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Properties and Performance of Polymeric Materials Used in Fuel Cell Applications 

Gilles Michel Marc Divoux 

ABSTRACT 

Over the past three decades, the steady decrease in fossil energy resources, combined 

with a sustained increase in the demand for clean energy, has led the scientific community to 

develop new ways to produce energy.  As is well known, one of the main challenges to 

overcome with fossil fuel-based energy sources is the reduction or even elimination of pollutant 

gases in the atmosphere.  Although some advances have helped to slow the emission of 

greenhouse gases into the atmosphere (e.g., electric cars and more fuel-efficient gas-burning 

automobiles), most experts agree that it is not enough. 

Proton Exchange Membrane (PEM) fuel cells have been widely recognized as a 

potentially viable alternative for portable and stationary power generation, as well as for 

transportation.  However, the widespread commercialization Proton Exchange Membrane Fuel 

Cells (PEMFCs) involves a thorough understanding of complex scientific and technological 

issues.  This study investigated the various structure-property relationships and materials 

durability parameters associated with PEMFC development.   

First, the correlation between perfluorinated ionomer membranes and 

processing/performance issues in fuel cell systems was investigated. As confirmed by small-

angle X-ray scattering data, impedance analysis, and dynamic mechanical analysis, solution 

processing with mixed organic-inorganic counterions was found to be effective in producing 

highly arranged perfluorinated sulfonic acid ionomer (PFSI) membranes with more favorable 

organization of the ionic domain.  Moreover, thermal annealing was shown to enhance the proton
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mobility, thereby facilitating reorganization of the polymer backbone and the hydrophilic region 

for improved crystallinity and proton transport properties.  This research also confirmed an 

increase in water uptake in the solution-processed membranes under investigation, which 

correlated to an increase in proton conductivity.  Thus, annealing and solution-processing 

techniques were shown to be viable ways for controlling morphology and modulating the 

properties/performance of PFSI membranes. 

Second, this study investigated the role of the morphology on water and proton transport 

in perfluorinated ionomers.  When annealed at high temperatures, a significant decrease in water 

uptake and an increase in crystallinity were observed, both of which are detrimental to fuel cell 

performance.  Additionally, controlling the drying process was found to be crucial for optimizing 

the properties and performance of these membranes, since drying at temperatures close or above 

the α-relaxation temperature causes a major reorganization within the ionic domains.   

Third, although many investigations have looked at key PEMFC components, (e.g., the 

membrane, the catalyst, and the bipolar plates), there have been few studies of more “minor” 

components—namely, the performance and durability of seals, sealants, and adhesives, which 

are also exposed to harsh environmental conditions.  When seals degrade or fail, reactant gases 

leak or are mixed, it can degrade the membrane electrode assembly (MEA), leading to a 

performance decrease in fuel cell stack performance.  This portion of the research used 

degradation studies of certain proprietary elastomeric materials used as seals to investigate their 

overall stability and performance in fuel cell environments with applied mechanical stresses.  

Additionally, characterization of the mechanical and viscoelastic properties of these materials 

was conducted in order to predict the durability based on accelerated aging simulations as well.  

Continuous stress relaxation (CSR) characterization was performed on molded seals over a wide 
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range of aging conditions using a customized CSR fixture.  The effects of temperature, stress, 

and environmental conditions are reported in terms of changes in momentary and stress 

relaxations, chain scission and secondary crosslink formation.  Aging studies provided insights 

on how anti-degradants or additives affect the performance and properties of sealing materials, as 

well as how a variety of environmental considerations might be improved to extend the lifetime 

of these elastomers. 
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Propriétés et Performance des Matériaux Polymériques Utilisés dans les Piles à 

Combustible 

Gilles Michel Marc Divoux 

ABSTRACT (French Version) 

Au cours des trois dernières décennies, la diminution constante des ressources d'énergie 

fossile, combinée à une augmentation soutenue de la demande en énergies renouvelables, a 

conduit la communauté scientifique à développer de nouvelles façons de produire de l'énergie. Il 

est bien connu, un des principaux défis à surmonter avec les sources d'énergie à base de 

combustibles fossiles est la réduction ou l'élimination même des gaz polluants rejetés dans 

l'atmosphère.  Bien que certains progrès aient contribué à ralentir les émissions de gaz à effet de 

serre dans l'atmosphère (les voitures électriques et des voitures plus économes en carburant, par 

exemple), la plupart des experts conviennent que ces efforts ne sont pas suffisants. 

Les piles à combustible à base de Proton Exchange Membrane (PEM) ont été largement 

reconnues comme une alternative potentiellement viable pour la production d'électricité sous 

forme de stations portables et station fixes, ainsi que pour le transport.  Toutefois, la 

commercialisation généralisée des piles à combustible (PEMFC) implique une compréhension 

approfondie de questions scientifiques et technologiques très complexes.  Cette thèse adresse les 

relations entre structures et propriétés et identifie les paramètres associés avec la durabilité des 

matériaux utilisés dans ces systèmes.  

Tout d'abord, la corrélation entre le traitement des membranes ionomères perfluorés 

(PFSI) et le rendement de ces membranes dans les systèmes de piles à combustible a été étudiée.  

Comme le confirment les données de diffusion à petits angles des rayons X, les analyses des 
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spectres d’impédance et les analyses thermal et mécanique dynamique, la production de 

membranes neutralisées avec des molécules portant une charge positive (mixtes organiques-

inorganiques) est une technique efficace pour obtenir membranes ionomères perfluorés qui 

possèdent une organisation des domaines ioniques plus favorable.  Par ailleurs, la préparation à 

haute température des membranes à partir d’une solution a démontré que l’on pouvait améliorer 

la mobilité des protons, en facilitant ainsi la réorganisation de la chaine principale du polymère, 

essentiellement hydrophobe et de la région hydrophile, responsable des propriétés de transport 

des protons.  Cette étude aussi confirme une évolution des propriétés relative à l'absorption d'eau 

dans les membranes traitées, associée à une augmentation de la conductivité protonique.  Ainsi, 

la production à haute température de membranes à partir d’une solution s’est révélée comme un 

moyen viable pour contrôler la morphologie et moduler les propriétés et performances des 

membranes PFSI. 

La seconde partie de ces travaux, examine le rôle de la morphologie sur le transport de 

l'eau et du proton en ionomères perfluorés.  Apres un recuit à haute température, on a observé 

une diminution significative de l'absorption d'eau et une augmentation de la cristallinité, qui sont 

préjudiciables à la performance de la pile à combustible. En outre, contrôler le processus de 

séchage s'est avéré crucial pour optimiser les propriétés et performances de ces membranes; en 

particulier, le séchage à des températures proches ou au-dessus de la température de relaxation α 

provoque une profonde réorganisation dans les domaines ioniques.  

Troisièmement, bien que de nombreuses études portent sur les éléments clés des PEMFC, 

(la membrane, le produit catalyseur et les plaques bipolaires), il existe peu d'études portant sur 

des composants « mineures » — à savoir, la performance et la durabilité des joints, mastics, 

adhésifs, qui sont également exposés à des conditions environnementales très difficiles.  Lorsque 
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les joints se dégradent, cela peut donner lieu à une fuite des gaz utilisés ou ces gaz peuvent se 

mélanger.  Cette fuite peut causer la dégradation de la membrane électrode catalysée(MEA), 

conduisant à une diminution de son rendement comme pile à combustible.  Cette partie de la 

recherche adresse la dégradation chimique et mécanique de matériaux élastomères utilisés des 

environnements de pile à combustible et exposés à des contraintes mécaniques de compression.  

En outre, la caractérisation des propriétés mécaniques et viscoélastiques de ces matériaux a été 

effectuée afin de prédire leur durabilité basée sur des simulations de vieillissement accéléré.  La 

caractérisation de relaxation sous stress continu (CSR) a été effectuée sur des joints.  Les effets 

de la température, du stress dans un mode de compression et les conditions environnementales 

sont rapportés en termes de variations momentanées de la relaxation du polymère; de ces 

observations, il a été démontré que la relaxation mesurée en fonction des conditions de 

vieillissement provient de la rupture de la chaîne principale du polymère et de la formation de 

cross-links chimiques secondaires.  Ces études de vieillissement fournissent des informations 

importantes concernant les effets des conditions de vieillissement sur les performances et les 

propriétés relatives à l'étanchéité de ces matériaux, ainsi que la façon dont une variété de facteurs 

environnementaux peut- être améliorée pour prolonger la durée de vie de ces élastomères. 
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CHAPTER 1:   

THE HYDROGEN ECONOMY: OPPORTUNITIES AND CHALLENGES 

1.1 An Historical Perspective 

The 1973 Yom-Kippur War served as a wake-up call for most nations around the world 

when OPEC instituted an oil embargo against any country that supported Israel.  As a result, in 

less than a week the price of oil jumped from $3 to $18 a barrel. Between 1978 and 1981, under 

pressure from the Iranian revolution and the Iran-Iraq war, the price of crude oil jumped to $39 a 

barrel.  These trends are illustrated in Figure 1.1. 

 

Figure 1.1: Price of imported crude oil since 1978 

(Adapted from British Petroleum) Statistical Review of World Energy 2010
1
. 
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Oil has long been the energy/commodity source of choice for the world, as evidenced by 

the fact that oil and its derivatives are used in over 70,000 applications (gasoline, lubricants, 

chemicals, etc.). Moreover, it is an exceptionally lucrative source of revenue for oil-producing 

countries.  In 2005, for example, the total surplus generated from oil sales was estimated to be 

over 2 trillion US dollars.  Oil and gas currently represent about 80% of the world’s primary 

energy source.
1
  Moreover, the most recent energy forecasts based on assumptions of GDP 

growth show a potential growth in energy demand of more than 50% until 2030. This growth is 

mainly due to the rapid industrialization of countries such as China and India. Based on these 

assumptions, experts project that our planet will be dealing with shortfalls in the oil supply in the 

coming decades.  

Oil remains a highly volatile world commodity whose price is driven by near-constant 

fluctuations in production and demand.  For example, in 1973 the price of oil per barrel increased 

by 160%; in 1979 by 108%; and in the period since 2002 it has increased by close to 200%.  

While former oil crises were the result of a decrease in oil production, the current oil crisis is 

principally due to increases in demand.  As shown in Figure 1.2, the Asia Pacific region 

(primarily China) is now the leading consumer of oil. 
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Figure 1.2: Regional consumption of oil and petroleum derivatives from 1965 to 2009 

(Adapted from British Petroleum – Statistical Review of World Energy 2010
1
). 
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tensions in the Middle East, political instability in Iraq, the nuclear crisis in Iran, ethnic 

conflicts in Nigeria and Ecuador, and political divergences between several South 

American countries (primarily Venezuela and Brazil) and the United States.  More recent 

events such as hurricanes in the Gulf of Mexico (Ivan in 2004 and Katrina in 2005) and 

the destruction of the Deep-Water Horizon drill rig have deeply impacted the oil industry. 

Finally, we should not forget that oil price speculation by large financial firms and hedge 

funds are estimated to have pushed up the price of oil by as much as 60%.
2 

 

Oil and gas production are also associated with significant levels of water and air 

pollution.  One need only recall the grounding of the Exxon Valdez more than 20 years ago, and 

the more recent spillage of over 200 million gallons of crude oil into the Gulf of Mexico from the 

collapse of the Deep-Water Horizon, as examples of the potentially catastrophic impact of oil 

spills.  In terms of air pollution, there is a long list of pollutants linked to the extraction of oil and 

the production of gas and other petroleum-related products.  They include benzene, toluene, 

carbon monoxide, dust, hydrogen sulfide, nitrogen oxides, ozone, particulate matter, sulfur 

dioxide and various volatile organic compounds.   

1.2 Other Conventional and Non-Conventional Sources of Energy 

1.2.1 Unconventional Oil 

 “Unconventional” oil products derived from oil sands or oil shale, as well as synthetic 

fuels from gas and coal, are showing promise—particularly given their potentially vast supply, 

which as yet has not been fully explored. However, the price of producing unconventional oil is 

still prohibitive.  If this should change—if the cost of extracting and refining unconventional oil 

becomes competitive with the cost of producing conventional oil—these energy sources will 

become more important, chiefly if the environmental risks associating with producing 



5 

 

unconventional oil are lower
3
.  Thus, unconventional oil has the potential to play a major role in 

the future energy marketplace.
4
  

1.2.2 Coal 

Around 50% of electricity in the U.S. is generated by burning coal. Iron and steel 

production as well as cement manufacturing, production of coal tar, home heating and any 

number of industrial applications that require heat use coal as the main energy source.
5
  While it 

appears that coal is sufficiently plentiful to fuel selected segments of the economy for the 

foreseeable future (some estimates range from 150 to 250 years depending on usage), coal is also 

known as one of the major pollutants, since it is associated with the emission of huge amounts of 

CO2 and other toxic greenhouse gases. It should also be noted that more polluting forms of 

energy generation are likely to be taxed more heavily by governments, thus potentially impacting 

coal energy in significant ways. (http://205.254.135.7/cneaf/coal/page/special/feature.html) 

1.2.3 Natural Gas 

Another widely available and important source of energy is natural gas.  Natural gas is a 

fossil fuel formed when layers of buried plants and animals are exposed to intense heat and 

pressure over thousands of years. The energy that the plants and animals originally obtained 

from the sun is stored in the form of carbon in natural gas. Natural gas is combusted to generate 

electricity (e.g., for heating), enabling this stored energy to be transformed into usable power. 

However, natural gas is a nonrenewable resource because it cannot be replenished on a human 

time frame.   Although analysts have not reported any major discrepancies between gas demand 

and gas production, the availability of natural gas depends on the development of appropriate 

infrastructures for production and subsequent transport to the customers. In terms of pollutants, 

compared to the average air emissions from coal-fired generation, natural gas produces half as 
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much carbon dioxide, less than a third as much nitrogen oxides, and one percent as much sulfur 

oxides at the power plant.
 
 In addition, the process of extraction, treatment, and transport of the 

natural gas to the power plant generates additional emissions. 

1.2.4 Nuclear 

Over the past decade, nuclear power has been viewed as a potentially reliable source of 

energy capable of reducing CO2 emissions—especially in developing countries.
6
  Although it is 

the energy source of choice for many countries (e.g., France and Spain), nuclear power may play 

an increasingly important role in the coming years with the development of nuclear reactors that 

produce more fissile materials than they consume.
7-9

 However, security, waste management and 

possible proliferation of nuclear weapons may hinder the expansion of nuclear electricity 

production if these crucial concerns are not addressed.
10

 

1.3 The Need for an Energy Mix 

Today, our planet is facing difficult choices regarding fuel sources and the development 

of new technologies in light of tightening government regulations in many countries and other 

factors that are spurring the development of other forms of energy generation.  In particular, 

security of supply as well as a global increase in demand, climate change, and air/water pollution 

have become major concerns for policymakers in the energy sector.  Although established forms 

of energy generation have traditionally been the backbone of world power production, it is 

important to note that the “energy mix” may greatly differ from region to region, as shown in 

Figures 1.3, 1.4 and 1.5.  For example, in Europe, the current energy mix tends to reflect national 

choices made decades ago, at a time when there was no attempt to coordinate energy policies at a 

pan-European level.  In France, for instance, nuclear power covers around 40% of the country's 

primary energy needs, providing almost 80% of its electricity.  
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Figures 1.3, 1.4 and 1.5: 2009 Energy consumption per fuel in percentage. 

Primary energy comprises commercially traded fuels only. Excluded are alternative energy 

sources such as wind, geothermal and solar power generation. 
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In the United Kingdom, however, nuclear power accounts for only 9% of primary energy 

needs and 20% of that nation’s electricity. By contrast, other countries (e.g., Austria) have a non-

nuclear policy. Other European countries, in comparison, are largely coal-dependent.  Poland, for 

example, generates 58% of its energy needs (and 92% of its electricity) from coal.
11

  In the 

United States, approximately 85% of its energy needs are supplied by oil, natural gas, and coal.  

Conversely, the total energy from biomass
12

, hydro
13

, wind
14

, geothermal and solar sources
15-17

 

only accounted for 8.2% of the total energy produced during the first eight months of 2009, 

according to EIA’s Monthly Energy Review. 

In recent years, the growth of natural gas and wind power generation has taken place at 

the expense of fuel oil, coal and nuclear power. In 2007, 21.2 GW of new capacity was installed 

in the 27 countries currently comprising the European Union (EU-27), of which 10.7 GW was 

gas (50 per cent) and 8.6 GW was wind power (40 per cent).
18

 

Therefore, in today’s environment, a key energy policy objective is to secure a diverse 

energy mix that takes advantage of current technologies and recent developments in science in 

order to avoid potential energy crises, and achieve supply-security and environmental 

sustainability.
19

 Such a strategy must include the further development of alternative energy 

sources such as nuclear, hydroelectric, wind, and solar power—as well as research on other 

emerging players in the energy game, such as hydrogen.  

1.4 Why Hydrogen 

Based on data published by Euromonitor International (Global Market Information 

Database, 2007), 61% of the world’s oil consumption is used for transportation. From that simple 

perspective, one understands why it is important to develop alternative energy sources for the 

sector.  However, in the long run, if we also consider the adverse environmental impacts of some 



9 

 

fuels, hydrogen energy can substantially contribute to a diversification of the energy supply and 

help renewable energy sources (other than biomass) penetrate the transportation sector. 

However, hydrogen produced from fossil fuels and unconventional fuels results in high 

emissions of carbon dioxide.  While the capture of CO2 is possible from a central point of 

emission for unconventional fuels and hydrogen production, hydrogen provides a clean fuel, 

unlike liquid hydrocarbon fuels.  The only advantage of unconventional fuels over hydrogen is 

that the existing liquid fuel infrastructures can be used.  It is only recently, spurred by both 

scientific and technological progress, that hydrogen has been reconsidered as a potential energy 

source. However, even though there are opportunities for hydrogen to become a viable energy 

source, many challenges have still to be overcome, which are described below. 

1.5 Carbon Capture and Storage 

To some degree, renewable energy sources (RES) such as biomass, geothermal, 

hydropower, ocean, solar and wind all have potential for generating energy.  However, the 

widespread availability of these technologies, various markets, and environmental constraints 

associated with their use—and not least the economic feasibility for energy conversion using 

these RES—negatively impact their widespread use.  Nevertheless, the possibility of producing 

hydrogen from those sources has to be evaluated based on the limited realizable potential of RES 

and their associated electricity production costs.  Experts agree that RES show great potential 

when energy produced from these sources is directly consumed as electricity rather than being 

converted into hydrogen. Conversely, the use of RES for hydrogen production on a much longer 

timeframe (i.e., for use later as stored energy) is currently not considered to have much potential. 

Thus, a great deal of attention has been paid to the issue of CO2 sequestration.  Scientists 

generally agree that CO2 sequestration will only be possible if energy production and energy-
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conversion processes can be redesigned so that generated carbon dioxide can be captured in high 

concentrations and then safely stored so that it will not contribute to climate change.
20

 As shown 

in Figure 1.7, carbon dioxide emissions are a concern for many regions, particularly Asia.  

Unfortunately, developing a CO2 infrastructure may be as demanding as developing a hydrogen 

infrastructure.
21

 Various techniques are currently being studied, but most of them raise strong 

concerns about their environmental impacts to the biosphere.
22

 Application of carbon 

sequestration will also require economic incentives, CO2 emissions reductions, and a positive 

regulatory environment for any activity related to CO2 capture, transport, and storage.
23, 24

 

 

Figures 1.6: Carbon dioxide emissions by region from 1965 to 2009. 

(Adapted from The World Bank, 2010) 

1.6 Hydrogen and Alternative Fuels for the Future 

The ever-growing need for fuels for transportation and other uses—combined with the 
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energy production.  Although today’s improved fuel efficiency of combustion engines and 

increasing numbers of small and lightweight vehicles on the road (many of them hybrid cars or 

diesel-powered) have led to decreases in fuel consumption and CO2 emissions, developing new 

fuels and new propulsion systems are essential for sustaining durable long-term strategies.  

Policymakers and strategists see hydrogen as a strong candidate with respect to transportation 

energy, since it fulfills the need for reduced toxic gas emissions and increased energy security. 

In part due to the 2002 energy crisis, President G. W. Bush signed the Energy Policy Act 

of 2005, which represents one of the most significant attempts to address concerns about energy 

supply security, climate change and air pollution.  The bill proposed a way to improve the 

growth of investments in the field of oil production and the construction of new refineries, 

encourage energy conservation and efficiency, but also to encourage renewable energy 

projects.
25

  

One important energy alternative is the use of fuel cell systems, which will be discussed 

in greater detail at the end of this chapter.  High-efficiency energy conversion of fuel cell 

systems, especially in urban driving conditions, offers a strong advantage over traditional 

combustion engines. In the long term, electricity that hinges on a breakthrough in battery 

technology remains the main competitor to hydrogen. 

1.7 The Social Environment for Hydrogen Development 

The introduction and proliferation of hydrogen as a commonly-used fuel for 

transportation rely not only the development of new technologies, but also on its social 

acceptance by the public.
26

 Countries are massively investing in developing hydrogen technology 

and applications; meanwhile the public is largely unaware and knows little about it.
27

 The 

dilemma is that the growth of a hydrogen economy can only take place if the purchasing public 
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buys into both the concept and whatever forms of transpiration emerge from the changeover.     

All aspects—production, distribution and consumption—depend on how the public perceives 

hydrogen in their daily activities.
28

 In other words, people will switch to hydrogen only if 

performance, fuel consumption, consumer costs, durability, and safety concerns are fully 

addressed and can be shown offer benefits for making the switch.  

1.8 Hydrogen Production 

Current research indicates that natural gas reforming
29

, coal gasification
30, 31

 and water 

electrolysis are the most common technologies used today for producing hydrogen on a large 

scale; therefore, there is a need for new technologies in this field if one is to reduce pollution. 

Renewable or “sustainable” hydrogen produced via electrolysis from solar-
32

 or wind-produced 

electricity is likely the most desirable production route for addressing pollution and climate 

changes.  Although other processes have been studied, each of them presents its own set of 

challenges.  Catalytic conversion of heavy hydrocarbon via steam reforming leads to solid 

carbon deposition at temperature above 800
o
C. Autothermal reforming

33
 and the Kvœrner-

carbon Black & hydrogen process are two interesting options.  The former is used for very large 

conversions and is cost efficient compared to methane reforming.  The latter, however, is seen as 

more environmentally friendly than natural-gas steam reforming. Thermal splitting of water can 

be technically challenging,
34-36

 since temperatures above 2200
o
C are needed and tools to separate 

hydrogen at these temperatures have yet to be developed.  Water splitting below 900
o
C is 

possible when coupled with chemical reactions using the heat from high-temperature reactors or 

from concentrated solar radiation.
37

  Additionally, photo and biological processes can be used for 

hydrogen production, and these two areas are currently being investigated by the scientific 

community.  
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Finally, an aspect that should not be neglected is the hydrogen purification process.  If 

hydrogen is to be used in fuel cell systems, it must be free from all impurities since any trace of 

CO can lead to a substantial decrease of the efficiency of the precious metal catalyst (typically 

platinum).
38, 39

 Generally, a catalytic process is used to remove CO such as CO conversion 

(CO+H2OCO2+H2), selective methanisation (CO+3H2CH4+H2O) or selective CO oxidation 

(CO+1/2O2CO2), while other techniques such as membrane processes or adsorption methods 

can be used to remove other impurities.
31

 

1.9 Hydrogen Storage 

Another challenge that must be addressed if hydrogen-dependent transportation is to be 

realized is hydrogen storage.  Indeed, this is currently viewed as quite a challenging obstacle to 

widespread commercialization.  Storage is critical both technically and economically for mobile 

applications.  For a fuel cell vehicle, four to five kilograms of hydrogen (130-160kWh, 80-

125km/kg of H2) must be stored in a lightweight tank to allow a driving range of 500 kilometers 

(~300 miles).  As shown in Table 1.1, the DOE has established a number of technical targets for 

on-board hydrogen-storage systems up to the year 2015. At first glance, storing 5kg of hydrogen 

may appear to be quite straightforward.  However, hydrogen storage turns out to be a very 

challenging technical problem (at ambient temperature and pressure, 5kg of H2 fills a 5m 

diameter ball).  The following five ways of storing hydrogen have been proposed for hydrogen 

on-board vehicles
41

: pressurized hydrogen
42

, liquid hydrogen, storage in solids
43

, hybrid storage 

systems
44, 45

 and regenerative off-board systems. 
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Table 1.1: US DOE technical targets for on-board hydrogen-storage systems.
40

 

(Reproduced with the permission of Catalysis Today 120(4), pp. 11 (2003). Copyright Elsevier 

2003) 

Storage parameter Units 2007 2010 2015

U.S DOE technical targets for on-board hydrogen systems

1.5 (0.045) 2.0 (0.06) 3.0 (0.09)

1.2 (0.036) 1.5 (0.045) 2.7 (0.081)

Storage system cost (and fuel cost) $/kWh net 6 4 2

($/kg H2) (200.0) (133.0) (67.0)

$/gge at pump -- 2-3 3-Feb

Durability/operability

Operating ambient temperature
o
C -20/50 (sun) -30/50 (sun) -40/60 (sun)

Minimum/maximum delivery temperature
o
C -30/85 -40/85 -40/85

Cycle life variation N/A 90/90 99/90

Cycle life (1/4 tank to full) Cycles 500 1000 1500

atm (abs) 8 FC/10 ICE 4 FC/35 ICE 3 FC/35 ICE

Maximum delivery pressure atm (abs) 100 100 100

Charging/discharging rates

System fill time  for 5 kg min. 10 3 2.5

Minimum full flow rate (g/s)/kW 0.02 0.02 0.02

Start time to full flow (20oC) s 15 5 5

Start time to full flow (-20 oC) s 30 15 15

Transient response 10-90% and 90-0% s 1.75 0.5 0.75

Fuel purity (H2 from storage) % H2

Environmental health and safety

Permeation and leakage scc/h

Toxicity --

Safety --

Loss of usable H2  (g/h)/kh 1 0.1 0.05

H2 stored

Meets or exceeds applicable standards

99.99 (dry basis)

System gravimetric capacity: usable, specific energy from H2 

(net useful energy/max system mass)

kWk/kg (kg H2/kg 

system)

System volumetric capacity: usable energy density from H2 

(net useful energy/max system volume)

kWk/L (kg H2/L 

system)

% of mean (min) 

at % confidence

Minimum delivery pressure from tank:FC=fuel cell, I=ICE

  

1.10 Hydrogen Distribution and Infrastructure 

In addition to the challenge of storing hydrogen, there is also the issue of hydrogen 

distribution and delivery, which will require the construction of a distribution infrastructure 

(combining transport and storage of hydrogen) and the development of a dense network of 

refueling stations.
46-52

 Pipelines and/or trailers will be used to transport acceptable volumes of 
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hydrogen (compressed gaseous or liquid) from central hydrogen production plants. Several 

studies have already shown that liquefaction from gaseous hydrogen produced from steam 

reformers or from electrolyzers are not economically possible at the present time due to high 

compression costs.
53, 54

 Hydrogen (gas) is being delivered to refineries and chemical plants using 

pipelines with pressure ratings of 10-20 bars.  Current technology allows pressures of up to 100 

bars. Three main solutions are being considered to address the issue of hydrogen delivery: (1) 

building new pipeline network entirely dedicated to hydrogen, (2) using existing natural gas 

pipelines for hydrogen, and (3) blending hydrogen with natural gas and separating the mixture at 

the delivery point.  As shown in Figures 1.8 and 1.9, liquid hydrogen (up to 500 kg) stored in 

seamless steel pressure vessels can be transported by trailers over short distances (100 miles).  

