3.9, and detailed 

in Table 3.2. A distinctive feature, characterized by a matrix knee at approximately 0.04 to 

0.06 ¡ ĭ, corresponding to a d-spacing of 10.5 to 15.7 nm, was prominently evident in 3M-

PFSA, e3MPFSA, and e10PVH membranes exclusively. The Porod slope (P) corresponds to 



млп 

 

the symmetry of the scattering features. To a first approximation, when P = 1, 2, 3, and 4, it 

signifies the presence of randomly distributed rods, lamellae, cylinders, and spheres, 

respectively.190 Interestingly, addition of e-PTFE reinforcement has also changed the bulk 

polymer morphology depicted by SAXS analysis. The P value for 3M-PFSA changed with the 

e-PTFE reinforcement from 1 to 3.1. This indicates that the e-PTFE support changed the rod-

like structure of 3M-PFSA which was also reported previously,172 to more cylindrical 

structure. Moreover, e10PVH membranes exhibited P values of 3.1, 3.3, and 3.3 for e10PVH-

1.0, 1.9, and 5.9, while e10PVH-2.2 registered a P value of 3.9. These observations indicate 

that the e10PVH membrane's morphology varies with HPA loading, leading to distinct phase 

separation morphologies. A similar impact of PVDF and PFSA was reported by Pintauro et al. 

in WAXS regime, that the membrane bulk morphology changed due to interaction between 

PVDF and PTFE backbone of PFSA undergoes structural rearrangement.91, 187 
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Table 3.2. Porod slope, radius of gyration, ionomer peak intensity and d-spacing of 

ionomer peak for e10PVH membranes 

Sample 
Porod 

slopeLow q 
Rg (nm) 

Ionomer 

peak intensity 

(cm-1) 

d Ionomer peak 

(nm) 

3MPFSA 1 25.3 0.252 3.51 

e3MPFSA 3.1 55.3 0.038 3.38 

e10PVH-1.0 3.3 47.4 0.030 3.39 

e10PVH-1.9 3.0 48.6 0.051 4.16 

e10PVH-2.2 3.9 52.9 0.055 3.71 

e10PVH-5.9 3.1 55.6 0.030 3.38 

 

 

Radius of gyration (Rg) changed when 3MPFSA was ePTFE reinforced from 25.3 to 

55.3 nm and with the presence of HPA the increment remained. This may indicate that the e-

PTFE support has resulted in more extended polymer morphology. However, one should note 

that the Rg value when HPA was added cannot directly be correlated to the polymer structure 

because high electron density of tungsten signal dominates, and can only be assigned to 100 

nm sized HPA clusters observed in SEM. 

An observed peak at 0.2 ¡ ĭ was attributed to the ionomer peak in e10PVH 

membranes. This peak arises from the phase separation of PFSA's ionic sidechains and 

polymeric backbones, with hydrophilic ionic sites favoring aggregation due to dipole 

interactions, while the rigid PTFE backbone resists it.27, 172 The ionomer peak was only 

detected in e10PVH membranes, not in ePVH membranes. This finding underscores that 

despite the presence of sulfonic acid and PTFE backbone in ePVH, the phase separation of 

ionic sites and polymer backbones was not sufficiently pronounced. This observation aligns 

with the notably lower proton conductivity of ePVH polymers in comparison to e10PVH 

membranes. 
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The intensity of the ionomer peak decreased when e-PTFE support was present, 

which greater ionomer peak intensity in PFSAs indicative of more clearly defined phase 

separation.27 The addition of hydrophobic e-PTFE backbone have suppressed the ionic 

aggregation and therefore resulted in significant decrease in ionomer peak. However, the 

influence of HPA on the ionomer peak was observed on few of e10PVH samples such as 

ionomer peak and d spacing increase in e10PVH-1.9 and 2.2. 

 

Water uptake. 

The water uptake measurement for 3M-PFSA, e3MPFSA, ePVH, and e10PVH 

membranes using dynamic vapor sorption (DVS) method at 60ęC is shown in Figure 3.10. As 

expected, due to the addition of hydrophobic e-PTFE support to the composite polymer, the 

water uptake at 95 % relative humidity (RH) decreased from 15.6 to 12.3 wt. % for 3M-PFSA 

and e3MPFSA respectively. Interestingly, even with the presence of VDF monomer in the 

polymer, which has been reported to reduce the water uptake significantly,187 the water uptake 

for the e10PVH-1.0, 1.9, 2.2 and 5.9 membranes, which was 28.8, 38.2, 26.0, and 38.2 wt.%, 

were higher than both 3M-PFSA and e3MPFSA membranes. This suggests that the presence 

of an e-PTFE support reduces water uptake, while the observed increase in water uptake is 

attributed to the affinity of HPAs for water, driven by the higher hydration number of HPA 

compared to the saturated PFSA.50-52, 55, 59, 195 Also, the increase in water uptake as function of 

RH is more dramatic for HPA containing membranes, both ePVH and e10PVH, which 

indicates that at low RH HPA molecules tend to cluster only allowing the minority surface 

HPA clusters to bind water molecules but at high RH hygroscopic nature of HPA is fully 

utilized and resulted in dramatic water uptake change. 34, 61 
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Figure 3.10. Water uptake data for 3M-PSFA 800EW, ePTFE reinforced 3MPFSA, ePVH, 

and e10PVH membranes. 
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Mechanical properties. 

 

Figure 3.11. Tensile test (Left) and DMA (right) results for 3M-PFSA, e3MPFSA, ePVH and 

e10PVH membranes. 

 

The mechanical properties of the e-PTFE-reinforced membranes were assessed 

through tensile testing and dynamic mechanical analysis (DMA). (Figure 3.11) Surprisingly, 

the mechanical integrity of the ePVH and e10PVH membranes were not similar even with the 

same e-PTFE support. This indicates that the counterpart polymer of the mechanical support 

impacts the mechanical integrity of the composite polymer and the morphology and structure 

take a meaningful role in mechanical integrity as well. As intended, the mechanical strength 

was improved with the presence of e-PTFE support. For instance, the ultimate tensile strength 

increased significantly from 21.9 Ñ 1.5 MPa for 3M-PFSA to 43.4 Ñ 1.5 MPa for e3MPFSA. 

Similarly, the enhancement in tensile strength for e10PVH membranes showed consistent 

values of 41.5 Ñ 3.4, 41.5 Ñ 2.4, 41.9 Ñ 1.9, and 42.0 Ñ 3.4 MPa for e10PVH-1.0, 1.9, 2.2, and 

5.9, respectively. On the other hand, ePVH membranes also benefited from the addition of e-

PTFE support but with lower enhancement, transitioning from a brittle state with an 
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unmeasurable tensile strength to values of 31.3 Ñ 2.9, 30.7 Ñ 1.9, 37.7 Ñ 3.1, and 30.4 Ñ 2.6 

MPa. 

DMA data elucidated the relative crystallinity of the e-PTFE-reinforced membranes 

and alterations in their transition temperatures. The maximum tan ŭ value serves as a 

qualitative measure of polymer crystallinity, where a lower tan ŭ indicates higher crystallinity. 

Overall, the introduction of the crystalline e-PTFE support into the membrane reduced the 

max tan ŭ value from 0.72 Ñ 0.01 for 3M-PFSA to 0.36 Ñ 0.02, 0.40 Ñ 0.01, 0.33 Ñ 0.01, 0.40 

Ñ 0.01, and 0.38 Ñ 0.01 for e3MPFSA, e10PVH-1.0, 1.9, 2.2, and 5.9, respectively. 

Additionally, the transition temperature, which corresponds to the temperature at the peak in 

the DMA plot, increased from 114.7 Ñ 2.9ÁC to 136.3 Ñ 3.0ÁC, 145.9 Ñ 6.9ÁC, 155.1 Ñ 2.2ÁC, 

134.7 Ñ 2.1ÁC, and 142.1 Ñ 2.6ÁC for e3MPFSA, e10PVH-1.0, 1.9, 2.2, and 5.9, respectively. 

This indicates that the polymer chain mobility was restricted by the e-PTFE support.210 

 

Proton Transport. 

Ex-situ proton conductivity of the bulk membrane and activation energy measured 

using electrochemical impedance spectroscopy (EIS) is shown in Figure 3.12 and Table 3.3. 

Addition of e-PTFE support to 3MPFSA resulted in a decrease in proton conductivity from 

0.161 Ñ 0.04 and 0.152 Ñ 0.04 S/cm at 95% RH. The impact of the e-PTFE support to the 

proton conductivity was unexpected but can be explained with a decrease in water uptake 

resulting in conductivity decrease. 
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Figure 3.12. Proton conductivity at 80ęC for 3M-PFSA, e3MPFSA, ePVH and e10PVH 

membranes. 

 

HPA-induced proton conductivity became apparent only at high relative humidity 

(RH) conditions, specifically at 95%. Interestingly, under lower RH (up to 80% RH) 

conditions, the proton conductivity of e10PVH membranes remained lower than that of 3M-

PFSA membranes. This suggests that sulfonic acid remains the dominant proton conductor up 

to 80% RH, mainly due to water molecules prioritizing to be more present next to HPA 

moieties therefore forming a local RH difference. However, it's noteworthy that at 95% RH, 

the proton conductivity of e10PVH-1.9, 2.2, and 5.9, measuring at 0.190 Ñ 0.01, 0.182 Ñ 0.02, 

and 0.224 Ñ 0.02 S/cm, respectively, surpassed that of both 3M-PFSA and e3MPFSA, which 

recorded values of 0.161 Ñ 0.04 and 0.152 Ñ 0.04 S/cm, respectively. This enhancement can 
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be attributed to the synergistic conductivity achieved through the utilization of both sulfonic 

acid and HPA functionalities. Furthermore, HPA is known for its super acidity and contains 

highly mobile protons that have the potential to enhance proton conductivity.34, 76 Meanwhile, 

the proton conductivity of ePVH membranes was notably lower than that of both the control 

and e10PVH membranes. This can be attributed to the no evidence of phase separation 

observed in SAXS and the presence of a very thin PFSA-VDF-HPA polymer layer on the 

ePTFE support on cross-sectioned SEM. 

 

Single Cell Fuel Cell Performance and Chemical Durability Testing. 

