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ABSTRACT 

The state of the art in the field of perfluorinated sulfonic acid (PFSA) membranes is dictated by 

our understanding of pure PFSA ionomer materials like Nafion®, which performs well at saturated 

conditions but fails at low relative humidity and high operating temperatures (80-120 °C). The motivation 

of this study is driven by an industry need for a proton exchange membrane material which performs at 

these limiting conditions. 

In this study the functionality of the PFSA side chain is modified with the end goal of improving 

ion conductivity in a thermally, mechanically, and chemically stable material. Major findings of the study 

find the addition of functionalized heteropoly acid was unsuccessful to that end, while ion conductivty of 

a novel material, PolyPSA, outperformed the industry standard (Nafion®-212). 
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PREFACE 

 
     Reflecting on the past few years, I remember how proud I was to get my acceptance letter for 

the Chemical Engineering graduate program at the Colorado School of Mines and how hard it 

has been to get to graduation. My personal motivation for entering this program was to dedicate 

my continued education to helping, in some small capacity, what has been left to my generation: 

stopping global warming. I would refer a nice paper by Scientific American called “7 Answers to 

Climate Contrarian Nonsense” to any nonscientist who is unconvinced of the effect of our carbon 

emissions. The transportation sector accounts for roughly 30% of GHG emissions, so part of the 

solution is to completely rethink the way we commute. This group’s research in fuel cells will 

contribute to the future of clean driving and grid energy storage. In certain times, philosophers 

and scientists were often one and the same. We might continue dabbling in areas of our expertise 

just because we can, and these research areas are important for continued curiosity and growth as 

human beings. Practically, though, our current state leaves scientists morally or fiscally obliged 

to focus on those areas where society has the most pressing needs. It is the civic duty of those 

with the STEM skillsets necessary to create real solutions to lead efforts to that end. Scientists 

and engineers bear an onus to take care of society, although it is my sincere hope that everyone 

in my generation will work towards a greener planet. It is with this motivation that I began, so 

the body of this work follows a progression from a global concern to set the stage for the 

development of fuel cell technologies, with narrowing scope into the details of proton exchange 

membrane fuel cells. 
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CHAPTER 1 

 
INTRODUCTION 

 

In writing this thesis, the reader is not assumed to have any acquaintance with the basics 

of polymer electrolyte membranes (PEMs) or fuel cell applications. For those wishing to dig 

deeper into the fundamentals of these subjects, however, I refer them to two review articles, both 

relatively recent and both by established leaders in the field.[1, 2]  In my efforts to succinctly and 

critically review the history and literature since the birth of the first fuel cell nearly two centuries 

ago, I touch on all major developments with more specific attention given to literature from the 

past two decades. Given the now extensive body of work on PEMs, the goal is not to 

exhaustively review the field of PEMs in the following pages. Select aspects of solvent (water) 

uptake, morphology, and transport properties and mechanisms have therefore been chosen for 

discussion in this work. Before getting into these interesting details though, it serves to lay out 

some context with a broader scope. 

1.1 Energy Crisis 

The purpose of this first section is to convince the reader we are on a burning ship. If we 

continue to consume energy at current rates with world population projections as they are, we 

will run out of the fossil fuels (and power) in about 70 years – that’s within the lifetime of a 

teenager today. Oil will run out first: globally, 4 billion tonnes of crude oil are depleted every 

year, and reserves will only last until around 2050.[3] Gas – filling in the gap of the missing oil – 

will only last another 10 years, and finally, coal will be tapped out by 2088. Once we have 

burned all our fossil fuels, we will have run out for good, and humanity will just have to set the 
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timer for about 100 million years till more have formed from the carbon matter of extinct 

remains. 

1.2 Anthropogenic Climate Change 

 Aside from the urgent need for a new, energy dense form of fuel that can fill the needs of 

our vanishing supply, we must also consider that these new energy resources should not only be 

sustainable but ideally will eliminate or drastically reduce harmful carbon dioxide, methane, and 

oxides of nitrogen, referred to as NOx, as well as SOx emissions: collectively, called greenhouse 

gases (GHG). A natural fluctuation of around 5% occurs in atmospheric carbon dioxide levels, 

but anthropogenic factors undeniably account for >95% of these levels, as seen in the marked  

increase in carbon dioxide concentration post-industrial revolution (reference Figure 1.1). The 
 

 
Figure 1.1 Atmospheric carbon dioxide in parts per million as a function of time, where BCE is 
before common era and CE is common era. Reprinted from United States Environmental  
Protection Agency (EPA), “Climate Change Indicators: Atmospheric Concentrations of 
Greenhouse Gases.” 
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natural question that follows is, “Why do we care about carbon dioxide levels?” At the top layer 

of our atmosphere is the stratospheric ozone, which protects us and the troposphere from 

ionizing radiation from the sun. At the lower levels of the atmosphere, harmful NOx gases 

contribute to photochemical smog, eutrophication, which causes phenomena like the red tide, 

and generally reduced air quality; the increase in global surface temperature occurs due to G2G,  

 

  

 
Figure 1.2 (a-d) Observed global warming effects 1850-2012. Reprinted from IPCC, 2014: 
Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing 
Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 
primarily carbon dioxide and methane. Even in very small concentrations, carbon dioxide and 
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other such gases absorb radiation from the sun’s rays and increase the heat we feel within the 

atmosphere – thusly named the “greenhouse effect.” The link between climate and the 

concentration of carbon dioxide, was first demonstrated by John Tindall in 1859 and has since 

been further demonstrated in myriad studies.[4-8]  Anthropogenic climate change is undeniable 

in the comparison of the increase in carbon dioxide concentration on the timeline of civilization 

in Figure 1.1 to the increase in observed globally averaged surface temperature in Figure 1.2.  

Human contribution to earth’s surface warming is accepted as fact by 99.94% of publishing 

scientists, and consensus of the masses is growing. [9] Unequivocally, GHG emissions are 

killing us, and rather quickly.  

  Carbon capture and sequestration (CCS) is another movement in popular science that 

will be integral to control methods, to include geological storage in groundwater, exhausted 

reserved of gas or injections into the ocean and also the more temporary but sustainable option of 

storage above ground. While these and other reactive approaches are invaluable in the global 

effort to ameliorate the effects of our carbon footprint, the thrust of this thesis is on preventative 

measures. In the end, abatement and control of GHG emissions is of utmost important to our 

species’  continued quality of life. Revolutionary changes in stationary, mobile, and transport 

power sectors are on their way, and this begs investigation of new and feasible renewable 

resources for our global energy requirements. 

1.3 Energy Resources  

Moving forward, we consider our current energy resources, those we wish to implement in 

the future, and an action plan for the gaps we must bridge between the two. When we refer to the 

two major types of fuel – renewable and nonrenewable – it is with respect to the timescale 

required to renew the fuels in a usable form. Renewable resources are self-replenishing in short 
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periods of time, while nonrenewables cannot be replenished or take millions of years to do so. 

Nonrenewables fulfill the majority of our energy needs today, but more renewables are being 

developed all the time with the hope of a transition to a sustainable future, fueled primarily by 

these types of fuels. 

1.3.1 Nonrenewables 

The two types of nonrenewables are fossil fuels and nuclear power, the pros and cons of 

each of which are discussed below.  

 

Fossil fuels  

The most commonly referred-to non-renewables are those fitting into the category of 

fossil fuels. Historically, fossil fuels – so-named for their origin in fossilized organic material of 

living organisms eons ago – have served as an abundant source of energy in our factories, our 

automobiles, and our homes. There still exist huge reserves of crude oil in the ocean floor’s 

depths, but it proves increasingly difficult and cost prohibitive to tap these reserves, with hydrate 

management, rust, scale, and other flow assurance issues along with capital costs of pipeline 

construction. Additionally, public concern over highly publicized pumping disasters, like the 

Deepwater Horizon spill on a BP-operated rig in 2010, and over the construction of new 

pipelines like the Dakota Pipeline have made the exploitation of fossil fuel reserves a hot bed of 

controversy. Oil has famously been a catalyst of American foreign occupancy and is hotly 

contested in the theater of military engagement abroad. Needless to say, an increase in 

availability of sustainable energy would be advantageous for political autonomy and, from an 

economic standpoint, will give developers of these in-demand technologies a market advantage 

in what will inevitably become a global commodity. As fossil fuels become more expensive to 
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reach, demand will make costs of retrieval more feasible, but on the other hand, will also make 

the currently “expensive” alternatives more viable for commercial production. When the 

conditions for consumerism are ripe for the transition, industry must be ready with a product, and 

this begins with the research academics are doing now. 

 

Nuclear 

Nuclear power also falls into the category of nonrenewable energy sources. The energy 

itself is renewable, but because the isotopic form of uranium used most often for nuclear plant 

operation, U-235, is so rare on earth, it is considered a nonrenewable. Pros for nuclear energy are 

its cost effectiveness compared to energy generation from oil, coal, and gas, its ability to provide 

a stable base load for grid power, and extremely high energy density.[10] Nuclear fission 

releases 10 million times more energy than oil and gas. Cons surrounding this type of energy are 

primarily safety related. Plant accidents like Chernobyl (1986) in Ukraine or Fukushima Daiichi 

(2011) in Japan may occur less often than accidents in other industries, but their occasion is far 

more deadly and carries health implications for far more people, even for generations after the 

event. Decontamination and reclamation costs from such a disastrous event may undo the 

positive environmental impact any energy cost saving for the people directly impacted. Aside 

from implosion of a nuclear core or venting of a reactor in emergencies, which would be 

devastating to the people surrounding it, there is issue of disposal of spent reactors and other 

complications involved in the general handling of nuclear materials and disposal of nuclear 

waste.   

All in all, nuclear energy is a major source of clean reliable energy in some parts of the 

world and likely to grow to fill our energy needs in the future.  As with most factors in the 
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energy sector, the issue is one of socio-economics, public acceptance, and government 

regulation. 

1.3.2 Renewables 

This broad category covers everything from solar and wind, to biomass and geothermal 

power. The pros and cons of these are reviewed in the following pages to illuminate the need for 

a diversified renewable energy portfolio. 

 

Solar and Wind 

Fueled by the sun’s rays and localized changes in atmospheric pressure, solar and wind  

 

Figure 1.3 Rooftop solar array on the Colorado Convention Center, Denver, CO. Reprinted 
from SUNPOWER CORP ©. 

 

power are seemingly infinite sources of power to be tapped by humans. The main disadvantage is 

that the sun and wind are intermittent. The sun’s power can only be harnessed from about 9am to  

5pm, and in regions that do not receive as much sunlight, solar is not an economically viable 

option as a power source, given the upfront costs for collection units and infrastructure. There 
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are two types of solar power: thermal and photovoltaic. Solar thermal still has a place in some 

hot regions, but as the cost of solar photovoltaics go down, they may die out. Photovoltaics (PV)  

are perhaps the most promising technology for our future energy needs.  

Likewise, wind power is region specific in its effectiveness, and even in these places is 

highly variable on the timespan of seconds and minutes. Grid integration is also a problem.  

Interconnecting widely dispersed geographic areas with transmission systems to move large 

amounts of power over long distances from the windy plains rural communities to urbanites is 

costly. Infrastructure for this super grid would cost about 60 billion USD. [11] In addition to the 

capital costs, grid supplied wind power still has limitations. It would need to entail 

complementary sources, energy storage, demand-side management, and grid energy storage (i.e., 

thermal energy storage, compressed air energy storage, pumped storage hydroelectricity). [11] 

Overall though, solar and wind are clean, create jobs, save billions in energy costs, and already 

have widespread public acceptance. 

 

Geothermal 

Geothermal energy will not be a huge player in “The Transition”, but is ideal for  

energy supplementation in areas with natural heat plumes and tectonic plate activity.  

Geothermal energy is harnessed from the conduction of thermal energy from Earth’s core to 

surface. This energy is converted into dry steam power, flash steam power, and used for 

desalination and agriculture applications. The advantage of geothermal power is that it is highly 

scalable, but the disadvantage is very initial capital costs and regional availability. 
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Figure 1.4 Krafka, Iceland geothermal power station. Reprinted from the Foreign 
Policy Association. 

 

Hydroelectricity 

Hydroelectricity is a good complement to wind power, because it can be controlled to 

produce or stop energy very quickly with wind’s variability. Tidal energy is one such form of 

this subset of renewable energy, which converts hydropower from the tides into electricity. Like 

geothermal, this form of energy is not widely used, mainly because of the regional limitations for 

high tidal ranges and high initial capital costs. 

 

Biomass  

Energy from biomass is converted from basically any type of organic material, from dead 

plants and wood chips to human and animal waste, into useable energy. Even algal biomass has 

been shown to be useful as  a fuel.[12-14] Crops are not typically used as a biomass fuel because 

of the potential ethical issue of using land for profitable fuel production rather than sustenance 

for the hungry. Pros of using biomass are wide availability – even third world countries have 

access to organic waste stuffs, carbon neutrality, and waste reduction. Even with these benefits, 

though, biomass is generally not more clean or efficient than fossil fuels, and is less cost 
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effective because of expensive capital costs and costs of daily waste transportation to a plant. 

Still the field is always advancing and becoming more viable for future energy reliance. 

1.4 Fuel Cells 

 Finally we bridge into the topic of fuel cells, a technology that may be combined with the 

energy sources listed above to generate clean power for stationary and mobile applications. As 

mentioned above, the ability to store energy for use during non-peak production times is key for 

intermittent forms of renewable energy being sent to a grid, and regenerative fuel cells (flow 

batteries) are one such energy storage option.[15] Some types of fuel cell stacks are also ideal for  

 

Figure 1.5 Grove’s hand drawn figures depicting his “gas voltaic battery” experiments, the first 
fuel cell to be invented. Adapted from “On the Gas Voltaic Battery. Experiments Made with a 
View of Ascertaining the Rationale of Its Action and Its Application to Eudiometry,” by W.R. 

Grove, 1843, Philosophical Transactions of the Royal Society of London, 133, pp 91-112. 

 
 

use in transportation, and may use renewable energy sources to generate the hydrogen needed as 

fuel (hydrolysis via photovoltaics, for example). From the first fuel cell, coined a “gas battery” 

by its inventor William Grove in 1839, to increasingly commercially available fuel cells in 2018, 
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there have been many hurdles and successes.[16] We now look to the future where fuel cell 

technologies will likely surface among the most viable solutions to the energy crisis and our 

transition to a renewables dominant energy sector.[17]    

1.4.1 Fuel Cell Efficiencies 

 In addition to having a reduced environmental impact, fuel cell stacks are more efficient 

than heat engines for transportation. Let’s examine why. When comparing the Carnot efficiency 

of a traditional internal combustion engine (ICE) to the thermodynamic (theoretical maximum) 

efficiency of fuel cell stack, it is important to take operating temperature into account. As shown  

 

Figure 1.6 Thermodynamic efficiency for fuel cells and Carnot efficiency for heat engines as a 
function of temperature in Kelvin, at 1 bar. 