Semitrailers equipped with cylindrical super-insulated cryogenic vessels are capable of 

transporting about 40 tons of liquid hydrogen over long distances.  Maritime transport is an 

alternative solution to move around large quantity of liquefied hydrogen (up to 100,000 Nm
3
)—

similar to what is currently done with natural gas (Figure 1.10). 

 

 

Figures 1.7 and 1.8: (A) Gaseous and Liquid Hydrogen (up to 700 bars) transported by train 

accross Europe; (B) LH2 semitrailer filling a Linde refueling station  

(http:// www.moteurnature.com, last accessed 12/21/2011, Fair use ) 
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Figure 1.9: Liquid Gas tanker from Diesel Fuel News (May 12, 2003) 

(http://www.galtmile.com/calypso.html, last accessed 03/22/2012, Fair use) 

 

Distance and volume are the main factors that influence the choice for one transportation 

means over another. Additionally, for liquid hydrogen, the liquefaction costs have to be 

accounted for.
55-58

 End-user distribution equipment is required based on the standards that will be 

adopted by the automobile industry.  For example, Praxair has developed two filling station 

concepts:  a three bank system for 35 MPa tanks, and a booster system for 80 MPa tanks.  Filling 

stations will have to meet safety standards before commissioning such systems.
57

     

1.11 Fuel Cell Systems 

The success of a hydrogen economy ultimately relies on the widespread use of hydrogen 

fuel cell systems. These systems have shown high electricity-to-heat ratios and high conversion 

efficiencies compared with other types of fuel cells.  In addition, unlike other fuel cell 
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technologies, hydrogen fuel cells produce zero emissions if hydrogen is produced from 

renewable energies.  Increasing demands for electricity and energy for transportation make 

hydrogen fuel cell technology a potentially viable option to meet our energy needs—providing 

the issues discussed earlier can be addressed.  

In terms of current usage, around 80% of the fuel cells installed worldwide each year are 

used in stationary applications, while the rest represent demonstration or prototype projects for 

fuel cell vehicles (FCV). If proton exchange membrane fuel cells (PEMFCs) are seen as the best 

technology for FCVs, affordable cost targets that compare favorably with combustion engine 

technology ($50 per kW) are still out of reach. Additionally, technical obstacles such as weight 

and volume constraints (1kW/kg for combustion engine) have slowed the commercialization of 

hydrogen FCVs. However, high efficiency, short start-up times, operation at low temperature 

(80
o
C), power density and rapid change of the power output as a function of the demand still 

make PEMFCs the best candidates for FCVs.  A summary of cost projections for PEMFC fuel 

cell vehicles is shown in Table 1.2. 

Table 1.2: Cost Projections for PEMFC Vehicles (80kW)  

(Adapted from reference 
59

) 

2005 2010 2030 2030

0ptim. Pessim.

PEMFC stack $/kW 1,800 500 35 75

Storage 700 bar, $ 4,000 2,000 900 2,000

FC stack, k$ 144 40 3 6

Electric engine, k$ 1.9 1.7 1.2 2.0

H2 FCV, k$ 167 61 22 27

Conv. Comb. Vehicle, k$ 19.5 19.5 19.5 19.5

H2 FCV, $/kW 1,875 545 60 125  
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Figures 1.10 and 1.11 depict the schematic a fuel cell assembly and its various 

components and illustrate a fuel cell stack that can be used as an experimental stack, while the 

second one is a commercially available stack that is produced by Ballard. 

 

 

Figure 1.10: Description of a simple element that constitutes one stage of a proton exchange 

membrane. 

(Reproduced with permission from Chemical Reviews, 104 (10), pp 4587-4611 (2004). 

Copyright 2004, The American Chemical Society) 

 

 

Figure 1.11: Examples of two PEM stacks: (a) experimental one for educational purpose and (b) 

industrial one developed by Ballard for automotive application. 

Adapted from http://www.fueleconomy.gov/feg/fcv_pem.shtml 

 

http://www.fueleconomy.gov/feg/fcv_pem.shtml
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The costs of the bipolar plates and electrodes account for 80% of the total cost of a fuel cell stack 

($2,000 per kW).
61  

Given the current technology, the cost of a fuel cell stack is unlikely to be 

lower than $100 per kW even if stacks are mass produced.
59, 61, 62

   

According to the International Energy Agency, hydrogen production costs must be 

reduced by a factor ranging between 3 and 10 depending on the process, and PEMFC costs by at 

least 10 based on current technologies before the widespread commercialization of fuel cell 

vehicles will be realized.
59

 However, these projections are subject to change based on new 

developments in the field (scientific, technological, and economical).  For fuel cell systems to 

compete with traditional technologies in the automotive industry, stakes are high.  Enormous 

cost reductions will be required
63

; nevertheless, because of environmental concerns, oil scarcity, 

and other factors, FCVs may still be regarded has having potential for alternative transportation 

systems.  

1.12 Concluding Remarks 

Although the energy potential of hydrogen has been known for hundreds of years (the 

first hydrogen-filled balloon was invented by Jacques Charles in 1783), it has had a checkered 

past with respect to transportation success (recall the Hindenburg disaster in 1937 over 

Lakehurst, NJ, for example).  However, hydrogen is again being examined for its potential in 

current and future energy supplies.  It should be noted that hydrogen is not an energy source, but 

rather an energy carrier like electricity.  Only hydrogen produced from renewable energy sources 

can reduce the dependency on fossil fuels and enhance the security of supply. 

As far as security of supply and greenhouse gas emissions are concerned, the use of 

hydrogen depends on how it is produced.  Although natural gas reforming, coal gasification and 

water electrolysis are proven technologies for hydrogen production and could, in theory, be 
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applied on a larger scale, hydrogen needs to be produced from processes that avoid or minimize 

carbon dioxide emissions. It is not yet clear how switching to hydrogen as a transportation fuel 

will address all these concerns, but hydrogen may also be used in stationary applications ranging 

from decentralized heat and electricity generation  to portable applications of fuel cells. Before 

hydrogen can be recognized as an effective energy carrier, it will require a portfolio of 

technological improvements, such as enhanced energy efficiency, more effective carbon capture 

and storage, more efficient hydrogen production, storage, and distribution—not to mention 

changes in energy production and consumption patterns.  

In part stemming from growing concerns about fossil energy sources and climate change, 

discussions about next-generation energy sources have also featured fuel cell technology.  

Despite the fact that hydrogen can be used in today’s internal combustion engines, hydrogen 

offers significant advantages for use in fuel cell vehicles, due to their high-energy conversion 

efficiencies as compared with regular internal combustion engine (ICE), particularly in urban 

settings where the issue of distribution stations may not be so problematic.  With nearly zero 

emissions, fuel cell vehicles can contribute to a reduction in noxious gas emissions.  Moreover, 

the use of hydrogen is not limited to fuel cell vehicles, but can be used for very different 

applications from transportation to electricity production.  In short, hydrogen has the potential to 

open new avenues of energy production that feature greatly enhanced emission control and 

improved energy security.   
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CHAPTER 2:   

A FUEL CELL SYSTEM AND ITS COMPONENTS 

2.1 The Nature of a Fuel Cell 

2.1.1 Introduction 

Like a combustion engine, a fuel cell represents a chemical plant that takes chemical 

energy available from a fuel source and converts it into useful mechanical or electrical energy 

(Figure 2.1).  Typically, oxygen and hydrogen are the two gases that are used as energy sources, 

which the fuel cell then converts into electricity; the resulting by-products are electricity, water 

and the production of heat.  Unreacted oxygen and hydrogen can be recycled back into the fuel 

cell system to increase efficiency. 

 

 

 

Figure 2.1: General concept of a hydrogen/oxygen fuel cell 
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In a combustion engine, the combustion of hydrogen is given by: 

2 H2 +O2 2 H2O 

During this reaction, the hydrogen molecule is oxidized, producing water and releasing heat.  

Both hydrogen-hydrogen and oxygen-oxygen bonds are broken, which then allows hydrogen-

oxygen bonds to be formed.  The energy of the water bonding configuration is lower than the 

configurations of the initial hydrogen and oxygen molecules.  This energy difference is the 

energy released as heat during the combustion of hydrogen and can only be recovered as 

mechanical work, which in return can be converted into electricity.  

In a fuel cell, the hydrogen combustion reaction is split into two electrochemical half-cell 

reactions: 

H2
2H+  +  2e-

1/2 O2 + 2H+ + 2e- H2O
 

In this case, unlike in a combustion engine, by separating the overall reaction of the 

hydrogen combustion in two electrochemical reactions, (1) electrons are formed at the anode and 

transferred from the fuel.  They are then forced to flow through an external electrical circuit 

(electron flowing = electric current) before they recombine with the oxygen and the protons that 

transported through an electrolyte to form water on the other side of the cell at the cathode (2). 

2.1.2 History of Fuel Cells 

Although the technology has advanced markedly in the past several decades, the notion 

of a fuel cell originated in 1839 when Sir William R. Grove demonstrated that water could be 

electrolyzed into oxygen and hydrogen by passing an electrical current through it.  That same 

year, he reported in Philosophical Magazine that both oxygen and hydrogen could be 

recombined to produce an electrical current (Figure 2.2).
1
  Three years later, Grove also 
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demonstrated the importance of the three-phase boundary necessary for the reaction to take 

place, which he associated with his three-phase “spongy platinum” system. 

 

 

Figure 2.2: Four cells of Grove’s battery to drive an electrolytic cell, 1842
2
  

 

In 1913, a similar electrode was described by Siegl.
3
  However, the efficiency of the 

platinum black coating on the electrodes was lost when it became wet.  A few years later, Mond 

and Langer were able to build a fuel cell using a porous diaphragm made from a non-conducting 

material impregnated with a dilute solution of sulfuric acid, sandwiched between two thin sheets 

of perforated platinum coated with platinum black (Figure 2.3).
4
  

 

Figure 2.3: First solid hydrogen/oxygen fuel cell system described by Mond and Lang
4
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They also demonstrated that it was possible to stack membranes together (as described 

previously). Thus—the concept of a fuel cell stack was born.  This stack was able to produce 

between 2.8 and 3.5 mA/cm
2
 at a potential of 0.73V with cells that were 700 cm

2
 of surface area 

coated with 0.35 g of platinum foil and 1g of platinum black (Figure 2.4). 

 

Figure 2.4: First solid fuel cell stack described by Mond and Lang
4
 

 

A little over six decades after Grove reported the acid fuel cell principle, J.H. Reid 

described an alkaline fuel cell system using aqueous KOH as a liquid electrolyte.
5-7

  Until 1937 

when Francis T. Bacon started to envision some practical applications for the technology, the 

fuel cell principle was just a scientific curiosity.  By the end of the 1950s, however, Bacon 

showed that a fuel cell system could be a reliable source of electricity through his development 

of a 6kW fuel cell unit.
8
 

NASA pioneered the first practical application of a fuel cell, using polymer membrane 

fuel cell units developed by General Electric which they installed on some of the Gemini 

spacecraft (Figure 2.5(a)) in the early 1960s.  Later, other fuel cell units were produced for the 

Apollo program by Pratt and Whitney (Figure 2.5 (b)).  Decades later in 1989, Perry Energy 

Systems and Ballard demonstrated the full potential of polymer electrolyte membrane fuel cells 

by launching a fuel cell-powered submarine. It was then that scientists realized that fuel cells 

could be used in terrestrial applications such as stationary systems or as on-board energy units 
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for vehicles.  In 1993, Ballard Power Systems produced the first fuel cell buses; that same year 

the first passenger car prototype was developed.  Today, all major car manufacturers have on 

their drawing boards a fuel cell powered vehicle. 

 (a)               (b)    

Figure 2.5: (a) Solid polymer fuel cell stack for the Gemini missions built by General Electric 

and (b) Alkaline fuel cell stack for the Apollo mission; fuel cell systems produced by Pratt and 

Whitney  

(Courtesy of: http//historicspacecraft.com/Gemini_Capsules.html, and Apollo_Capsules.html) 

 (Photos (a) and (b): Richard Kruse, 2007, last accessed 03/22/23, Fair use) 

2.1.3 Types of Fuel Cells 

Fuel cells are generally classified into five categories as shown in Table 2.1.  Each 

system has its own set of operating conditions and range of applications that are well defined. 
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Table 2.1: Types of Fuel Cells 

Type Operating 

Temperature (°C) 

Electrolyte Catalyst Comments 

Alkaline Fuel Cells 

(AFC) 

250 

<120 

85% KOH 

35-50% KOH 

Ni, Ag, metal 

oxides, noble 

metals 

Intolerant to 

CO2 

Polymer 

Electrolyte 

Membrane Fuel 

Cells (PEMFC) 

60-80 Proton conductive 

membrane 

(perfluorinated 

acid polymer) 

Pt on carbon, 

Pt-Ru alloys 

Intolerant to CO 

Phosphoric Acid 

Fuel Cells (PAFC) 

150-200 ~100% 

phosphoric acid 

Pt Used for 

stationary units 

Molten Carbonate 

Fuel Cells (MCFC) 

600-700 Alkali (Li,Na,K) 

carbonates in 

LiAlO2 matrix 

 Used for 

stationary units 

Solid Oxide Fuel 

Cells (SOFC) 

800-1000 Non-porous metal 

oxide (Y2O3-

stabilized ZrO2) 

 Used for 

stationary units 

 

2.1.3.1 Alkaline Fuel Cells 

Davtyan and Bacon are the fathers of the alkaline fuel cell.
8
  They both recognized that 

an alkaline electrolyte was a suitable medium compared to an acid electrolyte, which can 

potentially lead to corrosion of the electrode materials.  They used an aqueous solution of 

potassium hydroxide; the hydrogen oxidation catalyst was activated-carbon impregnated with 

silver; and the hydrogen reduction catalyst was activated carbon impregnated with nickel.  

Rubber served as a binder for the catalyst on a perforated steel sheet plated with nickel, and the 

electrode was coated with wax to make it waterproof.  Commercialization of this technology was 

rendered difficult due to its heavy weight, its sensitivity to impurities in gases, and the 

complicated regulation system for water management.  Today, the electrolyte—typically 

potassium hydroxide—is contained in an asbestos matrix, and a wide range of catalysts can be 

used such as nickel, silver, metal oxides and noble metals.  However, alkaline fuel cells are still 
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very sensitive to CO2, which can be present in either or both the fuel and the oxidant.  

Nonetheless, alkaline fuel cell technology is now being reinvestigated with the development of 

solid-polymer anion exchange membranes that can be used as electrolytes. 

 

Table 2.2: Thermodynamics and energy density values for most common fuels 

Fuel 
ΔG

0               

(kcal/mol)
 

Eth 
0
 (V) Emax 

0
 (V) 

Energy  density 

(kWh/kg) 

   Hydrogen -56.69 1.23 1.15 32.67 

   Methanol -166.8 1.21 0.98 6.13 

   Ammonia -80.8 1.17 0.62 5.52 

   Hydrazine -143.9 1.56 1.28 5.22 

   Formaldehyde -124.7 1.35 1.15 4.82 

   Carbon monoxide -61.6 1.33 1.22 2.04 

   Formic acid -68.2 1.48 1.14 1.72 

   Methane -195.5 1.06 0.58 - 

   Propane -503.2 1.08 0.65 - 

 

2.1.3.2 Polymer Electrolyte Membrane Fuel Cells (or Proton Exchange Membrane Fuel 

Cells) 

In light of the difficulties associated with sealing and circulating a liquid alkaline 

electrolyte, proton exchange membrane fuel cells (PEMFCs) have been developed and show 

promise for a number of applications—despite the fact that liquid water has to be managed in 

these systems.  The concept of a solid polymer fuel cell was developed by General Electric about 

50 years ago; in fact, PEMFCs were used as a power source on Gemini space flights in the 

1960s.
9, 10

  What made early NASA applications of PEM fuel cells possible was the development 

of a new polymer known as Nafion,
® 

a sulfonated tetrafluoroethylene based-copolymer 

http://en.wikipedia.org/wiki/Tetrafluoroethylene
http://en.wikipedia.org/wiki/Copolymer
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discovered in the late 1960s by Walther Grot of DuPont.  This copolymer showed improved 

performance and durability compared to its predecessor, which was a crosslinked sulfonated 

polystyrene.  The use of Nafion
®
, combined with improved fabrication technique for the 

electrodes, made PEM fuel cells better suited for automotive applications.  One significant 

challenge to overcome was the carbon monoxide poisoning of the catalyst, which was addressed 

by Gottesfeld, who developed a technique called “air bleed.” This procedure facilitates the 

operation of fuel cells on hydrogen derived from alcohols of hydrocarbon fuels.
11, 12

 PEMFCs 

operate at temperatures between 30-120 
o
C (303 and 353K), produce high current density. and 

can be used in a wide range of applications from electrical utility to portable systems.  Low 

temperature operation allows quick start-up, while the use of solid polymer electrolytes limit 

corrosion. 

2.1.3.3 Phosphoric Acid Fuel Cells 

Phosphoric acid fuel cells (PAFCs) were initially developed in order to use natural gas, 

after being reformed to produce hydrogen.  Because the main byproduct of the gas reforming 

process is carbon monoxide (CO), which lowers the efficiency of the anode, the operating fuel 

cell temperature must be raised to increase the removal rate of carbon monoxide.  Usually, this 

type of fuel cell uses concentrated phosphoric acid (~100%) as the electrolyte, distributed in a 

porous SiC, which separates the anode and the cathode.  What has limited the use of PAFCs is 

that the electrochemical environment within the PAFC at operating temperature (~200 
o
C) is 

highly corrosive—particularly at regimes close to the open-circuit voltage (OCV).  This means 

that solid carbon bipolar plates and thermal treatment of the carbon catalyst supports are required 

to improve corrosion resistance.  

http://en.wikipedia.org/wiki/DuPont
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2.1.3.4 Molten Carbonate Fuel Cells 

The first molten carbonate fuel cell (MCFC) was built in 1921, but the real development 

of MCFCs started in 1950 when Ketelaar and Broers demonstrated the potential of such 

technology and its advantages over other systems.  In fact, this technology is now approaching 

commercialization, facilitated by improved materials and manufacturing techniques.  MFCFs 

generally operate between 600 to 700 
o
C, (873 and 973K) and MCFC systems as large as 250 

kW to 2 MW have been built.  Carbonate fuel cells can operate on various fuels from hydrogen 

to carbon monoxide-containing gases, including gasified coal and reformed natural gas
13

.  They 

are also relatively efficient—when coupled with a turbine, MCFCs can reach efficiencies 

approaching 65%, which is considerably higher than the 37-42% efficiency of a PAFC system.  

While high temperature operations are favorable to the kinetics of fuel oxidation and oxidant 

reduction and allow the use of electrode materials such as nickel or cobalt (cheaper than 

platinum), high temperatures also enhance corrosion and the breakdown of the MCFC fuel cell 

components and require longer start-ups. 

2.1.3.5 Solid Oxide Fuel Cells 

Solid oxide fuel cell (SOFC) technology first appeared in 1899 with the Nernst glower, 

developed to replace carbon filament lamps.  The device was made of yttria-stabilized zirconia, 

which is an ionic conductor in air.  Later in 1937, Baur and Preis operated a solid oxide fuel cell 

at 1000 
o
C (1,273K) using the first ceramic with coke and magnetite as the fuel and oxidant, 

respectively.  Since that time, SOFCs have evolved and now offer substantial potential for heat 

and power generation.  Specifically, using a solid ceramic as the electrolyte, SOFCs operate at 

very high temperatures, which is beneficial for the co-generation of electricity (high current 

density) and heat (85% efficiency can be reached with such systems). The downside is that 
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although heat allows a rapid electrocatalysis with non-precious metals, there is a limited number 

of materials that can be used to build a complete system. 

2.2 Hydrogen/Oxygen Fuel Cell Technology in Solid Polymer Fuel Cells 

This section will briefly describe how hydrogen/oxygen PEMFCs work, including the 

various components that comprise these systems.  (PEMFC thermodynamics and kinetics are 

discussed in Appendices A and B, respectively.) 

2.2.1 General Design Features 

The main elements in a fuel cell system are the electrode materials and the electrolyte. 

Not only is the choice of these materials critical for functionality, but their geometrical 

configuration must also be taken into account.  Such considerations include their morphology 

(porosity, morphological structure such as crystallinity), and the way they are assembled to make 

a membrane electrode assembly (MEA) and ultimately a fuel cell stack. 

A fuel cell system is comprised of two electrically conductive plates called the current 

collectors, between which is sandwiched a membrane electrode assembly. The membrane 

electrode assembly is made of a proton exchange membrane (or polyelectrolyte membrane) that 

has been coated on both sides with an electrocatalyst layer, and sandwiched between two porous 

gas diffusion electrodes as shown in Figures 2.6 and 2.7, below. 
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Figures 2.6 (left) and 2.7 (right): Description of the various components that constitute a fuel cell 

system 

 

While the various types of fuel cell systems share similar construction features, each 

system has its own set of requirements (discussed earlier in this chapter) that involve the catalyst 

materials, the composition of the electrolyte, and the electrode materials.  For the remainder of 

this dissertation, the focus will be on hydrogen-oxygen solid polymer fuel cell systems.  The 

following literature review, which discusses polymer electrolytes (mainly perfluorinated 

ionomers), gas-diffusion layers or electrodes with or without a catalyst, the current collectors and 

sealing materials, are only relevant to this specific field of research. 

2.3 Perfluorinated Ionomers 

2.3.1 Introduction 

Fluorinated ionomers were discovered in the early 1960s, and since that time have 

attracted a great of attention from the scientific community. These ionomers have revolutionized 

the chlor-alkali industry
14-18

, and have been studied for a wide array of applications ranging from 

water electrolyzers,
19, 20

 batteries,
21

 fuel cells,
22, 23

 sensors,
24

 electrochemical devices
18

 and 
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superacid catalysts for fine chemical production.
25, 26

  The combination of both hydrophilic 

(sulfonated perfluoroether side chains) and hydrophobic (polytetrafluorethylene backbone 

segments) groups on the same chain of a perfluorinated ionomer results in unique properties 

(e.g., improved chemical and thermal stability, and ion perm-selectivity) and morphologies that 

are of interest to researchers in a number of fields.  However, many questions concerning 

perfluorosulfonated ionomers remain unanswered, and their application in the field of fuel cells 

is still in its infancy.  In short, it appears that the full potential of perfluorosulfonated ionomers 

for use in fuel cell systems has yet to be realized.   

The first perfluorinated ionomer, Nafion
®
, (Figure 2.8) was developed and produced by 

E. I. DuPont de Nemours and Company at its experimental station near Wilmington (Delaware).  

Dow Chemical developed a perfluorinated ionomer very similar to Nafion
®
, but it had a much 

shorter chain length.  This ionomer is now produced and distributed by Solvay Specialty 

Polymers under the trade name Hyflon Ion
®
 or Aquivion

TM
 (Figure 2.9).   

 

Figure 2.8: Chemical structure of Nafion® from Dupont 

 

 

Figure 2.9: Chemical structure of Hyflon® PFA/MFA or Aquivion TM from Solvay Specialty 

Polymers 
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Figure 2.10: Chemical structure of 3M Ionomer 

 

The 3M Company has recently developed its own perfluorinated ionomer (Figure 2.10), 

which possesses a side chain with an intermediate length between Nafion
®
 and Aquivion

®
 

(previously called Hyflon).
27-29

 Asahi Kasei, formely Asashi Glass and Asashi Chemicals, also 

produces a perfluorinated ionomer named Aciplex
®
 (old Flemion

®
, which has the same chemical 

structure as Nafion
®
).  The polytetrafluoroethylene backbone gives these materials their semi-

crystalline specificity, while at the same time the sulfonated pendant groups tend to phase 

separate from the backbone matrix into ionic aggregates or domains.
25

  Since a significant 

component of this thesis research relates directly to Nafion
®
, it is the focus of the literature 

review that follows. 