Table 3.3. Proton conductivity, open-circuit voltage, ohmic resistance, and maximum power 

density 

Sample 
Proton Conductivity 

(S/cm) 
OCV (V) 

Slope between 

0.1 ï 1.0 A/cm2 

(ohmǐcm2) 

Maximum Power 

Density (W/cm2) 

e3MPFSA 0.152 Ñ 0.04 0.88 0.086 1.27 

e10PVH-1.0 0.104 Ñ 0.02 0.87 
0.42 

0.62 
0.16 

e10PVH-1.9 0.190 Ñ 0.01 0.88 
0.19 

1.11 
0.06 

e10PVH-2.2 0.182 Ñ 0.02 0.88 
0.38 

0.77 
0.13 

e10PVH-5.9 0.224 Ñ 0.02 0.86 

0.23 

0.94 0.13 

 



ммн 

 

0.0 0.5 1.0 1.5 2.0

0.3

0.4

0.5

0.6

0.7

0.8

0.9
V

o
lt
a
g
e
 (

V
)

Current Density (A/cm
2
)

 e3MPFSA

 e10PVH-1.0

 e10PVH-2.2

 e10PVH-1.9

 e10PVH-5.9

 

Figure 3.13. Fuel cell start-up performance test data for ePTFE reinforced membranes 

 

The open-circuit voltage (OCV) in the single-cell fuel cell experiments was similar 

for the control e3MPFSA and e10PVH membranes, with values of 0.88, 0.87, 0.88, 0.88, and 

0.86 V. (Figure 3.13) Unfortunately, the improved proton conductivity in the e10PVH 

membranes did not translate into better performance in the single-cell fuel cell tests. 

Surprisingly, despite its lower proton conductivity, the control e3MPFSA membrane exhibited 
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the highest power density at 1.27 W/cmĮ (Table 3.3). In contrast, e10PVH-1.0, 1.9, 2.2, and 

5.9 membranes recorded power densities of 0.62, 1.11, 0.77, and 0.94 W/cmĮ, respectively. 

Notably, the slope in the current density range of 0.1-1.0 A/cmĮ exhibited two distinct 

slopes for the e10PVH membranes. Typically, this region is considered the ohmic region, 

characterized by a linear relationship as seen in e3MPFSA with a slope value of 0.086 

ohmĿcmĮ. However, for e10PVH membranes, there was a change in slope (Table 3.3). The 

first part of the slope was steeper than the second part. The initial slope may be attributed to 

an extension of the kinetic region, where the membrane-catalyst interaction causes additional 

kinetic overpotential. If this is the case, further optimization of the catalyst could potentially 

reduce this kinetic overpotential. 
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Figure 3.14. Accelerated stress condition (AST) chemical durability test results for e-PTFE 

reinforced membranes. 
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Table 3.4. Proton conductivity, OCV, and FRR data for ePTFE reinforced membranes 

Sample 

Thickness 

(ɛm) 
Chemical 

durability (h) 

Average FRR 

until failure 

(ɛg (cm2 day) -1) 

e3M-PFSA #1 
11.6 

175 
31.5 Ñ 0.5 

e3MPFSA #2 
9.4 

210 
29.5 Ñ 0.2 

e10PVH-1.0 #1 
10.0 

540 
3.9 Ñ 0.8 

e10PVH-1.0 #2 
10.0 

460 
4.0 Ñ 1.4 

e10PVH-1.9 
10.0 

586 
3.5 Ñ 0.6 

e10PVH-2.2 
10.0 

483 
4.4 Ñ 2.9 

e10PVH-5.9 #1 13.0 534 5.1 Ñ 2.5 

e10PVH-5.9-#2 
13.0 

466 
19.0 Ñ 8.5 

 

  

To assess the chemical durability of the e-PTFE-reinforced membranes, OCV 

measurements were conducted under DOE accelerated stress (AST) conditions in 50 cm2 

single-cell fuel cells (Figure 3.14 and Table 3.4). The sawtooth-like patterns in the OCV 

measurements were a result of daily excursions of 0.2 A/cmĮ for high-frequency resistance 

(HFR) measurements. Each set of samples was tested in duplicate to account for the statistical 

failure distribution that typically follows a log-normal or Weibull distribution in durability 

testing.175 However, it's worth noting that the second sample data for e10PVH 1.9 and 2.2 was 

excluded due to experimental failures. The control e3MPFSA cell failed after 175 and 210 

hours, with an average fluoride release rate (FRR) of 31.5 Ñ 0.5 and 29.5 Ñ 0.2 ɛg/(cmĮ day). 

In contrast, e10PVH membranes with HPA functionality exhibited a significant increase in 

chemical durability, lasting from 460 to 586 hours. Interestingly, the chemical durability of 
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the e10PVH membranes appeared to be independent of HPA loadings. The e10PVH-1.0 with 

the lowest HPA loading endured for 540 and 460 hours with an FRR of 3.9 Ñ 0.8 and 4.0 Ñ 

1.4 ɛg/(cmĮ day). Meanwhile, the highest HPA loading e10PVH-5.0 failed after 534 and 466 

hours, with FRRs of 5.1 Ñ 2.5 and 19.0 Ñ 8.5 ɛg/(cmĮ day). These results suggest that even a 

small amount of covalently bound HPA can significantly enhance the chemical durability of 

the fuel cell. 

 

3.6 Conclusions 

We have successfully fabricated a set of four different HPA loading e-PTFE 

reinforced ePVH and e10PVH composite membranes using a previously reported HPA 

functionalized PFSA-VDF polymer61 with a target thickness of 12 ɛm with actual thickness 

ranging from 9 to 13 ɛm. The actual HPA loading was calculated by the residue mass from 

TGA and re-defined. FTIR spectroscopy was used to corroborate the HPA functionalization 

where infrared fingerprints of HPA were used. XRF data showed the uniform distribution of 

HPA functionalities on the surface for 61 cm2 membrane and the HPA loading difference 

between different VDF mol% polymer. The HPA cluster of ca. 1.0 ɛm diameters with 

multiple 100 nm were observed in both cross-section and surface SEM. Also, double-sided 

coating of the PFSA-VDF-HPA polymer to e-PTFE support was validated by cross-sectioned 

SEM on both ePVH and e10PVH membranes, with limitation of ePVH membranes lacking 

thickness uniformity. SAXS analysis showed two characteristic peaks of PFSA for the 

e10PVH membranes, matrix knee and ionomer peak, where those two peaks were not present 

for ePVH membranes. The change in ionomer peak was observed with the presence of HPA, 

which indicated that the combination of e-PTFE support, PFSA, and HPA are showing a 

unique morphology that correlated to water uptake and proton conductivity improvement. The 
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presence of both HPA and sulfonic acid functionality in e10PVH membranes resulted in 

higher water uptake than the control 3M-PFSA and e3MPFSA. On the other hand, the 

addition of hydrophobic e-PTFE support resulted in both water uptake and proton 

conductivity decrease when comparing 3M-PFSA and e3MPFSA. Also, the rate of water 

uptake increase as a function of RH was different for the HPA functionalized polymers 

compared to PFSAs, where the rate of water uptake from 80 % RH and above increased 

dramatically compared to the PFSA. Increase in mechanical integrity and crystallinity with e-

PTFE support was achieved for all the membranes. However, the enhancement of tensile 

strength differed with the presence of PFSA. The proton conductivity of the ePVH 

membranes were not as high as the control or e10PVH membranes due to no phase separation 

to form proton conducting channels shown in SAXS. 

Single cell 50 cm2 active area fuel cell test for membranes did not correlate with the 

ex-situ proton conductivity improvement. The control e3MPFSA membranes registered 

maximum power density of 1.27 W/cm2 while the best performing e10PVH-2.2 recorded 1.11 

W/cm2. Interestingly, two slopes were detected between current density of 0.1 to 1.0 A/cm2, 

which may be considered as an extension of the kinetic region where extra overpotential was 

present due to different catalyst-ionomer-membrane interaction for e10PVH membranes. 

Impressive chemical durability improvement was achieved with HPA functionality 

for e10PVH compared to the control e3MPFSA membranes, where the average durability 

AST of 511.5 Ñ 45.5 h compared to that of 192.5 Ñ 17.5 h for the control. FRR data also 

corroborated the enhanced chemical durability where the average FRR for e3MPFA and 

ePVH10 membranes were 30.5 Ñ 1.0 and 6.7 Ñ 5.5 ɛg/(cmĮ day), respectively. Interestingly, 

the chemical durability improvement via HPA functionality was evident but the HPA loading 

was independent of the enhancement. This study provides a valuable insight suggesting the 
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potential for reducing HPA loadings in future work. Nevertheless, it is imperative to carefully 

design phase separation and morphology to maintain fuel cell performance. 
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CHAPTER 4: INVESTIGATION OF IONOMER AND TRANSITION METAL OXIDES 

INTERACTION USING A POLYETHYLENE MIDBLOCK COPOLYMER IN 

ANION EXCHANGE WATER ELECTROLYZERS TO UNDERSTAND 

PERFORMANCE AND DURABILITY 

 

ChulOong Kim,1 Jack W. Creel,2 Kevin C. Dunn,3 Kaylee J. Beiler,4 Marco J. Salgado,5 

Jordan L. Hawks,6 Ivy Wu,7 Mei-Chen Kuo,8 and Andrew M. Herring9 

 

4.1 Motivation 

With the promising durability results from previous work by our group using 

poly(vinylbenzyl N-methylpiperidinium carbonate-b-polyethylene-b-poly(vinylbenzyl N-

methylpiperidinium carbonate)) (PCMS-PE-PCMS [MPRD]), addition of transition metal 

oxides catalysts on the anode, where OER occurs, were investigated for performance and 

durability in a single-cell AEMFC. Hypothesis 4 was posed to evaluate the polymer 

electrolyte and catalyst-induced changes in the reorganization energy for electron transfer and 

influence the AEMWE performance and durability. In this work, the PCMS-PE-PCMS 

[MPRD] ionomer and membrane performance and durability were optimized with addition of 

manganese dioxide (MnO2). 
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4.2 Abstract 

Anion exchange membrane water electrolysis (AEMWE) offers distinct advantages 

over other hydrogen production methods, including steam methane reforming, alkaline water 

electrolysis, and proton exchange membrane water electrolysis, but performance and 

durability challenges pose obstacles to feasible 'green' hydrogen production from renewable 

sources. In this study, we strategically selected three transition metal oxide electrocatalysts 

(Co3O4, Mn2O3, MnO2) for oxygen evolution reactions in AEMWE to evaluate their impact. 