 

in Figure 1.6., fuel cells have a much higher thermodynamic efficiency than the Carnot 

efficiency of ICEs at low temperatures, but the trend reverses above around 1000K. The reason 

for this reversal is because of the difference in how each power device functions and hence how 

their efficiency depends on temperature. ICE generators such as coal, oil, gas turn chemical 

energy into electrical energy via a mechanical process, thus its maximum efficiency can be 

described by the Carnot cycle: 
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Where the lower temperature is that of heat release and the upper temperature is that of operation 

(given on the x axis of the referenced figure). The hydrogen fuel cell, on the other hand, has no 

mechanical function and delivers useful energy released by the electrochemical reaction. The 

total energy of the system is the enthalpy change, or heating value, of the fuel. Thus, the thermal 

efficiency is calculated by the useable energy divided by the total energy:  

 

Substituting the definition of Gibb’s free energy, D� = D� − �D�, allows the efficiency to be 

written in a temperature dependent form: 

 

Upon inspection of the two efficiencies, it is evident that the Carnot efficiency increases with 

increasing temperature, while the fuel cell efficiency does the opposite. At conditions of vehicle 

operation – relatively low temperature and pressure – the fuel cell offers a much higher 

maximum efficiency than do ICEs. Unfortunately, due to losses in other components of the entire 

fuel cell system, the actual efficiency is much lower than the maximums calculated above for a 

system with no applied current. In Table 1.1, the DoE’s Fuel Cell Technology Office reports a 

2015 status for peak energy efficiency of 60% in a hydrogen fuel cell system.[18] Even with 

these significant losses in the system, fuel cell stacks are still more efficient than ICEs, so 

regardless of an individual’s concern for the environment, they should appeal both to the motor 

enthusiast and vehicle manufacturer. 
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Table 1.1 DoE Technical Targets: 80-kWe (net) Integrated Transportation Fuel Cell Power 

Systems Operating on Direct Hydrogena2 

Characteristic Units 2015 Status 2020 Targets Ultimate Targets 

Peak energy efficiencyb % 60c 65 70 

Power density W/L 640d 650 850 

Specific power W/kg 659e 650 650 

Costf $/kWnet 53g 40 30 

Cold start-up time to 50% of rated power         

     @–20°C ambient temperature seconds 20h 30 30 

     @+20°C ambient temperature seconds <10h 5 5 

Start-up and shutdown energyi         

     from -20°C ambient temperature MJ 7.5 5 5 

     from +20°C ambient temperature MJ – 1 1 

Durability in automotive drive cycle hours 3,900j 5,000k 8,000k 

Start-up/shutdown durabilityl cycles – 5,000 5,000 

Assisted start from low temperaturesm °C – -40 -40 

Unassisted start from low temperaturesm °C - 30n -30 -30 

                                                

2 a Targets exclude hydrogen storage, power electronics, and electric drive. 
b Ratio of DC output energy to the lower heating value of the input fuel (hydrogen). Peak efficiency occurs at less 

than 25% rated power. 
c W. Sung, Y. Song, K. Yu, and T. Lim, "Recent Advances in the Development of Hyundai-Kia’s Fuel Cell Electric 

Vehicles," SAE Int. J. Engines 3.1 (2010): 768–772, doi: 10.4271/2010-01-1089. 
d J. Juriga, Hyundai Motor Group's Development of the Fuel Cell Electric Vehicle, May 10, 2012. 
e U. Eberle, B. Muller, and R von Helmolt, Energy & Environmental Science 5 (2012): 8780. 
f Cost projected to high-volume production (500,000 systems per year). 
g Cost at 500,000 systems per year based on an analysis of state-of-the-art components that have been developed 
and demonstrated primarily through the Fuel Cells sub-program at the laboratory scale. Additional efforts would be 

needed for integration of components into a complete automotive system that meets durability requirements in 

real-world conditions. DOE Hydrogen and Fuel Cells Program Record 15015, "Fuel Cell System Cost—2015." 
h Based on average of status values reported at 2010 SAE World Congress (W. Sung, Y-I. Song, K-H Yu, T.W. Lim, 

SAE-2-10-01-1089). These systems do not necessarily meet other system-level targets. 
i H2 fuel energy (lower heating value) to include the fuel energy required to account for the electrical energy 

consumed from cold start. 
j Average projected time to 10% voltage degradation for the fleet with the highest durability, as reported in J. 

Kurtz et al., "Fuel Cell Electric Vehicle Evaluation," 2015 Annual Merit Review (slide 9). Testing reflects real-world 
driving, not a simulated drive cycle. Catalyst loading was not reported, and did not necessarily match the target 

value of 0.125 mgPGM/cm2 (Table 3.4.7). 
k Need to meet or exceed at temperatures of 80°C up to peak temperature. Based on polarization curve and 

durability testing protocols in Tables P.6 and P.7, with <10% drop in rated power after test. 
l Measured according to protocol in Table P.8, with less than 5% decrease in voltage at 1.2 A/cm2. 
m 8-hour soak at stated temperature must not impact subsequent achievement of targets. 
n Press Release: Honda Demonstrates the FCX Concept Vehicle, Sep 25, 2006; Associated Press, Toyota Develops a 

New Fuel Cell Hybrid, June 6, 2008. 
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1.4.2 Fuel Cell Applications 

 The applications of fuel cells are many and varied. Military use of fuel cells as battery 

chargers for bubble-less (as it applies to subsea vehicles), noiseless generators ideal for stealth 

operations and vehicles. The Navy’s Ion Tiger, pictured in figure 1.7 is a recent success that 

allows for a much larger cruise range than battery power would allow, thanks to the endurance 

capability of the 550 W fuel cell propulsion system. 

 

 

Figure 1.7 The Naval Research Laboratory’s unmanned aerial vehicle (UAV), the Ion Tiger, 
performs exceptionally for long endurance missions (1-2 days). Reprinted from “Ion Tiger Fuel 
Cell Powered UAV,” at USNRL, Retrieved 20 Nov, 2017, from 
https://www.nrl.navy.mil/lasr/content/ion-tiger-fuel-cell-powered-uav. 
 
 
 
 
Fuel cell electric vehicles (FCEVs) like the 2016 Toyota Mirai in Figure 1.8 use fuel cell stacks 

in combination with a battery pack for power optimization and have zero carbon emissions. Fuel 

cells have also proven well-suited to NASA missions. They were used in the Apollo flights to 



 

 

15 

 

Figure 1.8 Internal architecture of 2016 Toyota Mirai. 1 = hydrogen tank, 2 = airflow,   3 = 
power control unit, 4 = battery, 5 = electric motor, 6 = fuel cell. Reprinted  from “How It Works: 
The Toyota Mirai,” in Popular Science,  Retrieved 20 November, 2017, from  
https://www.popsci.com/how-hydrogen-vehicles-work 

 
 

produce electricity for powering the spacecraft systems. Companies have also started producing 

products that can run on micro fuel cells, powered by hydrocarbon fuels like liquid gas or 

alcohol. You could for instance “recharge” your fuel cell laptop battery by topping it off with 

alcohol fuel; a cell phone charged in this way would last a week – 6 times longer than its lithium 

ion battery counterpart.[19] Fuel cells are also used in the chloralkali process, used for industrial 

scale electrolysis in the production of chlorine and sodium hydroxide. 

1.4.3 Fuel Cell Components and Design 

 The basic design concept of a fuel cell follows the diagram in Figure 1.9, and the 

individual components of the 7-layer stack are discussed below. 
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1. MEA 

The entire membrane electrode assembly is comprised of one membrane, two gas diffusion 

layers and two gaskets, each of which is described in detail below. 

2. Membrane 

At the center of the cell is the membrane, which we will, for the purposes of this study, define as 

a polymer electrolyte membrane. The membrane allows for proton transport but not charge 

transport. While the protons travel from the anode to the cathode to form water, which will be 

emitted from the cell mostly in vapor form, electrons must travel from the anode to the cathode 

on a conductive path around (outside) the membrane, which allows the user to pull a current off 

of the cell: in short, providing clean energy with only water as a byproduct! In practice, a stack 

of cells will be used to generate a more sizeable electric current, since each cell individually 

produces only a small amount of electricity. 

 
3. Gas diffusion layer 

On either side of the membrane is a gas diffusion layer (GDL), which facilitates gas, liquid, and 

proton transport in the fuel cell. This layer is typically a thin microporous carbon felted material 

treated for hydrophilicity and maximum conductivity and is contained within a gasket. 

4. Gasket 

The gasket provides compression on the perimeter of the MEA and also acts as a sealant for 

overboard leak (leakage from the field flow, see below) and crossover leak (leakage between the 

anode and cathode, usually due to a hole in the membrane).[20] Common gasket materials are 

rubber, silicone, Teflon, fiberglass or other polymeric material, depending on the operating 

conditions intended for the fuel cell.  
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Figure 1.9 (a-c) (a) Illustration of an air breathing, direct hydrogen fuel cell stack. (b) 
composition of an membrane electrode assembly (c) More detailed depiction of fuel cell stack 
containing repeat MEA and bipolar plate units, with hydrogen as fuel and oxygen as oxidant. 
Reprinted from “Process intensification and fuel cells using a Multi-Source Multi-Product 
approach,” by K. Hemmes et al, 2012, Chemical Engineering and Processing: Process 

Intensification, 51, pp 88-108.  
 
 

5. Bipolar Plates 

This 7-component-MEA is sandwiched between bipolar plates, or separator plates, that have 

engraved, microfluidic passageways called a “flow field” for injection of the fuel and oxidant 

fluids, respectively, on either side of the MEA. [21] Smaller channel sizes are preferred for 
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laminar flow, for the purpose of maximizing volume throughput of the gas and mass transfer (gas 

absorption) into MEA.[22] We will consider an air-breathing, direct-hydrogen fuel cell (DHFC), 

where the fuel is hydrogen and the oxidant is ambient air (specifically, the oxygen in the air) 

introduced at the anode side. These are more viable for most transportation applications, as tank 

oxygen quickly drives up operating expenses not to mention valuable real estate on the chassis of 

the vehicle.  The flow field also serves as a point of egress for water produced at the cathode end. 

Serpentine flow fields are commonly used, as they produce good uniformity of gas distribution 

over the active area, but consideration to pin-hole, straight, and interdigitated designs is given 

elsewhere, and may have certain application-specific benefits. [22] Bipolar plates also provide an 

element of structural support for the delicate MEA; they can take on any geometry needed (i.e. 

triangular, octagonal) for the application, but only the commonly-used rectangular type is 

illustrated in Figure 1.9. Additionally, bipolar plates are necessary for collecting current 

produced in the cell stack and may even be designed to integrate cooling in stack designs lacking 

dedicated cooling plates. Because bipolar plates account for 60% of the weight of a fuel cell and 

about 30% of the cost, cost/performance optimization of flow fields and materials is an important 

factor in fuel cell design for manufacturers. 

6. Interconnector 

Another pair of plates, called interconnectors, sandwiches the bipolar plates. 

7. End Plates 

Finally, the endplates are screwed together with tie rods. Sufficient clamping force must be used 

to contain all repeating units during operation of the fuel cell stack, while taking care not to over 

squeeze. To this end, careful consideration must be given to the thermal expansion coefficients 
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of all materials at the desired operating temperature range. The end plates also contain holes for 

the inlet and outlet gas manifolds, as pictured (Figure 1.9.(c)). 

 

1.4.4 Types of Fuel Cells  

We have explored the benefits of using fuel cell technology, but it is useful to identify 

also their limitations, particularly in narrowing a field to a specific area worthwhile to research. 

This section gives an overview of these aspects of the various classes of fuel cells. 

There are five main types of fuel cells, according to Ryan O’Hayre’s Fuel Cell 

Fundamentals,[17] each with varying benefits and drawbacks. The following will be discussed in 

this section: 

Phosphoric Acid Fuel Cell (PAFC) 

Solid oxide fuel cell (SOFC) 

Alkaline Fuel Cell (AFC) 

Molten Carbonate Fuel Cell (MCFC) 

Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

PAFC 

The phosphoric acid fuel cell relies on a phosphoric acid (H3PO4) liquid electrolyte in a 

silicon carbide (SiC) matrix, wherein hydrogen is the fuel and oxygen the oxidant. The following 

redox reactions occur: 

   Oxidation Reaction (Anode):         H2 à 2H+ + 2e- 

   Reduction Reaction (Cathode):         ½ O2  + 2H+ + 2e-
 à H2O 

This class of fuel cells is best suited to operation at 180-210 °C, and are usually kept at operating 

temperature to avoid cooling and solidification of phosphoric acid and the undue stress 
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cycling.[17]  PAFCs are advantageous for their excellent reliability, and low electrolyte cost. 

Disadvantages are the requirement for constant replenishment of the electrolyte during operation 

and carbon monoxide and sulfur poisoning at the anode (when using reformate feedstocks). [17] 

Another obstacle, not uncommon to other fuel cells, is the high cost of the platinum used for the 

catalyst layer.  

 

SOFC 

Solid oxide fuel cells use a solid-state ceramic electrolyte, and thus are typically the best 

option for very high temperature operating conditions, 600-1000 °C.[17] The following redox 

reactions occur in a SOFC: 

   Oxidation Reaction (Anode):         H2 + O2-à H2O + 2e- 

   Reduction Reaction (Cathode):         ½ O2  + 2e-
 à O2- 

Their high operating temperature make SOFCs particularly well-suited for stationary 

applications (i.e. grid power supplementation), although there are exceptions like one recent 

prototype for an electric vehicle powered by a compact SOFC stack.3[23] Some of the challenges 

concomitant with SOFCs high temperature operation are the heat flux and strain on fuel cell 

stack seals and interconnects. These disadvantages, by and large, may be ameliorated by 

operating at intermediate temperature ranges (400–700 °C), but this lower temperature is not 

without its challenges as well. Advantages of SOFCs are fuel flexibility, relatively low cost 

catalyst materials, waste heat may be used for other stationary power applications, and high 

                                                
3 Nissan	showed	a	prototype	vehicle	in	Brazil	equipped	with	a	SOFC-powered	system	that	runs	on	bio-	
ethanol.	Nissan	says	the	technology	may	be	ready	for	vehicles	in	2020.	

Nissan	Motor	Manufacturing,	Ceres	Power	and	M-Solv	formed	a	consortium	to	develop	a	compact,	on-board	

SOFC	stack	for	electric	vehicle	range	extension. 
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power density; disadvantages of this class of fuel cells are the aforementioned issues with high-

temperature operation and costly fabrication. [17] 

 

AFC 

Alkaline fuel cells use a liquid electrolyte, but the electrolyte in this case transports 

hydroxide ions rather than protons: 

Oxidation Reaction (Anode):         H2 + 2OH- à 2H2O + 2e- 

Reduction Reaction (Cathode):         ½ O2  + 2e- + H2O  à 2OH- 

Notably, the fuel cells used in 18 successful Apollo missions and on the Orbiter space shuttle 

were of this class.[17] AFCs, despite their suitability to spacecraft, are not a promising 

technology for power back on earth’s surface due to the cost entailed in their shortcomings. Pure 

hydrogen and oxygen feedstocks are required for AFC operation; even small levels of CO2 can 

cause degradation of the aqueous potassium hydroxide (KOH) electrolyte.[17] Additionally, a 

declining hydroxide concentration during operation means the redox half-cell reactions will 

slow, reducing the efficiency of the operative AFC with time. Continual replenishment of the 

liquid electrolyte solves this issue, although not without introducing greater cost. Temperature of 

AFC operation ranges from 60 – 250 °C. [17] Advantages of AFCs are exemplary (low) cathode 

activation overpotential, or the energy lost from the voltage required to overcome the activation 

barrier of the reaction[24]; cheap catalyst materials and costs in general.[17]  Disadvantages are 

costly pure feedstocks, requirement for water removal at the anode (a quick inspection of the 

half-cell reaction stoichiometry will illustrate why), and electrolyte replenishment.[17] 
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MCFC 

 Molten carbonate fuel cells use an electrolyte that is a mixture of alkali carbonates, and 

the following redox reactions drive charge species generation and transport: 

  Oxidation Reaction (Anode):         H2 + CO3
2- à CO2 + H2O + 2e- 

  Reduction Reaction (Cathode):         ½ O2  + CO2 + 2e- + H2O  à CO3
2- 

Steam - carbon dioxide from the anode can be fed to the cathode, rather than being burned off as 

waste, along with the heat it carries, thus improving efficiency of the stack.[17] Like the SOFC, 

MCFCs operate at high temperatures (650 °C), which means fuel flexibility – the ability to 

continue performing at a standard when the composition or type of fuel is changed. Other 

advantages of MCFCs are nickel catalyst (lower cost than platinum), and useful waste heat. 