2.3.2 Perfluorosulfonated Ionomer Synthesis and Manufacturing 

Initially, DuPont began to develop perfluorinated vinyl ethers for monomers used in the 

production of melt-processable copolymers of tetrafluoroethylene.  Perfluoro methyl, -ethyl and 

propyl-vinyl ether were made.  Vinyl ethers produced from sulfur trioxide and 

tetrafluoroethylene facilitate the introduction of ionic groups into the perfluorinated random 

copolymer.  As such, the presence of an ionic group make the resulting copolymer very different 

from any known fluorinated copolymers in that ionic crosslinking leads to improved mechanical 

and dielectric properties.  Perfluorinated ionomers are derived from a melt-processable precursor 

polymer obtained from the co-polymerization of tetrafluoroethylene (TFE) and a perfluoro-vinyl-
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ether containing a sulfonyl halide or a carboxylic ester functional group. The presence of the 

ether linkage affords the vinyl groups enough activity to allow the incorporation of a “high” 

percentage of functional monomers. 

2.3.2.1 Tetrafluoroethylene, Hexafluoropropylene (HFP) and Hexafluoro-propylene 

epoxide (HFPO) synthesis:  

The synthesis of TFE starts with the reaction of chloroform with hydrofluoric acid to 

yield chlorodifluoromethane.
30

  

 

Scheme 2.1:  Synthesis of TFE 

Pyrolysis of chlorodifluoromethane yields to TFE and acid chloride: 

 

Scheme 2.2: Pyrolysis of chlorodifluoromethane 

To avoid instantaneous auto polymerization of TFE, inhibitors such as terpenes (α-

pinene, terpene B or D-limonene) are used, since they appear to be oxygen scavengers. 

Hexafluoropropylene (HFP) can be obtained from the pyrolysis of TFE at 700-800 
o
C under 

reduced pressure,
31

 or by dilution with carbon dioxide in the presence of 

chlorodifluoromethane.
32, 33

 Hexafluoro propylene epoxide (HFPO) is prepared via the oxidation 

of HFP using alkaline hydrogen peroxide below 0
o 

C
34

, or with oxygen at 100-200 
o
C.

35
  HFPO 

can also be prepared by the anodic oxidation of HFP.
36-38
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2.3.2.2 Perfluoro 3, 6-dioxa-4-methyl-7-octene sulfonyl fluoride vinyl ether synthesis 

Tetrafluoroethylene is first reacted with sulfur trioxide, creating a cyclic sultone.  The 

reaction is conducted at room temperature under atmospheric condition after removal of any 

moisture that could be present in the sulfur trioxide.  The rate of the reaction is limited by the 

low solubility of TFE in the reaction medium. The reaction is exothermic; maintaining a 

temperature between 20-30 
o
C will speed up the reaction. The reaction leads to 3, 3, 4, 4-

tetrafluro-1, 2-oxathiethane S, -dioxide (TFE sultone).  In the second step, HFPO is added once 

the TFE sultone has been catalyzed by fluoride ions (Scheme 2.3), which allows the formed 

alkoxide anion to attach to the central carbon of the HFPO molecule (Scheme 2.4).  

 

Scheme 2.3:  Addition of HFPO 

 

Scheme 2.4:  Formation of the Alkoxide Anion 

When all the alkoxide anions have been used up, the reaction proceeds less selectively, 

since all the formed acyl fluorides have the same affinity to the fluoride ion.  The addition of a 

second HFPO molecule (catalyzed with fluoride ion according to the mechanism described 

previously) has to compete with the undesired addition of a third HFPO monomer and the 

oligomerization of HFPO itself.  To obtain a high yield of the di-adduct, the reaction needs to be 

stopped at low conversion of mono- to di-adduct, and distillation of the reaction mixture can be 

F2C CF2

OO2S

+ F- FSO2CF2CF2O- FSO2CF2COF + F-

FSO2CF2CF2O- + FC CF2

O

CF3

F
C CFO-

CF3

FO2SF2CF2CO (mono adduct)
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carried out to recover both mono- and di-adducts.  The mono-adduct is then recycled back to the 

HFPO addition (Scheme 2.5). 

 

 

 Scheme 2.5: Recycling of the mono-adduct to form the di-adduct 

 

In the last step of the monomer synthesis, the di-adduct is reacted with an oxygen 

containing sodium or potassium salt of a weak acid, such as sodium carbonate (Na2O-CO2) 

(Scheme 2.6). 

 

Scheme 2.6:  The di-adduct reacts with the oxygen in the presence of sodium salt 

2.3.3 Nafion
®

 Polymerization 

The copolymerization of Nafion
®

 can be carried out under either aqueous or non-aqueous 

conditions.  Multiple routes have been reported in the literature and three of these techniques are 

described in the following sections. 

F
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2.3.3.1 Polymerization in Autoclave 

Like polytetrafluoroethylene dispersion, aqueous co-polymerization can be carried out in 

an autoclave.  A perfluorinated surfactant such as the ammonium salt of a perfluoro octanoic acid 

can be used.  Ammonium persulfate is the chosen initiator.  The co-monomer forms a separate 

phase at the bottom of the autoclave.  Under constant mixing, TFE is fed into the reactor on 

demand at a predetermined pressure; this pressure ultimately determines the equivalent weight 

(EW) of the ionomer.  The polymerization is stopped when the desired amount of TFE has been 

consumed. 

2.3.3.2 Microemulsion Polymerization Process 

In an aqueous medium, the cleavage of a persulfate ion initiates the polymerization. The 

resulting sulfate radical attaches itself through an oxygen linkage to a TFE molecule, forming an 

anion radical.  The chain propagation continues with the random addition of TFE and vinyl ether 

monomers.  Chain transfer can occur when the vinyl ether monomer attaches itself at the 

terminal carbon. 

2.3.3.3 Non aqueous polymerization 

Co-polymerization of the fluorinated vinyl ether and tetrafluoroethylene monomers can 

be carried out in perfluorinated solvents (such as perfluoro-dimethyl-cyclobutane).  Perfluoro 

propionyl peroxide (3P) or N2F2 are suitable initiators.  TFE is usually fed to the reactor on 

demand at constant pressure.  The TFE pressure and the co-monomer concentration determine 

the equivalent weight of the resulting ionomer.  When the desired concentration of the polymer 

in the reaction slurry is achieved, unreacted TFE is recovered by venting, and the unreacted 

comonomer by evaporation. 



42 

 

2.3.4 Fabrication and Hydrolysis 

After the polymerization, the resin can be melted. Extrusion of the polymer in the 

precursor form is one of the most widely-used methods prior to hydrolysis.  When the precursor 

is in its final shape it is hydrolyzed using a hot solution of sodium hydroxide or potassium 

hydroxide that can optionally contain some dimethyl sulfoxide (DMSO).  A typical recipe 

involves combining 15 wt. % KOH, 35 wt. % DMSO and 50 wt. % deionized water at 80
o
C for 

30 to 60 minutes or longer depending on the membrane thickness of the pellet size. 

Films can also be cast from dispersion.  This technique has been developed to provide the 

industry with thin membranes that can be used in PEMFC applications.  The dispersion-cast 

membranes show less contamination, allow for better thickness control, and can lead to an 

increase in overall production rates.  These new membranes exhibit very different properties 

compared with the extruded form membranes.  It has also been reported that the dispersion cast 

membranes disintegrate when exposed to methanol unless they have been thermally annealed.
39

 

2.4 Nafion
®

 Properties and Morphology 

2.4.1 Equivalent Weight and Ion Exchange Capacity 

Nafion
®
, which has been studied for several decades, has been described in the literature 

quiet extensively.
25

 Although its properties and morphology have been debated among the 

scientific community, a summary of its salient features is provided below. Nafion
®
, like many of 

the perfluorosulfonated ionomers, is a copolymer of tetrafluoroethylene with less than 15 mol. % 

of the perfluorovinyl ether with sulfonic acid group as terminal functionalities, as described in 

the previous section.  Since the molecular weights of PTFE and the comonomer are 100 and 443, 

respectively, the equivalent weight (EW) per sulfonate group is given by: 

EW=100n+443 expressed in g/mole                Equation 2.1 
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The ionic content of a perfluorosulfonated ionomer such as Nafion
®
 can be determined 

using various techniques including acid-base titration, Fourier Transform Infrared (FT-IR) 

spectroscopy, or elemental analysis of sulfur.
40, 41

  Hence, ionic content in PFSI materials can be 

described by referencing their Ion-Exchange Capacity (IEC), which is the inverse of to 

equivalent weight, as shown in Equation 2.2. 

1000
IEC

EW
   Expressed in mmole/g                 Equation 2.2 

Nafion
®

 has between 6 and 13 TFE repeat units per unit of comonomer.  The more 

widely used form of Nafion
®
 has an equivalent weight of 1100 g/mol. of SO3

- 
(12 to 14 

tetrafluoroethylene units in the backbone).  Other PFSIs such as Aquivion
TM

 and 3M Ionomer 

have a lower equivalent weight due to a shorter side chain; Nafion
®

 1100 EW would be 

equivalent to Hyflon Ion 935 EW and 3M Ionomer 1035 EW for the same ionic content. 

2.4.2 Overall Description of the Morphology 

The segment length formed by the tetrafluoroethylene units between side chains allows 

Nafion
®
 to crystallize into domains that have similar unit cell dimensions to that of PTFE.

42-44
  

Crystallinity has been shown to vary greatly based on EW. 
42, 45, 46

  Like all ionomers, Nafion
®
 is 

an amphiphilic copolymer that shows a specific morphological behavior; specifically, phase 

separation occurs due to the charge aggregation within the polymer matrix that has a low 

dielectric constant.
47

 Figure 2.11 shows 3 different components or phases: 

 A hydrophobic region A, partially crystalline
48, 49

 that consists of fluorocarbon 

matrix (made of polytetrafluoroethylene); 
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 An interfacial region B between regions A and C, which contain the pendant 

chains, some lone ion pairs not part of the ionic aggregates, and some water 

molecules; 

 A hydrophilic region C made of ionic aggregation of the sulfonate exchange sites, 

containing most of the adsorbed water and counterions as well. 

 
 

Figure 2.11: Structure of Nafion
®
 developed by Yeager and Steck.  

(Adapted with permission from the Journal of the Electrochemical Society, 128, 1880 (1981). 

Copyright 1981, The Electrochemical Society.) 

 

2.4.3 Morphological Models Used to Describe Nafion
®

 

Small-angle X-ray scattering techniques have not yet been able to confirm the existence 

of the B phase.  Wide-angle X-ray scattering have confirmed the existence of a large amorphous 

domain featuring a certain amount of crystallinity.  Several models have been used to describe 

Nafion® morphology.  All these models show similarities depending on the character, which is 

described in the various models.  
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Hsu and Gierke were the first to describe a structural model for Nafion that continues to 

be widely accepted.
45, 46, 52

  This model is based on small and wide angle scattering data, 

transmission electron microscopy analysis and diffusion coefficient measurements.  Gierke’s 

model also relies on theoretical work done by Eisenberg et al., who proposed aggregation of the 

ionic sites into clusters within the polymer matrix.
53, 54

 In this model, Gierke proposed that in the 

polymer matrix there is a formation of ionic aggregates that are highly hydrophilic.  These 

aggregates have diameters of about four nanometers, which were determined from Bragg’s law 

from the peak located at1.6
o
 2θ (or q=1.15 nm

-1
).  Beyond 4 to 5 nanometers, a percolation 

network forms, which is dependent on the amount of water and the number of ionic sites.  The 

ionic aggregates are connected by ionic channels that are about one nanometer in diameter; these 

channels allow the diffusion of the ions and the water molecules within the ionomeric membrane 

(Figure 2.12). 

 

Figure 2.12: Cluster-network model for Nafion
®
 membranes developed by Gierke. 

In these ionic aggregates, ions and water molecules can move within the hydrophobic polymer 

matrix (Adapted with permission from the Journal of Membrane Science, 13, 307 (1983). 

Copyright 1983, Elsevier) 
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Although the existence of the ionic channels between ionic aggregates has not been 

confirmed, their presence could explain the permselective transport properties in water-swollen 

Nafion
®
 membranes.  Gierke also demonstrated that the ionic peak increases in intensity and 

shifts to lower q with various equivalent weights and different degrees of hydration for a given 

equivalent weight.  Cluster size, number of exchange sites per cluster, and number of water 

molecules per exchange size increase with increasing water content for a given equivalent 

weight.  Cluster diameter and number of ion exchange sites per cluster decrease with increasing 

equivalent weight.  When membranes are neutralized with inorganic counterions from lithium, 

sodium, potassium, rubidium and cesium ions, the cluster size and the number of water 

molecules per exchange site decrease, while the number of exchange site per cluster increases 

(larger counterions bind more tightly with the sulfonate group leading to a decrease in the 

hydrophilicity of the ionic cluster. 

Dreyfus and Aldebert suggested a possible local-order model based on some scattering 

work with X-ray and neutrons.
55-57

  Spatial distribution of ionic aggregates in ionomers is 

defined by interparticle scattering.  Based on these studies, the model proposes that the local 

environment around a given ionic aggregate shows tetrahedral symmetry at a distance D from the 

aggregate.  A liquid-like distribution of the aggregates at distance greater than αD was predicted 

for αD greater than 1.  This model leads to good predictions for Nafion
®
 membranes ranging 

from dry material to membranes containing up to 26 vol. % of water.  This same model was 

applied later on by Gebel and Lambard for membranes containing up to 30 vol.% of water.
58

  By 

applying a Debye-Büeche correlation length of 8 nm, the model was able to fit both the ionic 

region and the small angle upturn.
58
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Roche and coworkers studied the Nafion
®

 morphology in its acid- and sodium-form for 

various water contents with small angle X-ray scattering and small angle neutron scattering.
59-61

  

For a given molecular weight and at high water content, a two-phase model can be used to 

characterize Nafion
®
 membranes with most of water is in one phase (>60%) while 90% or more 

of the perfluoroethylene units are in the other phase.  They also showed that the interfacial region 

B described by Yeager and Steck
51, 62

 is very small.
60

  At low water content, Roche reported that 

there was a deviation from the two-phase model from the small angle X-ray scattering (SAXS) 

data at large q.  Additionally, Nafion
®

 membranes that were neutralized with sodium counterions 

and then quenched from the melt did not show a scattering peak at 18 nm, unlike the acid-form 

Nafion
®
.
61

  However, the size and structure of the ionic domains are very similar in both the acid 

and sodium-form membranes.  Roche concluded that a hard sphere model could not really be 

applied since the ionic peak also appears at very low water content.
61

  

While Yeager was studying the morphology of cation exchange membranes like Nafion
®

 

with various water contents, Fujimura was investigating the effect of equivalent weight in 

Nafion
®
.
63

  Nafion
®
 1100, 1150, 1200, 1400, and 1500 EW were chemically modified to obtain a 

series of sulfonic acid and carboxylic acid perfluorinated ionomers neutralized with various 

counterions.  Using small and wide angle X-ray scattering, they found data in agreement with 

previous scattering studies.  Specifically, the Nafion
®
 membranes showed a scattering maximum 

at q=0.07 nm
-1

, which is associated with the crystalline domain and the long range order in the 

lamellar crystals.  The second scattering maximum observed at between 0.2 and 0.3 nm
-1

 is 

associated with the ionic domains, and is dependent on the level of hydration, the number of 

perfluoroether side chains, and the nature of the ionic sites. 
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Figure 2.13: Two models developed by Fujimura
43, 63

 describing the ionic SAXS maximum for 

perfluorinated ionomer membranes: 

A two-phase model, for which the ionic scattering peak arises from interparticle interference and 

a core-shell model, for which the ionic scattering peak arises from intraparticle interference (the 

dots indicates ionic sites). (Adapted with permission from Macromolecules, 14, 1309 (1981). 

Copyright, The American Chemical Society, 1981) 

 

Like Gierke,
46

 Fujimura confirmed that the peak associated with the crystalline region 

shifts to lower q values with increasing equivalent weight.  In his study, Fujimura also showed 

that the degree of crystallinity can vary from 12 up to 22 percent with increasing equivalent 

weights from 1100 to 1500.  Fujimura correlated both wide and small angle X-ray data to explain 

that the low angle scattering maximum can be attributed to the average spacing between the 

crystalline lamellar platelets (Figure 2.13).
63

 

Later, Fujimura developed models to characterize the behavior of the ionic scattering 

maximum.
43

  The effects of swelling and deformation of the membranes were assessed via two 

models:  (1) a two-phase model, in which the ionic clusters were dispersed within a matrix made 

of fluorocarbon chains and non-clustered ions (single ions and/or small multiplets), and (2) a 

core shell model, in which the ionic aggregates were dispersed in the fluorocarbon matrix.  These 

two models were in good agreement with the experimental data, and both effectively captured 
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the behavior of the ionic region.  However, the second model (the core-shell model) was 

preferred because the macroscopic degree of swelling as evidenced from the SAXS curves was 

much less than the microscopic degree of swelling.  The core-shell model was initially developed 

by MacKnight
64, 65

 to describe the distribution of ionic groups in cesium salt of ethylene-

methacrylic acid and ethylene-acrylic acid copolymers containing up to 6.3 mole percent of acid.  

The two-phase model that Fujimura used was also proposed by Cooper et al.
66

, who studied 

poly(ethylene methacrylic acid) and poly(butadiene-co-methacrylic acid) with the assumption 

that small acid aggregates would be homogeneously dispersed throughout an amorphous phase.  

While the two-phase model helps to elucidate the physical meaning of the ionic peak, in contrast, 

the core-shell model is able to capture the short-range order distance within the core-shell 

particles. The core-shell model assumes an ion-rich core surrounded by an ion-poor shell that is 

comprised of mainly perfluorocarbon chains
43

 as described in Figure 2.13 above.  A few years 

later, Gebel disproved the validity of the core-shell model using small angle neutron scattering.
58

  

The interpretation of the SANS (small angle neutron scattering) data for Nafion
®
 using the 

various models—and more specifically the core-shell model—showed large differences in the 

behavior of the water swollen  membranes that the model was unable to capture in the range of 

0.3 to 2 nanometers.  Schlick et al. confirmed Gebel’s observations using electron-spin resonance 

measurements.
67, 68
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(A)                                                                                                   (B) 

 

Figure 2.14:  Cluster network model and morphology of random ionomer  

(A) A new cluster network model developed by Eisenberg, which shows a zone of restricted 

mobility surrounding a multiplet in perfluorosulfonated ionomer such as Nafion
®
. (B) 

Representation of the morphology of a random ionomer with a high ion content and where the 

blue shaded area represents the zone of restricted mobility. (Adapted with permission from 

Macromolecules, 23, 4098, (1990). Copyright The American Chemical Society 1990) 

 

Eisenberg, Hird and Moore.
54

 subsequently developed a model for random ionomers 

based on prior work by Eisenberg et al. (Figure 2.14 A and B).
53

 The EHM model suggests the 

formation of multiplets and the existence of an area of restricted mobility that surrounds the 

multiplet, which is mainly comprised of fluorocarbon side chain and backbone. 

Based on swelling and deswelling experiments, Litt et al. proposed a model that assumes 

that long crystallizable backbone chains of the ionomer fold into lamellae.
69

  During formation, 

the lamellae stack on top of each other and form “micelles,” in which the surface of the lamellae 

is lined up with the ionic side chains (the interior being composed of non-crystallizable tie 

chains).  When hydrated, the ionic domains swell the amorphous region, pushing the lamellae 
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that form the “micelles” away from each other—a phenomenon that leads to a shift in the 

ionomer peak as evidenced by SAXS.  Since these ionic domains are amorphous, it helps to 

explains why hydration and dehydration do not affect the remaining ionomer structure.  This 

lamellar type model is in agreement with the initial model from Gierke; however, it does not 

explain the shifts of both the ionic and the lamellar long spacing peaks upon swelling and the d 

spacings are exactly proportional to the volume of absorbed water.  However, Smith-Rohr and 

Chen recently discussed the fact that the polytetrafluoroethylene backbone of Nafion
®
 is stiff in 

nature, suggesting that the chain-folding phenomenon required for a lamellar type structure was 

less likely to occur.
70-72

 Moreover, this model does not take into account the scattering maximum 

observed in SAXS and SANS at around 0.05 Å
-1

. 

A very similar model for Nafion
®

 proposed by Haubold et al. based on discrete 

“sandwich-like” structure elements was able to capture the behavior of swollen Nafion
®

 

membranes.
73

  This model allowed the authors to extract parameters such as core and shell 

thicknesses, and also form factor for the shell evaluated from the scattering contrast variations.  

This simple sandwich-like model showed that the core contrast increases when membranes are 

swollen with methanol instead of water due to the lower electron density of methanol; at the 

same time, there was no change in scattering contrast within the shell.  Haubold et al. also 

showed that in methanol the core region becomes smaller, while the side chains from the shell as 

described in their model greatly expands.
73

  This model describes quite well the behavior of 

swollen Nafion
®
 membranes on a nanoscale, but does not describe important structural 

parameters such as PTFE-like crystals. 
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Figure 2.15: Change in morphology in Nafion® as a function of the volume fraction of water as 

described by Gebel. 

(Adapted with permission from Polymer, 41, 5829 (2000). Copyright 2000, Elsevier) 
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More recently, Gebel et al. suggested a possible phase inversion occurring between 0.5 

and 0.75 volume fraction of water in the swollen Nafion
® 

membranes, as described in Figure 

2.15.
74

 Based on previous work,
58, 75-79

  Rubatat et al. developed a rod-like model for Nafion
®
, 

which is best described as a packed-ribbon like structure that is mainly hydrophobic, which is 

surrounded by hydrophilic regions formed around the sulfonate groups (sulfonate groups that are 

excluded from the hydrophobic ribbons).
80-82

  This recent model, like Kreuer’s model
83

 as shown 

in Figure 2.16, describes water cylinders or clusters that resemble the structure previously 

described by Yeager and Steck.
50

  

 

Figure 2.16: Model developed by Kreuer et al. 

The model shows the microstructure of Nafion
®

 containing wide channels for proton transport 

and well-pronounced separation between the hydrophilic and hydrophobic phases, while there is 

less separation between the hydrophobic/hydrophilic regions and narrower proton conducting 

channels leading to a less favorable structure for proton transport in PEEK. (Adapted with 

permission from Journal of Membrane Science, 185. 29 (2001). Copyright 2001, Elsevier) 

 



54 

 

First, Gebel showed that in the dry state, Nafion
®
 morphology can be described by 

isolated spherical ionic aggregates with an average diameter of 1.5 nm and average inter-

aggregate distance of 2.7 nm.  Upon hydration to a level of 20 vol. % of water, a percolation 

network forms, leading to a large increase in ionic conductivity. At this point, the morphology of 

Nafion
®
 is represented by spherical ionic domains interconnected with each other by water-filled 

cylinders dispersed within the fluorocarbon matrix.  When the volume fraction of water further 

increases a phase inversion occurs at around 50 vol. %, which leads to a “structure inversion.”  

Upon further hydration above 50 vol. % of water, Gebel suggested the formation of 

interconnected rods dispersed in water.  Above 80 vol. % of water, the membrane dissolves in 

water and the formation of a colloidal dispersion of isolated rods (diameter of ca. 2.5 nm) takes 

place. 

Rubatat and Gebel, using small and ultra-small angle X-ray scattering and small-angle 

neutron scattering techniques, demonstrated that it was possible to study the structure of water-

swollen Nafion
®
 membranes over a very wide range, from 1 to 100 nanometers.

80-82, 84
 At very 

low q (0.0005<q<0.003 Å
-1

), swollen Nafion
®
 membranes exhibit an ultra-small angle scattering 

upturn, which is due to large scale electron density heterogeneities.
58

  For 0.01<q<0.1 Å
-1

, “a 

matrix knee” (more or less pronounced depending on the water content) can be observed; this 

knee or peak, which is dependent on crystallinity, is attributed to the supralamellar distance in 

the crystalline portion of the ionomer.
43, 45, 46, 63

 Finally, the main feature of the small-angle 

scattering profile can be observed at higher q (q>0.1 Å
-1

); this peak corresponds to the ionomer 

peak and characterizes the local ordering between the ionic clusters.
25, 43, 44, 56, 58, 63, 78, 80, 85, 86

  

Rubatat also reported that for Nafion
®
 membranes, a power law intensity decay occurs at low q 

value (0.01<q<0.1 Å
-1

), which can be explained by the scattering of rod-like particles. The q
-4
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decay observed in the Porod region originates from the sharp interface between the scattering 

particles and the polymer matrix. Based on these two observations, Rubatat estimated the 

dimensions of the elongated rods to be about 60 Å in diameter and over 1000 Å in length.
81

  

Additional studies show that there is a systematic shift of the ionic peak to lower q value 

with an increase of the volume fraction of water in the ionomer. However, the general features of 

the scattering pattern described above remain the same, regardless of water content. This 

homogeneity suggests that there are no major morphological changes in the organization of the 

ionic domains, unlike described previously by Gebel.
74

 However, Rubatat confirmed the 

existence of two regimes as a function of the polymer fraction (also reported by Gebel).  When 

the ionomer and the crystalline peak position are plotted against the polymer volume fraction, 

data suggest a dilution of cylindrically shaped particles for the ionic aggregates at high water 

content (more than 40%).  At low volume fraction of water, the position of the ionic peak 

follows a q-1 power law, indicating the presence of spherical domains, which is in agreement 

with some previous studies.
43, 63, 69

 

Further investigations based on an analysis of the ultra-small-angle upturn led Rubatat to 

propose the possible existence of bundles of rod-like particles (“elongated polymeric 

aggregates”) dispersed within the polymer matrix, as shown in Figure 2.17 below. 
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Figure 2.17: Schematic view of correlated polymeric aggregate domains—a bundle 

The position and orientation order inside a bundle being characterized by the ionomer peak and 

the correlation length (between 50 and 100 nm) characterized by the USAS upturn.  