Employing a polyethylene mid-block copolymer with methylpiperidinium cation as the 

membrane, we tested three catalyst loadings (0.5, 2.5, and 4.5 mg/cm2) with a fixed ionomer 

loading of 0.5 mg/cm2 to assess ionomer-catalyst interactions. The best-performing catalyst 

loadings for all three catalysts underwent a 100 h durability test at 750 mA/cm2. All 

membrane electrode assemblies exhibited conditioning, confirmed by electrochemical 

impedance spectroscopy. 2.5 mg/cm2 MnO2 displayed superior performance and durability, 

with 2.40 Ñ 0.02 V at 1 A/cm2 and a voltage change rate of -99 and -128 ɛV/h post-

stabilization. To further assess durability, a longer 500 h test was conducted for the 2.5 

mg/cm2 MnO2 electrode, revealing a voltage change rate of -21 ɛV/h. FTIR map revealed 

micrometer-sized morphology change after the durability test due to Ni-foam electrochemical 

templating. These findings offer promise for enhancing AEMWE system performance and 

durability in the pursuit of feasible 'green' hydrogen production. 
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4.3 Introduction 

Decarbonization of hydrogen production is key to the transition towards a sustainable 

energy system to combat climate change. Hydrogen can be used as an energy carrier, and with 

the recent emerging interest in carbon neutral approach for energy devices such as fuel cells. 

Green hydrogen production, using renewable energy driven electrolysis, has received 

substantial attention as part of achieving carbon neutral for both energy consumption and 

production.7 Large scale H2 production with economic feasibility has grown in interest as 

government policy such as the U.S. Department of Energyôs H2@Scale initiative,
211 or the 

European Union and European Commission initiated EU hydrogen roadmap and European 

clean hydrogen alliance respectively.212 The steam methane reforming of methane or other 

hydrocarbons are the current major technique to produce hydrogens. However, those 

hydrocarbon based hydrogen production inevitably yields carbon dioxide emission, which 

needs to be sequestered by addition of another equipment.98 Steam methane reforming is only 

practical at scale, because pressure swing adsorption is the only practical method to be used 

to produce high purity hydrogen, so it is not suitable for smaller scale applications. 

For low temperature operation (< 100ęC), alkaline water electrolysis (AWE) is the 

most commercialized and developed technology due to its proven robust and durability over 

30 years. However, the usage of the porous diaphragm and high overpotential lacks the 

hydrogen production rate, typically around 500-700 mA/cm2 at 1.7V.99, 100 Electrochemical 

green hydrogen production using polymer electrolyte membranes is an attractive alternative. 
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This technology is scalable from watts to MW, which allows field deployment with 

photovoltaic or wind systems. Proton exchange membrane water electrolysis (PEMWE) is 

another commercialized technology with lower overpotential and faster proton transport 

replacing diaphragm of AWE to well-studied perfluorinated sulfonic acid ionomers (i.e. 

NafionÈ) resulted in achieving 2 A/cm2 at 2V. However, the usage of precious platinum group 

metal (PGM) catalyst on both the anode and cathode, need of titanium mesh on the anode is a 

primary disadvantage. Especially iridium and iridium oxides, which is the state-of-art catalyst 

used on the anode side of the PEMWE, is more scarce than other platinum group metals 

where it is estimated about 0.003 ppb in earthôs crust.107 Also, the crucial usage of fluorinated 

backbone polymer are the current bottlenecking challenge of the wide-spread of the 

technology.104 Perfluorinated compounds ought to be utilized as sparingly as feasible, given 

their persistent, bio accumulative, and toxic property, which raises concerns about human 

health.23  

Anion exchange membrane water electrolysis (AEMWE) is a strong candidate that 

can overcome the limitation of abovementioned methods, such as scalability and PGM 

catalysts and perfluorinated polymers are not required for the system.20, 75 AEMWEs exhibit 

reduced overpotential in comparison to AWEs. This allows AEMWEs to achieve a current 

density of up to 1.3 A/cm2 at a cell voltage of 1.8V in a 1M KOH solution.108 However, the 

cost of hydrogen and durability of the electrochemical devices should be improved to be more 

feasible. 

The performance of AEMWEs has steadily improved to lower the hydrogen 

production cost and is now nearing that of PEMWEs under ambient pressure conditions, 

utilizing non-PGM catalysts and a 1M KOH electrolyte. Nevertheless, a significant hurdle for 

AEMWEs remains their durability, needing to match the durability of AWEs, which can 



мно 

 

operate for 30 years, and PEMWEs, which can operate for over 50,000 hours, all while 

sustaining performance comparable to PEMWEs.75, 100 Durability and performance has to be 

tuned simultaneously because the cost of hydrogen take into account not only the operating 

cost but also the capital cost of the system. Therefore, an approach that maintains the 

performance but enhancing the durability is ideal for the AEMWE along with strategically 

choosing materials that are feasible. 

The primary focus has been on developing new anion exchange ionomers (AEIs) and 

anion exchange membranes (AEMs). The efficient transport of species across ionomer thin-

films has been demonstrated as a critical factor in the enhancement of electrochemical device 

performance through the optimization of the catalyst layer.213-216 Buggy et al. studied a 

chemistry-structure-property relationship of block copolymer ionomer on silver surface to 

design tunable ionomer for AEM device applications.147 And the implementation of block 

copolymer based AEIs has been demonstrated in device studies in AEMWEs, where a 

combination of polystyrene-b-poly(ethylene/butylene)-b-polystyrene block copolymer and 

NiCo2O4 electrocatalyst resulted in 10 mg/cm
2 NiCO2O4 owning higher oxygen evolution 

reaction (OER) activity than 2 mg/cm2 IrO2.
217 

Our group has successfully created an alkaline-stable triblock copolymer that retains 

aryl ether and using methylpiperidinium (MPRD) as a cation, which can be both used as AEI 

and AEM and allowing for control over water uptake and partitioning through adjustments to 

the polyethylene midblock ratio.147-150, 218 However, it's important to note that the scope of the 

study was confined to AEIs and AEMs using bare Ni-foam with an ionomer as an anode 

catalyst, leaving the investigation of the OER as an outstanding criterion. OER electrocatalyst 

is crucial to develop high-performance and robust AEMWE device due to its relatively higher 

overpotential compare to hydrogen evolution reaction (HER) due to four-electron mechanism, 
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higher energy barrier, slower reaction rate and resulting in higher electrical energy need for 

the hydrogen production.122 

As mentioned earlier, the OER is a slower reaction and therefore serves as a technical 

bottleneck crucial to be solved for potential performance improvements.102, 108 In response to 

this challenge, research interest has grown in the development of highly active OER 

electrocatalysts that could eventually replace current state-of-the-art catalysts like IrOx and 

RuOx. Transition metal oxide catalysts such as Fe, Co, Ni, and Mn are being extensively 

investigated due to their cost-effectiveness, straightforward manufacturing process, high 

activity, and low overpotential.119, 126, 219 Moreover, the increased kinetics of OER in alkaline 

environments, as opposed to acidic or neutral settings, provides flexibility in selecting 

ionomers and supports.109 AEMWEs frequently employ liquid electrolytes like potassium 

carbonate (K2CO3) or potassium hydroxide (KOH) solutions, unlike PEMWEs that solely rely 

on polymer electrolytes. So far AEMWEs working in pure water has not yet reached practical 

performance and durability. The use of liquid electrolytes reduces the ohmic resistance in the 

membrane and catalyst layer, and a localized pH increase at the catalyst-electrolyte interface 

can enhance reaction kinetics.114 The reaction equation of AEMFC with K2CO3 is: 

OHī + HCO3
ī ź CO3

2ī + H2O     (1) 

Anode (ORR): 4OH- Ÿ 2H2O + O2 + 4e
-    E0 = 0.401 V  (2) 

Cathode (HER): 4H2O + 4e
- Ÿ 2H2 + 4OH

-  E0 = 0.828 V  (3) 

Overall: 2H2O Ÿ 2H2 + O2 E0 = 1.23V         (4) 
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While KOH gives higher performance at same concentration,115 the cost for overall 

hydrogen production can potentially be higher than that of K2CO3. The KOH electrolyte 

system requires more durable and robust components that includes membrane electrode 

assembly (MEA), piping, bipolar plates, flow-fields and sealings due to its high pH and 

conversion to less conductive carbonate form when reacted with CO2 in the air. Considering 

these factors, K2CO3 presents a favorable compromise compared to KOH solution. While 

there is a trade-off in performance (0.34 A/cm2 versus 0.5 A/cm2 at 1.6V),103 the benefits can 

extend beyond just utilizing cost-effective materials due to the less corrosive nature of the 

medium and longer lifetime of the cell.  

At this time, long-term durability tests using K2CO3 electrolyte have been very few, 

despite its potential advantages compared to the KOH electrolyte system. Pavel et al. 

investigated non-noble catalysts for both the OER and HER using Ni/(CeO2ïLa2O3)/C and 

CuCoOx catalysts along with the Tokuyama A201 membrane.220 They conducted a 1000 h 

durability test at 470 mA/cm2 and 40ęC with 1 wt.% K2CO3. However, the catalyst loading 

was notably high, 7.4 mg/cm2 for HER and 30 mg/cm2 for OER and exhibited a clear 

performance decay over time. Vincent et al. expanded this research by investigating long-term 

durability using Tokuyama A201, FumapemÈ FAA-3, and FAA-PP-75 membranes with the 

same catalysts. They increased the durability test conditions to 500 mA/cm2 at 60ęC and 

conducted the test for 200 hours, registering a voltage increase rate of 500ɛV/h.221 In a 

separate study, Nel Hydrogen conducted a long-term durability assessment using high 

modulus and strength membranes, specifically the hexamethyltrimethyl ammonium 

functionalized DielsïAlder poly(phenylene) (HTMA-DAPP) and alkyltrimethyl ammonium 

functionalized poly(styrene-b-ethylene-b-styrene) triblock copolymer (SES-TMA). The test 

was carried out at a constant current density of 500 mA/cm2 and 50ęC. For the SES-TMA 
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membrane, a loss of differential pressure was observed after 200 h, while voltage increases of 

50 ɛV/h and 310 ɛV/h were reported for HTMA-DAPP and SES-TMA over 500 h durability 

test, respectively. We reported 600 h long-term durability test with PCMS-b-PE-b-PCMS 

[MPRD] membrane with Ni-foam on anode and Pt/C on cathode at 500 mA/cm2 current 

density and 50ęC, with 1 M K2CO3 liquid electrolyte. The cell was conditioning until the end 

of 600 h test and recorded last 200 h voltage decrease rate of 58 ɛV/h, and voltage decrease 

was not a result of membrane thinning. Also, a micron-meter change in polymer morphology 

was observed on FTIR mapping.150 However, one should consider that when running 

electrolysis at relatively lower current density (around 500 mA/cm2), the impact of gas bubble 

formation during the reaction is less pronounced compared to when the current density is 

increased. Additionally, due to reduced mechanical disruption of bubbles affecting the 

binding between the catalyst and ionomer on the electrode, it becomes feasible to use higher 

loadings of catalysts and ionomers with minimal ionomer and catalyst detachment. However, 

it's worth noting that at higher current densities, there may be limitations on the amount of 

catalyst and ionomer that can be effectively maintained under severe bubble forming 

environment. 