Disadvantages include the complexity introduced to system design for a recycle stream, and the 

costly materials required for a high temperature fuel cell stack.[17] 

 

PEMFC 

 Finally, this brings us to the class of fuel cells entailed by this study. Polymer electrolyte 

membrane (also commonly called proton exchange membrane) fuel cells are one of the most 

promising fuel cell technologies for economically viable use in the near future. With their fast 

start-up performance and uniquely high power densities (300-1000 mW/cm2), they are 

particularly apt for use in personal vehicles and other portable applications.[17] These fuel cells 

operate by the following half-cell reactions: 

      Oxidation Reaction (Anode):         H2  à 2H+ + 2e- 

Reduction Reaction (Cathode):         ½ O2  + 2e- + 2H+  à H2O 
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Hydration of the thin polymer electrolyte is necessary for optimal performance in PEMFCs, 

mandating lower temperatures (60 – 90 °) for operation, and concomitantly require costly 

platinum catalysts to overcome activation barriers for the redox reactions.[17] PEMFCs may use 

different types of fuels, thus diverging into what some classify as different classes of fuel cells:  

Hydrogen fuel cells (HFC)  

Direct methanol fuel cells (DMFC) 

Reformate methanol fuel cells (RMFC) 

Hydrogen fuel cells are the cleanest of the lot, since they emit only water vapor, but are a 

challenge due to the current lack of infrastructure for grid hydrogen storage and also because of 

the lower power density of hydrogen compared to that of hydrocarbon liquid fuels. Using a 

lightweight, low viscosity molecule like hydrogen as a fuel also introduces leakage challenges. 

These downfalls of using hydrogen as a fuel are primarily economic, however, and the possibly 

common public misconception that it is dangerous because it is highly flammable should be 

dispelled. Hydrogen’s flammability ranges from 4-75% in air, which is much wider than gasoline 

vapor’s range (1.4-7.6%), that of propane (2.1-10.1%) or even natural gas (5.0-15.0%); at low 

concentrations of hydrogen, though, it has a combustion activation energy similar to the other 

classes of fuel.[25]  Only when the hydrogen to air volume ratio reaches around 29%, the 

optimal condition required for minimum ignition energy, does its volatility become an issue: 12-

15 times less energy is required for ignition than other fuels, meaning a very small spark would 

be enough to ignite it.[25] In general though, concern for safety surrounding “The Freedom 

Element,” as it is coined by NASA space shuttle scientist turned Hindenburg historian Addison 

Bain, is not due any more than that given to refueling at a regular gasoline station.[26] 
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Table 1.2 DoE Technical Targets: Membranes for Transportation Applications4 

Characteristic Units 2015 Status 
2020 

Targets 

Maximum oxygen cross-overa mA/cm2 2.4b 2 

Maximum hydrogen cross-overa mA/cm2 1.1c 2 

Area specific proton resistance at:       

      Maximum operating temperature 
and water partial pressures from 40–
80 kPa 

ohm cm2 
0.072 
(120°C, 40 
kPa)c 

0.02 

      80°C and water partial pressures 
from 25–45 kPa 

ohm cm2 
0.027 (25 
kPa)c 

0.02 

      30°C and water partial pressures 
up to 4 kPa 

ohm cm2 
0.027 (4 
kPa)c 

0.03 

      -20°C ohm cm2 0.1b 0.2 

Maximum operating temperature °C 120c 120 

Minimum electrical resistance ohm cm2 >5,600c 1,000 

Costd $/m2 17e 20 

Durabilityf       

      Mechanical 
Cycles until >15 
mA/cm2 H2crossoverg 

23,000c 20,000 

      Chemical 
Hours until >15 
mA/cm2 crossover or >20% 
loss in OCV 

742c >500 

      Combined chemical/mechanical 
Cycles until >15 
mA/cm2 crossover or >20% 
loss in OCV 

– 20,000 

 

                                                

4 a Tested in MEA on O2 or H2, 80°C, fully humidified gases, 1 atm total pressure. For H2 test methods, see M. Inaba 
et. al. Electrochimica Acta, 51, 5746, 2006. For O2 test methods, see Zhang et. al. Journal of The Electrochemical 

Society, 160, F616-F622, 2013. 
b 14 µm PFIA membrane with nanofiber support. M. Yandrasits (3M), private communication, February 1, 2016. 
c Reinforced and chemically stabilized PFIA membrane. M. Yandrasits et al. (3M), U.S. Department of Energy 
Hydrogen and Fuel Cells Program 2015 Annual Progress Report. 
d Costs projected to high-volume production (500,000 80 kW systems per year). 
e Cost when producing sufficient membrane for 500,000 systems per year. DOE Hydrogen and Fuel Cells Program 

Record 15015, "Fuel Cell System Cost—2015." 
f Measured according to protocols in Table P.3, Table P.4, and Table P.5. 
g For air or N2 testing, an equivalent crossover metric of 0.1 sccm/cm2 at a 50 kPa pressure differential, 80ºC, and 

100%RH may be used as an alternative. 
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Advantages of PEMFCs are simple and compact cell design, the highest power density 

performance of the 5 classes of fuel cells, a thin, solid-state electrolyte minimizes corrosion, and 

quick startup/shutdown ideal for mobile applications.[17] Disadvantages of this technology are 

susceptibility to carbon monoxide poisoning at the anode (PEMFCs have very low tolerance 

since their operating temperature is so low), and requirement for expensive noble metal catalysts. 

A good PEMFC should have maximum protonic conductivity, be chemically and thermally 

stable to operating conditions, mechanically strong and flexible, and support fast reaction 

kinetics at the electrodes. To meet DoE specifications it should have the properties detailed in 

table 1.2.[27]  

Further narrowing our scope, polymer electrolyte membranes can be classified as one of 

three classes: hydrocarbon polymer based, acid-base blend, or fluorinated polymer based. 

Fluorinated blends type will be the main category of focus for the remainder of the paper, since  

PFSAs – the ionomer of principle interest here – are included in this category and, among other 

applications, have been proven to work very well in PEMFCs. Some such polymers are 

Flemion® produced by Asahi Glass and Aciplex -S® produced by Asahi, but the most 

commonly used and referenced in literature is Nafion® produced by DuPont, pictured in Figure 

1.10.  

 

 
Figure 1.10 Photo and chemical structure of Nafion® (brand name for one PFSA polymer), 

sulfonate tetrafluoroethylene copolymer 
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The naming convention for Nafion® is such that the number following the hyphen gives 

information about its characteristics. Take Nafion-115. The first two digits indicate the 

equivalent weight (EW)/100, so in this example the EW is 11x100 = 1100 g/mol. The last 

number, 5, indicates the thickness of the membrane in 1/1000 inches (a unit called mil). Thus, in 

this case, the thickness of the Nafion115 membrane would be 5/1000 inch or 112 microns. 

Nafion-112 has the same EW but a thickness of 51 microns. 

1.5 State of the art of PFSA membranes  

 Now that the framework for PEMFCs and the traits required for their successful 

performance has been laid out, we may proceed with a discussion on the state of the art of 

PFSAs. Many detailed aspects of these fluorinated polymers have been studied, but the three 

main ones discussed in this section are: 

- Sorption and water uptake 

- Morphology 

- Transport properties 

 
The need for improvement upon Nafion stems from its poor performance at low humidity and 

high temperatures, although it performs quite well at intermediate temperatures at high humidity. 

For a PEM to be considered viable for use in personal vehicles, an operator should be able to 

count on performance from the fuel cell stack whether driving in a cold, humid climate or in a 

dry, hot climate. As of yet, we do not truly understand why Nafion performs so well, and this 

prohibits improved rational design of polymers for commercial production.  
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1.5.1 Water Uptake  

 To begin understanding the problem with PFSAs at high and dry conditions, let us first 

examine what is known about solvent uptake and sorption. Water content, lambda, is defined 

below, and provides the concept of quantifying water locally or in pockets: 

 

The water uptake, or change in lambda, is not linear with the increase of humidity, as seen in 

Figures 1.11 and 1.12. Rather, it follows a shape resembling Langmuir adsorption from dry 

conditions up to about 60% relative humidity, while BET modeling more accurately describes 

the multilayer adsorption behavior after the inflection point at a water of activity of around 0.7 

through saturated conditions. As seen in Figure 1.12, Henry’s Law and Flory-Huggins are also 

used sometimes in modeling sorption behavior, but are usually less accurate in comparison to 

experimental data. Flory-Huggins is more descriptive of observed behavior than is the linear 

Henry’s model, but it lacks the characteristic inflection point at very low water activities. The 

two inflection points on the locus of experimental points collected from the literature indicates a 

multistep swelling process in PFSA membranes, ruled by nano-scale as well as meso-scale 

interactions between the free water, bound water, and hydrophobic polymer matrix. At higher  
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Figure 1.11. Modeling of nano-feature hydration in PFSA. Reprinted from “New Insights into 
Perfluorinated Sulfonic-Acid Ionomers,” by A.Kusoglu and A. Z. Weber, 2017, Chemical 

Reviews, 3, p.995. 
 
 
water activities, absorbed water molecules begin to aggregate and start deforming the locally-flat 

hydrophobic ribbons, and swelling of nano and meso features occurs. It is in this region as well 

that crystallinity and mechanical properties of the polymer backbone come into play, since 

mechanical stress from the accumulation of hydrophilic domains will be resisted by the 

fluoroelastomer. This balance of forces is the chemical-mechanical push-and-pull we must 

understand to reconcile the mechanisms of water uptake in PFSAs.  

 As seen in Figure 1.11, a range of sorption states occur, beginning with solvation of the 

fixed anionic site, which are the sulfonic acid functionalities. The energy of solvation dominates 
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in these low relative humidity ranges, in reference to the chemical-mechanical balance of the 

system. As bound water attracts other bound water, clustering of the functionalities causes 

restricted mobility. Eventually, though, these hydrophilic domains begin to interconnect at what 

is called the percolation threshold, at which point free water begin to form. A regime of  

 

 

Figure 1.12 (a) Sorption as a function of  water activity. (b) Sorption models. Adapted from 
“New Insights into Perfluorinated Sulfonic-Acid Ionomers,” by A.Kusoglu and A. Z. Weber, 
2017, Chemical Reviews, 3, p.995. 
 
 

increased mobility results at high water activity values, and deformation effects start to 

dominate. For an as of yet unknown reason, water uptake is different for a PFSA membrane at 

saturated conditions in the presence of liquid water and that of water vapor (both having an 

activity of 1), shown in Figure 1.13. This swelling phenomenon is called Schroder’s Paradox and 

occurs in gelatins and many polymers. It would seem to suggest a contradiction of 

thermodynamics; that there are two isotherms for the same saturation conditions and chemical 

potential. Perhaps it is due to the fact that PFSAs, and other materials like it, are not in a state of 

true thermodynamic equilibrium; as mentioned above, they are in a quasi-equilibrium state, at 

least for the observation periods we are interested in. The paradox may be due to the changes in 
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surface chemistry in the presence of liquid. The surface of a bulk polymer will become more 

hydrophilic when in contact with liquid water, and in thin dispersion-cast films, the bulk effects 

become more and more negligible, so the entire film tends in its behavior to the surface effects 

caused by liquid contact. 

 
Figure 1.13 Schroder’s paradox. Reprinted from “New Insights into Perfluorinated Sulfonic-Acid 
Ionomers,” by A.Kusoglu and A. Z. Weber, 2017, Chemical Reviews, 3, p.995. 
 

One problem in the field is the lack of studies into synergistic or coupled effects of sorption and 

transport, despite many independent factor studies. A better understanding the phase-separated 

morphology of PFSAs will help to bridge this gap. 

1.5.2 Morphology 

 There are three generally accepted theories on the possible morphology of PFSAs: 

cluster-network, rod-like, and locally-flat or lamellar. The “discrete sandwich model” (Haubold 

et al.) has also been proposed, where the “bread” are rectangles of hydrophobic matrix and the 

“fillings” are the hydrophilic water domains. This latter model perhaps best captures the current 

understanding of PFSA morphology – that is, locally lamellar chains with cylindrical aggregates 

aligned at the mesoscale.[2] Figure 1.14 shows theorized effects of hydration on these nano and 

meso structural features. Kusoglu has nicely summarized the theoretical progression of these 

phases through different levels of hydration in a cartoon that builds on the idea of the clustering, 

aggregation, and percolation discussed in the last section (Figure 1.14). It is clear that 



 

 

31 

 

 
Figure 1.14 Cluster, rod-like, and locally-flat morphological models. Reprinted from “New 
Insights into Perfluorinated Sulfonic-Acid Ionomers,” by A.Kusoglu and A. Z. Weber, 2017, 
Chemical Reviews, 3, p.995. 

 

meso-scale assembly of features is important, but even in regimes with free water, nano scale 

interactions cannot be neglected, as these are also important to our understanding of proton 

transport. In addition to the interactions between the water molecules and/or protons, the length 

of the -SO3 functionalized side chains and their relative flexibility affect the packing of layers 
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and percolation threshold. This complex web of rearrangements during swelling and shrinkage 

makes modeling and predictions for rational design of PFSAs very difficult. 

 Sorption and transport studies are helpful to understanding mechanistic processes, but 

morphological feature information is primarily obtained from SAXS/WAXS. In SAXS data, the 

matrix knee gives the domain spacing in between crystalline regions, the ionomer peak gives the 

d-spacing (of water regions) and the atomic distances in WAXS studies or in high q area of 

SAXS studies give the degree of crystallinity or amorphous nature. The Porod regime, at very 

low q values ~ 10-4 , provides surface to volume ratios.  

1.5.3 Transport Properties 

  This section examines the transport phenomena of charge flux and water transport in the 

membrane. The two charged species referred to in electrochemistry are anions, negatively 

charged, and cations, positively charged. The driving force for the transport of charge is of 

course gradient in charge across a plane. In a PEM cell, this driving force is effected by the 

voltage drop created when molecular hydrogen hits the catalyst layer, separating it into protons, 

which will travel through the membrane driven by the chemical gradient, and electrons, which 

must travel around the membrane to a location of lower charge concentration. Charge transport is 

facilitated by hydration of PEMs, as indicated historically by a marked knee or decrease in  

 

Figure 1.15 Nafion-117 logarithmic conductivity vs relative humidity at various temperatures. 
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performance of Nafion at relative humidities lower than 50% (refer to figure 1.15). Keeping in 

mind that the key to maximum conductivity in a fuel cell is minimization of resistance to ion 

transport in electrolyte, transport properties are paramount. Crossover gas transport is not 

covered, but it should be noted briefly that the electrolyte should only pass charged species, and 

should resist crossover of gases as part of DoE specifications and for good performance of the 

PEMFC in general. 