(Reprinted and adapted with the permission from Macromolecules, 37, 7772 (2004). Copyright 

2004, American Chemical Society) 

 

From a study of the crystalline peak, it was also concluded that the rod-like aggregates 

were comprised of aligned PTFE units from the backbone of the ionomer with pendant 

sulfonated side chains surrounding the surface of the cylindrical aggregate.
81

 

More recently, Kim and Grot demonstrated how pretreatment, thermal history, processing 

conditions, and membrane thickness might affect the nanoscale structure of Nafion
®
 membranes. 

The authors reported the correlation between water sorption/desorption and diffusion, with 

morphological changes described drawn as a function of processing (melt-extruded versus 

dispersion-cast). With small-angle neutron scattering, thin extruded membranes follow a q
-1

 

power within the 0.009 and 0.1 Å
-1

range in agreement with Rubatat’s previous work.
80, 81, 87

 

Based on this observation, the authors suggest both the presence of a local cylindrical structure 

and hydrated ionic clusters forming worm-like channels, as shown in Figure 2.18. 

50nm
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Figure 2.18: Schematic of Nafion
®
 worm-like model as described by Kim and Grott 

(Reprinted with the permission from Macromolecules, 39, 4775 (2006). Copyright 2004, 

American Chemical Society) 

 

Unlike the elongated rod-like model where bundle of rod-like particles are dispersed 

within the polymer matrix, this model assumes that the crystallites are dispersed between the 

rod-like domains; thus, the correlation of the inter-crystalline peak spans the ionic domains.  The 

authors opted for the formation of fringe-micelle type crystals over lamellae, based on the fact 

that crystallizable PTFE segments form randomly as opposed to a blocky-type organization even 

though physical evidence of the fringe-micelle structure was not confirmed. SANS profiles of 

thicker melt-processed and dispersion-cast membranes do not show a q
-1

 power law dependence.  

However, relying on a simple observation—such as the slope of a regression—may not be 

sufficient to prove nor disprove any model that unequivocally describes the morphological 

features of Nafion
®
 membranes.  Perfluorosulfonated ionomers can have complex morphologies, 

which are function of the inter- and intra-molecular organization of ionic, crystalline and 
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amorphous domains. Thus, it might take more than one feature of a scattering pattern to 

completely describe the morphological behavior of these materials. 

Schmidt-Rohr and Chen, based on the q
-1

 power law observed from scattering data, have 

recently suggested the idea of a parallel cylindrical water-channel network to describe the 

morphology of Nafion
®
.  Using computer simulations, the authors derived the scattering intensity 

I(q)from the scattering density defined by ρ(x) for a cubic or a rectangular lattice.  

 

Figure 2.19: Parallel water channel model developed by Schmidt-Rohr and Chen. 

(Reprinted with the permission from Nature Materials, 7, 75 (2008). Copyright 2008, Nature 

Publishing Group) 

 

In this model (Figure 2.19), the water channels are in the range of 2 to 4 nanometers in 

diameter and form cylinders, where the water is lined up with the hydrophilic side groups as 

shown above. A cylindrical inverted micelle morphology, stabilized on the outside by straight 

helical backbone segments, was described from NMR data.
71, 88, 89

  The average diameter of these 

water channels is slightly smaller than the initial data reported by Gierke
40, 46, 52, 90, 91

 (4 nm).  In a 
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previous study, Schmidt-Rohr demonstrated that the initial formula does not really describe 

cylindrical object, leading to an overestimated value (Equation 2.1). 

2
d

q






   Equation 2.1 

Using three dimensional Fourier transform of the scattering density function ρ(x), 

Schmidt-Rohr was able to determine the scattering intensity I(q) by deriving a continuous rather 

than discrete function of the scattering intensity (Equation 2.2). 

 
2

( ) ( )I q FT x
 Equation 2.2 

 

Additionally, further investigations of the crystalline region show that ¾ of the scattering 

intensity at low q is mainly due to crystallites, which is in good agreement with previous work.
61, 

92, 93
 The simulations also demonstrate that the crystallites were rather elongated and cylindrical 

as opposed to being nearly cubic.
87

  Under experimental conditions (Nafion
®
 with 20 vol. % of 

water), the crystallinity was evaluated to be 13 vol. percent (or 15 % of the dry polymer), 20-50 

Å in thickness, and with an aspect ratio between 1 and 1.8. These values may be slightly 

overestimated due to fact that water reduces the scattering intensity at intermediate and high q 

values.  Comparing the various models that have been developed throughout the years, this 

water- channel depicted by Schmidt-Rohr seems to describe more accurately the changes in the 

SAXS patterns as a function of water content, percentage of crystallinity and film thickness. 

Very recently, Elliott, Wu, Paddison and Moore reconsolidated all the models developed 

for Nafion
®
 membranes into a unified model SAXS data and mesoscale simulations.

94
  Despite 

the high degree of disorder in these random fluorinated ionomers, the authors demonstrated that 
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the morphology of Nafion
®
 likely consists of independent bicontinuous networks of ionic 

clusters and fluorinated hydrocarbon chains as shown in the Figure 2.20 below. 

 

 

Figure 2.20: Schematic representation of proposed morphology of hydrated Nafion® 

This figure shows a 3D bicontinuous network (light blue channels) of ionic clusters (black dots) 

surrounded by amorphous and crystalline regions of fluorocarbon chains (dark blue). The scale 

bar is calibrated from the distance between ionic clusters (black dots) obtained from SAXS. (Soft 

Matter, 7(15), pp. 6820-6827, 2011. Fair use) 

 

Furthermore, based on MaxEntropy calculations, they demonstrated that the regions that 

are hydrocarbon rich are also the regions that contain the lowest content of ionic aggregation.  

The model developed can be applied to both unoriented and oriented perfluorinated sulfonic acid 

membranes. Sicne the ionic aggregates and the crystallites form well-separated domains, the 

existence of continuous channels filled with water is the only condition that precludes the really 

high water diffusion coefficient of these membranes. 
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Figure 2.21: DPD simulation and MaxEnt calculations for Nafion
®

 

(a) DPD simulation of Nafion
®
 (EW ¼ 1244 g/mol1, l ¼ 16) with 3D distribution of 

fluorocarbon backbone beads shown in red, terminal portion of side chain beads in green and 

water beads in blue, (b) corresponding 2D cross-section, as highlighted in (a), of water bead 

density with white regions high in water  content, and (c) 11x11 montage of 121 cross-sections 

through independently generated DPD simulations as in (a) produced from different random 

starting conditions. Note that the linear dimensions of (a) and (b) are 33 nm, and the inset shows 

cross-section (b) reduced to same scale as montage (c). (Soft Matter, 7(15), pp. 6820-6827, 2011. 

Fair use) 

 

The existence of this ionic percolation network (continuous network) remains the only 

explanation that can be logically used to correlate morphology with transport properties. The 

described morphology (as depicted in Figures 2.20 and 2.21) allows for the morphological 

rearrangement of the sulfonic acid groups between adjacent ionic aggregate, from which one 

may assume a rather dynamic ionic network. 

2.5 Alternative Membrane Materials 

2.5.1 Polyarylene Ionomers 

This family of ionomers is among the largest of all the hydrocarbon-based materials.  

They are also the most widely studied due to the wealth of prior knowledge of non sulfonated 
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analogues, as well as expectations for higher thermal stability, mechanical properties and 

oxidative stability.  Polyarylenes contains aryl or heteroaryl ring as part of the main chain as 

presented in Figure 2.21. 

 

Figure 2.22: Examples of sulfonated polyarylenes explored as potential PEMs 

 

Sulfonated phenol-formaldehide resins (Figure 2.22 A) were developed for NASA, as a 

result of their ease of synthesis and the low cost of the sulfonation step of the base polymer.
95

  

Like sulfonated polystyrene, these materials show low oxidative stability; however, limited work 

has been carried out from the time when NASA found them of interest. 

Sulfonated poly(arylene ether ketone)s (SPAEKs) have been largely studied for PEM fuel 

cell systems, with sulfonated poly(ether ether ketone) (SPEEK) (Figure 2.22 B 9a) being the 

A B 

C D 

E 
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most representative example of this family.
96

  The base polymer (SPEEK) is commercially 

available and relatively cheap.  The sulfonation process is straightforward using concentrated 

sulfuric acid.  Proton conductivity with this material can be as high as Nafion
®
 conductivity at 

reasonable levels of sulfonation.  However, the distribution of the sulfonic acid groups along the 

main-chain is random and these materials show less phase separation than Nafion
®
, resulting in 

narrower proton conduction channels with more dead-ends.
83, 97

  SPEEKs have shown a greater 

dependency on water content for proton conduction than the benchmark material, but also exhibit 

chemical and mechanical instabilities under operating fuel cell conditions for extended periods of 

time (80 
o
C, 100% RH).  Other SPAEKs have been developed including sulfonated derivatives 

of poly(ether ketone)s (Figure 2.22 A 9b),
95

 poly(aryl ether ketone)s (Figure 2.22 A 9c), 
95, 98

 

poly(phenylene oxide)s (Figure 2.22 C),
99, 100

 polybenzimidazoles (Figure 2.22 D),
101-104

 and 

polyimides (Figure 2.22 E).
105

  

 Hickner et al. have developed and extensively studied sulfonated(aryl ether 

sulfone)s.
98,106-108

.  These materials have a statistical distribution of the sulfonic acid groups 

along the polymer backbone and can be used on block copolymer derivatives.
109-112

  Unlike the 

polymer systems we described in the previous paragraph, the sulfonic acid groups are introduced 

via copolymerization; the suitable sulfonic acid containing monomer during the 

copolymerization as shown in the scheme below: 
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Figure 2.23: Synthesis of BPSH statistical copolymer via direct polymerization 

 

This direct polymerization enables on to control the degree of sulfonation, in contrast to a 

post-sulfonation technique.  The sulfonic acid groups are introduced onto moieties via electro-

withdrawing groups, therefore making it unlikely that desulfonation will occur during PEMFC 

operation.
113

  During the post-sulfonation step, the sulfonic groups almost exclusively attach to 

the aryl rings bearing electron-donating groups, which promote both sulfonation and the 

desulfonation.
98

  Bisphenol-based poly(arylene ether sulfone)s exhibit properties and 

performance that are promising for the field of proton exchange fuel cell membranes.  The direct 

polymerization of BPSH has allowed the McGrath Research Group to synthesize a whole family 

of new copolymers of various compositions and molecular weights.
98, 114, 115

  Because of the vast 

array of monomers available, membrane properties and morphologies are tunable and 

controllable. 
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2.5.2 Block and Graft Copolymers 

One of the early block copolymers was developed by Dais-Analytic Corp; this copolymer 

is a sulfonated polystyrene-co-poly(ethylene-r-butylene)-b-polystyrene (S-SEBS) (Figure 2.24). 

 

Figure 2.24: Sulfonated polystyrene-co-poly(ethylene-r-butylene)-b-polystyrene (S-SEBS). 

 

This material was developed for use in low-cost PEMs that operates at ambient 

temperatures and low current densities.
116

  Its proton conductivity appears to be independent of 

the IEC (IEC 0.94-1.71meq/g); however, water content dramatically increases over 1.13-1.71 

meq/g, which leads to a significant dilution of the sulfonic acid groups over this IEC range.
117

   

 

Figure 2.25: TEM images for S-SEBS (27 mol%) cast from (a) THF and (b) MeOH/THF (20/80 

v/v) 

(Reproduced with permission from Journal of Membrane Science, 250, pp175-182 (2005). 

Copyright Elsevier 2005) 

 

The morphology of S-SEBS was investigated using transmission electron microscopy, 

and revealed the presence of cylindrical structure at degree of sulfonation lower than 34%.
118
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Kim et al. observed changes in the morphology of the membrane with the processing conditions, 

as illustrated in Figure 2.25.  They explained that the difference in morphology (lamellar versus 

diffusive phase boundary) was due to the differences in affinities of the block for the different 

solvents. 

Poly(arylene ether sulfone)-co-poly(arylene ether ether ketone) copolymers containing 

blocks of sulfonated poly(p-phenylene) (PPP) were also synthesized by Ghassemi et al.
119, 120

  

Proton conductivity values ranges from 24 mS/cm (IEC=0.70 meq/g) to 36 mS/cm (IEC=1.20 

meq/g), which are low values in comparison with Nafion
®
 or BPSH membranes.

119
 

Additional studies performed by the McGrath Research Group described the effect of 

heavily fluorinated blocks upon BPSH-like systems.
121

  The fluorinated blocks lead to a greater 

thermo-oxidative resistance and hydrophobicity in these copolymers.  Attenuated force 

microscopy studies have also shown well defined phase separation with a different morphology 

than its random BPSH analogue (Figure 2.26). 

  

Figure 2.26: Sulfonated-fluorinated poly(arylene ether) multiblocks (MBs)  

 

Poly(vinyldiene difluoride-co-hexafluoropropylene) (P(VDF-co-HFP) has been 

polymerized via free radical synthesis in the presence of CHCl3, as chain transfer agent.  These 

macroinitiators were the used in an ATRP polymerization of styrene (Figure 2.27).
122, 123
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Figure 2.27: Poly(vinyldiene difluoride-co-hexafluoropropylene)-co-sulfonated polystyrene 

 

Morphological studies of this system show that at a low degree of sulfonation, there is no 

distinct domain formation (hydrophobic versus hydrophilic). However, as the ionic content 

increases (20-40 mol%), there is formation of distinct domains with the presence of ordered and 

connected ionic channels (8-15 nm in width) with 20-40 nm spacings between domains.
122, 123

  

At higher degrees of sulfonation, the interfacial region between the hydrophobic and the 

hydrophilic domains become less distinct and the ionic aggregates tend to be disordered.
 122, 123 

2.5.3 Polybenzimidazole/Acid Complexes as High Temperature Membranes 

In the past decade, various research groups have been working on developing new 

membranes for fuel cells operating at temperature above 85 
o
C, which will help to overcome 

catalyst poisoning that might occur at lower temperatures.  Aromatic polybenzimidazole (PBI) 

polymers, such as the commercially available poly(2, 2’-m-phenylene-5, 5’-bibenzimidazole) 

(m-PBI) (Figure 2.28), are a class of polymers that are thermally stable and non-flammable, used 

in matrix resins, adhesives and foams.  Benicewicz et al. have recently published two reviews 

about this specific family of polymers that can be used as proton exchange membranes.
176-178  

PBI polymers are excellent candidates for PEMs, as they are capable of sustaining temperatures 

up to 200 
o
C without any associated problems.  When doped with phosphoric acid, PBIs can 

operate efficiently without the need for an external humidification system.  Such treatment leads 
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to a significant increase in conductivity. It should be noted that conductivity depends on doping 

level, and is usually expressed as a number of H3PO4 molecules per PBI unit.  It has been 

reported up that to 5 moles of H3PO4 per PBI repeat unit is sufficient.  The properties of such 

doped membranes and their application as proton exchange membrane for fuel cell systems has 

been extensively studied by Wainright since 1994.
179-183

  Having low methanol permeability and 

low electro-osmotic drag, the development of these membranes has opened new opportunities for 

direct methanol fuel cell and high temperature operation. 

 

Figure 2.28: Chemical structure of poly(2, 2’-m-phenylene-5, 5’-bibenzimidazole) (m-PBI) and 

poly(2, 5-benzimidazole) (AB-PBI) 

 

Different methods have been used to form PBI-acid complexes, including immersing the 

PBI membrane in acid solutions or casting them from a PBI and phosphoric acid in 

trifluoroacetic.  Alternative approaches use polyphosphoric acid as a condensing agent for the 

polymerization and as a membrane casting solvent.  In-situ hydrolysis of polyphosphoric acid to 

phosphoric acid in the membrane occurs after absorption of water after casting.
184

  This route can 

lead to membranes with high acid content (>50 wt.%).  PBI/acid complexes can exhibit proton 

conductivity greater than 10
-3

 S/cm at 25 
o
C and greater than 0.03 S/cm at 190 

o 
with

 
composition 

4-5 H3PO4/PBI unit. 
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Figure 2.29: Synthesis route to sulfonated (stabilized) polybenzimidazole. 

 

Polybenzimidazole polymers, such as poly(2, 2’-m-phenylene-5, 5’-bibenzimidazole), 

can also be subjected to an electrophilic attack because of the proximity of the imidazole ring to 

the fused benzene ring.  PBI dissolved in sulfuric acid does not react appreciably, but when 

subjected to a heat treatment for short periods of time at 450-500 
o
C, the sulfuric acid-doped PBI 

can achieve levels of substitution up to 0.6 sulfonic acid group per PBI unit (Figure 2.29).
185,186

 

2.5.4 Polymer Blend and Composite PEMs 

In the three previous sections, we discussed several examples of proton exchange 

membrane materials comprised of a single polymer without the presence of any additional 

compounds.  A wide variety of different blend and composite proton exchange membranes have 

been developed during the past decade.
124-135

  Three important categories have been identified: 

polymer blends, ionomer-filled porous substrates and reinforced membranes, and composite 

PEMs, which could be used for high temperature operations and other alternative proton 

conductors.
 25, 125-127, 136-154, 155-175
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2.6 Concluding Remarks 

An extensive review of perfluorosulfonate ionomers and their morphologies has been 

presented.  The important field of proton exchange membranes for fuel cells has been 

significantly advanced by the development of new materials and characterization techniques, 

which have results in a vast amount of knowledge in the field.  In recent years, we have also seen 

the introduction of powerful computational simulations to understand the structure-property 

relationships in these materials.  Today, the scientific community has taken four different 

approaches: (1) the development of hydrocarbon-based ionomers for low cost PEMs with less of 

an environmental impact; (2) the synthesis of more organized systems such graft and block 

copolymers or self-assembled composites for improved proton transport, (3) the development of 

membranes that can operate at higher temperature (above 100 
o
C) to circumvent catalyst 

poisoning, for example, and (4) the investigation of structure-property relationships in PEM 

materials. 

To date, the development of PEM materials has been carried out without a thorough 

understanding of the complex relationships between chemical and morphological structures and 

the properties of ionomers.  However, there is no doubt that with new synthetic PEM chemistry 

routes—combined with a more systematic and iterative approach—we will see the development 

of materials with enhanced durability, performance, reliability, properties and lower cost—all of 

which are essential for the commercialization of PEMFC and DMFC systems.  
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CHAPTER 3:  

CONTROL OF MORPHOLOGY BY MEAN OF A MIXTURE OF ORGANIC AND 

INORGANIC COUNTERION 

3.1 Introduction 

Perfluorosulfonate ionomers (PFSIs) are a family of polymers generated from the 

copolymerization of tetrafluoroethylene and a perfluorinated vinyl ether monomer that contains a 

terminal sulfonic acid functionality.
1-5

  These materials are used in a wide range of applications 

such as electrochemical devices, sensors, and actuators, as well as in chlor-alkali production and 

water electrolysis.  Among the various PFSIs commercially available, Nafion
®
 is probably the 

most widely studied and is the current benchmark material for proton exchange membranes used 

in fuel cell applications.  Developed and produced since the 1960s by Dupont, Nafion
®
 has the 

following structure, shown in Figure 3.1. 

 

Figure 3.1: Chemical structure of Nafion
®
 perfluorinated sulfonic acid copolymer 

 

This material has been found to be very effective for use in proton exchange membrane 

(PEM) fuel cells by permitting hydrogen ion transport, while at the same time preventing 

electron conduction and still retaining important mechanical properties.  As already described in 

Chapter 2, ionomers such as Nafion
®
 are described by their equivalent weight (EW), which 

represents the average number of grams of dry Nafion
®

 per equivalent mole of sulfonate group.  

Equivalent weight can be determined by acid-base titration, analysis of atomic sulfur, chemical 

elemental analysis or Fourier infrared spectroscopy.  When Nafion
®
 1100 (EW=1100g/mole of 
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sulfonate) is used, the relationship between EW and n is such that EW=100n+446, so that the 

pendant chain is separated by twelve to fourteen –CF2– groups on the backbone (which are 

capable of forming PTFE-like crystallites), and n is approximately 6.6. 

Due to the difference in polarity between the fluorocarbon non-polar backbone and polar 

ionic pendant chains, ionomers such as Nafion
®

 tend to phase separate.  Additionally, as a result 

of strong electrostatic interactions, it has been shown that the perfluorosulfonic acid groups 

located on the pendant chains aggregate to form ionic domains.
6-9

  These ionic domains, often 

referred to as clusters, are randomly distributed throughout the non-polar polytetrafluoroethylene 

matrix formed by the Nafion
®
 backbone.  This complex organization or morphology has been the 

focus for numerous investigations aimed at elucidating and understanding this phase-separated 

morphology, as well as the thermomechanical properties that are specific to Nafion
®

 and similar 

perfluorinated sulfonic acid ionomers.
5, 6, 9-17

  Recently, Moore et al. demonstrated that 

perfluorinated ionomer membranes like Nafion
®
 have two bicontinuous phases that organize 

independently from each other.
18

  For PEMFC applications, the proton exchange membrane must 

have good proton conductivity, excellent gas permeation property (to avoid gas crossover), while 

retaining good mechanical properties over time. In a fuel cell setting, the PEM is subjected to (1) 

pressure gradients across the membrane surface, (2) changes in hydration levels, (3) extreme 

temperature cycles, (4) start/run/stop cycles, (5) rapid changed in the power output over time, 

and (6) mechanical creep.  These harsh environmental conditions can drastically impact the 

lifetime of the membrane and must be taken into account. 

As described in Chapter 2, Nafion
®
 is obtained from the melt extrusion of a sulfonyl 

fluoride precursor followed by hydrolysis to obtain the perfluorosulfonic acid ionomer.
5, 19

  It is 

only recently that DuPont started to distribute Nafion 
®
 dispersion-cast membranes with lower 
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thicknesses and higher water uptake values than those of Nafion
®

 extruded membranes.  To date, 

the production process is still proprietary and has not yet been disclosed. However, some recent 

studies from Osborn and Moore involving these dispersion-cast membranes suggest that they 

may be cast from alcohol at low temperature.
20

 

Recent studies show that a wide range of relaxation temperatures can be observed by 

altering the end group of the pendant chain upon neutralization by different counterions.
21, 22

  

Dynamic mechanical analysis show that both the alpha and beta relaxation shift to lower 

temperature with increasing size of the counterion.  Larger counterions significantly decrease the 

electrostatic interactions and effectively act as plasticizers for Nafion
®
. 

3.1.1 The alpha relaxation temperature
21

 

By understanding the correlation between DMA, small-angle X-ray scattering, and 
19

F 

NMR observations, Page et al. were able to propose an explanation for the origins of the alpha 

and beta relaxation temperatures that characterize Nafion
®
.  Essentially, the alpha relaxation can 

be assigned to the onset of the thermally activated motions of the side and main chains, which 

are facilitated by the weakening of electrostatic forces within the ionic groups.  Above the alpha 

relaxation, it is suggested that the mobility of the side chains is increased through the process of 

ion-hopping, thereby leading to a more homogenous distribution of the ion pairs. 

3.1.2 The beta relaxation temperature
21

 

The origin of the beta relaxation temperature of Nafion
®
 can be attributed to the onset of 

thermally activated main-chain motions that are facilitated through side chain-mobility within 

the framework of a static physical and electrostatic network.  This beta relaxation can be 

subsequently assigned to the genuine glass transition temperature of Nafion
®
. 
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3.1.3 Morphology of Nafion
®

 from scattering data 

Extensive work has been already published that looks at the morphology of Nafion
®

.  

Even though scientists have developed different models to elucidate the true morphology of 

Nafion
®
, none of them fully describe this ionomer.  Previous SAXS studies have already shown 

that Nafion
®
 exhibits two peaks.

12, 14, 23-26
 The first peak at around 0.12-0.18 Å

-1
 has been 

attributed to ionic aggregates.  The second peak observed at lower q value (~0.02-0.05 Å
-1

) has 

been associated to a certain extent with the degree of crystallinity of the ionomer originating 

from the tetrafluorethylene backbone.
27

 

From wide-angle X-ray scattering data, the crystallinity of Nafion
®
 has been reported to 

be in the range of 12-23%
10

, while other reports show it ranging from 0-40 %.
9
  It is only 

recently that investigators have reported that recast Nafion
®
 can exhibit 29% crystallinity, a 

value that is much higher than reported by Fujimora’s group.
28

  The assignments of both 

crystalline and amorphous peaks were based on the positions of the crystalline and non-

crystalline peaks in polytetrafluoroethylene; Nafion
®
 shows a crystalline peak at q=1.28A

-1
 and a 

wide amorphous halo.  

Using wide-angle X-ray scattering, Fujimura et al. clarified the influences of temperature, 

molecular weight, and various functional group on the WAXD profile of Nafion
®

 membranes.
10

  

The WAXS pattern of Nafion
®

 can be deconvoluted into two profiles following a baseline 

correction.  The scattering pattern consists of a large amorphous halo, on which can be 

superimposed a Bragg peak, which relates to the (1; 0; 0) reflection of the hexagonal structure of 

the polytetrafluoroethylene backbone.  The following can be observed: one broad peak at low q 

value, which is attributed to the non-crystalline region, and a narrow peak at q~1.27 Å
-1

 

developed by the crystalline domains.  Generally, the second peak is barely visible in Nafion
®
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membranes without the use of high resolution scattering techniques.  However, it has been 

demonstrated that recast Nafion
®
 films using solvents with higher boiling points may have 

different crystalline organization compared to the as-received films.
29, 30

 

3.1.4 Membrane modification techniques 

Modifying or tailoring the PFSI membrane properties (thermal, mechanical and 

morphological) is possible by mean of various processing techniques that include solution-

processing
15, 31

, melt-processing
32

, post-processing annealing
33

, or mechanical deformation 

(stretching)
9
.  