This paper investigates three distinct transition metal oxide catalysts, Mn3O4, MnO2, 

and Co3O4, for the OER with theoretically low overpotentials, high activities, well-

characterized, and commercially available.125, 126 Each catalysts were studied with varying 

loadings (0.5, 2.5, and 4.5 mg/cm2 on a Ni-foam substrate) and a constant ionomer content 

and identical membrane. This setup facilitates the exploration of OER kinetics, the impact of 

ionomer ratios on OER catalysts, and AEMWE durability. Performance and durability data 

were collected using a 5 cm2 single cell operating at 50ÁC with a 1M K2CO3 liquid 

electrolyte. Initial cell durability was assessed over 100 h at a constant current density of 750 
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mA/cm2 for each sample analyzing the voltage change per time, with the best-performing 

sample 2.5 mg/cm2 MnO2 undergoing testing for 500 h at a constant current density of 750 

mA/cm2. 

 

4.4 Experimental 

Materials. ð 0.3 mm thick Ni-foam was obtained from MSE Supplies company and 

used for anode gas diffusion layer. Cobalt (II, III) oxide nanopowder (Co3O4, < 50 nm particle 

size (TEM), 99.5% trace metals, Sigma Aldrich), manganese (III) oxide (Mn2O3, 99.9% trace 

metal basis, Sigma Aldrich), and manganese oxide (MnO2, 99.996% metals basis, 

PruatronicÈ, Thermoscientific) was used as received for the anode catalyst. Toray carbon 

paper (TGP-H-60) was used as a cathode gas diffusion layer. Platinum on carbon (Tanaka 

TEC10E50E, 46.3% Pt) as received for the cathode catalyst. Potassium carbonate (anhydrous, 

99%, K2CO3) was obtained from Alfa Aesar and mixed with 18 Mɋǐcm DI water provided by 

a Milli-Q water filtration system for the electrolyte. 1, 1, 2, 2-tetrachloroethane (reagent grade 

Ó 98%), sodium hydroxide (NaOH, ACS grade), N-methylpiperidine (MPRD, C6H13N, 99%), 

methanol (MeOH, CH3OH, ACS grade) were used as received. The block copolymers PCMS-

b-PCOE-b-PCMS (poly(chloromethylstyrene)-b-polycyclooctene-b-

poly(chloromethylstyrene)) and PIp-ran-PCMS (polyisoprene-ran-poly(chloromethylstyrene)) 

were prepared using previously published methods as detailed in the published literature.218, 

222 

Membrane fabrication. ð PCMS-b-PCOE-b-PCMS block copolymer with a 

PCOE/PCMS ratio of 1:2.58 was used for membrane fabrication to target IEC of 1.3 mmol/g. 

18 The polymer was then hydrogenated for 24 h to from PCMS-b-PE-b-PCMS. The PCMS-b-

PE-b-PCMS polymer was suspended in 0.055 g/mL 1, 1, 2, 2-tetrachloroethane by heating to 
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63ęC and stirring with a stir bar at 800 rpm for 5 days to form a yellow solution.150 The 

solution was doctor-bladed onto a Teflon sheet using a tape-caster (MTI Corp. MSK-AFA-

H200A) at 13 mm/sec yielding 30 cm X 15 cm membrane. The dried polymer membrane was 

hot-pressed at 160ęC for 20 min at 95 psi. The membranes were peeled off from the Teflon 

sheet and quaternized for 3 days in 50 vol % N-methylpiperidine in MeOH at 50ęC. The 

membranes were rinsed with DI water 3 times and then annealed in DI water at 80ęC for 24 h. 

The dried thickness of the membrane was 60 Ñ 5 ɛm. The membrane was stored in DI water 

at room temperature until carbonate-exchange prior to the membrane electrode assembly 

described below. 

Anode fabrication. ð  Ni-foam was cut to size of the single cell flow field (5 cm2) 

and cleaned with 30 wt. % NaOH at 90 ęC for 10 min and followed by 20 wt. % HCl solution 

under room temperature sonication for 10 min to remove organic residues and potential debris 

on the surface. DI water was used to rinse between and after the cleaning steps and the 

samples were dried overnight under vacuum. The anode ionomer solution was prepared by 

mixing a PCMS-b-PCOE-b-PCMS functionalized with MPRD cations (10 mg/mL) in 

chloroform and sonicated for 1 h. The anode ionomer solution is used for the catalyst ink. The 

catalyst ink containing either Co3O4, Mn3O4, or MnO2 were synthesized with 6 mL of DI 

water, 1 mL of ethanol, and anode ionomer solution. The cleaned Ni-foam was dip-coated 

into the catalyst ink solution and dried on 60ęC hot plate and dried under vacuum oven for 24 

hours. The target loading for the catalyst was 0.5/2.5/4.5 mg/cm2 and ionomer loading of 0.5 

mg/cm2 consistently. The PCOE midblock was then hydrogenated to PE by placing ionomer-

coated electrodes in a N2 and H2 purged vessel for 3 h. 

Cathode fabrication. ð  Toray carbon paper was cut to size of the single cell flow 

field (5 cm2). The target loading for the cathode catalyst was 1 mg/cm2 and ionomer loading 
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was 0.6 mg mg/cm2. MPRD functionalized PIp-ran-PCMS ionomer in MeOH (5 mg/mL) was 

used as an ionomer and binder for the cathode. The cathode catalyst ink was hand-painted and 

place on top of 60ęC hot plate to allow drying between each coat. After the coating process, 

the electrodes were dried in vacuum oven for 24 h to remove the solvent. 

Membrane electrode assembly fabrication. ð Catalyst coated Ni-foam was pressed 

between two aluminum plates at room temperature at 90 psi for 10 min to prevent uneven and 

sharp Ni-foam surface mechanically damaging the membrane. The membrane, anode, and 

cathode were soaked in 1 M K2CO3 for 1 h separately to ion-exchange. Fuel Cell 

Technologies hardware with two 5 cm2 Ni serpentine flow field and six PTFE-coated fabric 

gaskets (65 ɛm) were used for the cell assembly with a torque of 3.4 Nǐm. 1 M K2CO3 

electrolyte with 40 mL/min flow rate split to anode and cathode evenly was pumped to the 

cell with both the cell and the flow line heated to 50ęC. Note that the cell temperature was 

limited to 50ęC to effectively control the evaporation of the electrolyte and change in 

electrolyte concentration. The cell was allowed to equilibrate with open circuit and electrolyte 

flowing for 1 h prior to the first polarization curve measurement. Polarization curves were 

obtained by applying current steps for 2 min. 

The durability tests were conducted after the polarization curve measurement. 750 

mA/cm2 current to the cell was applied and the voltage was measured for 100 h. For longer 

durability tests the liquid electrolyte was changed approximately every 100 h. For the inter-

test analysis, the polarization curve and EIS was measured every 12 h unless noted. 

Electrochemical impedance spectroscopy (EIS) was performed at 2V and 10 kHz to 50 mHz 

to obtain the high-frequency cell resistance. 
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Ion-exchange capacity (IEC) measurement. ð The ion exchange capacity of samples 

was measured using Mohr titration method as described previously.150 IEC of the membrane 

used for the study was 1.28Ñ0.07 mmol/g. 

Fourier transform infrared (FTIR) spectroscopy. ð As described previously, FTIR spectra 

was acquired using a Thermo Fisher Scientific Nicolet iN10 infrared microscope equipped 

with a germanium attenuated total reflectance tip. The spectral range covered from 4000 to 

800 cm ĭ, and a liquid nitrogen-cooled MCT detector was employed for data collection.61, 150 

 

4.5 Results and Discussion 

AEMWE performance comparison in different electrolyte concentration. ð 

We first investigated the effect of K2CO3 electrolyte concentration on the AEMWE 

performance, at 0.5 M and 1M K2CO3 (aq) (Figure 4.1). To enable a direct comparison of the 

liquid electrolyte concentration, an MnO2-ionomer mixture coated Ni-foam electrodes on the 

anode with a loading of 2.5 mg/cm2 was employed. As anticipated, an increase in 

performance was observed, with the voltage at 1 A/cm2 decreasing from 2.49 to 2.42V as the 

liquid electrolyte concentration increased from 0.5 M to 1M because the ionic concentration 

is higher. The Tafel slope increased from 64 to 84 mV/dec. This observation implies an 

increased kinetic overpotential in the presence of a more concentrated K2CO3 (aq). This is due 

to carbonate concentration increase less OH- and lower local pH. Given that the study aims 

not only to explore robust membranes and ionomers but also to maximize current density, the 

subsequent sections will consistently employ a fixed liquid electrolyte concentration of 1M 

K2CO3. 
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Figure 4.1.  Polarization curve with 0.5 M K2CO3 (black empty square) and 1 M K2CO3 (red 

square) electrolyte. 2.5 mg/cm2 loading MnO2 coated Ni-foam electrode was used.  