There are two mechanisms for proton transport throughout the plane of the membrane: 

the Grotthus mechanism, also called proton hopping, and the vehicle mechanism. One may think 

of these as slow and fast mechanisms, respectively. Both mechanisms rely on the free volume of 

the PEM, or the space within the micro structure, by which the proton readily moves from site to 

site across the polymer in so-called proton hopping or by proton attachment to a free vehicle 

species (most commonly water).  

 

 

Figure 1.16 Mechanisms for proton transport. 
 

 

The formation of Zundel (H5O2) and Eigen (H9O4) cations are an elementary step in these 

mechanisms. The nanoscopic phase-separated morphology of the PFSA is created by the 
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separation of ionic sidechains and water domains from the fluorocarbon backbone, and the 

Zundel and Eigen cations form in the hydrophilic regions with the right conditions, including 

association of the sulfonic groups and dissociation of protons. At low RH, there is no free water 

 

Figure 1.17 Ball-and-stick model of Eigen (H9O4
+) and Zundel (H5O2

+) ions showing centralized 
charge in the complex, where dashed lines represent equal sharing of electrons. 

 

to perform vehicle transport, so ions are conducted by the Grotthuss mechanism, dominantly. 

This in principle means that a conductive membrane at dry conditions should have mobile or 

semi-mobile side-chain functionalities. Proton hopping can occur as a transform of E to Z and Z 

to E, or with just the Zundel ions. Molecular dynamic simulations, show the Zundel ion as the 

dominant carrier in limited water conditions.[28] Since the industry need is for a material that 

performs at high and dry conditions, it follows that a material optimized to be conducive to fast 

proton hopping mechanism at low relative humidity will fulfill that need. There is a strong link 

between sorption and transport, and of course a better understanding of these will uncover more 

about morphological changes as well. 

1.6 Previous work done on HPA in PEMFCs 

 Herring’s group showed that conductivity for samples doped with 1 and 5% of HPW and 

HSiW were all higher than for the undoped samples. Strangely enough, the 1% doping of each of 

the two HPAs had a better effect on ion conductivity than did the higher dosage at certain 

conditions, and overall the activation energies for these doped species were half the value of their 
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undoped material marking a promising breakthrough for the use of HPAs in PEMs for hotter and 

drier conditions.  In 2005, Vernon reported the first PEM synthesized with the HPA covalently 

bonded to the polymer backbone.[29] Vernon [29, 30]  Characterization and conductivity 

measurements from that study show values of a high proton conductivity of 9.8×10−2S/cm was 

obtained at 130°C under 90% RH for a 3PMA/6PWA (mol %) doped hybrid membrane.[31]  
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CHAPTER 2 

EXPERIMENTAL METHODS 

This chapter discusses theory of experimental methods used for data collection in 

chapters 3 and 4. Many other collection techniques are used for characterization 

of fuel cells, but only the several methods used in this work are detailed here.   

 

The following tests were used to characterize performance and properties of the films and are 

each discussed in the following pages:  

 -Conductivity (PEIS) 

 -Water uptake/swelling behavior (DVS) 

 -Confirm identity of substance (FTIR, H-NMR, F-NMR) 

 -Nano feature determination (SAXS) 

2.1 Small Angle X-ray Scattering Theory 

 This section will cover the theory of small angle x-ray scattering (SAXS), generally and 

more specifically to the SAXS setup at Argonne National Laboratory.  The scale of features that  

 

 

Figure 2.1 The breadth of length scale SAXS is capable of is shown on the top row, from 1nm 
(polymers) to 30 nm (biological systems); the bottom row illustrates the variety of morphologies 
that may be described by interpretation of SAXS data. Reprinted from “PROBING 
NANOSCALE STRUCTURES – THE SANS TOOLBOX” (page 87), by B. Hammouda, 
National Institute of Standards and Technology Center for Neutron Research, Gaithersburg, MD. 
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may be studied with SAXS can be visualized by Figure 2.1. Length scales on the order of 1nm - 

1µm are probed by SAXS testing, making this technology tremendously useful for determining 

size and spacing of structural features in polymer science, among many other fields.  

How exactly does SAXS work? Electrons are first sourced in bursts at one end of a linear 

accelerator, or linac, by an ultrahot metal cathode (~1100 °C).[32] The generated charged 

particles are directed into a high vacuum booster section which further accelerates the electrons 

  

Figure 2.2 Side-by-side aerial view and schematic of Advanced Photon Source, the brightest x-
ray source in the country and among the highest-energy x-ray sources in the world. The linear 
accelerator can be seen in the center of the circular synchrotron. Reprinted courtesy of Argonne 
National Laboratory, Chicago, IL. 

 

using powerful electromagnetic fields. Upon reaching a nominal energy of 7 GeV, the electrons 

are shot from the booster into a circular storage ring, 1104 m in diameter.[32] The circular shape 

of the storage ring is important to the design, because synchrotron radiation is based on the 

concept of radial acceleration. Acceleration has direction and magnitude, so though the velocity 

may remain relatively unchanged while the electrons circle the storage ring, their radial 
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movement means the direction of acceleration is normal to the velocity vector. This concept, 

when applied to relativistic particles (travelling at 99.999% of speed of light), is called 

synchrotronic emission, which is a nonthermal form of radiation that takes into account the 

Lorenz factor.[33] During their time in the storage ring, the electrons maintain constant energy. 

Once the electrons are ready to be deployed for an experiment, a powerful magnet called an 

undulator or “wiggler” diverts the electrons in the ring from their trajectory, causing them to emit 

electromagnetic energy in the form of x -rays into the appropriate beamline, where a sample will  

 

Figure 2.3 Schematic showing trajectory of x-rays from 12ID-A, the first station encountered by 
the synchrotronic radiation in sector 12, through the three experimentation hutches 12ID-B, -C, 
and -D. Station B must be operational for subsequent hutches to receive x-rays from station A. 
Reprinted from Argonne National Laboratory, Sector 12ID-B Local Webpage, Chicago, IL. 
 

be analyzed. The incident radiation passes through the experimental chamber and is diffracted 

off of the surface of the contained sample. The emergent scattering radiation is captured by a 

platinum mosaic Pilatus 2M beamstop with a photodiode. The Pilatus 2M, which uses a pinhole 

camera (the simplest type), is a monochromatic detector with very high dynamic ranges and fast 

readout enabling multiple shots per second.  

The data collected from these diffracted rays forms a scattering pattern which contains 

valuable spatial relationships and structural information about the sample. One major source of 

ambiguity in parsing out this structural information is the translation of this information from 

Fourier, or reciprocal, space to real space. Using the proprietary IGOR software, the scattering 
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pattern is converted to a 1D scattering curve. Unfortunately, some physical meaning is lost in 

translation, because reciprocal space introduces what is referred to as a phase problem. This 

problem is actually quite difficult to summarize in a couple lines, but it has been thoroughly 

wrought out elsewhere [34-37]. This section is sufficed by the short explanation, if lacking in 

 

 

 

Figure 2.4 (a, b) (a) Inside the hutch of one of the beamlines experiment stations. 
Monochromatic x-rays enter from the right of the picture and strike a sample before entering 
through a small crystal window into the large 4.5m long vacuum chamber (b) Illustration 
indicating the locations of the detectors inside the vacuum chamber. 
 

accuracy for its simplicity, that the scattering pattern is actually a measure of differences in 

electron densities in features of the sample and carries no phase information. The phase problem 

a 

b 
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arises from the form factor being derived from a squared value, P(Q) = F2(Q), which renders 

negative values of F(Q) indistinguishable from positive ones, and thus irrecoverable without 

additional information (see Figure 2.5). For the purposes of this work, study of further 

mathematical intricacies involved in this phase ambiguity will be left to the interested reader; 

refer particularly to Pauw’s exhaustive review of “Everything SAXS.” [34] 

 

Figure 2.5 Ambiguity in SAXS. Reprinted from “New Insights into Perfluorinated Sulfonic-Acid 
Ionomers,” by A.Kusoglu and A. Z. Weber, 2017, Chemical Reviews, 3. 

 

 

Every sector at the Basic Energy Sciences Synchotron Radiation Center (BESSRC) has 

slightly different operations and associated programs; during operative seasons, each of 35 

tangential paths called beamlines, are operational 24/7.[32] BESSRC-Sector 12 focuses on 

surface structures, light-matter interactions at the atomic scale, and time-resolved studies into 

mechanistic processes.[38]  There are three experimental stations in this sector, and 12ID-B, the 

one used for this study, is equipped with a spectroscopy table and an 8-circle Y-goniometer [38],  

a device whose function is illucidated by the origin of its name: the Greek words for angle 

(gonia) and measure (metron). The specific capabilities of BESSRC-12ID-B are for measuring 

SAXS (0.0015 ~ 0.5 Å-1) or SAXS/WAXS (0.003~2.7 Å-1) or grazing incidence (GI) SAXS or 



 

 

41 

WAXS; the basic operation of this beamline is described pictorially in Figure 2.6.[39] 

 

 

Figure 2.6 Schematic of SAXS/WAXS operation at BESSRC undulator 12ID-B. The sample is 
located at the indicated coordinate system, where sav and sah indicate user commands for 
controlling the sample table vertically and horizontally. *Phi and theta are only applicable for 

GISAXS. Reprinted from “Beamline Overview,” by B.Lee, Argonne National Laboratory, 
Chicago, IL.  
 

2.2 Electrochemical Impedance Theory 

Potentiostatic electrochemical impedance spectroscopy (PEIS), or more accurately 

“potentio” EIS since it can be measured dynamically also, is one of the canonical techniques 

used for fuel cell characterization.[17] It offers a simple, fast, and inexpensive way to test 

performance of a membrane, wherein the user controls the voltage and measures the resultant 

current. Galvanostatic EIS (GEIS) is simply the reverse system, where the user controls the 

current and measures the resultant voltage. Impedance measurements are made by a sinusoidal 

voltage perturbation, represented by V0 cos(wt), applied around a steady-state value and 

measuring the resulting current and lag (or phase angle), represented by i0 cos(wt-f), where the 

prefactors represent amplitudes of the respective signals, and w is the frequency converted in 

appropriate units [radians/s].[17, 40] The perturbation in the voltage signal must be small to 

probe in a linear portion of the current response signal; this system linearity is essential to 
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justifying meaningful analysis of the impedance behavior, because without linearity, typically 

exponential current-voltage relationships make analysis far more difficult, particularly because 

impedance spectra will be collected over a range of frequencies, often orders of magnitude in 

difference. 

Equivalent circuit modeling is very useful in EIS for describing the mechanistic processes 

that actually occur in a fuel cell – for example, its mass transport, kinetic, and conduction 

properties – and as such, is used extensively in PEMFC literature.[41-50] By this type of  

 

Figure 2.7 An example PEMFC stack is shown for reference. Inset is an MEA, illustrating 
possible locations for sources of loss in a fuel cell. Reprinted from “Analysis of electrochemical 
impedance spectroscopy in proton exchange membrane fuel cells” by P. M. Gomadam and J. W. 
Weidner, 2005, Int. J. Energy Res., 29, p. 1134. 

	

analysis, each physical contribution to conductivity in the membrane film may be represented by 

an equivalent RLC series circuit components: resistor, inductor, or capacitor. Methods for RLC 

circuit analysis are well-known, and thus this type of modeling makes it possible to analyze 
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useful properties of the membrane. We will use the fundamental relations from RLC circuit 

theory: 

Kirchoff’s Voltage Law �	 = 	�1	 + 	�2	 + 	�3	 + 	�4	…. 
Input Signal (voltage) �(�) = 	 	�3 cos(��) 

Output Signal (current) �(�) = 	 �3cos	(�� − f) 

Ohm’s Law R = 
9
:   

Analogous definition of 

impedance 
Z = 

9(;)
:(;) =	

	9< =>?(@;)
:<=>?	(@;Af)  = 	�3 =>?(@;)

C>?	(@;Af) = 
	9<DEFG
:<DEFGHEf  = Zocos(f) + jZosin(f) 

Current of capacitor i = C 
I9
I;= C (

IJ9<DEFGK
I; ) = ���	�3�O@;   

Impedance of capacitor Z = 
9(;)
:(;) =	

	9<DEFG
PO@	9<DEFG 	 =

Q
O@P 

Where V is voltage, R is resistance, i is current, Z is impedance, w is the radial frequency, C is 

capacitance, f is the phase shift, and j is the imaginary number, i (used for distinction from current) 

 

Another tool used in tandem with this approach is the Nyquist impedance spectrum. Other tools 

available are Bode plots and Cole-Cole plots, but the most commonly used is the Nyquist plot, 

driving the discussion in this section. To explain this concept, we begin with the notion of 

mapping in the complex plane: Zreal vs the negative value of Zimaginary – the real and imaginary 

components of the impedance of a system.  

 Zreal = Zocos(f) 

Zimaginary = jZosin(f) 

Essentially, the resulting curve plotted in the complex plane is a parametrized path in the radial 

frequency, w. Because of this parametrization, the direction of the path matters, and it must be in 
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the counter-clockwise direction. An example of a Nyquist plot, given in figure 2.8, shows a 

summary of impedance data collected over a range of frequencies.  

 
Figure 2.8 Nyquist plot indicating direction of increasing frequency along the plotted impedance 
in the complex plane, where Zreal is the real component of impedance and Zimag is the imaginary 

component of impedance. 
 

How we use this data is to find the overall conductivity of a membrane, but also to identify 

comparative losses: at the anode and cathode (anode/cathode activation loss) and elsewhere in 

the fuel cell, like the electrolyte and electrodes (ohmic loss). Because of the harmonic nature of a 

Nyquist plot (sine representing the in-phase portion and cosine representing the out-of-phase 

portion of the function), the locus of collected points will be a circle or other closed loop, as seen 

in figure 2.9.  

 

Figure 2.9 Various shapes of Nyquist plots. In all plots the negative locus approaches 0, 
indicating a stable regime. Reprinted from 
http://www.roymech.co.uk/Related/Control/Nyquist.html. 
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Like resistances, impedances in series are additive, and, similarly, those in parallel are added by 

taking the inverse of the sum of the inverse of each individual impedance.  

 

����������	��	������:	�[\[ = �Q + �] 

����������	��	��������:	 1
�[\[ =

1
�Q +

1
�] 

 

For a simple resistor, as in ohmic resistance, there is no phase shift or imaginary component, so 

the Nyquist plot is simply a point on the real axis. For each of the anode and cathode activation 

kinetics, the circuit elements can be modeled as a capacitor and resistor in parallel (see figure 

2.10(a)) to represent the double layer capacitance or charge separation between ions and 

electrons across the electrolyte and the resistance of the electrochemical reaction kinetics, 

respectively. This latter element is called the faradaic resistance, Rf, which can be expressed as a 

derivative form of the Tafel reaction kinetics expression: 

 

��������	����������:		�a = �a = b �����c ∗
1

�e�
fghh
i[

 

 

where h is the activation overvoltage (as in the Tafel equation), a is the transfer coefficient and 

depends on symmetry of the activation barrier, n is the number of electrons transferred in the 

electrochemical reaction, io is the amplitude of the raw current, F is Faraday’s constant. Note 

there are no imaginary components. 