3.1.4.1  Thermal annealing technique 

In numerous published studies, researchers have described in significant detail the effects 

of elevated temperatures on Nafion
®
 membranes.

9, 10, 24, 30, 34-42
.  An early publication by Gierke 

describes the disappearance of the crystalline reflection at 18
o
 2θ in the Nafion

®
 precursor with 

increasing temperature from 50 to 270 
o
C.

9
 We will review more systematically the effects of 

annealing in the following chapter. 

3.1.4.2  Melt processing technique 

Nafion
®
 membranes can also be melt processed after weakening the strong electrostatic 

crosslinks by neutralizing the pendant chains with large organic counterions such as tetrabutyl 

ammonium counterions, which serve as internal plasticizers.
43

  This technique can be used to 

produce thicker membranes. 

3.1.4.3  Solution-processing versus dispersion cast techniques 

DuPont commercializes dispersion-cast Nafion
®

 membranes with lower thicknesses and 

higher water uptake compared to the melt-extruded ones.
44-46

  This casting procedure consists of 
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the application of a perfluorosulfonic acid ionomer onto a backing sheet (substrate), followed by 

a drying step before the final application of a protective coversheet.  However, some recent 

studies by Osborn et al. showed that dispersion-cast Nafion
®
 NRE-212 CS membranes rapidly 

disintegrate after submersion into boiling methanol, while the extruded Nafion
®
 N-112 

membranes swell in the presence of boiling methanol and retain their mechanical integrity.
20

 

 

Figure 3.2: Effect of solution-processing temperature and solvent on film formation of Nafion
®

 

membranes. 

(Adapted with permission from Analytical Chemistry, 58(12), 2569 (1986) Copyright 1986, The 

American Chemical Society)  

 

While DuPont
1
 developed the process to make Nafion

®
 dispersions in alcohols and to 

produce dispersion-cast membranes (as shown in Figure 3.2), Moore and Martin
15, 16, 31

 

developed the “solution-processing” procedure that produces Nafion
®
 membranes with better 

mechanical integrity.  The first step of the solution-processing method involves dissolving 

Nafion
®
 membranes in an alcohol/water solution in a pressure reactor at ~1000PSI and elevated 

temperature (~250 
o
C).

47, 48
 The second step of the solution-processing technique requires the 
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incorporation of a high boiling point solvent, such as dimethylsulfoxide (DMSO) or 

dimethylformamide (DMF), into the alcohol/water Nafion
®
 dispersion to disrupt the interaction 

of the colloidal particles with the solvents, thereby facilitating the ability to cast the membranes 

at much high temperatures. The addition of a few drops of triethylphosphate ultimately will 

protect the sulfonate groups from thermal degradation during exposure to elevated temperatures 

(~190 
o
C).  Both the higher temperature and the presence of a solvent, which acts as a 

plasticization agent, enhance the chain mobility necessary for a macromolecular reorganization 

of the Nafion
®
 chains in solution.

15, 31
 The produced membranes are mechanically stable and 

have the same properties as their counterparts, the “as-received” extruded membranes. 

3.1.4 Neutralization of Nafion
®

 Membranes  

Both the morphology and the thermal-mechanical properties of Nafion
®
 membranes can 

be altered by neutralizing the sulfonate group located at the end of the side chains.  Either 

organic or inorganic counterions have been used.  Numerous published studies described the 

various effects of completely
21, 49-55

 or partially
20, 35, 56-58

 neutralizing Nafion
®
 with alkali-metal 

counterions (Li
+
, Na

+
, K

+
, Cs

+
, Ba

2+
) or alkyl-ammonium counterions (TMA

+
, TEA

+
, TPA

+
, 

TBA
+
, TOA

+
, TDDA

+
).  However, few authors have studied the effects of using mixed 

counterion systems on the morphology and the mechanical properties of Nafion
®
 membranes.  

Some very early studies led by Eisenberg
35

 showed the direct effect of counterion neutralization 

on thermal transitions obtained as seen by dynamic mechanical analysis of Nafion
®

 membranes.  

Three main transitions were observed between -120 
o
C and 200 

o
C in all neutralized membranes.  

If the γ transition observed at low temperature remained constant (independent of counterion 

size), the α and β transitions changed with neutralization, counterion nature (organic versus 
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inorganic), and counterion size.  Eisenberg
35, 59

 attributed the β relaxation to the glass transition 

temperature of the fluorocarbon backbone, based on previous work.
49, 50

 

It is only recently, however, that the Moore Research Group
58

 determined that the β 

relaxation temperature observed from DMA was the true glass transition temperature of the 

perfluorosulfonate acid ionomer, which affects both the fluorocarbon and the ionomeric 

domains.  They also described the decrease in intensity of the tan δ of the β transition with 

increasing neutralization as a common attribute among hydrocarbon based ionomers; the 

decrease in intensity combined with a shift to higher temperature of the β transition was due to 

an enhancement of the ionic interaction leading to a decrease in the mobility of the fluorocarbon 

matrix. On the other hand, the α transition, which Eisenberg et al.
35

 attributed to the glass 

transition of the ionic region, was described by Moore et al. as the destabilization of the 

electrostatic network due to the ionic crosslinks, which shifts to higher temperature as a function 

of neutralization with Cesium counterion.
58

 The studies also confirmed the uniformity of 

counterion distribution within the Nafion
®
 membranes (Figure 3.3). 
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Figure 3.3: Variations of G’ and tan δ with temperature for Cesium neutralized Nafion® 

membranes with varying degree of neutralization. 

(Adapted with permission from the Canadian Journal of Chemistry-Revue Canadienne De 

Chimie, 61(4), 683 (1983). Copyright NRC Research Press, 1983) 
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Nafion
®
/Poly (vinyldiene fluoride) (PVDF) blends were recently made and studied. 

60
  

By incorporating tetrabutyl ammonium (TBA
+
) or sodium (Na

+
) counterions into Nafion

®
, 

Landis and Moore described the phase separation and the blend miscibility of PVDF/Nafion
®
 

blends.  Na
+
 and TBA

+
 powders were produced by evaporating the alcohols and by steam-

stripping, respectively.  The powders were finely ground and mixed with PVDF powder 

following the proper weight fractions and dissolved in a 40/60 DMAc/acetone solution.  The cast 

membranes exhibited very distinct morphologies depending on the counterion composition.  If 

the Na
+
-form of the Nafion

®
/PVDF membranes showed an irreversible phase separation upon 

heating above the PVDF crystalline melting temperature, the TBA
+
-form of the Nafion

®
/PVDF 

blends remained homogeneously mixed even after heating.
60

  Phillips and Moore
56

 followed up 

this work by studying the morphology of NA
+
/TBA

+
-form Nafion

®
 membranes that were made 

using the procedure described by Landis.  This time, however, the membranes were cast from a 

DMSO solution at higher temperature (180 
o
C). 

The DMA results compared with the 
23

Na solid-state NMR data support the fact that the 

mixed counterion membranes behaved as a uniformly distributed mixed system, and the local 

organization at the level of the ionic aggregates is essentially similar to the as-received Nafion
®

 

membranes.  The results published by Phillips and Moore suggest that specific interactions 

during processing significantly impact the organization of the ionic domains and yield structures 

in Nafion
®
 membranes with very distinct transport properties

56 
(Figure 3.4). 
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Figure 3.4: DMA tan δ for solution-processed Nafion
®
 membranes containing mixed 

organic/inorganic counterions. 

Pure Na+-form Nafion® (●), 75/25 Na
+
/TBA

+
-form Nafion

®
 (  ,50/50 Na+/TBA+-form 

Nafion® (■), 25/75 Na
+
/TBA

+
-form Nafion

® 
(◊),

 
Pure TBA

+
-form Nafion

®
 (▲).(Adapted from 

(Adapted with permission from Journal of Polymer Science Part B-Polymer Physics, 44(16), 

2267-2277 (2006). Copyright Wiley Interscience, 2006) 

 

All the above studies confirm that (1) after being neutralized with various alkyl 

ammonium or metals counterions, Nafion
® 

can be dissolved in a mixture of alcohols using a 

pressure reactor,
61

 and (2) Nafion
®
 membranes with good mechanical, thermal and chemical 

properties can be produced using a solution-processing technique as previously reported.
62

  This 

solution-processing procedure is suitable for producing thin membranes that can be used for fuel 

cell applications—essentially, membranes with comparable thermal, mechanical and dynamic 

mechanical properties as the as-received DuPont membranes.   

Neutralizing Nafion
®
 membranes with inorganic/organic mixed counterions can alter the 

electrostatic interactions and the chain dynamics of this complex ionomer.  The counterion 

composition during the solution-process step may affect thermo-mechanical, water uptake, and 

conductivity properties and morphology (change in WAXS and SAXS patterns) of these 



93 

 

membranes even after reacidification.  These changes may affect the overall fuel cell 

performance of these membranes when they are used in a PEMFC.  The goal of the present 

work, therefore, is to take the Landis and Phillips studies a step further.  We will used the true 

solution-processing technique described by Moore and Martin
15, 16, 31

 and compare the properties 

of these membranes to those previously prepared by Phillips.  Using various counterions to 

neutralize Nafion
®
 membranes may have little relevance within the context of proton transport in 

PEMFC applications. However, it can be of interest to look at the effect of the counterions on the 

morphology of solution-processed membranes.  Thus, this chapter principally reports how 

thermal mechanical properties, morphology, water uptake, and proton conductivity are affected 

by both counterion composition and solution-processing procedures.  We ultimately will show 

the composition and processing technique dependences of the performance of these membranes 

under fuel cell conditions. 

3.2 Experimental 

3.2.1 Nafion
®

 solution preparations 

3.2.1.1 Materials 

Nafion
®
 117 CS (EW=1100g, 7 mil or 0.178 mm thick, CS = chemically stable) was 

provided by E.I. du Pont de Nemours and Company.  Tetrabutyl ammonium hydroxide (1M in 

methanol) and sodium hydroxide were obtained from Aldrich Chemical Co. and used without 

any further purification. 
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3.2.1.2 Cleaning procedures 

To remove impurities, the Nafion
®
 117 CS film was cleaned in refluxing 8M aqueous 

nitric acid (HNO3) for two hours, then rinsed three times with deionized water, and finally boiled 

in deionized water for one hour.   

3.2.1.3 TBA and Na Exchange 

Upon drying overnight at 70ºC in a vacuum oven, the clean Nafion
®
 membranes were 

ion-exchanged to either sodium (Na
+
) or tetrabutylammonium (TBA

+
) forms by stirring for 24 

hours in sodium hydroxide (1.0 M aqueous solution) or tetrabutylammonium hydroxide (1.0 M 

solution in methanol) respectively.  Before being rinsed, the temperature of the solutions was 

raised to ~50-60 
o
C for an hour to ensure that the membranes’ ionic sites are fully exchanged 

with the counterions.  After neutralization, the Na
+
 form membranes were boiled in deionized 

water for one hour while the TBA
+
 form membranes were boiled in methanol for one hour prior 

to be boiled in deionized water for an additional hour. All membranes were then kept between 

Kimwipes at room temperature for an hour and then dried overnight in a vacuum at 70ºC. 

3.2.1.4. Preparation of the Nafion
®
 Solutions  

Nafion
®

 solutions were prepared using a PARR pressure reactor following the procedure 

suggested by Martin and coworkers.
63

  Seven grams of Na
+
 form Nafion

®
 were added to a 200 

ml solution of 50:50 deionized water and ethanol, which was then placed into the high pressure 

reactor and stirred at 250 ºC for two hours at approximately 1000 PSI.  The same procedure was 

followed for seven grams of TBA
+
 form Nafion

®
 in a mixture of deionized water, methanol, and 

isopropanol at a ratio of 40:30:30 by volume.  After cooling, each solution was filtered under 

vacuum through a Whatman number four filter paper.  The average solution concentration was 

determined by extracting one milliliter of solution into three separate scintillation vials and 
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obtaining the dry weight of the polymer after evaporating the residual solvent in a vacuum oven 

at 70 
o
C for 24 hours (the vials were equilibrated to room temperature in a dry box prior each 

measurement). 

3.2.2 Membrane Fabrication 

3.2.2.1 Solution Processing Procedure using DMSO  

In order to study the effects of mixed counterion blends on fuel cell performance, the 

following ratios of Na
+
/TBA

+
 Nafion

®
 solution processed films were created: 0/100, 25/75, 

50/50, 75/25, 100/0.  The various ratios of Na
+
/TBA

+
 were obtained by calculating the 

appropriate amount of Na
+
 and TBA

+
 Nafion

®
 solution needed to produce a 2 mil thick 

membrane with a surface area of 25 cm
2
.  Using an average density of 2.1 g/ml for Nafion

®
, the 

volume of each solution needed was calculated to cast membranes with various ratios of 

Na
+
/TBA

+
 based on the weight percent of the respective Na

+
-form and TBA

+
-form solutions. 

The solution-processing procedure involves the use of a high boiling point solvent such as 

dimethylsulfoxide (DMSO) to ensure optimum film properties as shown by the casting procedure 

of Moore and Martin.
64, 65

  Both the elevated casting temperature and the plasticizing effect of 

DMSO facilitate the macromolecular organization of the polymer chains, thereby producing 

mechanically stable Nafion
®
 films.  A solution of Nafion

®
 Na

+
/TBA

+
 in DMSO was obtained 

after addition of the appropriate amount of both DMSO (~3 to 5 milliliters) and Nafion
®

 

solutions (in alcohols) into a 25 ml scintillation vial. Under constant mixing, the vial was placed 

on a hot plate to allow the evaporation of the low boiling point solvents for 12 to 20 hours at 

temperatures below 90ºC.  After evaporation of the water and alcohols, the Nafion
®

 solution in 

DMSO was poured on a leveled borosilicate glass plate that was maintained at 110ºC to 

evaporate any residual trace of alcohols, which could lead to the formation of unwanted physical 
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alterations of the membranes (air bubbles trapped in the membrane).  The glass plate was then 

heated to 180ºC and maintained at that temperature for three minutes after full evaporation of 

DMSO.  The temperature was measured at the surface of the film with an infrared thermometer 

at five different locations. 

3.2.2.2 Reacidification of the Membranes 

After casting, the glass plate was cooled to room temperature.  The film was then peeled 

away from the glass plate after exposure to steam produced from boiling deionized water for a 

few minutes.  The film was then dried under vacuum at 70ºC for 12 hours prior to analysis and 

storage in a dry box above silicate gel.  The thickness of each membrane was measured in five 

different locations using an electronic micrometer to ensure an average thickness of 

approximately 0.05 mm.  For each composition, five membranes were solution-processed 

following the described procedure.  Prior to the catalyst application and fuel cell testing, all 

Na
+
/TBA

+
-form Nafion

®
 solution-processed films were reacidified by refluxing in methanolic 

4M H2SO4 solutions for two hours, followed by boiling in deionized water for one hour. 

3.2.3 Membrane Electrode Assembly (MEA) Fabrication 

3.2.3.1 Catalyst ink and catalyst layer preparation 

The decal technique, documented in the literature, was used to prepare all MEAs in this 

study.
66-68

  The catalyst inks were prepared by mixing a carbon supported catalyst (30% HP 

Platinum on Vulcan XC-72) from E-Tek, with 5 wt% TBA
+
 Nafion

®
 solution and isopropanol 

while stirring overnight to form a “homogeneous” dispersion.  The ink was prepared to obtain a 

Nafion
®

 ionomer content of 30 wt.% of the total composition of the dry catalyst ink.  The 

catalyst ink was then coated using a mechanical drawdown drive from BYK Gardner modified 
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with a vacuum hot plate and a 2 mil multi-clearance applicator onto a decal substrate made of 

polytetrafluoroethylene-coated fiberglass fabric, 0.0762 mm thick film obtained from McMaster.  

The decal was then heated to 90ºC for 15 minutes to fully dry the ink by evaporating the 

alcohols, then cooled to room temperature.  The process of applying the catalyst ink and heating 

was repeated on the substrate until the desired platinum loading was reached (0.5 mg/cm
2
).   

3.2.3.2 Decal Technique 

The catalyst layer was transferred from the substrate to the various reacidified solution-

processed membranes by hot pressing at 125ºC and 10 MPa for 5 minutes.  The catalyst was 

decaled in a one-step operation on both sides of the membrane.  After hot pressing, the two decal 

blanks were peeled off from the membrane and the platinum loading was checked by calculating 

the residual weight of catalyst left on the decaling substrates.  The membrane coated with the 

catalyst was then immersed in 8M sulfuric acid in methanol for 6 hours under a moderate 

temperature (60 ºC), and then rinsed in slightly boiling deionized water for two hours.  The 

geometrically active area of all MEAs prepared was 5 cm
2
. 

3.2.3.3 Preparation of the Gas Diffusion Layers (GDLs) 

Carbon paper 2050A purchased at www.fuelcellstore.com was subsequently washed with 

acetone to remove any impurities or dust. The carbon paper was then coated with an aqueous 

fluoropolymer dispersion TE 3859 provided by E. I. du Pont De Nemours and Co in order to 

increase its hydrophobicity.  The final load of hydrophobic particles on the gas diffusion layer 

targeted was ~15-20 w. %.  The fluoropolymer on the GDL was then sintered in a convection 

oven set at 320 
o
C for two hours.  A gas diffusion layer was applied on both side of the MEA 

coated with the catalyst ink at 110 
o
C and 800 PSI for 3 min using a Carver 4 post laboratory 

bench press. 



98 

 

3.2.4 Characterization Techniques 

3.2.4.1 Dynamic Mechanical Analysis 

Dynamic mechanical analysis was performed on a TA Instruments DMA Q800 Analyzer 

in tensile mode using clamps for thin film samples. All samples were dried for 12 hours at 70 ºC 

under vacuum and stored in a desiccator over silicate gel for 24 hours prior to analysis.  Samples 

were cut to a width of 5.3 mm and run in triplicate to verify results and reduce experimental 

error.  The membranes were annealed in the DMA by heating from room temperature to 110 ºC, 

and then quenched to -130 ºC to erase any thermal history.   The samples were then analyzed at a 

frequency of 1 Hz from -130 to 300 ºC with a heating rate of 2 ºC/min. 

3.2.4.2 Simultaneous Small and Wide-Angle X-ray Scattering(SAXS/WAXS)  

Simultaneous small and wide angle X-rays scattering experiments were performed at the 

Advance Photon Source on the DND-CAT 05-ID-D beamline, Argonne National Laboratory.  

Samples included all solution-processed TBA
+
/Na

+
 Nafion

®
 membranes of the following 

compositions: 0/100, 25/75, 50/50, 75/25, 100/0 before and after reacidification.  The 

SAXS/WAXS system used was composed of a Roper Scientific detector (WAXS) and a high 

resolution MARCCD x-ray detector (SAXS).  A monochromatic X-ray beam was derived from 

an insertion device and a double-crystal monochromator.  The incident energy was set to E=15 

KeV and has a wavelength of 0.8266Å. The sample-to-detector distance was 3000 mm for the 

SAXS attachment, while the sample to WAXS detector distance was only 236 mm.  The SAXS 

and WAXS detectors are equipped an 81 mm and 141 mm radius, respectively. Four, one second 

exposures (2D images of reach sample) were averaged prior to integration.  The two dimensional 

scattering images were corrected to incident beam flux, background scatter due to air, and the 

variable thickness of each sample.  The scattering profiles are displayed as absolute intensity 
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(cm
-1

) as a function of the scattering vector, q, which is a function of the scattering angle through 

the following relationship: 

  Equation 3.1 

where λ is the wavelength of radiation (0.8266 Å) and θ is half of the scattering angle (2 

θ). 

3.2.4.3 Wide-Angle X-ray Diffraction (WAXD) 

Due to the limited resolution obtained from the simultaneous SAXS/WAXS system, it 

was decided to verify the morphological changes observed with a second system, which was 

anticipated would improve the resolution of the data.  Wide-angle diffraction patterns were also 

collected on all samples using a Rigaku Ultima III diffractometer in the reflection mode at the 

School of Polymers and High Performance Materials, University of Southern Mississippi, 

Hattiesburg.  All membranes were dried under vacuum at 70 
o
C for 12 hours and placed in a 

desiccator prior to analysis. The Rigaku system used a Copper Kα radiation source with a beam 

wavelength of 1.542 Å.  The one-dimensional diffraction images were collected via a computer 

controlled scintillation counter.  The data were collected with a step size of 0.05
o 

 2θ, from 4 to 

25
o
 2θ at a can rate of 0.1

o
 2θ per minute.  The scattering profiles are displayed as relative 

intensity as a function of the scattering angle, 2θ.  Peakfit
®
 from Systat Sotware Co was used to 

separate the crystalline peak from the wide amorphous polymer halo.  Prior to the deconvolution, 

a linear two point background subtraction was performed; the data were then fitted with three 

Gaussian/Lorentzian profiles.  These three mathematical curves replicate a broad amorphous 

diffraction halo, a distinct amorphous halo and a crystalline reflection.  The three curves were 

then adjusted to the experimental data in order to maximize the r
2
 value relative to the 

4
sin( )q
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experimental data; the crystallinity present in each solution-processed membrane was evaluated 

based on the ratio of the area under the crystalline peak over the total area under the diffraction 

pattern. 

3.2.5 Water Uptake Measurements and Analysis 

The weight fraction of water in the membranes was determined gravimetrically on 

solution processed Na
+
/TBA

+
 films before and after reacidification.  The experiment was 

performed on five of each of the membranes to verify results and reduce experimental error.  

Equation 3.2 shows how the weight fraction of water was calculated throughout the experiment, 

where mswollen represents the mass of the hydrated polymer and mdry is the mass of the dry 

polymer.   

  Equation 3.2 

The dry weight of the polymer was determined after drying the membranes in a vacuum 

oven overnight at 70ºC.  The swollen mass was determined after boiling each sample 

individually in deionized water for two hours.  After cooling to room temperature, the solution 

processed membranes were removed from the deionized water, where excess water was wiped 

off and the final weight was determined.  The water content (λ) of the solution processed 

membranes was calculated using Equation 3.3, where 18 is the molecular weight of water and 

1100 is the equivalent weight of the polymeric membrane.  Water content is displayed as a ratio 

of moles of water per mole of sulfonate group –SO3
-
. 

  Equation 3.3 
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3.2.6 Proton conductivity Measurements and Analysis 

Prior to analysis, the solution processed membranes were reacidified by refluxing in 

methanolic 4M H2SO4 solution for one hour, boiling them in deionized water for one hour, and 

then immersing them in deionized water at 80 ºC for 12 hours.  In-plane membrane proton 

conductivity on solution-processed films after reacidification was conducted using a 4-point 

conductivity cell developed by Bekktech, which was immersed in 80 
o
C deionized water.  

Measurements were taken from 0.1 to 500,000 Hz using a 1255 HF frequency analyzer coupled 

with a 1286 electrochemical interface, both from Solartron Analytical.  Data collection and 

analysis was carried out using Zplot
®
 and Zview

®
 software from Scribner and Associates, Inc, 

respectively.  The in-plane conductivity was then calculated using the definition of the resistance 

in terms of the bulk resistivity and the cell geometry: 

  Equation 3.4 

Where A is the cross-sectional area perpendicular to the current flow, W is the width of 

the sample, L is the distance between the two reference electrodes, and T is the thickness of the 

film. 

The resulting conductivity equation is shown below: 

  Equation 3.5 

Where the conductivity, σ (S/cm), is the inverse of resistivity, ρ (Ω.cm), and the 

membrane resistance, R (Ω), taken as the real Z-axis intercept of the complex impedance plot or 

the real Z value for which the phase, Φ, is equal to zero. 

L L
R

A W T

  
 



1 L

R W T
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3.2.7 PEMFC Testing 

The assembly cell was completed by two graphite plates with a triple serpentine flow 

channel pattern that act as collectors.  The single cell hardware and the membrane were 

assembled using a micrometric torque wrench adjusted to 5 N.m.  In all single cell experiments, 

the cathode was fed with high purity grade oxygen at a stoichiometric ratio of 2.  The oxygen 

was humidified by passing through a humidifier set at 55 ºC, leading to a calculated relative 

humidity of 80% when the gas arrives on the cathode side of the GDL.  The anode was fed with 

high purity grade hydrogen sent through a humidifier set at 70 ºC, leading to a calculated relative 

humidity of 100% when the gas reaches the anode side of the GDL with a stoichiometric ratio of 

1.5.  The back pressure of the fuel cell was kept at atmospheric pressure on both the anode and 

cathode sides, with the operating temperature set at 60 ºC throughout the lifetime of the 

experiment.  Prior to fuel cell performance testing, all MEAs were activated over a period of 12 

hours at a constant load of 0.5V.  The fuel cell performance curves were obtained using a fuel 

cell test station Medusa RD from Teledyne, coupled with a fuel cell test system 890CL from 

Scribner, and interfaced with Scribner fuel cell software.  Additional impedance measurements 

were performed using the same equipment as described in the conductivity measurement section.   

Impedance of H2/O2 cells under polarization was performed from 80,000 to 0.1 Hz at open-

circuit voltage, then under a 0.5 and 1A load. 

3.3. Results and Discussion 

3.3.1. Dynamic Mechanical Analysis (DMA) 

The tan δ profiles of the solution-processed membranes with mixed counterions before 

and after reacidification as a function of temperature are presented in Figures 3.5 and 3.6, 

respectively. 
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Figure 3.5: Tan δ versus temperature plots of solution-processed membranes containing mixed 

counterions Na
+
/TBA

+
 with the following compositions:100/0, 75/25, 50/50, 25/75 and 0/100. 