 

AEMWE electrochemical performance in a single cell electrolyzer. ð  

First, we investigated three different catalyst loadings of transition metal oxide 

catalysts, 0.5, 2.5, and 4.5 mg/cm2, with a fixed ionomer loading of 0.5 mg/cm2. The ionomer 

loading was chosen from our previous study showing that 0.5 mg/cm2 is the optimal ionomer 

loading with Ni-foams.150 The overall Tafel slope was derived from the obtained polarization 
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curve, and it's worth noting that this slope encompasses both HER and OER. However, since 

HER remains constant due to fixed catalysts and loading, the observed difference is attributed 

solely to OER. 

 

Cobalt oxide (Co3O4) catalyst with different loadings 

The voltage at 1A/cm2 decreased from 2.55 to 2.63 and 3.07 V when the Co3O4 

catalyst loading was varied 0.5, 2.5, or 4.5 mg/cm2. The Tafel slope increased from 84 to 93 

and 139 mV/dec, respectively. (Figure 4.2 and Table 4.1). In contrast, the OER Tafel slope of 

the cobalt oxide with 1M KOH electrolyte using rotating disk electrode (RDE) are 70 to 79 

mV/dec, which is as expected to be lower than the cell due to difference in pH, no inclusion 

of HER and no mass transport limitation.123 

Furthermore, the band-gap energy for the Co3O4 is 0.328 eV, which is in the realm of 

semi-conductors.223 Despite abovementioned potential of cobalt oxide nanoparticles as an 

OER electrocatalysts, a higher loading of cobalt oxide that owes a tendency to agglomerate 

which causes loss of surface area and therefore loss of activity.224, 225 Also, the agglomerated 

cobalt oxide nanoparticles in the absence of an adequate amount of ionomer to establish ion-

conducting pathways and the electrical conductivity assisted by Ni-foam was fully blocked 

for 4.5 mg/cm2, tends to act as an insulator. As shown by the IR corrected curve of the 4.5 

mg/cm2 which overlaps with the IR curve of bare Ni-foam electrode and similar Tafel slopes 

135 and 139 mV/dec, respectively. Further supporting evidence for the higher loading Co3O4 

was not assisting the catalytic reaction can be derived from the overpotential at 10 mA/cm2, 

where the lowest loading sample experienced 0.25 Ñ 0.03 V and as catalyst loading increased 

to 2.5 and 4.5 mg/cm2 the overpotential increased 0.30 Ñ 0.01 and 0.50 Ñ 0.01 V respectively. 
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Furthermore, the ohmic resistance of the cell increased as the catalyst loading increased 0.72 

Ñ 0.19, 0.78 Ñ 0.05, and 1.18 Ñ 0.17 ɋ, respectively. This indicates at this loading the 

agglomeration is too severe that no catalytic advantage was gained by additional catalyst 

loading, providing an upper limit of Co3O4 that can applied to the OER electrode. 

 

 

Figure 4.2. Polarization curves (left) and IR-corrected polarization curves (right) of 

0.5/2.5/4.5 mg/cm2 Co3O4 for the anode. 

 

Table 4.1. Electolyzer Performance Parameters for Co3O4, Mn2O3, and MnO2 

Anode loading Ionomer to catalyst 

ratio (I:C) 

Tafel slope (mV/dec) Voltage at 

1A/cm2 

0.5 mg/cm2 Co3O4 1:1 84 Ñ 1 2.55 Ñ 0.21 

2.5 mg/cm2 Co3O4 1:5 93 Ñ 2 2.63 Ñ 0.06 

4.5 mg/cm2 Co3O4 1:9 139 Ñ 2 3.07 Ñ 0.07 

0.5 mg/cm2 Mn2O3 1:1 117 Ñ4  2.63 Ñ 0.02 

2.5 mg/cm2 Mn2O3 1:5 98 Ñ 5 2.55 Ñ 0.04 

4.5 mg/cm2 Mn2O3 1:9 97 Ñ 2 2.59 Ñ 0.01 

0.5 mg/cm2 MnO2 1:1 108 Ñ 4 2.59 Ñ 0.04 

2.5 mg/cm2 MnO2 1:5 83 Ñ 2 2.40 Ñ 0.02 

4.5 mg/cm2 MnO2 1:9 82 Ñ 4 2.46 Ñ 0.05 
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Manganese (III) oxide (Mn3O4) catalyst with different loadings 

 

Figure 4.3. Polarization curves (left) and IR-corrected polarization curves (right) of 

0.5/2.5/4.5 mg/cm2 Mn2O3 for the anode. 

 

The voltage at 1 A/cm2 exhibited variations among Mn2O3-loaded electrodes, 

measuring at 2.63, 2.50, and 2.59 V for catalyst loadings of 0.5, 2.5, and 4.5 mg/cm2 

respectively. (Figure 4.3) As anticipated, performance improved with the escalation of 

catalyst loading from 0.5 to 2.5 mg/cm2. Surprisingly, a dip in performance was observed as 

the loading was further raised to 4.5 mg/cm2. This phenomenon can be elucidated by 

recognizing that the ionomer-catalyst interface at the 2.5 mg/cm2 loading point demonstrated 

optimal ion transport and conduction. Conversely, when the loading was elevated to 4.5 

mg/cm2, the supplementary catalysts hindered the electrochemical reaction rather than 

contribute as catalysts. 

In contrast to Co3O4 electrodes, the Tafel slope displayed a decrease from 0.5 to 2.5 

mg/cm2 and then stabilized between 2.5 and 4.5 mg/cm2, registering values of 117, 98, and 97 

mV/dec, respectively. The reported OER Tafel slope was 159 mV/dec in 1M KOH,226 which 
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is significantly higher than the above-mentioned cell value. This observation indicates that the 

MEA containing PCMS-b-PE-b-PCMS[MPRD] ionomer and membrane with Mn2O3 

electrocatalyst experiences higher kinetic performance in K2CO3 electrolyte than controlled 

media RDE measured kinetics in 1M KOH. And the kinetic improvement can be explained 

with addition of ionomer enhanced the local electron transport and therefore the rate of the 

electron transfer has increased. The IR-corrected polarization curve underscored that the most 

proficient electrode was the one loaded with 4.5 mg/cm2 of catalyst, signifying the presence 

of an advantageous catalyst surplus for Mn2O3 electrodes. However, this advantage was 

counteracted by increased resistance stemming from higher catalyst loading. This outcome 

can be corroborated by the fact that the band gap energy of Mn2O3 is greater than that of 

Co3O4, suggesting lower electrical conductivity.
54, 223, 227 The overpotential at 10 mA/cm2 did 

not show a strong trend, 0.29 Ñ 0.03, 0.28 Ñ 0.04, and 0.31 Ñ 0.01 V, respectively, but all three 

loadings were similar to the bare Ni-foam value which is 0.31 V, which also shows that the 

overall catalytic activity is similar regardless of the loading. Nevertheless, the ohmic 

resistance mirrored the performance trend. The primary limiting factor in the performance 

was the ohmic resistance, yielding values of 0.71 Ñ 0.06, 0.69 Ñ 0.03, 0.71 Ñ 0.01 ɋʹcm2 for 

catalyst loadings of 0.5, 2.5, and 4.5 mg/cm2 correspondingly. This outcome can be associated 

with the catalyst-ionomer surface morphology, wherein an excessive catalyst loading impedes 

the electrochemical reaction. 
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Manganese oxide (MnO2) catalyst with different loadings 

 

Figure 4.4. Polarization curves (left) and IR-corrected polarization curves (right) of 

0.5/2.5/4.5 mg/cm2 MnO2 for the anode. 

 

The polarization curve trend exhibited by MnO2 closely paralleled that of Mn2O3, 

albeit with a reduction of approximately 0.1 V in the voltage at a current density of 1 A/cm2. 

(Figure 4.4) This outcome aligns with expectations, given the higher activity and lower 

overpotential in MnO2 as compared to Mn2O3. The Tafel slope corroborates to MnO2's higher 

activity and reduced overpotential, yielding values of 108, 83, and 82 mV/dec for catalyst 

loadings of 0.5, 2.5, and 4.5 mg/cm2, respectively. When compared to the reported OER Tafel 

slope value in 1M KOH with RDE, which is 117.7 mV/dec.121 The Tafel slope for the cell was 

lower showing same trend as Mn2O3, which again indicates that the ionomer-catalyst 

interaction has improved the overall kinetics that enhanced the rate of electron transfer. 

The difference in performance between the 2.5 and 4.5 mg/cm2 catalyst loadings 

were marginal, as evidenced by both the polarization curve and the IR-corrected curve. This 

observation underscores the redundancy of additional catalyst loading in instances where 
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ionomer loading remains unchanged, indicating that an increase in catalyst loading becomes 

unnecessary without a corresponding augmentation in ionomer content. 

Remarkably, the MnO2 catalyst displayed the lowest overpotential at 10 mA/cm
2 

compared to both Co3O4 and Mn2O3. Across the spectrum of 0.5, 2.5, and 4.5 mg/cm
2 

loadings, the overpotential registered as 0.24 Ñ 0.03, 0.21 Ñ 0.02, and 0.26 Ñ 0.1 V, 

respectively. This finding stands as evidence of catalytic activity enhancement attributed to 

the introduction of the electrocatalyst, consequently contributing to performance 

augmentation. 

Furthermore, the ohmic resistance, as deduced from the polarization curve, exhibited 

a robust correlation with performance outcomes. The optimally performing 2.5 mg/cm2 

loading catalyst experienced an ohmic resistance of 0.57 Ñ 0.01 ɋʹcm2, while the 0.5 and 4.5 

mg/cm2 loadings exhibited 0.70 Ñ 0.05 and 0.63 Ñ 0.42 ɋʹcm2, respectively. Incorporating 

both the heightened catalytic activity stemming from reduced overpotential and the decline in 

ohmic resistance, the conclusion can be drawn that varying catalysts also influences ohmic 

resistance due to potential alterations in surface morphology and electrochemical properties. 

 

Durability of AEMWE in a single cell electrolyzer. ð  

100 h durability tests were conducted to examine how the inclusion of transition 

metal oxide catalysts with ionomer affects the durability and performance of the AEMWE. 