  The Warburg element is also frequently used in fuel cell equivalent modeling to represent 

impedance due to mass transport (diffusion processes) at the cathode, and would appear in series 
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with the resistance and in parallel with the capacitance, as in Figure 2.10.e. At low frequencies 

and infinitely thick diffusion layers, the infinite Warburg element is used to describe the 

impedance behavior and appears on the Nyquist plot as a straight line with a positive slope rather 

than a loop, as seen with the other circuit elements discussed. 

In-plane vs through-plane conductivity depend on the direction of charge transfer. For 

this study, our primary interest is in-plane conductivity: that is charge transport through the 

length of the film (on the order of mm) not through the thickness (on the order of microns).  In-

plane conductivity was calculated using the following equation: 

�:gAklfgD = �
� ∗ � ∗ � 

where σ is the in-plane ion conductivity, l is the fixed length of membrane exposed between the 

outer electrodes (l=4.25 cm) in premeasured cells, R is the measured resistance of the membrane, 

w is the width of the membrane, and t is the thickness (caliper) of the membrane.  

In analyzing the measured resistance, software is often used to automate calculations 

from hundreds of Nyquist loops in minutes. In this particular study, a module in ECLab Software 

called “z fit” was used. As with any software, user beware: input garbage gives output garbage.  

Choosing the appropriate equivalent circuit model in the software program is essential to 

meaningful and accurate results. Empirical fit of a model with the collected data does not imply 

physical meaning of the chosen equivalent circuit. For example, one might find that a Z fit 

minimization using a particular equivalent circuit is able to generate a fit to data quite well, but 

upon examination of the system find an incongruent path of resistances. Having some awareness 

of these potential pitfalls prevents misinterpretation or misuse of data from this method. 
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Figure 2.10 Equivalent circuit model and matching Nyquist plot. Adapted from Springer 
International Publishing Switzerland 2016 3 I. Tiginyanu et al. (eds.), Nanostructures and Thin 
Films for Multifunctional Applications, NanoScience and Technology, DOI 10.1007/978-3-
319-30198-3_1  

 

The circle fit method is an alternative in which the module may be used to create a least square 

method regression fit to the actual data collected (see Figure 2.11). The circle fit method is 

purely a mathematical fit of a circle to the arc on the Nyquist plot and is not truly based in any 

physical model like the equivalent circuit modeling, making the Z fit is the preferred analysis 

tool. 

 

Figure 2.11 Circle fit overlaid on data from Nyquist plot collected with ECLab software. 
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2.3 FTIR Theory 

Fourier transform infrared spectroscopy (FTIR) is used for determining, or - more to our 

purpose – ascertaining, the chemical composition of a purported substance. Atoms and bonds are 

perturbed by infrared light at different frequencies, and their vibrations recorded by time 

resolved imaging. The information collected in the frequency domain must undergo a Fourier 

Transform (FT) to time domain. The wavenumber (cm-1) of a peak indicates the identity of a 

particular bond or type of atom. Infrared refers to the range of electromagnetic radiation between 

0.78 and 1000 µm. The wavenumber = 1 / wavelength in centimeters. 

 

2.4 IEC Determination by Acid-Base Titration 

Actual IEC values are often much lower than the predicted values, which can provide 

insight into poor conductive performance of the membrane and the extent of completion of 

certain reaction steps in the synthesis process. Additionally, it is necessary for researchers of 

PEMs to have a quantitative standard for comparison of performance.[2] The accepted value for 

the IEC of Nafion-212 is 0.91, so this is something of a bar for newly-developed PFSAs. 

Since the concentration of the titrant solution (NaOH) is known, the volume required to 

titrate the solution (achieve neutral pH) allows one to calculate the number of moles of OH- in 

the solution and equivalent moles of H+ in the solution of unknown concentration, according to 

the stoichiometric relation in the reaction shown below: 

  

 Redox Reaction:   H+ + OH- à H2O 
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From this calculated value for H+, we can determine the IEC by its mathematical definition: 

 

��� = ���� pq
r	Ist	keltuDs   

 

Colorimetric titration was used for this method, but pH meters are also commonly used 

for acid-base titrations.  

 

2.6 Thermogravimetric Analysis (TGA) 

 TGA measures the gain of mass due to sorption of volatiles, or loss of mass due to 

desorption of volatiles and decomposition, and the rate of change of mass as a function of time, 

temperature, and atmosphere (in air or other gas) of a relatively small sample size– generally, 

with a capacity up to 1000 mg. The base components of a TGA are a furnace, thermocouple, and 

balance. These allow for accurate and precise heating control, change in temperature, and 

measure of the sample’s mass and change in mass. The balance operates by null-balance 

principle. At the null position, light shines equally on each of two photodiodes. When a sample 

mass disturbs the position of the balance and the amount of light on the diodes, a current is 

applied to restore the null position, thereby allowing a measure of current proportional to the 

mass gained or lost. Operation is simple, providing an easy test for the thermal stability of a 

material, which may be used to justify or select operating conditions for other tests such as EIS, 

and also to verify the composition of materials. In addition to thermal stability, TGA can provide 

information about the oxidative stability of the substance, for example by comparing the results 

from various environments (Nitrogen vs air) since reduction leads to loss of mass and oxidation 
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leads to increase in mass; decomposition kinetics; moisture and volatile composition; and 

product life. 

 

Figure 2.12 TGA equipment used in this study. 

 

2.6 Safety Precautions 

All solutions were disposed of appropriately and containers rinsed once into waste 

container prior to thorough washing in common sink, in order to remain in adherence with 

Colorado School of Mines regulation of drain water quality. When necessary, a base bath was 

made to remove particularly stubborn remnants of congealed polymer solutions from flasks. 

Appropriate PPE was used. For later experiments, highly caustic solutions of oleum and/or 

chlorosulfuric acid were used for sulfonation of polymer side-chains. Appropriate PPE was used. 

Kim wipes were disposed of as solid waste (not in common waste bin) if they were used in 

contact with fluorocarbon materials or any other hazardous material.  
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CHAPTER 3 
 

CHARACTERIZATION OF PERFLUORINATED SULFONIC ACID PROTON EXCHANGE  
 

MEMBRANES WITH HETEROPOLYACID-FUNCTIONALIZED FLUOROELASTOMER 
 

A blend study is performed wherein PFSA ionomer material is mixed incrementally with a 

functionalized-silicotungstic acid. Potential for very high IEC and conductivity due to partially 

mobile acid groups within the solid make this material promising, at least in theory. 

 

3.1 Materials 

Chemical materials listed, included source, batch, and purity, are listed here: 

DMAc, N,N-dimethylacetamide, C4H9NO, (Sigma Aldrich, 98%) 

4-Bromophenol, BrC6H4OH, (Aldrich, B75808, 99%) 

Nickel (II) bromide, NiBr2, (Aldrich, 217891, 98%) 

Triethyl phosphite, P(OCH2CH3)3, (Aldrich, T61204, 98%) 

Mesitylene, C6H3(CH3)3, (Aldrich, M7200, 98%) 

Ethyl ether, (C2H5)2O, (Fisher Scientific, E138-1, anhydrous) 

Sodium hydroxide, pellet, NaOH, (Macron, 7708-06, 99%) 

Magnesium sulfate, MgSO4, (Fisher Scientific, M65-500, anhydrous) 

Ethyl acetate, CH3COOC2H5, (EtOAc, Macron, UN1173, 99.9%) 

Bromotrimethylsilane, (CH3)3SiBr, (TMBS, Aldrich, 194409, 97%) 

Acetonitrile, CH3CN, (Sigma-Aldrich, 34998, ≥99.9%) 

Methanol, CH3OH, (Sigma-Aldrich, 322415, 99.8%) 

Sodium hydride, NaH, (Aldrich, 452912, 60 % dispersion in mineral oil) 

FC-2178, poly(vinylidene fluoride-hexafluoropropylene), PVdF-co-HFP, (3M support) 
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Hydrochloric acid, HCl, (Pharmco-Aaper, 284000ACS, ACS reagent grade, 36.5-38%) 

Diethyl 4-hydroxyphenylphosphonate, DHPP, (Synquest laboratories, PN: 6677-1-07, 99 %) 

Heteropolyoxotungstate, K8SiW11O39, (Sigma Aldrich, 99%) 

Borosilicate vials, Fischer Scientific (Pittsburgh, PA) 

    PolyPPE and PolyPPA were synthesized according to supporting information in Appendix A. 

3.2 Hypothesis and Experimental Design 

 Hypothesis: Matrix functionalized Keggin-type silicotungstate will improve ion transport 

properties of pure PFSA ionomer at high and dry conditions, because the partially mobile HPA-

functionalities will facilitate proton hopping.  

 The hypothesis was tested by synthesizing blends of pure PFSA ionomer and HPA-

functionalized PolyPPA, which we named PolyHPA, in various increments (0, 25, 50, 75, 100 

wt%) and then characterizing those blends. The experimental design approach was to isolate a 

single variable to study, namely the content of PFSA in the polymer membrane, with the goal of 

improving the performance of standard 3M© 825EW, and secondly, in the absence of any such  

 

Table 3.1 Composition of polymer blends 

 PFSA PolyHPA 

1 0 wt% 100 wt % 

2 25 wt% 75 wt % 

3 50 wt% 50 wt % 

4 75 wt% 25 wt % 

5 100 wt % 0 wt % 
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improvement, to thoroughly characterize the differences and possible causes of these differences 

in the performance of each blend. Blends were synthesized according to compositions described 

in Table 3.1, where the amount of PFSA in the membrane is varied incrementally from 0% to 

100%, with the balance PolyHPA. The membranes were then characterized to compare changes 

in conductivity, mechanical properties, and structure. 

 The polymer product of step 3 in Figure 3.1 (PolyPPA) was synthesized using as the  

 

 

Figure 3.1 Four-step organic synthesis and phosphonation of polymer backbone 
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polymer support a high viscosity copolymer of vinylidene fluoride (VDF) and 

hexafluoropropylene (HFP)  from 3M ™ called Dyneon™ Fluoroelastomer FC-2178.  

 The ion-exchange capacity (IEC) may be predicted theoretically, although the theoretical 

IEC is often difficult to attain; this value dictates the amount of HPA that can be attached in the 

final step of the synthesis. The reaction solution (product of step 4) must be cast into a film prior 

to drying, because as it dries the HPA in solution crosslinks with the polymer backbone. These 

entanglement effects are tricky: too much entanglement can cause highly viscous solutions, but 

not enough and there will not be sufficient charge carriers in contact with one other. 

 

Figure 3.2 A more detailed look at step four from figure 3.1, the final cast polymer. The chloride 
salt of potassium will be produced as a byproduct, which is not ideal for casting defect-free 
films. Removal of the salt from the polymer solution prior to casting by filtering is essential to 
homogeneity of the film. 
 

3.3 Experimental Challenges and Limitations 

     One major obstacle in this project is the sheer number of variables that impact the 

effectiveness of a membrane – from the organic synthesis and small molecule chemistry to the 
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casting and annealing conditions and operating conditions. For the past several years, Herring’s 

group has refined the membrane chemistry so that this factor may be considered sufficiently 

optimized for our current purposes. Recent efforts, including work presented in this thesis, have 

been on refinement of the final steps to create our now best standard operating procedures (SOP) 

for fabricating the membrane with the best mechanical and chemical durability and with the best 

conductivity possible.  

     Another challenge is the difficulty in acquiring bulk quantities of PolyPPA, the precursor for 

the membrane synthesized in this work. It is relatively expensive to shop out, and synthesizing 

the product in-house is a time-intensive process. The promise, however, is that if scaled for 

industry, commercial availability of this chemical could potentially become much more 

economical than at bench scale. 

 

Figure 3.3 Photo of 50 wt% PolyHPA/50 wt% PFSA polymer blend membrane film. Note 
yellow, turgid appearance and the flexibility when just removed from water. 
 

We are also limited in the caliper of the membrane attainable.  The higher the HPA content of 

the membrane, the more difficult it is to work with in testing ex situ conductivity for example, 

and handling in general. The thinner the caliper, though, the lower the ASR is, which may or 

may not be important to performance for a specific application. Additionally, our ability to cast 

membranes as thin as ~10um is of interest to manufacturers. 
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3.4 Methods 

IEC  

 First a small (<1g) preweighed dry sample of a membrane film was added to a Pyrex dish 

to soak for 3+ hours in 50 mL 1M NaCl solution. Three drops of phenolphthalein (concentrate in 

80 wt% ethanol/water) were added to 10 mL of rinse solution in a beaker and titrated with a 

known concentration of prepared sodium hydroxide solution from a 10 mL graduated burette. 

Three or four replicate titrations of the rinse solution were performed, depending on the amount 

of solution recoverable. Some solution is always soaked up by the membrane, so it is impossible 

to get a quantitative recovery of the 50 mL rinse solution. 

 

Potentio Electrochemical Impedance Spectroscopy (PEIS) 

 Potentio electrochemical impedance spectroscopy (PEIS) was carried out using a (insert 

model) (company, country). Caliper measured with digital micrometer (0-25mm, precision 0.001 

mm) electronic caliper gauge meter (Syntek, USA) and width measurements were made using an 

absolute digimatic gauge meter (Mitutoyo, USA). Measurements were made on membranes 

dried at ambient conditions. EC-Lab® software version 10.40 (BioLogic Science Instruments, 

France) was used to analyze collected PEIS data.  

A Solatron 1007H environmental chamber (TestEquity LLC, USA) was used in 

conjunction with a 16-channel VMP3 potentiostat (BioLogic Science Instruments, USA) to 

control the humidity and temperature of the test cells. Each membrane sample placed in four 

electrode Teflon conductivity test cell, handmade, over frequency range: 1 – 105 Hz. 

Conductivity fuel cells by hand are designed with the following specifications: length of exposed 

membrane between counter electrode (CE) and working electrode (WE) is 4.25 cm. 
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Conditions for testing were at 80 ºC with a stepwise relative humidity sweep (50 - 90 %RH). The 

samples were equilibrated for 30 minutes at each condition before measurement.5    

 

Membrane assembly technique 

The membrane assembly technique was to weave the membrane over the outside 

platinum wires and under the center wires in the conductivity cell before securing. This 

configuration ensures maximum contact of the film with all four electrodes even with changes in 

swelling during operation at various RHs. 

 

 

Figure 3.4 Cartoon depiction of “weaving” method used to place membrane strip in conductivity 
cell for PEIS testing. 
 