 

The above figure displays the dynamic mechanical analysis of the Na
+
/TBA

+
 solution 

processed membranes containing the following ratios of sodium to tetrabutyl-ammonium: 0/100, 

25/75, 50/50, 75/25, and 100/0.  The Na
+
-form Nafion

®
 film exhibits a strong α relaxation at 

around 252 
o
C and a weak β transition at 160 

o
C.  In comparison, the pure TBA

+
-form film 

shows a pair of relaxations with an α relaxation at 112 
o
C and a β transition at 80 

o
C.  These data 

are in good agreement with a previous work on the molecular origins of these two relaxations 

published by the Moore Group.
21

  Our current understanding of these two relaxations of Nafion
®
 

involves (1) assigning the high temperature α-relaxation to long range motions of both main and 

side chains through the destabilization of the electrostatic network, and (2) the low temperature 

β-transition to the true glass transition of the ionomer and the onset of segmental motions, 

primarily within the backbone in the context of a static, physically cross-linked matrix.
21, 22, 58
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The data also show that as the percentage of TBA
+
 counterion increases, the beta 

relaxation temperature decreases along with an increase in magnitude of the peak.  The increase 

in magnitude of the beta relaxation peak with increasing TBA
+
 content is attributed to larger 

populations of side chain mobility because of a weakened electrostatic network.  The alpha peak 

relaxation in the same figure displays a decrease in temperature with increasing TBA
+
 content as 

well as a decrease in magnitude.  The alpha relaxation decreases in temperature and magnitude 

due to the addition of TBA
+
 counterions, which weaken the dynamic electrostatic network and 

behave as a plasticizer by lowering the temperature at which the onset of mobility occurs.  De 

facto, there is a systematic shift of α and β relaxations to higher temperature with the increase of 

Na
+
 content.  This observation is also in good agreement with the findings of Kyu and Eisenberg 

on the partial neutralization of Nafion
®
 membranes.

35, 59
 Specifically, the β-relaxation increases 

in temperature, while decreasing in intensity with an increase of the inorganic counterion 

content, which Kyu attributed to an enhancement of the ionic interaction strength, which in turn 

reduced the mobility of the fluorocarbon matrix.  This systematic shift observed when the 

composition changed from pure TBA
+
 to pure Na

+
 supports the fact that a higher temperature is 

necessary to induce significant polymer mobility within the electrostatic network.  The data 

shown in Figure 3.6 are also in good agreement with the DMA data of the TBA
+
/Na

+
 Nafion

®
 

membranes produced by Phillips and Moore.
56

  These researchers correlated the systematic 

compositional increase in the relaxation temperatures with increasing Na
+
 content, which in turn 

is a characteristic of molecularly mixed polymer blends.  The DMA data here again supports the 

fact that the solution-processing technique that we used (i.e., the one used by Phillips and Moore) 

leads to three outcomes: (1) a homogeneous distribution of the ionic aggregates, (2) an increase 
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of the free volume between the ionomer chains due to the presence of TBA
+
 counterions,

32
 and 

(3) Nafion
®
 plasticization induced by the use of an organic polar solvent such as DMSO. 

 

Figure 3.6: Tan δ versus temperature plots of solution-processed membranes containing mixed 

counterions Na
+
/TBA

+
 with the following compositions:100/0, 75/25, 50/50, 25/75 and 0/100 

after reacidification back into the H
+
-form. 

 

Figure 3.7 shows the dynamic mechanical analysis of the Na
+
/TBA

+
 solution-processed 

membranes after reacidification in a methanolic 4M H2SO4 solution.  In agreement with ATR-

FTIR spectroscopy data, the reacidification of all five counterion blends was successful due to 

the reproducibility of each DMA run. The thermal/mechanical properties of the reacidified 

Nafion
®
 membranes appear to be identical regardless of the composition of the counterion 

mixture.  Three thermo-mechanical transitions are present in the membranes after conversion to 

the acid form.  The similar DMA profiles after reacidification suggests that all the membranes 

are equivalent at the macroscopic scale, and that the morphological manipulation of the ionomer 

domains had no influence on the mechanical properties of the membranes after reconversion to 
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the H
+
-form. The thermal/mechanical data presented in Figure 3.6 are highly relevant in the 

context of fuel cell as those membranes are being used in their proton form. 

3.3.2 Wide-Angle X-ray Scattering and Diffraction (WAXS/WAXD) 

Wide-angle X-ray scattering was performed on the mixed Na
+
/TBA

+
 counterion systems 

before and after reacidification.  As shown in Figure 3.7, the data are in good agreement with 

Fujimura’s work.
10, 11

  A broad amorphous halo was observed between 0.8 and 1.4 Å
-1 

and a very 

weak crystalline reflection at 1.26 Å
-1

.  An extra peak was also observed in the as-is solution-

processed membranes (containing the counterions) at around 0.7 Å
-1

.  It should be noted that the 

intensity increased with TBA
+
 counterion content, which is attributed to the spatial correlation of 

the TBA
+
 counterions.  Page

72
 assigned the extra peak to the counterion condensation of the rod-

like aggregate in Nafion
®
, which is also supported by the work of Diat

27, 69
 and Hoffman.

70, 71
  

Page also explained that the extra peak did not affect the position nor the shape of either the 

amorphous halo or the crystalline peak.
72

  The scattering data of the reacidified membranes 

showed that the extra peak is due solely to the presence of the TBA+ counterions (i.e., the extra 

peak disappeared after reacidification) (Figure 3.9).  The data also show that as the percentage of 

TBA
+
 counterion increases, the crystalline peak (q=1.28 A

-1
) slightly shifts to higher q values. 
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Figure 3.7: WAXS patterns of TBA
+
/Na

+
 solution-processed Nafion

®
 as cast on glass substrate at 

180
o
C with Nafion

®
 solutions in DMSO 

 

The WAXS profiles of the reacidified solution-processed Nafion
®
 membranes (Figure 

3.8) are in good agreement with similar data already published for extruded Nafion
®
.
9-11, 73, 74

  

The WAXS profile of the H+-form of Nafion® usually consists of a broad amorphous halo from 

0.85 to 1.42 Å
-1

 along with a crystalline reflection at 1.26 Å
-1

.  The scattering data of the 

reacidified membranes presented in Figure 3.8 show the same amorphous and crystalline 

features, and appear to be almost identical to each other.  However, a quantitative analysis of the 

crystallinity in these membranes is almost impossible due to the poor resolution of the data 

collected with the SAXS/WAXS simultaneous system.  
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Figure 3.8: WAXS patterns of TBA
+
/Na

+
 solution-processed Nafion

®
 cast on glass substrate at 

180
o
C with Nafion

®
 solutions in DMSO and after reacidification 

 

Following this work, we conducted wide-angle X-ray diffraction (WAXD) at The 

University of Southern Mississippi to address the improve the resolution of the WAXS data and 

to quantitatively measure the change in crystallinity in the solution-processed Nafion
®

 

membranes with mixed counterions before and after reacidification.   The WAXD data are 

presented in Figures 3.9 and 3.10. 
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Figure 3.9: WAXD profiles of solution-processed TBA
+
/Na

+
 mixed counterion membranes 

 

The data presented in Figure 3.11, like the data shown in Figure 3.9, exhibit the 

appearance of an extra peak at low 2θ angle that grows with the increase of tetrabutyl-

ammonium counterion content.  That peak at around 10.5
o
 2θ disappears after the reacidification 

of the membranes (Figure 3.11); these results confirm the initial results collected at the APS.  

The data collected on the reacidified membranes are in excellent agreement with the data 

extracted from the literature.
9-11, 73, 74

  A large amorphous halo between 8 and 24
o
 2θ, as well as a 

distinct crystalline reflection narrower than the amorphous region at around 17.8-18
o
 2θ, are 

observed.  The data collected with the wide-angle X-ray diffractometer were collected over a 

cycle of 12 hours, thereby allowing an increase in resolution of the data from the crystalline 

region, which were deconvoluted using PeakFit
®
 analysis program.  The amount of crystallinity 

in each membrane was evaluated.  PeakFit
®
 offers various methods to deconvolute experimental 

data, and facilitates the introduction of as many peaks as needed to maximize the r
2
 value.  The 



110 

 

crystalline peak was optimized in order to get a full width at half maximum (FWHM) less than 

2
o
 2θ; any peak with a FWHM greater than 2

o
 2θ was considered as part of the amorphous halo. 

 

Figure 3.10: WAXD profiles of solution-processed TBA
+
/Na

+
 mixed counterion membranes 

after reacidification 

 

The FWHM and the percentage of crystallinity in each solution-processed TBA
+
/Na

+
 

mixed counterion membrane before and after reacidification are presented in Tables 3.1(a) and 

3.1(b), and Figures 3.11, respectively. 

 

Table 3.1(a): Percent crystallinity and full width at half maximum (FWHM) of solution-

processed Na+/TBA+ mixed counterion Nafion® membranes 

 

Sample Composition % Xcryst. FWHM 

100% Na
+
/0% TBA

+
 21.20 1.76 

75% Na
+
/25% TBA

+
 20.42 1.86 

50% Na
+
/50% TBA

+
 21.10 1.96 

25% Na
+
/75% TBA

+
 17.26 1.83 

0% Na
+
/100% TBA

+
 9.97 1.64 
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Table 3.1(b): Percent crystallinity and full width at half maximum (FWHM) of solution-

processed Na+/TBA+ mixed counterion Nafion® membranes after reacidification. 

 

Sample Composition % Xcryst. FWHM 

100% Na
+
/0% TBA

+ 
H

+
 26.02 1.84 

75% Na
+
/25% TBA

+ 
H

+
 20.73 1.60 

50% Na
+
/50% TBA

+ 
H

+
 20.00 1.66 

25% Na
+
/75% TBA

+ 
H

+
 21.02 1.76 

0% Na
+
/100% TBA

+
H

+ 
 19.58 1.62 

 

From the data shown in Table 3.1(a) and Figure 3.12, the percent crystallinity of the 

mixed counterion Nafion
®

 membranes increases almost linearly with the amount of Na
+ 

counterion until the membrane reaches a composition of 50% Na
+
/50%TBA

+
.  Above this 

composition, the percentage crystallinity remains constant at around 20-21%.  The reasons 

behind the increase in crystallinity at low Na
+
 content are not clear; however, we propose that 

crystallinity content is related to the nature of the counterion (organic versus inorganic). The 

sodium counterion may favor the development of crystallinity, and may act as better nucleation 

site than TBA
+
 counterion. 
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Figure 3.11: Percentage crystallinity as a function of sodium content in solution-processed 

Na
+
/TBA

+
 mixed counterion Nafion

®
 membranes before and after reacidification. 

 

The percent crystallinity and the FWHM of the solution-processed membranes with 

mixed counterions after reacidification are shown in Table 3.2 and Figure 3.12.  This time, 

unlike the pure Na
+
-form of Nafion

®
, the membranes exhibit almost the same amount of 

crystallinity after conversion back to the H
+
-form.  These crystallinity values are in very good 

agreement with crystallinity values reported in the literature for the as-received extruded Nafion
®

 

membranes.
10, 11

  We recorded the largest change in crystallinity from 10.0 to 19.6% for the 

membranes having the greater amount of TBA
+
 counterions after refluxing in the 4M methanolic 

sulfuric acid.  The presence of the large inorganic counterion during the reacidification process 

and the high temperature facilitate sufficient mobility for the polymer chains to reorganize, 

favoring the development of crystallinity.  For membranes with a higher Na
+ 

content, maximum 

crystallinity was reached during the solution-processing step, with very little additional 

crystallinity observed during the reacidification step.  This confirmation confirms the role played 

by the TBA
+
 counterions as plasticizing agents during reacidification.  Observations from the 
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WAXD experiments confirm that the crystalline and amorphous regions in the solution-

processed, TBA+/Na+, mixed counterion Nafion
®
 membranes may be morphologically similar 

after reacidification and independent of the initial counterion composition during casting.  

However, dramatic changes were observed throughout the entire processing procedure.  If after 

reacidification the WAXD data suggest that the crystalline/amorphous organization may be very 

similar between these different solution-processed membranes, it is important to note that the 

WAXD data do not give any information about the organization, nor the distribution, of the ionic 

aggregates within a system composed of amorphous and crystalline regions. 

3.3.3 Small-Angle X-ray Scattering (SAXS) 

Small-angle X-ray scattering of the different solution-processed, TBA
+
/Na

+
, mixed 

counterion Nafion
®
 membranes was conducted before and after reacidification.  The various 

results are presented in Figures 3.12-3.14.  For the solution-processed containing TBA
+
/Na

+
 

counterions, like most perfluorosulfonic acid copolymer membranes, the SAXS profile contains 

three typical regions that have been well discussed in the literature by our group and others:
9, 13, 

21, 30, 69, 72, 75-81  
An ionomer peak at q~0.2 Å

-1
 attributed to the scattering from the interparticle 

interference between ionic aggregates that are spatially distributed throughout the membrane.
21, 

72
 This peak, which is attributed to the ionic aggregates, usually appears less pronounced in the 

acid form.  An intercrystalline peak at q~0.05 Å
-1 

also referred to as the scattering between 

crystalline domains or the crystalline long period. 
21, 72

  This peak originates from a long identity 

period of crystallites within the fluorocarbon region of the membrane.  A small upturn at low and 

very low q (q<0.02 Å
-1

) described by Gebel
13

 and Moore
82

, respectively, attributed to large scale 

heterogeneities between the ionomer domains and the polymer matrix. 
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Figure 3.12: SAXS patterns of TBA
+
/Na

+
 solution-processed Nafion

®
 on glass substrate at 180

o
C 

with Nafion
®
 solutions in DMSO 

 

As shown in Figure 3.12, the intercrystalline peak remains relatively constant in terms of 

shape and position or q spacing.  There is minimal change in the crystalline domains as a 

function of the inorganic/organic counterion composition; however, a slight shift towards a 

higher q value is observed as the amount of Na
+
 increases.  The presence of TBA

+
 counterions in 

the ionic aggregates may contribute to the small increase in the intercrystalline average distance.  

The overall scattering intensity increases with the emergence of an ionic peak, which is 

associated with an increase in the TBA
+ 

content. It is thought that this may be a consequence of a 

change in adsorption or a change in electron density contrast for X-ray scattering between the 

ionic clusters containing larger cations such as TBA
+
 (which are less hydrophilic) and Nafion

®
’s 

fluorocarbon matrix.
83
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Fujimura also observed the disappearance of the SAXS ionomer peak in sodium 

neutralized Nafion
®
 membranes.

10
 He and his team attributed the disappearance of this peak to a 

small electron density difference between the ionic aggregates and the surrounding scattering 

polymer matrix. After exchanging back the sodium-form membrane to its H
+
-form, they 

evidenced the reappearance of the ionomer peak due to a decrease of the electron density of the 

aggregate (leading to an increase of the electron density difference between the aggregate and the 

matrix). Fujimura further increased the electron difference by neutralizing Nafion
®

 membranes 

with Cesium counterions, and consequently noted an even more pronounced increase in intensity 

of the ionomer peak. The evolution of the ionomer peak as a function of TBA
+
 content, as seen 

in Figure 3.13, follows the same trend. 

Figures 3.13 and 3.14 display the SAXS profiles—and in particular the ionomer peak 

region—of the solution-processed TBA
+
/Na

+
 mixed counterion Nafion

®
 membranes after 

reacidification to their proton-form.  After reconversion to the acid form, the intercrystalline 

peak observed at low q~0.05 Å
-1

 remains almost constant, indicating that the average distance 

between crystallites is not affected by the initial counterion composition when the membranes 

are solution-processed.   
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Figure 3.13: SAXS patterns of TBA
+
/Na

+
 solution-processed Nafion

®
 cast on glass substrate at 

180
o
C with Nafion

®
 solutions in DMSO and after reacidification 

 

However, the ionomer peak observed at higher q is quite different from one membrane to 

another in terms of position and also intensity, suggesting that the counterion composition may 

affect the morphology or the organization of the ionic aggregates.  A closer examination of the 

data in Figure 3.14, where we zoomed over the ionomer peak region, shows drastic changes 

based on the mixed TBA
+
/Na

+
 composition after reacidification. 
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Figure 3.14: SAXS patterns of TBA
+
/Na

+
 solution-processed Nafion

®
 cast on glass substrate at 

180
o
C with Nafion

®
 solutions in DMSO and after reacidification 

 

Upon reacidification of the pure Na+-form Nafion
®
 membrane, a distinct ionomer peak 

appears at ~0.20 Å
-1

.  This ionomer peak broadens and shifts to lower q as the amount of TBA
+
 

counterion increases.  Upon reacidification, the pure TBA
+
-form Nafion

®
 membrane yields a 

very broad and weak ionomer peak at q~0.17 Å
-1

, suggesting an increase of the distance between 

ionic aggregates with a decrease of the Na+ content, i.e., an increase in the TBA+ content within 

the solution-processed, mixed counterion, membranes.  The information provided by the SAXS 

data suggests three findings: 

1. The intercrystalline distance remains unchanged after reacidification, and is 

independent of the counterion composition. 

2. The ionic domains of the H
+
-form Nafion

®
 can be manipulated using the solution-

processing technique with mixed organic/inorganic counterions prior to 

reacidification. 
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3. The crystalline domains and the ionic regions may form and develop 

independently from each other, which was confirmed by recent simulations by 

Elliott, Paddison and Moore.
18

 

3.3.4 Water Uptake and Proton Conductivity 

Water uptake as a weight percent and the number of water molecules per mole of 

sulfonate group (λ) for the solution-processed, NA+/TBA+ mixed counterion Nafion® 

membranes before and after reacidification are displayed in Figure 3.15 below. 

 

Figure 3.15: Percent water uptake and water content (expressed as lambda, λ) of solution-

processed Na
+
/TBA

+ 
Nafion

®
 membranes as a function of % Na

+
 counterion content before and 

after reacidification 

 

The data show that the weight percent water uptake, or the λ values in the membranes, 

before reacidification linearly increases with Na+ content until it reaches a constant value or a 

plateau when the membrane contains 50% or more of Na
+
 counterion.  These data are in good 

agreement with the 2006 findings of Phillips and Moore,
56

 which can be attributed to the nature 

of the TBA
+
 counterion (its hydrophobic character), and the relative uniform distribution of the 
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two counterions within the ionic aggregates.  Upon reacidification of the mixed counterion 

membranes, both weight percent water uptake and λ values appear to reach a constant value of 

60 weight percent water uptake, or 36 molecules of water per sulfonate group. An exception 

occurs with the pure Na
+
, which exhibits a weight percent water uptake slightly lower of 46% 

and λ=28.  The values of water uptake for the membranes containing 25/75, 50/50, and 75/25 

mixed counterion compositions are in good agreement with the values observed by Phillips and 

Moore (λaverage~36 mole of water per sulfonate group).  However, we observed a significant 

difference for the pure TBA
+
 membranes.  While Phillips recorded a value for λ of 50 with an 

error of ±5 molecule of water, we only recorded a λ value of 35 and an error of ±1 molecule of 

water.  It is difficult at this moment to speculate on a possible explanation for this difference, but 

based on our observations, upon reacidification the mixed counterion Nafion
®
 membranes have 

approximately the same water uptake independent of the initial counterion composition.  

However, like Phillips’s membranes, our solution-processed membranes after reacidification in 

methanolic 4M sulfuric acid display a higher water uptake than the as-received Nafion
®
 

membranes (λas receiv.~20-25 moles of water per sulfonate group as reported in the literature
84-87

).  

The solution-processing technique developed by Moore and Martin
15, 16

 and used with mixed 

organic/inorganic counterions leads to a unique organization of the ionic domains within the 

membranes that persists upon the described reacidification process. 

Figure 3.16 shows the proton conductivity of the solution processed membranes with 

mixed organic/inorganic counterion before and after reacidification. 
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Figure 3.16: Proton conductivity of Na
+
/TBA

+
 solution-processed Nafion

®
 membranes after 

reacidification as a function of Na
+
 counterion content and electronic conductivity of the 

membranes after being cast in the given counterion forms. 

 

Although the iononic conductivity data of the membranes after casting is not discussed in 

detail herein, we did observe (as expected) a high electric resistance of the resistance of 

membranes containing mixed counterions.  Upon reacidification, the average proton conductivity 

of pure Na
+
 membranes is approximately 0.123 S/cm, while the average proton conductivity of 

pure TBA
+
 membranes is 0.175S/cm.  These data can be compared with the average conductivity 

of as-received Nafion
®
, which is about 0.095 S/cm under the same experimental 

conditions.
39,85,86

  Overall, proton conductivity can be enhanced by recasting membranes using 

the solution processing technique.  We also noticed that proton conductivity may be dependent 

on the mixed counterion composition during the casting step.  Like Phillips and Moore, we 

observed an overall increase in proton conductivity with an increase in TBA
+
 content in the 

membrane.  The introduction of TBA
+
 counterions during the membrane fabrication step may 

favor the development of a more efficient percolation network for proton transport of the 

hydrophilic domains formed with the sulfonate acid side-chain ends; this more efficient proton 



121 

 

pathway may be formed during the solution-processing step, which persists after reacidification.  

Like Phillips and Moore
56

 this behavior suggests that the ion/ion and/or the ion-solvent 

interactions can greatly influence the organization of the ionic domains in the resulting films.  

The proton conductivity data of the reacidified membranes can also be related to changes in the 

ionomer morphology, as shown in Figure 3.16.  We previously showed that the organization of 

the domains in the solution-processed and reacidified Nafion
®
 can be manipulated by using 

mixed organic/inorganic counterion (such as TBA
+
/Na

+
) Nafion

®
 dispersions.  The ionomer 

peak, which appears at high q in the SAXS profiles, gets broader and weaker in intensity and 

shifts to lower q values as the amount of TBA
+
 increases within the original membrane.  These 

changes appear to have a major influence on the resulting proton conductivity of the membrane, 

as shown in Figure 3.17.  Even though we cannot correlate the crystallinity and conductivity 

data, it appears that the pure TBA
+
-form membranes, which exhibit higher conductivity, did 

undergo the most change in crystallinity during the reacidification process.  All these 

measurements were performed at 80ºC with the samples totally immersed in deionized water. 

3.3.5 Proton Exchange Membrane Fuel Cell (PEMFC) Performance 

Figures 3.17 and 3.18 show the polarization curves associated with the power density and 

the resistance, respectively, of MEAs made from solution-processed Na
+
/TBA

+
 mixed 

counterion Nafion
®
 membranes as function of the current density. 
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Figure 3.17: H2/O2 polarization and power density curves of Na
+
/TBA

+
 solution-processed 

membranes after reacidification  

(T cell = 80°C, T anode tank = 85°C, T cathode tank = 75°C, 100% RH on anode side, 80% RH 

on cathode side, H2/O2 stoich. = 1.5:2) 

 

A significant difference is observed between the solution-processed membranes as a 

function of the initial organic/inorganic counterion composition.  The fuel cell performance 

increases with an increasing amount of TBA
+
.  It is important to note that the reacidified, 

solution-processed, pure Na
+
-form MEA (membrane electrode assembly) shows a polarization 

curve that is slightly better than the as-received Nafion
®
 MEA and allows a maximum power 

density of ~630 mW.cm
-2

 at a current density of 1500 mA. cm
-2

.  Meanwhile, the reacidified, 

pure TBA
+
-form MEA exhibits a voltage output above 0.5V, and a maximum power density of 

1400 mW.cm
-2

 at a current density of 3500 mA.cm
-2

.   
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Figure 3.18:  H2/O2 polarization and membrane resistance curves of Na
+
/TBA

+
 solution-

processed membranes after reacidification  

(T cell = 80°C, T anode tank = 85°C, T cathode tank = 75°C, 100% RH on anode side, 80% RH 

on cathode side, H2/O2 stoich. = 1.5:2) 

 

The difference between performance curves cannot be explained by the difference in the 

composition of the catalyst layer or platinum loading.  During MEA fabrication, we precisely 

controlled the catalyst layers in terms of the ink composition and the platinum loading of 0.5 

mg/cm
2
 on both the anode and cathode.  The thickness of the membranes was kept constant.  

Figure 3.18 shows the change in membrane resistance as a function of (1) the counterion 

composition used during the solution-processing step, and (2) the current density under fuel cell 

testing conditions using the current interrupt method.  All MEA resistance measurements reflect 

a combination of charge transfer resistance, mass transport resistance, and ohmic resistances 

(ionic and electronic), primarily in the cathode.  All things remaining constant between these 

membranes as far as catalyst loading, membrane thicknesses, gas diffusion layers, it can be 
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observed that there is a slight decrease in MEA resistance with an increased amount of TBA used 

during casting. 

The general increase in fuel cell performance with increasing counterion composition is 

perfectly understandable based on previous findings having to do with water uptake, proton 

conductivity and small-angle X-ray scattering measurements.  The morphology, and to some 

degree the organization of the ionic domains in the proton-exchange membrane, can be 

manipulated through the incorporation of mixed organic/inorganic counterions during the 

solution-processing step, resulting in a dramatic improvement in fuel cell performance. This 

improvement, however, is also dependent on the initial counterion composition.  As previously 

stated, we strongly believe that the reacidified, TBA
+
-form solution processed PEMs have a 

more efficient percolation network, which results from the formation of ionic domains that are 

more favorable for proton transport than the reacidified, pure NA
+-

form membrane. This 

difference becomes even greater when compared with as–received Nafion
®
 membranes.  Like 

Phillips and Moore,
56

 we have direct evidence that Nafion
®
 can be controlled by modifying the 

organization of the ionic region during solution-processing
15, 16, 31

 with organic/inorganic 

counterions. 