Specifically, we selected catalyst loadings of 0.5 mg/cmĮ of CO3O4 and 2.5 mg/cmĮ of Mn2O3 

and MnO2 based on the results of the performance study mentioned earlier and ran two 100 h 

tests. Importantly, no evidence of membrane thinning nor significant changes in IEC were 

observed following the 100 h test (Table 4.2). 
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Table 4.2. Ion-exchange capacity of the membrane before and after the durability test 

Sample name Initial IEC (mmol/g) Post-test IEC (mmol/g) 

Co3O4/#1 

1.28 Ñ 0.07 

1.28 Ñ 0.01 

Co3O4/#2 1.23 Ñ 0.01 

Mn2O3/#1 1.24 Ñ 0.10 

Mn2O3/#2 1.27 Ñ 0.05 

MnO2/#1 1.28 Ñ 0.04 

MnO2/#2 1.30 Ñ 0.03 

MnO2/500 h 1.16 Ñ 0.02 

 

Cobalt oxide (Co3O4) catalyst 

 

Figure 4.5. 100 h durability test at 750 mA/cm2 for cobalt oxide (Co3O4). First run (light blue) 

and second run (blue). Resistance of the cell for first run (light blue, circle) and second run 

(blue, empty circle). 
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Throughout all the durability tests with Co3O4, the cell exhibited a pronounced 

voltage drop of approximately 170 and 80 mV within the initial 24 h period, characterized by 

a rate of -3.58 and -0.84 mV/h for the first (light blue) and second (blue) runs respectively. 

(Figure 4.5 and Table 4.3) This observation lets the conclusion of a "break-in period", where 

the change of cell performance is unpredictable and fluctuating. This phenomenon was 

previously documented on the same membrane with Ni-foam and Pt/C catalyst, where the cell 

required an approximate break-in time of 20 hours.150 The break-in was also depicted on the 

resistance where a distinctive drop in both the voltage and resistance was observed for the 

first run. Notably, a consistent trend of voltage decrease persisted until the end of the testing 

phase for both the first and second runs, marked by a descending rate of -1.31 and -0.94 mV/h 

respectively. 

After the stabilization period, in which we defined the first cycle after two 

consecutive cycle with mass transport limitation was observed indicating that the mass 

transport is the limiting variable compared to MEA conditioning, the first run and second run 

after 48 and 52 h registered voltage drop of -643 ɛV/h and -956 ɛV/h. However, the second 

run encountered more pronounced mass transport limitations. The generation of hydrogen and 

oxygen gases resulting from the electrochemical reaction inhibited the full utilization of the 

catalyst surface.228 The observed voltage increase or performance decline and recovery serves 

as a typical phenomenon of bubble induced mass transport limitations. Fortunately, 

performance recovery ensued after the sequence involving polarization and EIS curve 

acquisition. 
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Table 4.3. 100 and 500 h durability test data for 0.5 mg/cm2 Co3O4, 2.5 mg/cm2 Mn2O3, and 

2.5 mg/cm2 MnO2 electrodes. 

Anode/Run # 

Frist 24 h 

voltage change 

(mV) 

Stabilization 

time (h) 

Voltage change 

rate after 

stabilization 

(ɛV/h) 

Co3O4/#1 -170 48 -643 

Co3O4/#2 -80 52 -956 

Mn2O3/#1 -70 50 254 

Mn2O3/#2 40 24 284 

MnO2/#1 -340 52 -99 

MnO2/#2 -50 52 -128 

MnO2/500 h* -330 24 -21* 

    

* Until soft-short was observed at 375 h 

 

Manganese (III) oxide (Mn2O3) catalyst 

Interestingly, the duplicate durability data from Mn2O3 electrodes showed similar plot 

shape with only difference in starting voltage. A more pronounced and dynamic break-in 

period was observed for Mn2O3 electrodes, where a significant voltage drops within first 5 h. 

(Figure 4.6) The initial break-in period for Mn2O3 was shorter than the one of Co3O4 

electrodes but more dynamic. Surprisingly, the voltage change rate for the first run (pink) 

after the second cycle, which is considered the break-in period was -21 ɛV/h. However, when 

the time frame was re-adjusted to the last 50 h of operation, which was more stable, the 

voltage increase rate was 254 ɛV/h. Like the first run, the second run (red) observed voltage 

increase after the stabilization period. The break in trend was similar, showing rapid decrease 

voltage about 60 mV but the voltage was re-inclined to 2.5 V. The stabilization time for the 

second run was determined to be after 24 h and the voltage increase rate was 284 ɛV/h. One 

should note that the conditioning and stabilizing time can differ by MEA due to different 
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batch ionomer and membrane usage. Also, the cell consistently experiences mass transport 

issue due to the evolving gas where the degradation occurs as the 750 mA/cm2 current is 

drawn but recovers when the cell is measuring the polarization curve in voltage step starting 

from 10 mA/cm2. This indicates that the when the bubbles from the gas evolved is pushed 

from the electrode surface the cell voltage drops and performance increases.75, 229 

 

 

Figure 4.6. 100 h durability test at 750 mA/cm2 for manganese (III) oxide (Mn2O3). First run 

(pink) and second run (red). Resistance of the cell for first run (pink, empty circle) and 

second run (red, circle). 
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Manganese Oxide (MnO2) catalyst 

 

Figure 4.7. 100 h durability test at 750 mA/cm2 for manganese Oxide (MnO2). First run (light 

green) and second run (green). Resistance of the cell for first run (light green, empty circle) 

and second run (green, circle) 

 

As for the durability test, MnO2 have shown the lowest initial voltage at 750 mA/cm
2 

and lowest resistance, which were 2.27 V Ñ 0.05 and 0.48 Ñ 0.01 ɋǐcm2 respectively. For the 

first run (light green), a break-in was processed for the first cycle which resulted in voltage 

drop of 80 mV. (Figure 4.7) After the break-in voltage increased at the rate of 2.28 mV/h from 

13 to 38 h. Then, stability was achieved at the voltage drop rate of -39 ɛV/h from 39 to 51 h. 
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And after the stabilization (52-100 h) the voltage drop was -99 ɛV/hr. For the second run 

(green), more gradual conditioning was observed from the beginning of the test to 70 h, 

resulting in -2.61 mV/h voltage drop. After the stabilization period of 52 h, the voltage drop 

was less significant which was - 287 ɛV/hr. Consistently, the mass transport limitation was 

observed in the MnO2 electrodes. And the mass transport limitation was more pronounced as 

the cell completes the stabilization and voltage drop due to conditioning was less significant.  

Electrical impedance spectroscopy (EIS) data at 2V corroborated the conditioning of 

the membrane and was the driving factor for the voltage drop. (Figure 4.8 and Table 4.4) 

Consistently for all three catalysts (Co3O4, Mn2O3, and MnO2), the high frequency resistance 

for end of test was lower than the beginning of the test. This high frequency resistance can be 

assigned to the ohmic resistance of the cell which includes the membrane resistance and other 

contact resistances that can exist in the system. The kinetic and mass transport overpotential 

can relatively compared using the difference between the low x-intercept and extrapolated 

high x-intercept along with the peak -Zôô value which depicts the depression of the semi-circle 

in the EIS. 
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Figure 4.8. Electrochemical Impedance Spectroscopy (EIS) at 2V. Cycle 1 represents the 

beginning of the test and cycle 8 is the last EIS taken before the end of 100 h durability test. 
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Table 4.4. Electrochemical Impedance Spectroscopy (EIS) data for beginning and end of 100 

h durability test. 

Anode/Run 

# 
¢ƛƳŜ όƘύ 

Lower x-

intercept 

όɋǐcm2ύ 

Higher x-

intercept* 

όɋǐcm2ύ 

X-intercept 

Difference 

όɋǐcm2ύ 

Peak -Zôô 

value 

όɋǐcm2ύ 

Co3O4/#1 л 0.69 1.18 0.486 0.150 

 фс 0.56 0.93 0.372 0.124 

Co3O4/#2 л 0.58 1.20 0.614 0.143 

 фс 0.52 1.08 0.558 0.172 

Mn2O3/#1 л 0.51 1.30 0.793 0.190 

 фс 0.45 1.17 0.716 0.190 

Mn2O3/#2 л 0.44 0.95 0.512 0.147 

 фс 0.44 0.96 0.520 0.155 

MnO2/#1 л 0.47 1.02 0.547 0.150 

 фс 0.33 0.64 0.320 0.082 

MnO2/#2 л 0.46 1.04 0.581 0.151 

 фс 0.33 0.65 0.327 0.100 

MnO2/500 h л 0.48 1.04 0.564 0.146 

 375 0.28 0.69 0.412 0.133 

 500 0.38 0.93 0.547 0.205 

* Extrapolated from initial half of the semi-circle 

 

Firstly, in contrast to the other two electrodes, the Mn2O3 electrode exhibited minimal 

changes in resistance when comparing the initial and final cycles. Consequently, during the 

100 h durability test, the Mn2O3 electrode demonstrated relatively modest stabilization times 

and voltage fluctuations in the 24 h timeframe compared to the other MEAs. Furthermore, 

when assessing two duplicate runs of Mn2O3, we noted less pronounced changes in the peak -

Zôô and intercept difference values. This observation suggests that there was no significant 

kinetic enhancement present in the Mn2O3 MEAs. Conversely, both Co3O4 and MnO2 

electrodes exhibited significant kinetic improvements when comparing the initial cycle to the 

final cycle. This was evident in the substantial decrease in both peak -Zôô and intercept 

difference values. MnO2 demonstrated the most pronounced changes in EIS. This 
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phenomenon was particularly elucidated during the 100 h durability test, which featured the 

longest stabilization times. 

The membranes underwent FTIR analysis both before and after the 100 h durability 

test (see Figure 4.9). When comparing the FTIR spectra before and after the 100 h durability 

test, a noticeable change occurred in the OH peak corresponding to water. The peak shifted 

from 3432 cm-1 to a higher range, specifically between 3516-3518 cm-1, in all samples. This 

shift suggests a weakening of the hydrogen bonding between water and the polymer. 

Remarkably, this observation contradicts what we observed in our previous study involving 

only Ni-foam and ionomer.150 It provides valuable evidence that the interaction between 

catalysts and ionomer influences membrane degradation mechanisms. 