Small Angle X-ray Scattering 

     Small angle x-ray scattering (SAXS) was performed on beamline 12-ID-B at the Basic 

Energy Sciences Synchotron Radiation Center Undulator Sector (BESSRC-Sector 12) at the 

Advanced Photon Source (APS). (Argonne National Laboratory, Lamonte, IL).  Beam energy 

used for testing was 12 keV with a 1Å wavelength. SAXS spectra were collected for static data 

at 80 °C under 0 % and 95 %RH conditions, as well dynamically with a relative humidity sweep 

from 0 - 95 %RH; for static data, membranes were equilibrated for a minimum of 30 minutes at 

each condition. Spectra were analyzed using the IRENA version 6.64 SAXS package of IGOR 

                                                
5 Data collection is continuous through unsteady states, but only steady-state measurements are used for reporting 
purposes. 
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Pro 7 (Wavemetrics Inc.) along with an IGOR macro for efficient data processing developed by 

Herring’s group.[51, 52] 

Beamline Specs 

• Source: 2.7 Undulator 
• Monochromator Type : Side bounce 
• Energy Range: 7.9-14 keV 
• Resolution (ΔE/E) : 1 x 10 -4 
• Flux (photons/sec): 1 x 1012 @12 keV 
• Beam Size (HxV) : Focused 300µm x 20µm; Unfocused: 1.5mm x 1mm 
• Detectors: Pilatus 2M – SAXS; Pilatus 300K – WAXS 

The technical data for the Pilatus 2M detector is summarized in Appendix B. 

 

Fourier Transform Infrared Spectroscopy 

     Fourier transform infrared spectroscopy (FTIR) was performed at 80 °C at both 0 %RH and 

100 %RH on a Nicolet Nexus 470 FTIR model. (Thermo Fisher Scientific, US). An attenuated 

total reflectance attachment (ATR, Specac Inc.) was used with a liquid nitrogen cooled mercury-

cadmium-telluride (MCT), HgCdTe, detector, and spectra were collected with 256 scans 

resolution 4cm-1 over the range 4000-650 cm-1. Excel software was used to analyze spectra. A 

custom-built humidity control system was used for collecting data at predefined conditions. Mass 

flow control of wet and dry gas at a set temperature allowed for control of specified humidity 

under bottle nitrogen flow. 
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Table 3.2. PEIS software settings and parameters used for conductivity testing

 
 

3.5 Results 

Results from the SAXS, PEIS, FTIR, DVS and IEC determination are reported, with 

error bars where appropriate. Error bars denote bias from the average of multiple samples of the 

same film, not mechanical bias of each sample’s replicate measurements from a single run (as is 

commonly but erroneously reported). Results are also interpreted to explain the unanticipated 

conclusion that incremental addition of PolyHPA to the PFSA polymer produces categorically 

less conductive membranes.  

SAXS data for the polymer blend study are shown in Figure 3.1. You will note the 

similarity in figures 1 (a)-(c), and that in (d) and (e), corresponding to membranes of 0-50 wt% 

PolyHPA and 75-100 wt% PolyHPA, respectively. The ionomer peak around 0.03 A-1 is 

diminishing in the first three figures and is absent in the last two, indicating a clear difference in 

morphology between the low and high PolyHPA content membranes.  

 

 

EC Lab Settings 

 

CE vs. WE compliance from -10 V to 10 V 

E(V) = 0.2000 
dI = 0.000 mA 

dt = 0.000 s 

fi = 100.000 kHz 

ff = 0.300 Hz 

Sel Nd = 1 
Nd = 50 

Nt = 51 

Va = 10.0 mV 

pw = 0.00 

Na = 2 
Ewe control range: Emin = -2.500 V; Emax = 2.500 V 

I Range = Auto 

Electrode material  = Pt 

Electrode surface area = 0.001 cm2 

Characteristic mass: 0.001 g 
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Figure 3.5 (a-e) Background subtracted SAXS data collected dynamically over 40 minutes at 
80°C with a humidity sweep from 0 %RH to 95 %RH for membranes of the indicated 
compositions with one collection per minute are presented in (a-e). A subtitle legend is provided 
(in-figure). Line colors are varied from red to green (red-orange-yellow-green) to denote starting 
(dry) and ending (95 %RH) conditions. *This figure is intended for color print. For black and 
white copies, note generally the scattering lines go towards increasing values of I(Q). 
 

SAXS theory allows us to determine feature sizes at given q values; we must relate the q value in 

Fourier space representing momentum transfer to a corresponding distance in real-space, d, 

which is the characteristic length of a feature size.  

|q| = 4π sinθ/λ 

2θ – scattering angle λ – wavelength 

� = 2�
�  

Using this relation, it is evident that five nm crystal features characteristic of HPA are present in 

the SAXS profiles for each of the composite materials, visible in increasing intensity around 

q=0.12. Clustering of HPA with itself into such large particles may prohibit ideal conductivity of 
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the composite which could be attained otherwise, because this clustering creates more dispersed, 

and less connected hydrophilic domains. This large particle formation would tend to decrease the 

desired Grotthuss (rapid proton hopping) mechanism in the absence of free water molecules at 

low hydration levels. Due to the aforementioned ambiguity in SAXS theory and the 

interpretation of data, it is difficult to ascertain this conclusion from these results, but further 

studies – into mismatched-sized heteropoly acids, for example, to thwart the supposed 

clustering– may solve this morphological quandary. 

 This difference in behavior between the low and high PolyHPA membranes is further 

evidenced in conductivity data in figure 2. PEIS data is shown in Figure 3.6 for each of the 

polymer blends. There is a general trend of decreasing conductivity as the percentage of 

PolyHPA-60 in the membrane increases, meaning our hopes of increasing the performance of the 

pure PFSA material were not fulfilled. Aside from this most obvious trend, these data show a 

clear difference in behavior between the high PolyHPA concentration membranes (75, 100 wt%) 

and those of low to intermediate (0, 25, 50 wt%) PolyHPA concentration, as indicated by the 

presence of the PFSA ionomer peak in Figures 3.5.(a)-(c) that is noticeably absent in figures (d) 

and (e). The trend is mirrored in Figure 3.2, where a distinct linear trend is apparent in the data 

for the 0, 25, and 50 wt % PolyHPA membranes, and a different – less steep – linear slope is 

observed for the 75 and 100 wt% PolyHPA membranes. This would suggest there is some drop 

off between 50 and 75 wt% PolyHPA where the composite membrane undergoes a 

morphological change, causing the stepwise change in conductivity at 90 %RH.  

 Table 3.3 indicates averaged calipers of the three samples used for each of the blended 

compositions. This information is included as part of standard characterization of PFSA ionomer 
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Figure 3.6 Ion conductivity (logarithmic) of each membrane at 80 ºC with a humidity sweep 
(dehumidification and humidification) from 50% - 90% RH. Membranes are labeled by wt% 

PolyHPA-60, and the balance is PFSA, where    is 0% PolyHPA-60 (control=pure Nafion), 

is 25% PolyHPA-60,  50% PolyHPA-60,   is 75% PolyHPA-60,    is 100% PolyHPA-60. 
 

membranes. 

 In the Nyquist impedance plots, as noted in the theory section, care must be given to 

selection of the circuit used for analysis. This said, it was necessary to analyze the Nyquist plot 

with different equivalent circuits at different humidities for the 25 wt% PolyHPA/75 wt% PFSA 

polymer blend. See Figure 3.7 for details. Diffusional limitations at the cathode seem to become 

more prominent at lower humidity, as indicated by the appearance of the Warburg element, while 
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Table 3.3 Averaged thicknesses of polymer blend membrane films 

PFSA PolyHPA Average Caliper (µm) 

0 wt% 100 wt % 82 

25 wt% 75 wt % 42 

50 wt% 50 wt % 71 

75 wt% 25 wt % 20 

100 wt % 0 wt % 29 

 

at higher humidity kinetic limitations dominate. This evidence follows logic, since at low 

humidity there is fewer available vehicular water molecules (free water), so there are fewer 

protons conducted through the electrolyte and reaction with oxygen at the cathode occurs as 

quickly as the protons can arrive at the reaction site. The fast reaction means that, although 

oxygen is plentiful at the reaction site, diffusion of oxygen to the cathode limits the reaction, not 

the electrochemical reaction kinetics. At high humidity the opposite is true, since free water is 

plentiful and transport of protons to the cathode is very rapid compares to diffusion of oxygen to  

 

Figure 3.7 Screenshots from Nyquist impedance plot data for 25 wt% PolyHPA/75 wt% PFSA 
membrane at various times (%RH setpoints). The R1 + C2/R2 circuit used for the single loop 
shown will not fit well with the double loop at a later time nor with the single loop with a 
Warburg element. This illustrates the need for different equivalent circuit analyses within a 
single data set. 
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the cathode, bearing in mind the studies were done with air not bottle oxygen, so the 

concentration of oxygen is diluted by nitrogen as it would be in operation in a vehicle. Dry FTIR 

spectra for each of the five blends are shown in Figure 3.8, normalized to the backbone peak at 

1194 cm-1 so that absorbance in arbitrary units scales from zero to unity. The only peaks of note 

at high wavenumbers are the water bending modes around 3600 cm-1 and 1700 cm-1 so more 

attention is given to the zoomed in fingerprint region (see Figure 3.9). Silicotungstate identity 

peaks are clearly identifiable in the fingerprint region and these stretching and bending 

vibrational modes are indicated in Figure 3.9. The downshifting to lower wavenumbers with the 

addition of HPA indicates a strong interaction between the HPA and the PFSA ionomer. Some 

nonlinearity is noted (see some peaks for 50% blend are higher in relative intensity than the 75% 

and 100% blends) and is attributed to the nature of ATR FTIR, which is a surface measurement 

and does not reflect bulk attributes necessarily. 

 
 
 

 

Figure 3.8 ATR FTIR spectra of % Transmittance vs cm-1 for all blended membranes. (a) spectra 
on entire span of wavelengths (600 - 3600 cm-1); (b) spectra with primary characteristics (700 - 
1500 cm-1) at dry conditions. 
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Figure 3.9 Identification and labeling of peaks in the fingerprint region for ATR FTIR spectra at 
dry conditions. 
 
 
HPA has proven to be a conductive material, and hydration of the composite film should  
 
theoretically have positive effects on the overall conductive performance of the film. What we 
 
find in fact, is a categorical decrease in conductivity with addition of HPA. Why does this 

happen? The answer lies in the nano effects of hydration on these HPA-functionalized polymers. 

At low concentrations of HPA in the blends, the HPA molecules are scarce within the membrane 

and hence do not “see” each other. At intermediate to high concentrations of HPA, however, the 

interactions between HPA molecules become stronger, as there is a greater number of HPAs in 

the same proximity, and the membrane becomes more polydisperse. The HPA pendants of  

sidechains on nearby ribbons have an affinity for each other, causing the ribbons to draw closer 
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together, creating small, hydrophilic, HPA-occupied domains. An increase in ion conductivity 

was expected, but the opposite effect is observed and indicates that inter-HPA interactions must 

be preferred over interactions with water or protons. Further study is needed. 

 

 

 

 
 
Figure 3.10 Comparison of FTIR spectra at dry and saturated conditions. % Transmittance vs cm-

1 for all blended membranes on span of wavelengths (600 – 4000 cm-1). 
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3.6 Contributing Factors 

 In this section, observations and  contributing factors considered important to the 

properties of the film but only tangentially relevant to the hypothesis are discussed. 

 

Casting Substrate 

The substrate on which the polymer membrane solution is cast will greatly affect the 

surface properties of the end product, based on the chemical properties of the substrate surface. 

Fluorocarbon polymers like the ones being used in this study are highly hydrophobic, so this 

affects our choice in an ideal casting substrate.  Kapton polyimide films, for instance, have a 

water content angle (WCA) of 82°, meaning they are very slightly hydrophilic.[53] WCA is a 

good indicator of hydrophobicity, and generally a WCA > 90° is characteristic of a hydrophobic 

material, meaning water tends to bead up on its surface (in air), while a WCA < 90° is 

characteristic of a hydrophilic, or water wetting, material. Glass, on the other hand, is highly 

hydrophilic with a WCA of 22° [54], which makes removal of the cured film more difficult, but 

has a very smooth surface imparts highly uniform film surfaces – that is, if the films may be 

removed successfully without ripping. Teflon ® (poly tetrafluoroethylene) is another choice, 

with a WCA of ~111° (slightly hydrophobic),[54] but due to the surface of the Teflon blocks, 

tends to result in higher roughness of the film with less even, more pitted surfaces. This is a huge 

issue for dispersion cast films that will ideally be a caliper on the order of 10 microns – that is, 

what may be minor surface effects in bulk films become more important in thinner films where 

the thickness of the entire film is effectively the thickness of a surface layer. Removal of the 

membrane from the substrate once dry also drives the selection, since easy removal clearly 

means fewer tears and holes and hence a more testable membrane. Best practices show after 
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annealing in an oven under vacuum, the film is easily removed by soaking in some deionized 

water for a few minutes, then separating the film with a thin straight edge, like a razor blade. The 

water wetting substrate will attract water while the surface tension causes the hydrophobic 

polymer on top to favor separation from the film, making intact film removal much more facile. 

As a specialist in mass production of roll-to-roll membranes, 3M© has a specialized liner for 

exactly such purposes, but for intellectual property purposes was not available for use in this 

study. It should be considered, though, that these solutions exist and will make scale-up for roll-

to-roll production more facile than they have been for bench scale production. Kapton was 

chosen in the end for the casting substrate, for the best balance of surface wetting and ease in 

film removal, as well as for its excellent thermal stability in conditions up to 400 °C [55] 

(although limited in practice by the thermal stability of their silicon adhesive to about 260°C), 

smoothness, and dimensional stability.   

 

Figure 3.11 Structure of poly-oxydiphenylene-pyromellitimide, DuPont™ Kapton® polyimide 
 

Annealing History 

  The effects of annealing are not directly pertinent to the stated hypothesis, but may be 

useful in future studies for best practices in processing films and are included here for such 

purposes. Thermal history is of special interest recently with regard to its strong influence on 
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PFSA membranes’ morphology and properties. It is now well-known that pretreating6 or 

preboiling these membranes can preset a quasi-equilibrium state in the membrane, as compared 

to as-received membranes.[2] Quasi-equilibrium state is the best case characterization of such a 

membrane because of long-term mechanical relaxation of the polymer backbone. This slow 

relaxation increases water uptake over time scales of weeks to years and, thus, causes 

morphological changes in the film.  

An annealing study was done, wherein films in the protonated form were annealed using 

a hot press at various conditions. Low pressure, 100 psi, was applied to membranes with variable 

heat (30 C, 120 C, 180C) and variable time (5 min, 15 min) to find the best conditions for 

performance. Conductivity tests (PEIS) and physical observation of brittleness were used as the 

determining factors for the best thermal treatment conditions. Results are summarized in Tables 

3.4 and 3.5. The addition of heat and pressure facilitates reaction kinetics for cross-linking in the 

membrane. Annealing at the high end temperature (180° C) apparently causes the membrane to 

become brittle to the point of failure, while at the low end temperature (30° C) no real effect on 

mechanical or conductive properties of the membrane was noted. The optimal conditions were at 

the intermediate temperature (120° C) and short duration (5 min). The effect of time and 

temperature are interrelated in reaction kinetics, so these results may indicate a range of other 

conditions could work equally well, for example annealing at a slightly lower temperature for a 

slightly longer duration (100° C for 10 min). 