3.4 Conclusions 

Solution-processed Nafion
®
 membranes of various organic/inorganic (TBA

+
/Na

+
) 

counterion compositions result in very different thermal/mechanical and morphological 

properties.   Dynamic mechanical analysis showed that the solution-processed, mixed counterion 

Nafion® membranes behave as a molecularly mixed system.  The two fundamental thermal 

transitions (called the α and β relaxations) of the mixed counterion membranes fall between the 

transitions of the pure TBA
+
- and Na

+
-form membranes.  These transitions shift in temperature 
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based on the counterion composition during the solution-processing step.  Upon reacidification 

of the membranes, SAXS data revealed that the interparticle distances from the crystalline 

domain are the same in all membranes; however, the ionomer region is dependent upon the 

initial counterion composition used during the solution-processing step.  With an increase in the 

TBA
+
 content of the reacidified membranes, the SAXS ionomer peak gets weaker and broader, 

while shifting to lower q values.  At the same time, the reacidified, pure Na
+
-form Nafion

®
 

membrane exhibits a narrower ionomer peak at a higher q value when compared to the 

reacidified, pure TBA
+
 form equivalent.  The proton conductivity data of the reacidified 

membranes suggest that the solution-processing method involving the use of mixed counterions 

facilitates some rearrangement of the ionic region within the crystalline/amorphous polymer 

matrix.  The proton conductivity of the reacidified, pure TBA
+
-form

 
membrane is 30% higher in 

comparison to the reacidified, pure Na
+
-form membrane.  It is believed that using a high boiling 

point solvent in combination with an organically neutralized Nafion
®
 dispersion during solution 

processing can lead to dramatic morphological changes in the ionomer domain—specifically, a 

more efficient percolation pathway can be formed, facilitating higher proton conductivity.  These 

results were confirmed by hydrogen/oxygen fuel cell performance tests performed on proton 

exchange membrane in a membrane electrode assembly.  The reacidified, pure TBA
+
-form 

Nafion membranes significantly outperformed all other membranes of mixed compositions by 

achieving a higher voltage output and a higher maximum power density under the same load 

conditions.  The properties of these reacidified solution-processed, mixed-counterion membranes 

were measured via SAXS, impedance spectroscopy, and fuel cell testing.  Results confirmed that 

an effective solution processing, via the use of organic/inorganic neutralized Nafion
®

 

dispersions, can improve the morphology of acid-form Nafion
®
. 
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CHAPTER 4:  

EFFECT OF THERMAL TREATMENTS ON MORPHOLOGY AND FUEL CELL 

PERFORMANCE OF ANNEALED Nafion
® 

EXCHANGED WITH 

TETRAMETHYLAMMONIUM COUNTERIONS  

4.1. Introduction 

Perfluorosulfonate ionomers (PFSIs) are a family of polymers generated from the 

copolymerization of tetrafluoroethylene and perfluorinated vinyl ether monomers that contain a 

terminal sulfonic acid functionality. These materials are used in a wide range of applications, 

including chlor-alkali production and water electrolysis, as well as for electrochemical devices, 

sensors, and actuators.
1, 2

  Among the various PFSIs commercially available, Nafion
®
 is one of 

the most widely studied and is used as a benchmark material for fuel cell applications.  

Developed in the 1960s by E. I. du Pont de Nemours and Company, Nafion
®

 (Figure 4.1) has 

been shown to be effective for use in proton exchange membranes (PEMs) for fuel cells since it 

permits hydrogen ion transport while preventing electron conduction. Generally, an ionomer 

such as Nafion® is described by its Equivalent Weight (EW), which represents an average 

number of grams of dry Nafion® per mole of sulfonate group. When Nafion® 1100 (EW=1100 

g/mole of sulfonate) is used, the relationship between EW and n is such that EW=100n+446, so 

that the pendant chains are separated by fourteen –CF2– groups.
1, 3-5

 

 

Figure 4.1: Chemical structure of Nafion
®
 perfluorinated sulfonic acid copolymer 
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Due to very strong electrostatic interactions, it has been shown that the perfluorosulfonic 

acid groups located on the pendant chains aggregate to form ionic domains.
6, 7

  Referred to as 

clusters, these ionic domains are randomly distributed throughout the non-polar 

polytetrafluoroethylene matrix formed by the Nafion
®
 backbone.  This complex organization or 

morphology has been the focus of numerous investigations aimed at elucidating and 

understanding Nafion
®
’s distinctive phase-separated morphology.

6-25
  For example, recent 

studies show that a wide range of relaxation temperatures can be observed by altering the end 

group of the pendant chain upon neutralization by different counterions.
26, 27

  Dynamic 

mechanical analyses (DMA) show that both the alpha and beta relaxations shift to lower 

temperatures with increasing size of the counterion.  Larger counterions significantly decrease 

the electrostatic interactions and also effectively act as plasticizers for Nafion
®
. 

By understanding the correlation between DMA, small-angle X-ray scattering (SAXS) 

and 
19

F NMR observations, Page et al. were able to propose an explanation for the origins of the 

alpha and beta relaxation temperatures of Nafion
®
.
26-28

  According to the researchers, the alpha 

relaxation is assigned to the onset of the thermally-activated motions of the side and main chains, 

which result from the weakening of the electrostatic forces within the ionic groups.  Above the 

alpha relaxation, it is suggested that the mobility of the side chains is increased through the 

process of ion-hopping leading to a more homogeneous distribution of the ion pairs. The origin 

of the beta relaxation temperature of Nafion
®
 can be attributed to the onset of thermally activated 

main-chain motions, which are facilitated through side chain-mobility within the framework of a 

static physical and electrostatic network.  This beta relaxation can be subsequently assigned to 

the genuine glass transition temperature of Nafion
®
.
29, 30
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Extensive work has been published over the years on the morphology of Nafion
®
.  Even 

though scientists do not fully agree on its morphology, they do concur on some of the ionomer’s 

common features based on results obtained via SAXS, wide angle X-ray scattering (WAXS) and 

NMR.  Previous SAXS studies have already shown that Nafion
®
 exhibits two peaks.

6, 7, 15, 16, 18-20, 

31-39
 The first peak at around 0.12-0.18 Å

-1
 has been attributed to ionic aggregates.  The second 

peak observed at lower q values (~0.02-0.05 Å
-1

) has been associated with the degree of 

crystallinity of the ionomer originating from the tetrafluoroethylene backbone.
25, 40-42

  The 

crystallinity of Nafion
®
 has been reported in the range of 12-23%,

10
and 0-40%

7
.  These studies 

show the temperature, molecular weight, various functional groups, and water content 

dependence of WAXS profiles of Nafion
®
 membranes.

10, 11, 43, 44
  The WAXS pattern of Nafion

®
 

can be deconvoluted after baseline correction into two profiles. The scattering pattern consists of 

a large amorphous halo, on which a Bragg peak reflection at (100) can be superimposed. The 

(100) reflection is attributed to the hexagonal structure of the polytetrafluoroethylene backbone. 

One broad peak at low q value, attributed to the non-crystalline region, and a narrow peak at 

q~1.27 Å
-1

 developed by the crystalline domains have also been identified.
13, 45, 46

  Generally, the 

q~1.27 Å
-1

 peak is very small in the as-received Nafion
® 

membranes.  However, it has been 

demonstrated that annealed Nafion
®
 membranes exchanged with tetramethyl-ammonium (TMA) 

counterions may display different crystalline organization from the commercially available films. 

4.1.1 Thermal Annealing of Nafion
®

 

4.1.1.1 Annealing of Nafion
®

 Precursor 

Among the various methods used to modify the morphological properties of Nafion
®

 

membranes, thermal treatment (or thermal annealing) has been widely studied by various 

research groups.  Very early, Gierke, Munn and Wilson examined and described the effects of 
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temperature on both small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction 

(WAXD) patterns of the Nafion
® 

precursor (not hydrolyzed).  The data showed that the (1;0;0) 

crystalline reflection peak observable at 18
o
 2θ incrementally decreased in intensity when the 

temperature was raised from 50 to 290 
o
C; the crystalline peak of the non-hydrolyzed Nafion

®
 

totally disappeared when the temperature reached 270 
o
C.  However, the crystalline interparticle 

distance peak observed via SAXS at q~0.08 Å
-1

 or (0.6
o
 2θ), increased with increasing 

temperature but disappeared above 270 
o
C.  When returned to room temperature, the SAXS 

crystalline interparticle peak reappeared as expected in relation to the electron density difference 

between the two matrix phases (crystalline and amorphous domains).   

Similarly, Gierke and coworkers studied the effects of temperature on Nafion
®
 copolymer 

precursors using differential scanning calorimetry.  They reported that the melting temperature of 

the crystallites was around 275 
o
C, but that the melting had occurred over a rather broad 

temperature range in comparison with polytetrafluoroethylene crystallites that melt at ~330 
o
C.  

Following this study, the researchers hydrolyzed the precursor and neutralized it with silver 

(Ag
+
) counterions.  The SAXS profile of silver-neutralized Nafion

®
 membranes showed the 

appearance of an ionomer peak at ~0.2 Å
-1

 in addition to the “crystalline peak” previously 

observed in the precursor.  When the temperature was increased from 50 to 290 
o
C, this ionomer 

peak remained constant in shape and intensity throughout the range of temperatures.  The authors 

concluded that the persistence of the ionomer peak above the melting temperature of the Nafion
®
 

crystallites was due to the existence of very strong electrostatic interactions in the ionic clusters.
7
 

4.1.1.2 Annealing of Cesium-form Nafion
®

 

Fujimura, Hashimoto and Kuway, meanwhile, were interested in the effects of 

temperature on both the proton-form and cesium (Cs
+
)-form of Nafion

®
.
10-12

  Like Gierke, they 
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observed the disappearance of the crystalline reflection of the WAXD profile of the 

perfluorosulfonate acid copolymer (H
+
-form) with increasing temperature to 275 

o
C.  They also 

reported that the melting temperature was well below that of a polytetrafluoroethylene (PTFE) 

because of the presence of side chains in Nafion
®
, which prevents copolymer crystallization.  

Upon neutralization with Cs
+
 and heating from 50 to 276 

o
C, SAXS data revealed an increase in 

the scattering intensity of the ionomer peak associated with a shift to larger q values. According 

to the authors, this shift is related to a decrease in the inter-ionic cluster distance, which is tied to 

a decrease in the size of the ionic clusters due to the thermodynamic effects of the elastic 

deformation of polymer coils that is required for the ionic clusters to form.
10

   

4.1.1.3 Annealing of Sodium-form Nafion
®

 

Thermally-treated sodium (Na
+
) neutralized Nafion

®
 membranes were studied by Roche, 

Pineri and Duplessis using SAXS and small-angle neutron scattering (SANS).
18, 19

  Their work 

consisted of looking at changes in the morphological features of as-received and quenched Na
+
-

form Nafion® membranes.  The membranes were heated to 330 
o
C, kept at that temperature for 

an hour, and then quenched to room temperature using a flow of hydrogen gas. The authors 

reported the disappearance of any crystallinity based on the disappearance of the SANS inter-

crystalline scattering peak at q~0.04Å
-1

.  The SAXS data of the quenched Na
+
-form Nafion

®
 as a 

function of the water content revealed the absence of an ionomer peak in the dried membrane, 

which was explained by a decrease in the scattering contrast between the ionomer domain and 

the copolymer matrix domain.  Upon hydration, the ionomer peaks grew in intensity and shifted 

to lower q values with increasing water content in the Nafion
®
 membranes. 

Kyu and Eisenberg partially neutralized Nafion
®

 with Na
+
 counterions, and then studied 

the effects of the neutralization on the thermal and mechanical properties of the membranes via 
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dynamic mechanical analysis (DMA).  They compared these results with the data obtained for 

Nafion
®
 precursors.  The membranes were exposed to 250 

o
C for five minutes in a melt press, 

then cooled to room temperature prior DMA analysis.  When heated to 250 
o
C, most of the 

crystallites present in the precursor melted as described in previous studies by other researchers.
7, 

10
  Kyu and Eisenberg reported minimal change in thermal and mechanical properties as a 

function of crystalline content.  Many scientists believe that due to the presence of water—even 

in dried Nafion
®
 membranes (see, for example, Kim and coworkers’ DSC studies

47, 48
)—that 

drying or annealing Nafion
®
 membranes at elevated temperatures is essential before studying 

their crystalline or ionomeric properties. 

4.1.1.4 Annealing of Nafion
®

 on Various Substrates 

Silverman and Kinlen
49-52

 coated various substrates (steel, stainless steel and aluminum) 

with Nafion
®
 and then studied their mechanical and corrosion-barrier properties in relation to 

annealing temperature.  The substrates were immersed in a Nafion
®
 solution at room temperature 

and then were allowed to dry overnight.  The samples were then exposed to a 1M sodium 

hydroxide solution to neutralize Nafion
®
 with sodium counterions.  Upon drying, the coated 

samples were annealed to 210 
o
C at a rate of 4

o
C/min and held at 210 

o
C for 30 minutes. Finally, 

the samples were slowly cooled to room temperature.  (The steel samples were annealed with 

Nafion coating in its Na
+
-form, and the aluminum substrates were annealed with Nafion

®
 in its 

H
+
-form.)  Following thermal treatment, the samples were immersed in a corrosive 1M aqueous 

NaCl solution for 28 to 35 days.  The results showed that substrate adhesion was improved and 

corrosion was inhibited, even in the presence of chloride ions and dissolved oxygen.  The authors 

attributed the near absence of corrosion (crevice and pitting corrosion inhibition)to the chloride 

rejection properties of the Nafion
®
 based coating.  In comparison, the researchers noted that for 
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the non-annealed samples, the Nafion
®
 coating started to delaminate and a noticeable corrosion 

was observed under the Nafion
®
 protective layer.  The authors also concluded (based on a 

previous study
13

) that annealing the Nafion
®
 layers favored the formation of a more highly-

orderly molecular organization, thereby improving ion perm-selectivity and adhesion on certain 

substrates, e.g., stainless steel. 

Ye and Fedkiw studied the two post-casting treatments for perfluorosulfonated ionomer 

films coated on platinum.
53, 54

  A H
+
-Nafion

®
 dispersion in a mixture of alcohols was used to 

coat a platinum reference electrochemical electrode at room temperature using a dipping 

technique.  The Nafion
®

 layer was then neutralized with Na
+
 counterions and annealed in an 

oven at 170 
o
C under vacuum for 40 minutes. For comparison, a non-annealed sample was dried 

over P2O5 for 20 hours in a desiccator.  The authors performed cyclic voltammetry of 

ferricyanide over 70 hours in both acidic and neutral pH environments on both the annealed and 

non-annealed samples to measure anion rejection.  The thermal-annealed film showed no 

measurable absorption of ferricyanide, even after 70 hours of exposure in a neutral environment, 

in comparison to the non-annealed sample.  However, every one of the films absorbed 

ferricyanide from the acidic solution, although the thermal-annealed film exhibited the lowest 

absorption amount.  The authors (similar to Silverman
51

) concluded the adhesion and anion-

rejection properties of Nafion
®
 films improve upon annealing. 

Using cyclic voltammetry, fluorescence microscopy, and ion-exchange capacity 

measurements, Thomas et al. studied the ion selectivity and mass transport properties of Nafion
®

 

layers coated on electrochemical electrodes.
55

 Nafion
®
 dispersions neutralized with various 

organic counterions (ammonium, NH4
+
, and tetramethyl-ammonium, N(CH3)4

+
 through 

tetrapentyl-ammonium, N(C5H11)4
+
) were prepared and used to deposit a neutralized Nafion 
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layer onto a glassy carbon electrode.  The layer was dried at room temperature and then annealed 

in a vacuum oven for 25 minutes at 140 
o
C.  The authors reported an increase in anion selectivity 

of Nafion
®
 layers with annealing.  A significant increase in ion-exchange capacity (IEC) was 

reported with annealing from 910.10
-6

 mole.g
-1

 to 1023.10
-6

 mole.g
-1

. With increased IEC, the 

authors noted a significant increase in the caffeine, Tris(bipyridine)ruthenium(II) ions 

(Ru(bpy)3
2+

 and ferricyanide diffusion through the Nafion
®
 layer after annealing at 141 

o
C.  

Additionally, a significant decrease in caffeine permeability through Nafion
®
 was observed in 

relation to the size of the counterion—from H
+
 to NH4

+
 and all the way through to N(C5H11)4

+
).  

As reported by Thomas et al., when Nafion
®

 is heated above the dynamic mechanical α 

relaxation temperature, a significant morphological reorganization within the deposited layer 

occurs.  The recasting process facilitated the extraction of excess bromide salts from the 

membranes, resulting in membranes that were more reproducible and mechanically stable. 

4.1.1.5. Annealing of Nafion
®

 at High Temperatures 

Recently, Li and coworkers studied the effect of annealing Nafion
®
 NRE211 at 

temperatures as high as 270 
o
C on proton conductivity, FTIR, water uptake and morphology.

56
  

H
+
-form and Na

+
-form Nafion

®
 membranes were annealed at 120, 140 and 160 

o
C, and 220, 240, 

and 270 
o
C, respectively, for two hours in a convection oven.  All the membranes were then 

reacidified in 1M sulfuric acid at 80 
o
C for 2 hours and rinsed with deionized water.  The data 

revealed that even after high-temperature annealing, all membranes displayed similar EW or IEC 

values, suggesting that thermal annealing did not lead to any chemical degradation of the 

sulfonate groups located on the side chains (Figure 4.2 (a)); these IEC results are very similar to 

those reported by Peron and Holdcroft
57

 using Nafion
®

 N1110, N117, NR211 and NR212. The 

energy of activation values for the materials, were also evaluated from the temperature 
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dependence of proton conductivity using Arhenius regression.  Results showed that the energy of 

activation of the H
+
-form Nafion

®
 membranes annealed at 160 

o
C increased when compared with 

same membranes annealed at lower temperature.  Conversely, the energy of activation of the 

Na
+
-form membranes decreased with increasing annealing temperature as seen in Figure 4.2(b). 

 

Figure 4.2: (a) equivalent weight and (b) proton conductivity of as-received and annealed 

Nafion
®
 NRE 211 membranes. 

(Reproduced with permission  from Journal of Membrane Science, 356 (1–2), 44-51 (2010), 

Copyright Elsevier 2010). 

 

Based on FTIR findings that water uptake and IEC are largely unaffected by annealing, 

Li and coworkers established that changes in proton conductivity can be attributed to changes in 

the structure of the membrane.  FTIR data also revealed important information about the changes 

in nature of the CF2 w (640cm
-1

) bond in sodium form membranes based on annealing 

temperature, indicating an enhancement of the CF by recombination at high temperature.  The 

change observed at 1410 and 800 cm
-1

, attributed to the S=O and S—OH, respectively, 

stretching bands of the –SO3H
 
groups and the –SO3

-
 stretching at 1060 cm

-1
 were correlated with 

changes in proton conductivity (Figure 4.3) 
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Figure 4.3: FTIR spectra of as received, Na
+
-form annealed at 270 

o
C and H

+
-form annealed 

at120 
o
C Nafion

®
 NRE211 membranes. 

(Reproduced with permission from Journal of Membrane Science, 361 (1–2), 38-42 (2010) 

Copyright Elsevier 2010). 

 

The authors established that the SO3
−
 group linked to the side chains in the Na

+
-form 

membranes could be activated into the cluster site in the presence of strong electrostatic site 

inside the cluster at high-temperature annealing conditions.  Because the SO3
−
 groups were 

protected, proton transport activity was enhanced after annealing.  A systematic increase in 

percent crystallinity with annealing temperature was also reported by the authors, which they 

indicated was independent of counterion content (proton versus sodium-form).  The increase in 

both crystallinity and strength after annealing stabilized the electrolyte, increasing the stress 

resistance of the membrane.
56

 

A similar study was conducted by Lee, who annealed lithium-form Nafion
®

 membranes 

at high temperature (300 
o
C) for one hour and then looked at the organization of the ionic 

domain. In order to eliminate crystallinity, the authors annealed the samples and quenched them 

in liquid nitrogen; ultimately, WAXD confirmed the presence of only the amorphous halo 

without any reflection peak associated with crystalline component.  From small-angle neutron 
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scattering analysis, the authors demonstrated that the amorphous component in Nafion
®
 

membranes was made of a continuous aqueous percolation network.  They also discussed the 

necessity for the ionic aggregates to be connected in order to facilitate the water uptake 

properties of Nafion
®
 membranes. 

Zook and Leddy were interested in the effect of annealing temperature on the density and 

solubility of recast Nafion
®
 membranes.

58
  Initially, membranes were cast from a Nafion

®
 

solution in alcohols in a polystyrene dish at ambient temperature in a desiccator.  The recast 

membranes were then annealed at 140 
o
C for 10 to 60 minutes, followed by reacidification in 

nitric acid.  When the density of the as-received Nafion
®

 was 1.7g/cm
3
, the density of the recast 

membranes annealed at 140 
o
C for an hour was 2.05g/cm

3
—a density increase of over 41%.  The 

authors also reported a density increase with increasing annealing time. They attributed these 

results to the increase of polymer mobility at temperatures around the α relaxation temperature, 

which facilitated polymer densification and rendered the polymer insoluble in a mixture of 

ethanol and water. 

Recent studies performed by the Moore research group have investigated the effect of 

annealing temperature on the morphology of Nafion
®
 membranes using DSC, SAXS and solid 

state nuclear magnetic resonance.
26, 27, 59

  Cesium and sodium form membranes were first dried at 

120 
o
C for two hours, then heated to 330 

o
C for three minutes to erase any thermal history, after 

which they were cooled to room temperature.  The membranes were then annealed at 200 
o
C for 

various periods of time (0.5, 2, 6, 12 and 24 hours).  The DSC data of membranes containing 

either sodium or cesium showed a broad endotherm between 200 and 250 
o
C during the initial 

heating ramp.  Upon quenching from 330 
o
C, this endotherm disappeared and reappeared after 

annealing at 200 
o
C.  Page et al. assigned that broad endotherm to the melting of the PTFE-like 
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crystallite based on the thermal behavior of semi-crystalline polymers with slow crystallization 

kinetics.  The initial endotherm of the sodium-form Nafion sample had a heat of fusion of 5 J/g; 

after annealing at 200 
o
C for 24 hours, the endothermic peak that reappeared after quenching had 

a heat of fusion of only 2.7 J/g.  This observation means that the degree of crystallinity decreased 

by almost half when compared with the original crystallinity level.  Resulting SAXS data 

supported the DSC results: the authors observed a disappearance of the intercrystalline peak at 

q~0.06 A
-1

 upon quenching, and its gradual reappearance upon annealing at 200 
o
C.  In the 

cesium-form membranes, the heat of fusion from the endotherm event observed with DSC was 

~5.3 J/g after annealing at 200 
o
C, which translates into a 100% decrease in the degree of 

crystallinity.  The researchers concluded that the size of the counterion dramatically affects 

crystallization kinetics due to a significant difference in dipole-dipole interactions between ionic 

aggregates.  Page’s study also addressed the effects of varying temperatures on the crystallization 

of the cesium-form membranes upon annealing for 2 hours (at 120, 150, 180, 210, and 240 
o
C).  

The observed two endothermic events during annealing of the Cs
+
-form Nafion

®
: (1) an 

endothermic event between 20 and 30 
o
C above the annealing temperature (200 

o
C), and (2) an 

endothermic event between 240-250 
o
C.  The low endotherm was attributed to the melting of 

small imperfect crystals, which corresponds to DSC data for other crystallizable copolymers. 

DeLuca and Elabd related proton conductivity and methanol permeability to annealing 

temperatures in Nafion
®
/poly(vinyl alcohol) blends of various compositions.

60, 61
  Nafion

®
 N117 

and recast Nafion
®
 membranes were annealed at 120 and 150 

o
C for 60 minutes, along with 

membranes annealed at 180, 210 230 and 250 
o
C for 10 minutes.  The authors reported the 

highest proton conductivity for the membranes annealed at 210 
o
C for 10 minutes, as well as the 

highest level of methanol permeability.  DeLuca also observed a decrease in selectivity (proton 
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conductivity/methanol permeability) for all annealed Nafion
®
 N117 membranes.  Despite some 

significant differences with some published data,
62

 DeLuca associated the increase in proton 

conductivity upon annealing at temperatures lower than 210 
o
C with the reorientation of ionic 

percolation networks into more favorable configurations for enhanced proton transport.  

Maeda et al. used atomic force microscopy to examine the surface of Nafion
®

 membranes 

before and after annealing.
63, 64

 Since it was important to be able to analyze the same area of each 

membrane, they used a micro pattern etched on the backside of the glass substrate.  A Nafion
®
 

film was cast on a glass plate at room temperature from a Nafion
®
 dispersion in alcohol. Using 

the AFM in the contact mode, trenches were scratched on the Nafion
®

 surface using a force of 25 

nN force and 50nN. The trenches were then scanned in the tapping mode before and after 

annealing, which involved exposing the cast Nafion
®
 to a temperature of 130 

o
C for five minutes.  

Using the etched micro-pattern on the glass, the authors were able to locate with extreme 

precision the various trenches after annealing.  Specifically, the authors noted the total 

disappearance of the 25nN force trenches, and a severe deformation of the 50nN force trenches.  

Moreover, AFM data showed a decrease in the average depth of the trenches from 120 nm to 20 

nm and from 170 to 40 nm upon annealing.  Based on these observations, the authors concluded 

(1) that AFM could be used to characterize structural change at the nanoscale level, and (2) that 

annealing Nafion
®

 at 130 
o
C for five minutes facilitated the rearrangement of the polymer chains.  

According Maeda, these changes are detrimental to the efficiency of these membranes when used 

in fuel cells at elevated temperatures.
 

4.1.1.6 Effect of the Recast Temperature 

Lee and coworkers studied the effects of recast temperature on the diffusion and 

dissolution of oxygen and the morphological properties of recast Nafion
®

 membranes.
65

  They 
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performed SAXS, water uptake and chronoamperemetric measurements on Nafion
®

 membranes 

cast at various temperatures.  The membranes were dispersion-cast from a Nafion
®
 (EW=1100) 

in alcohol solution at 50 
o
C for 12 hours, and annealed at 100, 120, 135 and 170 

o
C for an hour.  