 

Figure 4.9. FTIR spectra of before and after test 
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In addition to analyzing the OH peak, we also examined the asymmetric CH2 peak 

associated with the PE backbone in FTIR mapping. Initially, the FTIR map of the membrane 

displayed a relatively uniform distribution of both water and PE-associated peaks (see Figure 

4.10). However, after subjecting the membrane to 100 h of operation in the AEMWE at 750 

mA/cmĮ, we observed micrometer-sized changes in its morphology. This resulted in increased 

heterogeneity in both the water-induced OH peak and the PE-induced CH2 peak. 

 

 

 

Figure 4.10. FTIR map of the membranes before and after durability test on both anode and 

cathode side. 

 

Notably, the Mn2O3 MEA displayed less reorganization compared to Co3O4 and 

MnO2. This observation can be linked to the gradual voltage increment observed during the 

100 h durability test and minimal EIS curve change (Figure 4.6 and 4.8), indicating minimal 
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morphological rearrangement and, consequently, no performance improvement over time. 

Instead, a performance decrease was noted. Moreover, there were minimal morphological 

differences observed between the anode and cathode sides, even when different catalysts were 

employed on each side. This suggests that the rearrangement phenomena affected the entire 

membrane consistently. Furthermore, when comparing the OH peak to the CH2 peak on the 

FTIR map, it became evident that in regions where the PE peak predominated, water 

molecules were less abundant. This finding aligns with the expected hydrophobic nature of 

the PE backbone. 

 

500 h long-term durability test 

Based on the performance and durability data for all three transition metal 

electrocatalysts for the OER, 2.5 mg/cm2 MnO2 was chosen to run an extensive durability test 

for 500 h at 750 mA/cm2. (Figure 4.11) The polarization curve will only be measured at the 

beginning and the end of the test to ensure the performance of the cell. EIS and polarization 

curve was measured every 5 h to precisely monitor resistance change over time and minimize 

the mass transport limitation. The first 24 h drop due to the break-in was approximately -330 

mV. Surprisingly, the voltage change between 24-375h was registered to be ï21 əV/h and no 

membrane thinning nor IEC decrease was shown on post-test analysis. Unfortunately, soft 

shorting of the cell was observed after 375h. The cell experienced instant voltage drop to 

below 1V but recovered operating voltage window between 2 and 2.3V occasionally along 

with hydrogen and oxygen gas bubbles observed through the outlet. Therefore, the cell was 

diagnosed as soft-short instead of electrical shorting and kept on operation until the initially 

planned 500 h. Also, both the HFR and radius of the EIS curve increased after the cell soft-
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shorted, this can indicate that the contact resistance has increased through the cell and kinetics 

have decreased. (Figure 4.12 and Table 4.4) 

 

 

Figure 4.11. 500 h durability test at 750 mA/cm2 for manganese Oxide (MnO2) 
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Figure 4.12. Electrochemical Impedance Spectroscopy (EIS) at 2V. At the beginning of the 

test, 375 h, and 500 h is the last EIS taken before the end of 500 h durability test. 

 

4.6 Conclusions 

In summary, this study has successfully established a platform suitable for long-term 

testing, specifically targeting 100 and 500 h durations with 1M K2CO3 as a liquid electrolyte. 

Our strategic choice of employing theoretical low overpotential and highly active 

electrocatalysts for the OER has yielded valuable insights into their performance. One notable 

observation was that as the catalyst loading increased, cobalt oxides did not exhibit a 

corresponding increase in performance, primarily due to the issue of agglomeration. The 

initial resistance of the cobalt oxide MEA differed significantly from manganese oxides, 

primarily because of uncontrollable agglomeration of Co3O4 nanoparticles. Within the tested 

materials, PCMS-PE-PCMS with MPRD ionomer combined with MnO2, featuring an 

ionomer-to-catalyst ratio of 1:5, demonstrated the most favorable performance and kinetics. 

This outperformed Mn2O3 and Co3O4, as evidenced by a Tafel slope of 83 Ñ 2 mV/dec and 

voltage at 1 A/cm2 of 2.40 Ñ 0.02 V. 

During the 100 h durability test at 750 mA/cm2 and 50ęC, both Co3O4 and MnO2 

exhibited a decrease in voltage, while Mn2O3 experienced an increase in voltage after 
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stabilization. Consequently, the 2.5 mg/cm2 MnO2 MEA was selected for the more rigorous 

500 h durability test. The 500 h durability test revealed that the MEA consisting 2.5 mg/cm2 

MnO2, PCMS-PE-PCMS with MPRD membrane and ionomer are very stable with voltage 

change rate of -21 ɛV/h between 24-375h, with the similar break-in period of approximately 

24 h. Also, no observation of membrane thinning was detected from post-test analysis. The 

durability tests collectively indicate that during the initial break-in period, MEAs experience 

improved ionomer-catalyst interactions, resulting in decreased resistance. Furthermore, FTIR 

of before and after 100 h test showed water molecules are less tightly bound to the polymer 

after the test and FTIR map revealed a micrometer-sized membrane morphology 

rearrangement which correlated to the performance enhancement over time for Co3O4 and 

MnO2. As part of future work, we plan to employ a larger active area AEMWE with a thinner 

membrane to mitigate edge and ohmic resistance, further advancing our understanding of 

electrocatalytic performance and durability. 
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CHAPTER 5: SUMMARY OF WORK AND FUTURE RECOMMENDATIONS 

 

5.1  Summary of Work 

Given the severity of climate change-related issues and the potential challenges 

humanity may face without controlling CO2 emissions, there is a compelling case for 

developing an energy system with net-zero CO2 emissions. A hydrogen-based economy 

emerges as a viable alternative energy system that can meet this goal, serving as both a 

chemical feedstock and an energy carrier. However, to make a hydrogen economy more 

practical, we must enhance both the economic feasibility of hydrogen production and the 

efficiency of hydrogen-based energy devices. 

Polymer electrolyte membrane fuel cells and electrolyzers can cover the entire 

spectrum of energy consumption and production needs, ranging from small-scale applications 

to large-scale ones in the megawatt range. However, the durability of polymer electrolyte 

membrane systems, such as PEMFCs and AEMWEs, poses a significant challenge. To 

achieve economic viability and attract consumers to heavy-duty fuel cell commercial 

vehicles, we must develop fuel cells that can operate reliably for extended periods, 

comparable to a million miles of travel. Additionally, the cost of hydrogen should ideally 

match or be lower than gasoline prices per unit of distance traveled. For instance, the end-

customer price of one kilogram of hydrogen should be equal to or less than $16, assuming 

one kilogram of hydrogen can propel a fuel cell vehicle for 100 miles, and gasoline costs $4 

per gallon with a vehicle efficiency of 25 miles per gallon. However, as of August 2023, the 

price of hydrogen in California has risen to $29 due to the substantial initial capital 

investments required for hydrogen infrastructure development.230 
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Even with the use of grey hydrogen, produced from natural gas or methane, the end-

customer price for hydrogen remains high. To address this issue, continuous efforts are 

essential to reduce the cost of green hydrogen production and enhance the performance and 

durability of hydrogen-based devices. Therefore, this study focuses on investigating the 

durability of PEMFCs and the performance and durability of AEMWEs. 

In chapter 2, we successfully functionalized the HPA to the PFSA-VDF terpolymer, 

validated through FTIR spectroscopy and NMR. Composite films (10 wt.%) of PFSA-VDF-

HPA and 3M-PFSA 800EW were created to assess fuel cell performance and chemical 

durability test. TGA analysis revealed the HPA loading and IEC of the composite membrane. 

SEM and STEM observations showed HPA clusters with various sizes, more concentrated on 

the liner-side. SAXS analysis demonstrated changes in HPA cluster spacing with varying 

humidity levels. The composite membrane displayed higher hydrophobicity and lower proton 

conductivity compared to the 3MPFSA 800EW control. Fuel cell polarization performance 

exhibited hysteresis, suggesting potential improvements through electrode optimization. We 

achieved significant chemical durability enhancement (>800 h) by placing the HPA-rich layer 

against the anode, exploiting its radical decomposition function. This positioning maximized 

radical decomposition efficiency, particularly when the side with greater HPA content faced 

the anode. 

 In chapter 3, we successfully produced four composite membranes using HPA-

functionalized PFSA-VDF polymer and e-PTFE support, which enabled to fabricate 

substantially thinner membrane (9-13 ɛm). HPA loading was determined using TGA and 

revealed that excess amount of VDF anchoring sites hinders the HPA functionalization. XRF 

data indicated uniform HPA distribution through the surface. SEM revealed HPA clusters with 

a diameter of 1.0 ɛm and multiple hundred nanometer clusters. Double-sided coating of HPA 
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functionalized polymers on e-PTFE support was verified with some thickness variations in 

ePVH membranes. SAXS analysis showed unique morphology in e10PVH membranes, 

impacting water uptake and proton conductivity. e10PVH exhibited higher water uptake than 

3M-PFSA, while e3MPFSA had reduced water uptake and proton conductivity compared to 

3M-PFSA due to e-PTFE support. Mechanical integrity and crystallinity improved with e-

PTFE support, though tensile strength varied with PFSA presence. Fuel cell tests showed the 

control e3MPFSA had higher power density (1.27 W/cmĮ) than the best-performing e10PVH-

2.2 (1.11 W/cmĮ). Two slopes in the current density range of 0.1 to 1.0 A/cmĮ indicated 

additional kinetic overpotential, which can be mitigated with electrode optimization. 

Impressive chemical durability improvement was seen in e10PVH compared to the control 

e3MPFSA, with an average durability AST of 511.5 Ñ 45.5 h versus 192.5 Ñ 17.5 h. FRR data 

supported enhanced chemical durability, with average FRR values of 6.7 Ñ 5.5 and 30.5 Ñ 1.0 

ɛg/(cmĮ day) for e10PVH and e3MPFSA, respectively. Interestingly, HPA loading did not 

directly correlate with durability enhancement. 