 

                                                
6 A typical pretreatment process is cleaning the as-received membrane in 1M HNO3 at 80°C for 1 
hr and in DI water at 80°C for 1 hour, followed by washing in DI water. 
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Table 3.4 Photos: effect of pressure and heat application via hot press on cast membranes7

 

Table 3.5 Observations: effect of pressure and heat application via hot press on cast membranes 

 

                                                
7 Rows highlighted in green show the best physical outcome, while red indicates physical failure (too brittle to 
characterize in EIS) 
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Figure 3.12 Annealing conditions effect on conductivity. 

 

 

Nickel Oxide Complexes 

When removing membrane with razor in presence of water, a vibrant blue hue was noted 

where the razor blade came into contact with the annealed film.  Nickel tetrahedral complexes 

are characterized by their vibrant blue coloring, often more than 20 times more intense in hue 

than its octahedral complexes. [Cotton and Wilkinson (1966). Advanced Inorganic Chemistry: A 

Comprehensive Treatise. John Wiley & Sons. pp. 878–893.] These tetrahedral complexes are 

divalent compounds – carrying a charge of +2 – which are the most common type of nickel 

compounds. Nickel (II) sulfate can crystallize with six or seven water molecules. The 

hexahydrate is tetragonal below 53 °C, so it is likely this form appearing on the razer when 

removing a film in contact with water.[56] 
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Changes in Transparency 

This section does not relate to this chapter’s hypothesis but may explain a phenomenon as 

of yet not described in literature and of note to the physical properties of the PEMs fabricated for 

this study. Several of the films removed from the Test Equity chamber after testing conductivity 

were observed to have undergone a physical change: from transparent to turgid (opaque). When 

soaked in water overnight, the turgid samples return to transparent. At the same temperature and 

humidity conditions, however, the films remained transparent in the DVS chamber. The only 

variables were the following:  

- gas used (nitrogen in DVS vs air in Test Equity) 

- potentiometric applied voltage in conductivity cells 

- contact with platinum electrodes in conductivity cells 

- turbulent flow in the Test Equity vs. lamellar flow in the DVS 

The gas used should not have any effect on the change in transparency. To remove the variable 

of applied voltage and contact with the platinum electrodes, which may be catalyzing some 

reaction on the film surface, membranes were placed in the Test Equity chamber in a single cell 

without electrodes, and a script was run at the exact conditions as that having previously 

produced opaque membranes. These films were observed to turn opaque even still. Only one 

variable is left then: the turbulence of air. The dimensionless Reynold’s number is defined as 

ℜ = ��
�  

Where D is the characteristic diameter (or length), u is the velocity of the bulk flow, and � is the 

kinematic viscosity of the fluid. Turbulent flow is characterized by Reynold’s numbers greater 

than 4000; laminar flow by those less than 2000; and transition by the intermediate values 2000 
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< Re  < 4000. Could turbulent air flow within the Test Equity chamber actually be causing the 

change in the film’s physical characteristics? 

A literature search produced some interesting results on the effect of turbulent shear flow 

on phase separation in polymer solutions. Pine et al found that entangled polymer solutions were 

changed from transparent to slightly more opaque under steady and large amplitude oscillatory 

shear flow.[57] The change in opacity could be caused by phase separation or increasing 

crystallinity. Another study uses a mesoscopic Hookean dumbbell model of polymer structure to 

run Navier-Stokes simulations on the stretching of these dumbbells. One important finding from 

this numerical study was anisotropy of stretching; because the shear flow is not isotropic, that is 

the same in all directions, the resultant stretching must necessarily be anisotropic. In fact, 

anisotropy was more marked for larger relaxation times in their study. Their simulation found 

that the orientation of the bead and string structures with respect to the direction of flow is 

strongly dependent on the azimuthal angle at high shear rates, and weakly so at low shear rates. 

These results would seem to suggest that turbulent flow in the Test Equity chamber is 

changing the mesoscale alignment of cylindrical aggregates at the surface boundary layer, the 

layer in direct contact with the shear flow. When this alignment is different than that of bulk 

layers, the result is an increase in turgidity due to an increase in light scattering. Figure 3.13 

describes this phenomenon pictorially. The nematic phase would best represent a transparent 

film which has had no applied shear flow, while the cholesteric phase would represent the film 

which has turned opaque as a result of applied shear flow under the turbulent air conditions of 

the Test Equity chamber. This figure is borrowed from material on liquid crystals, but the 

similarities between polymer membranes and liquid crystals are marked. Like liquid crystals, 

polymer membranes consist of long, rod shaped molecules (the cylindrical aggregates discussed 
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in morphology section) that tend to align themselves along an axis, as seen in the nematic phase, 

and are comprised of relatively rigid molecules with strong dipole-dipole interactions and H-

bonds. PFSA membranes are anisotropic – another characteristic feature of liquid crystals –  

 

 
Figure 3.13 (a-b). (a) A control volume of a normal (isotropic) liquid. (b) A control volume of a 
nematic liquid crystal. It is still less ordered than a crystalline solid, but unlike a normal liquid, is 
anisotropic because of the preferential alignment along an axis. Reprinted from “Liquid 
Crystals”, section 11.8 from the book Principles of General Chemistry. 
 
meaning they align preferentially along an axis, or more simply put, are not isotropic. Even 

though PFSA membranes are a solid state material, the acidic moieties within the solid are 

mobile to an extent. 

 

Figure 3.14 Change in opacity in liquid crystals through nematic, smectic, and cholesteric 
phases. The nematic phase is transparent, while the cholesteric phase is opaque, due to an 
increase in reflected light. The smectic phase has an intermediate degree of alignment of the stiff 
rod-like structures and, hence, will have an intermediate degree of opacity. Reprinted from 
“Liquid Crystals”, section 11.8 from the book Principles of General Chemistry. 
 

PFSA membranes also exhibit liquid crystal behavior in the reversibility of opacity. When 

soaked in water, the turgid membranes relax back to their original transparent state. Similarly, 
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liquid crystals may return from a cholesteric to a nematic phase – for example, by removing 

application of an electromagnetic field or by increasing the temperature.  

3.7 Conclusions 

 The heteropoly acid, expected to improve the performance of the pure ionomer, proved to 

substantially decrease ion conductivity in the films. Despite this increase in resistance to charge 

transport, there may be positive effects on the mechanical properties and thermal stability of the 

PFSA membranes that make blending a small amount of heteropoly acid beneficial overall. 

Further studies are needed. Annealing under low pressure and intermediate temperatures (120 

°C) for a short time (5 min) proved to have the best conditions for mechanical property and 

conductivity of the film. Turbulent flow around membrane may cause turgidity.  
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CHAPTER 4 
 

CHARACTERIZATION OF STATISTICAL CO-POLYMER VINYLIDENE FLUORIDE-

HEXAFLUOROPROPYLENE-PHENYLPHOSPHONIC ACID AND PHENYLSULFONIC 

ACID FUNCTIONALIZED HEXAFLUOROPROPYLENES 

 

 A novel material with sulfonated short side chains is synthesized and characterized. 

Potential for very high IEC and conductivity due to partially mobile acid groups within the solid 

make this material potentially groundbreaking with further study. 

 

4.1 Materials 

 Refer to chapter 3 for listed materials. 

4.2 Hypothesis and Experimental Design 

 Hypothesis: Changing the functionality of the PolyPPA material to sulfonic moieties will 

generate ion conductivity greater than Nafion® at high and dry conditions, because the partially 

mobile acid groups with increased acidity will facilitate proton transport at these conditions.   

 

  

Figure 4.1 Low MW (left) and high MW (right) PolyPPA. 
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The hypothesis was tested by synthesizing, characterizing, and comparing the sulfonated short  

side chain material (PolyPSA) to the unsulfonated backbone (PolyPPA), shown in figures  

4.1 and 4.2. 

 

                                    

Figure 4.2 PolyPPA and PolyPSA 

 
4.3 Methods 

The thermal responses of the membranes were tested with thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC). Samples were dried at room temperature 

and pressure overnight prior to testing. TGA was conducted on a TA Instruments Q500 TGA. 

Each membrane was subjected to two heating trials, one with inert N2 flow gas and one with 

standard atmospheric air flow gas. The samples were heated from room temperature to 800 °C at 

a rate of 5°C/min. DSC was performed on a TA Instruments Q20 DSC and membranes were 

contained in capped aluminum trays. Each membrane was subjected to four heating cycles. The 

first two cycles were from -40°C to 120°C at a heating rate of 10°C/min with a cooling rate of 40 

°C/min followed by two cycles of -40°C to 170°C at identical heating and cooling rates. Data 

was collected and analyzed using the Universal Analysis 2000 software package.  
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Ion Exchange Capacity  

The ion exchange capacity (IEC) values of the Poly-PPA membranes were measured 

using a standard back-titration method. The sample membranes were dried at room temperature, 

humidity and pressure. The dry mass of each sample was measured and then the membranes 

were soaked in a standardized solution of NaOH (0.0382M) overnight. The volume of each 

NaOH soaking solution was determined by calculating the amount of solution, [OH]- ions, 

needed to neutralize the expected amount of [H+] in the membrane and then multiplying by a 

factor of 3 to ensure complete neutralization. Three replicates of 15ml aliquots of the base-

membrane soaked solution were titrated to neutral using a standardized solution of HCl (0.0495 

M) and bromothymol blue as an indicator. Neutralization was confirmed using a Fisher Scientific 

accumet AE150 pH probe. The IEC was calculated by determining the mmol of [H+] supplied by 

the membrane and dividing that number by the mass that corresponded to the volume of sodium 

hydroxide soaking solution titrated to get a measure in mequiv/g.  

��� = ����� ∗ [����] − ���� ∗ [���] 
����∗ �������� �������� �������� 

Conductivity  

Membrane conductivity was measured by electrochemical impedance spectroscopy using 

a Bio-Logic VMP3 potentiostat under RH and temperature conditions controlled by a TestEquity 

H1000 oven and data were collected using EC Laboratories software. The membrane was held in 

a four-electrode test cell with platinum electrodes. Three replicates were tested for each 

membrane. The membranes were evaluated at 25, 50, 75, and 90 RH from 70 to 110 °C in 10° 

increments. Membranes were given time to equilibrate at each temperature and RH value and 

conductivity data presented reflects the equilibrated values.  
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4.4 Results 

 Figure 4.3 (c) illustrates the first significant loss of mass and change of structure starts at 

~163°C for the high MW-PolyPPA and at ~178°C low MW-PolyPPA. Some bound water, lost at  

 
  

 
Figure 4.3 (from left to right, top to bottom) ARM 3-89 in nitrogen, ARM-3-89 in air and ARM-
3-156 in nitrogen. The two samples behave similarly. 

 
 

Table 4.1 Thermal Gravimetric Analysis Summary for PolyPPA (low and high MW) 

 
 

Polymer 1st Onset 

Temp °C

1st Percent 

Mass Lost

2nd Onset 

Temp °C

2nd Percent 

Mass Lost

3rd Onset 

Temp °C

3rd Percent 

Mass Lost

ARM-3-89 64.3 1.12% 175.9 3.2% 277.3 16.8%

ARM-3-156 61.6 1.33% 163.4 4.8% 267.6 13.7%
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Figure 4.4 DSC data for high MW (top) and low MW (bottom) PolyPPA. Sample heated to 110 
C for 2 cycles then to 160 C for 2 cycles. 
 
 
 
the second mass loss peak, likely exists with the phosphonic acid groups. In the third mass loss 

peak, side chains are cleaved in two-step process starting at ~270 °C. Oxidative stability of the 

PolyPPA is noted in the more reductive environment (see Figure 4.3) and the behavior of both 

the low and high MW substances are very similar. 

 Comparing the results seen in Figure 4.4 and summarized in Table 4.1, the transition  
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temperatures are relatively constant over both cycles and also between high and low MW.   
 
Notably, there are no irreversible changes within the temperature cycling range, showing a 

thermally stable material well within the range of operating conditions of a vehicle, its likely 

intended use. 

 

Table 4.2 Summary of cooling and heating temperatures for low and high MW polyPPA  

Polymer ID 

DSC 

Machine 

Mass of 

Sample (mg) 

Cooling 1st 

Transition °C 

Cooling 2nd 

Transition °C 

Heating 1st 

Transition °C 

Heating 2nd 

Transition °C 

ARM-3-89 1 15.8 59.96 59.60 46.89 53.21 

ARM-3-156 2 15.1 57.31 56.60 48.91 47.47 

 

 
  

 Conductivity measurements of high and low MW PolyPPA membranes show typical 

behavior of increasing conductivity with increasing temperature and relative humidity (RH)  

(Figure 4.5).  High and low MW PolyPPA exhibit similar conductivity within measurement 

uncertainty as evidenced by how closely the surface plots overlap (Figure 4.5). Additionally, the 

hypothesis was verified, as evidenced by the ion conductivity of PolyPSA vs Nafion-212® in the 

same figure. The sulfonic acid functionality on the side chain clearly effected better proton 

transport, although the mechanism for its role in this process is not well understood. 

 

Polymer ID

Cooling 

Average °C

Heating 

Average °C

ARM-3-89 59.78 50.05

ARM-3-156 56.955 48.19
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Figure 4.5: Surface plot of the log of the conductivity for high MW (red) and low MW(blue) 
PolyPPA as a function of both RH and the inverse of the temperature. Conductivity data points 
were collected at a constant dew point of 93%. Reprinted with permission from poster by Steve 
Smith (research done for Andy Herring). 
 
 

 

 

Figure 4.6 Plot for high and low MW PolyPPA (left) and PolyPSA (right) vs Nafion-212 ®. 
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4.5 Conclusions 

PolyPSA has ion conductivity up to four orders of magnitude better than PolyPPA and is 

on the order of industry standard performance (Nafion-212). This remarkable result will need to 

be tested at low humidity to prove that it fills an industry gap for performance at high and dry 

conditions. Further characterization is in progress for publication of this work. 
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CHAPTER 5 
 

 CONCLUSIONS 
 

5.1 Major Findings 

 For this two-part study, a series of membranes were synthesized, characterized, 

and compared. In the PFSA-PolyHPA-60 blend study, the amount of HPA-functionalized VdF-

co-HFP polymer was varied from 0 to 100 wt % in 3M™ 825EW PFSA ionomer. The addition 

of polyHPA was found to categorically decrease performance (ion conductivity) of the standard 

in all compositions. Though improvement of the PFSA membrane was not achieved, the results 

provide insight into categorical screening for additive substances in these PFSA composites in 

current work of this group. In the case of the silicotungstate, water was indeed strongly 

associated with the acidic functionalities, as expected and confirmed by SAXS and ATR FTIR, 

but contrary to expectations, these waters did not facilitate proton transport across the membrane, 

but in fact significantly impeded proton transport relative to the pure ionomer.  HPA exhibits a 

clustering phenomenon when incorporated into a hydrophobic matrix, such as PFSA, which 

presents an additional challenge in optimizing membrane chemistry and engineering the correct 

blend for maximum performance. Combatting this HPA clustering is another potential area of 

study. Potential avenues for this contingency are studying smaller weight loading of HPA and 

different HPAs, such as combination of phosphotungstic acid with silica tungstic acid.[58]  

Morphology changes upon hydration of these blended polymer membranes needs further study 

before surmised explanations for this phenomenon can be demonstrably confirmed. Briefly 

revisiting the hypotheses posited for chapters 3 and 4, we have mixed results. 
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Hypothesis 1: Matrix functionalized Keggin-type silicotungstate will improve ion transport 

properties of pure PFSA ionomer at high and dry conditions, because the 

partially mobile HPA-functionalities will facilitate proton hopping. 