In chapter 4, we established a testing platform for 100 and 500 h durations with 1M 

K2CO3 as the liquid electrolyte. We used low overpotential, highly active electrocatalysts for 

the OER, yielding key insights. Increased catalyst loading did not proportionally improve 

cobalt oxide performance due to agglomeration issues. Among the materials tested, PCMS-b-

PE-b-PCMS with MPRD ionomer and MnO2, with a 1:5 ionomer-to-catalyst ratio, showed 

the best performance and kinetics. It outperformed Mn2O3 and Co3O4, with a Tafel slope of 

83 Ñ 2 mV/dec and a voltage of 2.40 Ñ 0.02 V at 1 A/cm2. In the 100 h durability test at 750 

mA/cm2 and 50ęC, Co3O4 and MnO2 showed voltage decreases, while Mn2O3 increased after 

stabilizing. The 2.5 mg/cm2 MnO2 MEA was chosen for the more extended 500 h test, where 

it exhibited excellent stability with a voltage change rate of -21 ɛV/h, including a break-in 
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period of about 20 h. No membrane thinning was observed post-test. Overall, these tests 

indicate improved ionomer-catalyst-membrane interactions during the initial break-in period, 

reducing resistance. Additionally, FTIR analysis revealed changes in water-polymer 

interactions and micrometer-scale membrane morphology rearrangement, correlating with 

performance enhancement over time for Co3O4 and MnO2. 

Having outlined the findings of this thesis, it is now possible to explore the 

hypotheses presented in Chapter 1 within the framework of these results. 

Hypothesis 1: Covalently bound HPA will catalyze the decomposition of oxygenated radicals 

due to its redox catalytic property, leading to the suppression of PFSA chemical degradation 

without any loss of HPA due to its water-soluble nature. 

The effectiveness of the radical-decomposing catalytic function is demonstrated in 

Chapter 2, with a notable emphasis on the significant improvement in chemical durability 

observed when the membrane's liner-side, which has a high particle density, faced the anode. 

Meanwhile, Chapter 3 showcases significant improvements in chemical durability across all 

HPA functionalized membranes, demonstrating the independence of HPA loading on chemical 

durability. Furthermore, in both Chapter 2 and 3, the success of the covalent binding of HPA 

to the polymer is substantiated by the excessive acid exchange in an aqueous solution and the 

persistence of HPA even after rinsing with water before any measurements were taken. 

Hypothesis 2: The super acidic nature for more mobile and dissociated protons of HPA will 

enhance proton conductivity when functionalized with PFSA-VDF polymer, resulting in 

improved fuel cell performance. 

In Chapter 2, we noted a reduction in proton conductivity in the composite membrane 

compared to the control, yet there was minimal loss in fuel cell performance. Conversely, in 
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Chapter 3, the e-PTFE reinforced PFSA-VDF-HPA with 3MPFSA composite membranes 

exhibited increased water uptake and proton conductivity but lower fuel cell performance. 

This improvement can be attributed to the more even distribution of HPA and the absence of a 

one-sided effect. These divergent findings underscore the necessity for electrode optimization 

to thoroughly explore and establish a connection between HPA functionality and fuel cell 

performance. 

Hypothesis 3: The incorporation of e-PTFE reinforcement into PFSA-VDF-HPA membranes 

will enhance the mechanical integrity of the membrane, and HPA functionality working as a 

redox catalyst for radical decomposition will effectively suppress both chemical and 

mechanical degradation in fuel cells. 

 The incorporation of e-PTFE enabled membrane fabrication with a significantly 

thinner membrane and led to a substantial increase in both ultimate tensile strength and 

crystallinity. Meanwhile, the e-PTFE-supported membrane demonstrated more than double 

the improvement in chemical durability, as evidenced by AST condition OCV tests and FRR 

measurements. Therefore, both mechanical integrity and chemical durability were observed. 

Hypothesis 4: Anion exchange membrane water electrolyzer performance will be enhanced by 

addition of low overpotential and high catalytic activity transition metal oxide with 

poly(vinylbenzyl N-methylpiperidinium carbonate)-b-polyethylene-b-poly(vinylbenzyl N-

methylpiperidinium carbonate) (PCMS-b-PE-b-PCMS with MPRD) ionomer on the oxygen 

evolution reaction side. Polymer electrolyte membrane and catalyst change will lower the 

activation energy because both catalyst and polymer electrolyte will change the electron 

transfer reorganization energy. 
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The introduction of transition metal catalysts typically resulted in improved 

performance compared to using bare Ni-foam. However, when comparing the performance of 

three distinct transition metal catalysts, it was evident that the results did not precisely align 

with the overpotential and activity values. This observation suggests that the solvent, in this 

instance the polymer electrolyte membrane, is influencing the kinetic overpotential by 

altering the electron transfer reorganization energy. 

 

5.2 Future Recommendations 

This work addresses a pressing need in the development of PEMs to enhance their 

durability. These membranes play a crucial role in the commercialization of electrochemical 

devices and, ultimately, the integration of renewable energy sources into the energy grid 

through the production of green hydrogen. 

In Chapters 2 and 3, we explored the use of HPA and e-PTFE to address both the 

chemical and mechanical durability of PEMFCs. Our research showed promising 

improvements in chemical durability and ex-situ mechanical integrity. However, we 

recognize the importance of conducting combined mechanical and chemical durability tests to 

gain deeper insights into the limitations of e-PTFE-reinforced PFSA-VDF-HPA membranes, 

both ePVH and e10PVH membranes. Additionally, our fuel cell performance tests highlighted 

the need for proper catalyst ink optimization to substantially enhance performance by 

lowering kinetic overpotential. 

Another notable observation pertained to the presence of micron-sized and 100 nm-

sized clusters of HPA, despite the inherent capacity of HPAs to distribute into 1 nm-diameter 

molecules. To address this challenge and maximize the utilization of HPA in future 

approaches, I propose considering the application of external forces, such as magnetic or 
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electric fields, to either align or disperse these clusters. Drawing inspiration from the 

pioneering work of Guiver et al.,231 who successfully crafted composite membranes using a 

through-plane magnetic field to align phosphotungstic acid and ferrocyanide-coordinated 

poly(4-vinylpyridine), resulting in enhanced proton conductivity and chemical stability, we 

aimed to identify alternatives to ferrocyanide. This search was prompted by its chemical 

incompatibility with PFSA, primarily stemming from its involvement in the radical-

generating mechanism known as the Fenton reaction. To address this challenge, I propose the 

utilization of lacunary heteropoly acid salts possessing paramagnetic properties, such as 

K8SiW11O39 with vacancies filled by metal cations (Alį , CoĮ , CuĮ , and NiĮ ). These salts 

can serve as viable substitutes for ferrocyanide, offering not only magnetic properties but also 

proton conductivity and the catalytic ability to decompose radicals. 

Two potential routes for incorporating HPA-functionalized polymers emerged from 

our findings. Firstly, direct coating with a blend of 3M-PFSA and PFSA-VDF-HPA to the 

anode electrode should be considered, particularly since our research in Chapter 2 indicated 

that radical decomposition functionality is maximized when the HPA-dense side faces the 

anode and Chapter 3's insights that HPA loadings are independent of durability enhancements. 

This approach will leverage the synergistic effects of sulfonic acid and HPA on water uptake 

and proton conductivity with enhancement in chemical durability. Secondly, in the case of 

catalyst-coated membrane fabrication, applying a coating of a blended ionomer consisting of 

3M-PFSA and PFSA-VDF-HPA between the catalyst layers will enhance chemical durability 

without compromising performance by leveraging the high water uptake and proton 

conductivity of the blended ionomer. 

Additionally, in consideration of environmental and health concerns associated with 

fluorinated backbone polymers, we recognized the need for alternative polymer structures, 
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such as hydrocarbon-based polymers. These alternatives should consist chemical and 

mechanical stability, low gas crossover, and the ability to covalently bind HPA, which will 

make them a promising avenue for further research and development. 

In Chapter 4, an enhancement in performance was demonstrated through the 

utilization of transition metal oxides for AEMWE. However, achieving economic feasibility 

for hydrogen production based on AEMWE requires further advancements in both 

performance and durability. To delve deeper into these aspects and make significant 

improvements, the following options should be considered. Firstly, performance gains can be 

achieved by transitioning to a scaled-up electrolysis setup. Instead of relying on a 5 cm2 

active area cell, employing larger cells, such as 25 cm2 or even up to 100 cm2, will enhance 

performance by reducing edge-resistance. Furthermore, continued research into non-PGM 

catalysts on the anode side, informed by the insights from Chapter 4 of this study, is essential. 

Manganese oxide electrocatalysts appear to be a more favorable choice than cobalt oxide, 

particularly considering the political uncertainties surrounding cobalt mining in the Republic 

of Congo.232 However, an effort to mitigate the self-aggregating nature of Co3O4 can be 

conducted with tuning the ionomer chemistry by tuning PE midblock ratio or adding an non-

ionic surfactant to the catalyst ink so that the ionomer can work not only as binder and ion-

conducting channel but also as a surfactant that inhibits the particle aggregation. 

Also, since a micrometer sized morphology change was observed after the AEMWE 

durability test in FTIR mapping, cross-sectional microscopy will help to investigate through 

plane morphology change. And a SAXS analysis of before and after test will be useful to 

investigate the nanometer sized morphological change is present. 

Additionally, further investigation is needed to decipher the ionomer-catalyst 

interaction within the thin-film region. We have observed a more favorable combination with 
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manganese oxides and PCMS-b-PE-b-PCMS with MPRD through Tafel slope analysis, it is 

suspected that the morphology may differ to Co3O4. Therefore, conducting a Grazing 

Incidence Small-Angle X-ray Scattering (GISAXS) study with different transition metal 

oxide substrates coated with the ionomer would provide a deeper understanding of how the 

ionomer-catalyst interaction impacts the performance disparity between manganese oxides 

and cobalt oxides. Furthermore, overcoming the electrical conductivity limitations observed 

when using transition metal oxide catalysts is needed. One approach is to utilize alloys or 

advanced structured catalysts, such as metal-organic frameworks (MOFs). Materials like 

NiMn, NiCo, and NiMo can be explored as potential OER catalysts to address these 

limitations effectively. 

In terms of membrane fabrication methods, there is room for performance 

enhancement, which could also potentially reduce the conditioning and break-in period of the 

ionomer. For instance, employing ultrasonic tip spray techniques to uniformly coat the 

electrode can significantly reduce overall MEA resistance and mitigate local mechanical 

defects caused by unevenly distributed catalyst particles that may lead to membrane pinholes 

and loss of surface area. Additionally, transitioning from the current catalyst-coated substrate 

(CCS) method to a catalyst-coated membrane (CCM) approach can shorten the conditioning 

time and break-in period, as evidenced by observed differences in overall resistance in EIS 

between these two methods.233 
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