 
UNVERIFIED – Conductivity was increasingly worse with incremental addition of HPA to 

PFSA. The key reason for the failure to verify this hypothesis is that a detailed mechanism for 

ion transport is as of yet unknown. The partially mobile HPA does in fact increase adsorption of 

water in the vicinity of HPAs, but the water is not available for proton transport as originally 

proposed. Further study is needed to understand this mechanism.  

 

Hypothesis 2: Changing the functionality of the PolyPPA material to sulfonic moieties will 

generate ion conductivity greater than Nafion® at high and dry conditions, 

because the partially mobile acid groups with increased acidity will facilitate 

proton transport at these conditions. 
 
 
VERIFIED  – On the first trial, this novel material outperformed Nafion-212. Dramatic 

improvements may be expected from perfection of processing. Further characterization of 

PolyPSA is in progress for publication.  

 

 The importance of these studies to the field of PEMs is that by better understanding why 

one functionality is effective at increasing ionic conductivity while another does not, we are in a 

better place to set about the rational design of PEMs. Rather than a time and resource-costly 

trial-and-error process, we can selectively choose functionalities for conditions and application-

specific design. The global and long-term importance of such studies is, of course, to continue in 
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our search for the most efficient and economically viable form of power for the transportation 

sector in the next 10 years.  

      

5.2 Future work 

     Further studies may be done to vary the HPA loading of the blends, for example, from 0 wt% 

to 85 wt % incrementally (any composition >85 wt % has been found to be extremely difficult to 

cast without breaks, due to worsened mechanical properties), while keeping the composition of 

PFSA: PolyHPA constant. Table 5.1 shows a possible experimental design outline. We might 

also vary the type of HPA; instead of the silica- form of the Keggin tungstate, use the phosphoro- 

version to characterize the effects of a different hetero atom. 

 

Table 5.1 Suggested future study: compositions of PolyHPA composite PFSA membranes  

 

 

 

 

 

 

According to this group’s convention for naming polymers, the hyphenated number following 

PolyHPA indicates the wt% of HPA in the polymer blend solution of PolyPPA and HPA 

(i.e.PolyHPA-65 is a blend of 35 wt% PolyPPA and 65 wt% HPA). 

 PFSA PolyHPA 

1 25 wt% 75 wt % PolyHPA-65 

2 25 wt% 75 wt % PolyHPA-70 

3 25 wt% 75 wt % PolyHPA-75 

4 25 wt% 75 wt % PolyHPA-80 

5 25 wt% 75 wt % PolyHPA-85 
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 Performing gauge studies (for example, with 3M, LBNL, Scribner, or other third party) to 

document the repeatability and reproducibility of in-plane conductivity testing between labs 

should be very helpful in all future work in our group. 

 Future studies optimizing such composites will undoubtedly further the ultimate goal of 

finding an improved PEM at high and dry conditions with the promise of industrially scalable 

commercial fuel cell applications. 

 

Diffusion Coefficients Determination 

 Water self-diffusion coefficients may be calculated from the Nernst-Einstein equation: 

 

 

 Water diffusion coefficients may be determined via PGSE NMR and correlation of diffusion 

constants to observed ion conductivity provides insights into how we understand transport 

mechanisms: a key to rational design of PEMs.  Also useful would be calculating diffusion 

zi charge number of ion i

T in K absolute temperature

F = 9.6485·104 Coulomb/mol Faraday’s constant

R = 8.31446 J/(K mol) gas constant

F2/(RT) = 3.7554·106 s · S mol-1
proportionality constant at 

25°C

Di in m2/s diffusion coefficient of ion i

Λ0m,iΛm,i0
in S m2/mol (= 104 S 

cm2/mol)

molar limiting conductivity 

of ion i
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coefficients for the individual contributions to the effective diffusivity: that is diffusivity of free 

water and of bound water. 

 

Application study 

  Moving from a basic chemistry study towards a focus on application, testing in-

cell properties such as the cyclic stress test and open circuit voltage would be useful.  

 

MD/Screening method 

 Create a screening process to find the best additives, possibly other than HPA, for 

improved performance of PEMs. If continued trial-and-error leads to certain generalizations 

about the properties of composite PFSA membranes, we will be better able to weed out the chaff 

and start testing classes of composites systematically to make better composites. MD modeling 

will be of great assistance in such a screening process prior to experimental testing.  

 

Surface chemistry 

 Another interesting future study could be a detailed analysis of hydrophilicity and surface 

chemistry effects of different casting substrates (e.g. Kapton, glass) by measuring contact angles 

for various membrane chemistries after removal from each substrate and correlating these with 

the conductive performance of the films cast upon them. The surface interactions between ionic 

moieties and the casting substrate as well as the surface roughness should have some discernible 

effects on the physical properties at the nano- and mesoscale and possibly play into differences 

in chemical properties (conductive performance).  

 



 

 

89 

5.3 Cradle-to-Grave  

Process Chain Analysis (PCA) is a useful tool to include in the thorough analysis of any 

nascent technology, particularly when trying to oust the in-place, mature technology. Using Ryan 

O’Hayre’s methodology laid out in his book Fuel Cell Fundamentals, [17] we follow a 9 step 

process, not unlike an approach to any mass and energy balance problem: 

 

1. Research and develop an understanding of the supply chain 

2. Sketch a supply chain showing key processes 

3. Identify bottleneck processes 

4. Analyze energy and mass flows in the supply chain using a control volume analysis and 

the principles of conservation of mass and energy 

5. Evaluate entire supply chain as a single control volume 

6. Quantify environmental impacts of these net flows. 

7. Compare net change in energy flows, emissions, and environmental impacts of one 

supply chain with another 

8. Rate environmental performance 

9. Repeat analysis for more detailed processes in supply chain 

 

Applying these steps to a fuel cell supply chain and to the current petrol supply chain for 

comparison, we end up with sketches that look something like Figures 5.1, 5.2. To be clear, these 

are only supply chains for the fuel, not for the vehicle production and recycling, which also 

comes into the economic analysis, as we will see. 
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Figure 5.1 Gasoline production and supply paths. Reprinted from Cradle-to-Grave Lifecycle 

Analysis of U.S. Light-Duty Vehicle-Fuel Pathways: A Greenhouse Gas Emissions and 

Economic Assessment of Current (2015) and Future (2025-2030) Technologies, by Elgowainy, 
A., Han, Jeongwoo, Ward, et.al., 2016, Argonne National LaboratorArgonne. 
 

 

Figure 5.2 Hydrogen production via NG SMR and supply paths. Reprinted from “Life-cyle 
analysis of fuel cell system components,” by M. Pehnt, 2003, Handbook of Fuel Cells – 

Fundamentals, Technology and Applications, p 1305. 
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A lifecycle analysis on various fuel cell systems has been done by Pehnt of the Institute 

for Energy and Environmental Research. His findings on the environmental impact of fuel cells 

versus ICEs are summarized in figure 5.3. [60] 

 

 

Figure 5.3 Environmental impact of ice and fuel cells. A URF is unit risk factor. SO2 equivalence 

factor gives the acidification effect of various acid producers (e.g., 1 kg HF a common acid 

emission in fuel cells is 1.60 kg eq. SO2).  Reprinted from “Life-cyle analysis of fuel cell system 

components,” by Pehnt) by M. Pehnt, 2003, Handbook of Fuel Cells – Fundamentals, 

Technology and Applications, p 1305. 
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In the end, the question the consumer will ask is, “How much is it going to cost me?” We all 

presumably want to save the planet, but even the most altruistic people’s wallets typically decide 

their actions and their habits. According to the 2016 C2G report by Argonne National 

Laboratory*,8 the cost of avoiding greenhouse gas emissions will be roughly $390/tonne CO2 in 

the first three years of ownership for Fuel Cell Electric Vehicles (FCEV). This is in comparison 

to the vehicle’s gasoline-ICEV-counterpart. The cost decreases to $210/tonne for the 15-year 

vehicle owner. For frame of reference, the typical car emits around six metric tons of carbon 

dioxide a year. Clearly this figure varies wildly with age, use, weight of the vehicle, and type of 

miles driven, among other factors, but it should at least give the reader a ballpark of the cost for 

the typical, lifetime-FCEV owner: on the order of $100/month. The zealous reader should review 

the exhaustive economic analysis referenced; it details many other technologies for comparison, 

from improved ICEVs to battery electric vehicles and plug-in hybrid electric vehicles, with 

lifecycle C2G analyses for each and a variety of possible fuel chain supplies included for each 

technology.[59] 

 

  

                                                
8 These values are for a FCEV where fuel pathway is H2 via natural gas steam methanol reforming with carbon 
sequestration. Values for alternate fuel pathways for hydrogen via wind electrolysis or woody biomass gasification 
are also available. Also I have chosen for use here the values from the projection estimates for “Future Technology 
and High Volume” rather than “Current Technology and High Volume” (also reported in their work) to elucidate my 
point more clearly and justify this by the quickly evolving nature of vehicle manufacture in 2018.   
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APPENDIX A 

PROTOCOL FOR POLYPPE AND POLYPPA SYNTHESIS 

Synthesis of Poly-PPA with DHPP and FC-2178 

by Mei Chen Kuo 

Reagents 

4-Bromophenol, BrC6H4OH, (Aldrich, B75808, 99%) 

Nickel (II) bromide, NiBr2, (Aldrich, 217891, 98%) 

Triethyl phosphite, P(OCH2CH3)3, (Aldrich, T61204, 98%) 

Mesitylene, C6H3(CH3)3, (Aldrich, M7200, 98%) 

Ethyl ether, (C2H5)2O, (Fisher Scientific, E138-1, anhydrous) 

Sodium hydroxide, pellet, NaOH, (Macron, 7708-06, 99%) 

Magnesium sulfate, MgSO4, (Fisher Scientific, M65-500, anhydrous) 

Ethyl acetate, CH3COOC2H5, (EtOAc, Macron, UN1173, 99.9%) 

Bromotrimethylsilane, (CH3)3SiBr, (TMBS, Aldrich, 194409, 97%) 

Acetonitrile, CH3CN, (Sigma-Aldrich, 34998, ≥99.9%) 

Methanol, CH3OH, (Sigma-Aldrich, 322415, 99.8%) 

Sodium hydride, NaH, (Aldrich, 452912, 60 % dispersion in mineral oil) 

FC-2178, poly(vinylidene fluoride-hexafluoropropylene), PVdF-co-HFP, (3M support) 

Hydrochloric acid, HCl, (Pharmco-Aaper, 284000ACS, ACS reagent grade, 36.5-38%) 

Diethyl 4-hydroxyphenylphosphonate, DHPP, (Synquest laboratories, PN: 6677-1-07, 99 %) 

  

 We ordered diethyl 4-hydroxyphenylphosphonate (DHPP, 400 g, CAS# 28255-39-2) 

from Synquest laboratories, Inc. on January 29, 2017.  The lead time for DHPP would be 9 
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weeks.  During this time, we still synthesized DHPP in our lab to run the following 

reactions.  Diethyl 4-hydroxyphenylphosphonate could be synthesized in one step by a 

palladium-catalyzed cross-coupling reaction.1  This approach has some disadvantages due to the 

presence of the phenol functionality, which can affect the reactivity.2 We modified a cheaper and 

straightforward synthesis based on the catalytic Arbusov reaction involving a bromoarene and 

triethylphosphite in presence of nickel salt.3  In this synthesis,4 the reaction needs high thermal 

activation when nickel(II) bromide was used as the catalyst.  The synthetic procedure was 

written on last quarterly report.  The crude product was purified by crystallization with 

dissolving in EtOAc several times until the solvent was colorless.  1H NMR (400 MHz, CDCl3): 

δ, ppm: 1.31 (t, 6 H, CH3-), 4.00-4.16 (m, 4 H, -CH2-), 6.95-7.01 (m, 2 H, Ar-H), 7.58-7.68 (m, 2 

H, Ar-H). 31P NMR (162 MHz, CDCl3): δ = 21.01 (s) ppm.  SynQuest labatory delivered 400 g of 

DHPP on April 4, 2017.  We checked the purity of DHPP from SynQuest labatory with NMR.  It 

is pure enough to react with FC-2178 without further purification.  

  

Synthesis of Poly-PPE via dehydrofluorination and phosphonation with diethyl 4-

hydroxyphenylphosphonate (DHPP) and FC-2178 under andydrous and cold condition:  

In the first step, DHPP-Na was synthesized by nucleophilic substitution.  Sodium hydride 

(NaH, 60 % dispension in mineral oil, 6.7332 g, 168.3 mmol, 1.5 equiv) was stirred in hexanes 

and then quickly filtered before use.  Into a three-neck flask, DHPP (25.05 g, 108.8 mmol, 1 

equiv) dissolved in dry DMF (100 mL) was charged at 0 °C under N2(g).  NaH was added slowly 

during a period of 20 min with stirring.  Two hours later, FC-2178 (26.5 g) in dry DMF (150 

mL) was added slowly to the reaction mixture at 0 °C.  The reaction was turned to dark brown at 

once.  The reaction was allowed to warm to room temperature and run at 50 °C under N2(g) 
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overnight.  The dark brown reaction solution was precipitated in the 1M HCl aqueous solution, 

filtered on the funnel, washed with DI water until pH 6.  The brown solid-Poly-PPE was dried in 

the oven under vacuum at 50 °C for 2 days. 31P NMR (162 MHz, CDCl3): ä = 17.3 (s) 

ppm.  Yield: 42.06 g. 

Synthesis of Poly-PPA via hydrosis of Poly-PPE with bromotrimethylsilane:5  

Poly-PPE (28.69g) was dissolved in dry acetonitrile (450 mL) under an atmosphere of 

nitrogen at room temperature.  Bromotrimethylsilane (32 mL, 235.2 mmol) was slowly added to 

the reaction mixture under N2(g) at room temperature. The reaction was heated at 45 °C for 22 h 

under stirring without N2(g) purging. The reaction mixture was cooled down to room temperature, 

filtered the reaction mixture, the filtrate was quenched in methanol (600 mL) contained 3 vol % 

of conc. HCl.  The reaction mixture was stirred at room temperature for 1 hour.  The polymer 

was filtered and the clear orange filtrate was evaporated in air.  The orange-brown solid was 

washed with warm DI water many times until it was turned to neutral condition.  It was dried in 

vacuo at 40 °C overnight. 31P NMR (162 MHz, DMSO-d6): ä, = 12.03 (s) ppm.  Yield: 28.3 g. 

The synthesis scheme was shown in Figure 1. 
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APPENDIX B  

PILATUS 2M DETECTOR FOR 12-ID-B TECHNICAL DATA[32] 

Pixel size 172 x 172 µm2 

Format 1475 x 1679 = 2,476,525 pixels 

Active area 254 x 289 mm2 

Counting rate >2 x 106/pixel/s 

Energy range 3–30 keV 

Readout time 2.7 ms 

Framing rate 30 Hz 

Power consumption 200 W, air-cooled 

Dimensions 388 x 410 x 408 mm 

Weight 50 kg 
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APPENDIX C  

COST OF AVOIDED GHGe 

Source C2G report 
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APPENDIX D 

 SUPPORTING INFORMATION FOR POLYPPA  
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