The cast membranes were then cleaned in a 3% H2O2 solution at 80 
o
C for an hour and then 

reacidified in a 1M H2SO4 at 80 
o
C for an hour. 

 

Figure 4.4: (a) oxygen diffusion coefficient and (b) oxygen solubility in as received and recast 

Nafion
® 

membranes at 1 atm. 

(Reproduced with permission from the Journal of the Electrochemical Society, 151 (4), A639-

A645 (2004), Copyright, The Electrochemical Society 2004). 

 

The data revealed that the oxygen diffusion coefficient remained constant and was 

comparable to data obtained from as-received membranes after annealing at high temperatures 

(135, 150 and 170 
o
C) (Figure 4.4).  However, a significant increase in the oxygen diffusion 

coefficient was observed in membranes annealed at lower temperatures.  Conversely, oxygen 

solubility showed an opposite trend as a function of casting/annealing temperature.  On average, 

water uptake levels for cast membranes was higher in comparison to the as-received membranes, 

which is in good agreement with Phillips and Moore,
66

 as discussed in the previous chapter.  

Additionally, the λ values decreased with increasing casting temperature, as expected.  The 
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SAXS data and the extrapolation the ionic cluster properties also showed that the cluster size 

significantly decreased with an increase in temperature from 100 to 135 
o
C, and then remained 

constant and equal to ~5 nm above 135
o
C, which is similar to results obtain for the as-received 

Nafion
®
.  Finally, the crystallinity in the cast membranes increased with casting temperature as 

expected because of the PTFE backbone.  Based on the above information, the authors correlated 

the transport properties of the recast membranes (water-uptake, oxygen diffusion and oxygen 

solubility) with changes in the membranes’ morphology.  They also showed that it is possible to 

produce membranes of varying crystallinity and ionic cluster size if the membranes are cast 

within the α relaxation temperature range.  When Nafion
®
 membranes are cast above the α 

relaxation temperature, there is no additional gain in percent crystallinity. The authors also 

concluded that at low casting temperature, the elastic energy of the PTFE matrix decreases while 

the ionic clusters increase in size due to the low elastic energy of the matrix—which means the 

membranes are more water absorbent.  

Lin and coworkers were interested in the effect of the solvent used on the structure of 

recast Nafion
®
 membranes.

67
  They investigated morphological changes using dynamic light 

scattering, differential scanning calorimetry and small-angle X-ray diffraction.  They prepared a 

series of Nafion
®

 membranes cast from DMF, methanol and water (4:1), ethanol and water (4:1), 

and propanol and water (4:1).  All membranes were cast at room temperature for more than 100 

hours from the Nafion
®
 dispersion in alcohols, followed by a heat treatment in a vacuum oven at 

120 
o
C for 60 minutes.  Meanwhile, the dispersion in DMF was processed at 120 

o
C for 60, 70 

and 80 minutes.  Dynamic light scattering results revealed that the hydrophobic aggregates in the 

Nafion
®
 dispersions decreased in number and size with a decrease in the solubility parameter.  

Additionally, there was much less polymer chain entanglement and less hydrophobic aggregates 
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for the Nafion
®
 dispersed in DMF, compared to the membranes cast in the various alcohol and 

water mixtures.  Based on the DSC and SAXS analysis performed on the cast membranes, the 

membranes cast at room temperature did not show any crystallinity as already reported in the 

literature.
13, 18

  Upon heat treatment, however, these same membranes and the membranes cast 

from DMF at 120 
o
C showed an intercrystalline peak at q~0.06 A

-1
.  Lin et al. then extracted the 

invariant, which describes the electron densification of the polymer, and correlated it with the 

overall degree of phase separation present in these cast and/or annealed membranes.  The 

calculated invariant increased with a decrease in the aliphatic alcohol chains (2-

propanol>ethanol>methanol), suggesting an increase in phase separation between the 

hydrophobic and hydrophilic domains.  The invariant calculated for the membranes cast from 

DMF appeared to be one order of magnitude lower than the membranes cast from alcohols and 

then annealed.  The lower degree of phase separation in Nafion
®
 cast from DMF is the result of a 

decrease in the degree of chain entanglement and a decrease in size of the hydrophobic 

aggregates of the Nafion
®
 dispersion in DMF.  The authors also noted an increase of 

intercrystalline peak q values with casting time, which supports the notion that longer annealing 

time allows for more backbone molecular motion, and therefore increased crystallinity leading to 

an increase of the crystalline order.  Lin concluded that a certain degree of phase separation 

between the hydrophilic and hydrophobic domains exists when membranes are cast from alcohol 

at room temperature.  In membranes cast from DMF, that degree of separation is less, but does 

appear when exposed to 120 
o
C due to the increased mobility of the Nafion chains and 

aggregates. 

Jung et al. performed an extensive study on the effect of annealing temperature on MEAs 

for use in direct methanol fuel cell.
68

  The results revealed that annealing at 130 
o
C produced the 
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highest level of proton conductivity of the recast Nafion
®
 binder and electrochemical active 

surface area of the electrode, leading to improved cell performance.  Catalyst layers using a 

Nafion
®
 based ink were prepared on a glass substrate, and the produced films were annealed for 

40 minutes at 110, 130, 150 and 200 
o
C.  After annealing, percent solubility were determined 

using a procedure developed by Moore and Martin.
8
  The authors reported a decrease in percent 

solubility with an increase in annealing temperature, emphasizing that annealing at temperatures 

above the α relaxation temperature induced significant changes in the morphology of Nafion
®

 

copolymers. Like Fujimura
10, 11

 and Gebel,
13

 Jung observed the disappearance and reappearance 

of crystallinity as a function of annealing temperature using SAXS and WAXD.  When catalyst 

layers were applied to the PEM, they also noted a maximum in proton conductivity, water uptake 

and electrochemical active surface after annealing of the MEA for 40 minutes at 130 
o
C.  Jung 

added that only a change in morphology at 130 
o
C can be responsible for such improvement.  In 

addition, fuel cell performance data for the MEAs annealed at 110, 130, 150 and 200 
o
C 

confirmed that the MEAs annealed at 130 
o
C exhibited the highest power density and current 

density for any given voltage.  According to the authors, annealing at 130 
o
C leads to the best 

possible morphology in a fuel cell membrane, which they attributed to an improved three-phase 

boundary at the electrode interfaces.  

Hensley et al. examined the effects of varying thermal annealing pretreatments for 

Nafion
®
 membranes of different thicknesses.  Nafion

®
 N111, N112, N115, N117 membranes 

were annealed at temperatures between 100 and 165 
o
C for up to 12 hours.  After annealing at 

165 
o
C, the proton conductivity, water permeability, equilibrium water sorption, and self-

diffusion coefficient of water and protons increased in all films, with the greatest improvements 

occurring in the thinner Nafion
®

 films.  Under no circumstances did the proton conductivity 
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decrease upon annealing at 165 
o
C.  The authors also noticed a dependence of water uptake on 

membrane thickness: the thicker the membrane, the greater the water uptake (λN111~16-18 

molecule of water per ionic site versus λN117~21-22 molecule of water per ionic site).  Despite 

the fact that water evaporation typically occurs much faster in thinner membranes than in thicker 

ones, the authors still believe that thinner membranes require less water to achieve the same 

proton conductivity as thicker ones.  Additionally, the researchers did not observe a strong 

correlation between the crystallinity levels in the membranes and annealing temperature, but they 

did note higher crystallinity in the thin membranes compared to the thicker ones.  SAXS data 

showed a shift of the ionomer peak to lower q values with increasing thicknesses of the annealed 

Nafion
®
 membranes, suggesting an increase of the average distance between two hydrated ionic 

clusters.  The observation is in good agreement with the increase of the water uptake values with 

increasing membrane thicknesses.  Hensley et al. also reported water self-diffusion coefficient 

data obtained from pulsed field gradient spin-echo NMR.  When testing was performed at room 

temperature, the researchers observed a ~30% difference in the water diffusion coefficient 

between annealed and non-annealed Nafion
®
. When the same experiment was performed at 90 

o
C, the percent difference reached 60% or more.  This extensive study suggests that (1) 

crystallinity has little influence on water uptake, proton conductivity and water permeability, and 

(2) annealing at 165 
o
C can substantially increase water diffusion and proton mobility in Nafion

®
 

extruded membranes—which is in agreement with some observations reported by Moore and 

Martin.
69

  

4.1.1.7 Effect of Drying Conditions 

Nearly 20 years ago, Zawodzinski, Thomas and Springer studied the water transport 

properties of Nafion® membranes.
70-73

 They rapidly realized that the Nafion
®
 drying conditions 
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can significantly affect the water uptake and proton diffusion of Nafion
®

 membranes.  When 

compared with as-received membranes (λ=21 molecule of water per sulfonate group with 25 

o
C<θ< 94 

o
C), the membranes dried at 105 

o
C showed a decrease in water uptake by 25% over 

the same temperature range (λ~12-16 with 27 
o
C<θ< 80 

o
C).  Moreover, the study documented a 

50% decrease in water uptake when the annealed membranes were rehydrated at 27 
o
C, as well 

as an increase in water uptake when the membranes were dried at 105 
o
C followed by  

rehydration at high temperature.  The authors stressed the crucial role that thermal treatment has 

on the morphology and various properties of Nafion
®
. They also pointed out the importance of 

the annealing, casting or drying temperature during the overall process of fabricating membrane 

electrode assemblies (MEAs) for fuel cell applications.
70

   

In a 2004 paper, Xie and coworker described a detailed MEA fabrication procedure 

(Figure 4.5) that is still largely used—even though some steps may have been updated with 

available technology.  The procedure that we described in the previous chapter is derived from 

this original procedure.
74

  The first step involves the preparation of a clean substrate, on to which 

the catalyst ink will be applied (step A); usually this substrate consists of a PTFE or a polyimide 

sheet.  A catalyst ink is prepared from a Nafion
®
 dispersion in alcohols, platinum on carbon 

catalyst powder and a wetting agent.  Although various papers have described different ink 

recipes, the main difference is in the choice of wetting agent, and the ratio of catalyst to dry 

Nafion.
75-85

  The second step involves applying this ink onto the blank using any available 

spreading technique (hand-painting, blade-coating, or air spraying) (see step B).  A good catalyst 

layer must be uniformly coated on the substrate to ensure that the catalyst Pt particles are well 

dispersed on the layer (the three-phase boundary quality in the final MEA depends on the quality 
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of that layer).  The ink is then dried in an oven at 140 
o
C as glycerol was used as a wetting agent 

(step C).   

 

Figure 4.5: Schematic of the decal process.  

A) PTFE blank, B) Apply the catalyst ink onto the decal through hand-painting or blade coating 

or air-sprayed, C) Dry the catalyst in oven at 140 
o
C for 30 minutes, D) hot-press the catalyst 

layer on to Na
+
-form Nafion

®
 membrane at 205 

o
C for 5 minutes, E) peel-off the decal and 

protonate the final MEA by boiling in H2SO4 and deionized water, respectively. (Reprinted with 

permission from Journal of Electrochemical Society, 151, A-1084 (2004). Copyright 2004, The 

Electrochemical Society.) 

 

Moore and coworkers demonstrated the importance of the solvent removal process.
8, 86, 87

  

When Nafion
®
 is cast from alcohols at temperatures below 170 

o
C, it generally leads to the 

formation of a mud-cracked membrane with very poor stability and mechanical properties.  As 

depicted in step D (above), two catalyst layers are applied onto both sides of a sodium-form 

membrane using a hot press at 205 
o
C and 454 kg/cm

2
 for 5 minutes.  The PTFE blank is then 

peeled away, transferring the catalyst layers to the membrane.  The final step (step E) involves 

the reprotonation or reacidification of the membrane electrode assembly (both the proton 

exchange membrane and the catalyst layers) using a 0.5M sulfuric acid solution.  As discussed 

earlier, Zawodzinski demonstrated the significant effect that drying or annealing can have on the 
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properties of Nafion
®
.  Based on the different steps involved in successful MEA fabrication, we 

now understand that temperature can have a profound effect on the water uptake and proton 

transport property of the resulting assembly.  For example, if exposing Nafion
®
 to 105 

o
C can 

lead to a ~50% decrease in water uptake, we know that the temperature of the final two MEA 

fabrication steps will be crucial to PEM durability and performance.  Specifically, these two heat 

exposures may limit Nafion
®
’s ability to reach optimum water content, as well as change its 

crystalline morphology.   

Gierke
7
 and Fujimura

10
 discussed the effects of annealing above 200 

o
C, and how 

crystallinity may decrease based on the onset of crystalline temperature around 150 
o
C.  Xie

74
 et 

al. explored how casting conditions can impact membrane properties. The researchers used a 

PTFE and a polyimide substrate which they then exposed to boiling deionized water, followed 

by the ink application technique (hand-painting versus blade-coating).  The authors studied the 

formation of a PTFE layer at the surface of the membrane when cast on a PTFE blank, after 

which they looked at the effects of that hydrophobic layer on the surface on cast Nafion
®
 on 

morphology and fuel cell performance. 

A recent study presented an extensive review of the available knowledge in terms of 

effect of temperature, drying condition protocols and heat treatments on the sorption and 

transport properties of Nafion
® 

membranes.
88

  This review was followed by a systematic study of 

the water sorption properties of Nafion
®
 N115 and NRE212 under a variety of experimental 

conditions. After being cleaned, the membranes were placed in an oven at atmospheric 

conditions and constant temperature for 24 hours.  The water sorption in liquid water and vapor 

phase of these membranes was determined using gravimetric analysis—with the main variable 

being drying temperature, as shown in Figure 4.6.   
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Figure 4.6: Influence of the drying temperature on liquid water uptake measured at different 

temperature. 

(Reprinted with permission from the Journal of Membrane Science, 389, 43-56 (2012). 

Copyright 2012, The American Chemical Society.) 

 

The authors observed a dramatic increase in liquid water uptake with increasing 

temperature for both the Nafion N115 and NRE 212 (Figure 4.6).  In fact, the water uptake 

almost doubles between 30 and 100 
o
C—a phenomenon previously associated with the softening 

of the polymeric structure with temperature.
57, 71, 89-91

  As shown by Kreuer,
2
 the water uptake of 

as-received membranes in liquid water is constant and independent of temperature.  Figure 4.6 

also confirms that water uptake is reduced when drying temperature is increased. 

Maldonado and coworkers studied the influence of drying temperature on the sorption isotherms 

of Nafion
®
 N115 and NRE 212.

88
  Figure 4.7 shows the data associated with Nafion

®
 N115.  
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Figure 4.7: Influence of the drying temperature on water vapor sorption measured in Nafion
®
 

N115 at different temperatures: 

(a) 30 
o
C, (b) 60 

o
C and (c) 80 

o
C.  On the left of each graph, the liquid water uptake is plotted as 

a guide for the eyes.  (Reprinted with permission from the Journal of Membrane Science, 389, 

43-56 (2012). Copyright 2012, The American Chemical Society.) 

 

Similarly, these researchers verified that water vapor uptake decreased with increasing 

drying temperature, in good agreement with Onishi and Hinatsu.
89, 90

  In their study, Maldonado 

et al. reported that the effect of drying temperature on Nafion
®
 N115 was more visible at 30 

o
C 

compared to the higher temperature (80 
o
C); meanwhile for Nafion

®
 NRE212, this effect is 

clearly present at 80 
o
C.  Maldonado attributed these results to changes in the structural 

properties of the membrane upon heating.  After drying, the authors noted that the structure of 

the membrane became more rigid and limited the swelling of the polymer; this reduced the 

sorption capacity at high humidities.  At low humidity levels, the authors related the sorption 

properties to the hydrophilicity and the water permeability of Nafion
®
. The authors noticed a 

slight difference between the water vapor sorption isotherms of Nafion
®

 N115 and NRE 212, 

which was higher at low humidities for the N115 membranes.  They attributed these results to a 

different sorption mode at low relative humidity with a different relative contribution of the 

Langmuir contribution, as reported by Detallante and Pineri.
92
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The water vapor isotherms of Nafion
®
 membranes dried under various conditions were 

compared with liquid water uptake, and the authors did not observe the presence of the 

Schroeder’s paradox described by other research groups.
90, 93-104

  They did report, however, that 

the λliq. phase/λRH=95% ratio was greater in Nafion
®
 NRE212 than in Nafion

®
 N115.  This work 

introduces an important parameter that needs to be taken into consideration with 

perfluorosulfonated ionomers in terms of properties and durability.  Maldonado also studied 

water self-diffusion and water transport by electro-osmosis and proton transport—which are 

crucial for understanding transport mechanisms.
105

  He reported proton conductivity as a 

function of relative humidity and drying temperature; his data revealed that proton conductivity 

is not highly dependent on drying conditions—except at low humidity levels. But overall, their 

data were in good agreement with proton conductivity data extracted from the literature.
62, 106-108

   

The authors also used Pulsed-Field Gradient Nuclear magnetic Resonance (PFGNMR) to 

examine water self-diffusion coefficient as a function of drying temperature and water uptake. 

They reported that the self-diffusion coefficient of water is dramatically reduced at low water 

content (λ<7), while at higher water content the difference is less noticeable. According to NMR 

results, heat treating ionomer membranes can induce structural changes that affect water 

transport properties at lengths shorter than one micron, which then impacts proton conductivity 

on a much larger scale (proton conductivity measures the mobility of protons over the thickness 

of the membrane (~125 microns for N115)).
109-111

  Finally, sorption isotherms between 30 and 80 

o
C for Nafion

®
 membranes dried at 60 

o
C were fitted using a linear-exponential expression as 

described in the literature for 20<% RH<0.9,
89, 112-114

 and a linear polynomial of the form 

λ=a+b.RH+c.e
-d.RH 

in the range 0<% RH<0.2.  Here again, the data showed that water sorption 

changes are very limited at high humidity levels as a function of temperature, confirmed by 
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others for Flemion
®
,
115

 as well as for other sulfonated proton conducting polymers.
116-118

  

Maldonado et al.’s studies have shown that when Nafion
®
 is heat-treated at moderate 

temperatures (~60-100 
o
C), some residual water remains strongly attached to the structure of the 

polymer.  (See Kim and McGrath, who looked at the state of water in disulfonated poly(arylene 

ether sulfone) copolymers and perfluorosulfonic acid copolymer and its effect on physical and 

electrochemical properties.
47

) After drying, ~1.5 molecules of water remains per ionic site, and 

the decrease in both conductivity and water self-diffusion data supports the negative impact of 

heat treatments on Nafion
®
 membranes. 

Hinatsu, Mizuhata and Takenaka also reported similar observations.
89

  They attributed 

the decrease in water uptake with annealing temperature to the size shrinkage of the ionic 

aggregates and the reorientation of the side-chains.  They also noted that such changes are 

reversible if the perfluorinated ionomer membrane is exposed to water and elevated 

temperatures.  For example, for Nafion® N117 dried at 80 
o
C for 24 hours, the number of water 

molecules per ionic group jumps from λ=13 after immersion in water at room temperature to 

λ=28 for the same membrane immersed in water at 130 
o
C.  Hinatsu et al. attributed this behavior 

to more efficient hydration mechanisms associated with the increased mobility of the polymer 

chains, as well as to reduced cluster breakup and reorganization of the polymer structure upon 

annealing.  The authors asserted that immersing annealed Nafion
®
 membranes in deionized water 

at a temperature equal to its α relaxation temperature gives the polymer enough energy to allow 

for molecular motions to occur more easily, and eliminates any structural differences induced by 

previous heating or annealing.  Based on these observations, the authors concluded that the 

structural modifications induced by exposure of Nafion
®
 to heat (both the PEM or the catalyst 
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layers) in the MEA fabrication process described by Xie
74

 are reversible upon rehydration at high 

temperatures. 

Sone et al. also performed similar studies on Nafion® membranes annealed at 80, 105 

and 120 
o
C.

62
  The authors performed proton conductivity measurements of these membranes at 

various temperatures ranging from 40 to 80 
o
C, and at relative humidity levels between 20 and 

100%.  For all the membranes, they reported an increase in conductivity with increasing 

temperature, independent of the annealing temperature.  They also observed a decrease in 

conductivity at 100% RH when the annealing temperature was increased (0.09 S/cm for as-

received to 0.03S/cm when annealed at 120 
o
C).  Sone linked these results to a significant 

structural change in the copolymer due to annealing at temperature at or above the α relaxation 

temperature of Nafion
®
, causing a decrease in water uptake and conductivity. 

4.1.1.8 Morphological change as a function of neutralizing counterion and temperature  

Luan et al. studied the effects of annealing perfluorosulfonated ionomer membranes on 

proton conductivity and methanol permeability.
119

  For their study, Nafion
®
 membranes were 

neutralized with sodium, and then dissolved under high temperature and pressure in DMF.  The 

DMF solvent was then partially evaporated in order to prepare a Nafion
®
 dispersion of 21% 

concentration.  Fifty-micron films were cast and dried under vacuum at 125 
o
C for almost for 

105 minutes.  The films was cut in equal sections and then annealed at various temperatures 

(150, 170, 190, 210, 230, and 250 
o
C) for 90 minutes.  The WAXD data of these annealed 

samples revealed a decrease in both intensity and full width at half maximum of the crystalline 

reflection that appears at 17.5
o 

2θ with increasing annealing temperature.  Their results 

demonstrated the following inverse relationship between crystallinity and temperature: there was 

a decrease in crystallinity from 22 to 7.4% when the temperature was increased from 150 to 230 
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o
C, which they associated with an increase in proton conductivity.  These results are quiet 

surprising when they are compared with data published by Jung and coworkers.
68, 120

  However, 

they also recorded a decrease in methanol permeability with increasing annealing temperature in 

these Nafion
®
 membranes.  The authors attributed the increase in proton conductivity to the 

energy given during annealing at high temperatures to the polymer chains and side chains, which 

allows sulfonate groups to aggregate and form a more continuous ionic network.  The decrease in 

methanol permeability was justified by the fact that methanol permeates through both the ionic 

and hydrophobic domains; upon annealing the hydrophobic domains shrink or pack more tightly 

making it more difficult for methanol to permeate through the membrane. 

Rollet et al. recently examined the influence of the counterion used to neutralize ionic 

sites as a function of temperature.
121, 122

  They neutralized Nafion
®
 membranes with monovalent 

inorganic counterions (H
+
, Na

+ 
and Cs

+
), monovalent organic counterions (N(CH3)4

+
) and 

multivalent inorganic counterions (Th
4+

, Eu
3+

 and Ca
3+

), and exposed the neutralized membranes 

to temperatures as high as 120 
o
C.  The SANS data showed that there were a correlation between 

ionomer aggregate size (which they referred to as the ionomer cavity) and the volume fraction of 

electrolyte in the membrane (Figure 4.8).
46, 123

 Figure 4.8 shows two linear dependence 

relationships based on counterion valence.  At a given volume fraction, the cavity radius gets 

smaller for the multivalent counterion in comparison to the monovalent counterions.  As 

explained by the authors, this phenomenon is based on repulsive electrostatic interactions and 

polymer chain elasticity.  Monovalent and multivalent counterions behave very differently when 

they are in solution, and Rollet showed that both the valence and the size of the counterion affect 

the size and the shape of the ionic aggregates. In addition, the size of these aggregates can be 

converted back to the size of as-received Nafion
®
 upon reacidification.  Unlike prior reports, 
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when membranes containing Na
+
 or TMA

+
 were annealed at 120 

o
C, they displayed significant 

morphological reorganization—which the authors asserted were not reversible.  Rollet concluded 

that these changes occurred on a much larger scale instead of being localized to the ionic site. 

 

Figure 4.8: Radius R of Nafion
®
 as a function of the volume fraction of electrolyte (pure water) 

in the membrane and the counterion, using Dreyfus model. 

(Reprinted with permission from the Journal of Polymer Science: Part B Polymer Physics, 39, 

548-558 (2001). Copyright 2001, Wiley) 

 

Page et al. also studied the effects of neutralizing counterions on the thermal relaxations 

of oriented Nafion
®
 membranes.

26, 124, 125
  Variable temperature SAXS data between 50 and 300 

o
C were collected on oriented TMA

+
-, TEA

+
-, TPA

+
- and TBA

+
- form Nafion

®
 membranes with 

a draw ratio of 3 at four different temperatures (80, 100, 170 and 190 
o
C).  A noticeable decrease 

in the ionic peak intensity with increasing temperature and decreasing counterion size was 

observed.  According to the authors, tan δ results obtained from dynamic mechanical analysis, 

and the decrease in intensity of the ionomer peak from variable temperature SAXS data, 

correlated well with the change in the α relaxation of Nafion
®
 with orientation, temperature and 

counterion type .  Annealing at elevated temperatures causes the elastic forces applied to the side 

chains by the ionic aggregates to increase to the point that exceed the electrostatic forces 



160 

 

between ion pairs within the aggregates, leading to the destabilization of the electrostatic 

network.  The oriented membrane can relax to an isotropic state depending on annealing 

temperature and counterion size. 

Park et al. recently investigated the use of variable temperature 
1
H and 

13
C solid-state 

NMR (SS-NMR) spectroscopy to probe the thermally induced properties of 

tetramethylammonium ions at temperatures near the α-relaxations.
126

 

 

Figure 4.9: Small-angle X-ray scattering (SAXS) profiles of TMA+-form subjected to thermal 

annealing at 100 and 200 
o
C for 10 minutes.  

Each plot contains two dimensional SAXS images before (left) and after (right) thermal 

annealing at 200 
o
C. (Reprinted with permission from Polymer, 50 (24), 5720-5727 (2009). 

Copyright 2009, Elsevier) 

 

Nafion
®

 N117 membranes were neutralized with tetramethylammonium hydroxide, then 

dried in a vacuum oven at 70 
o
C for 12 hours.  The membranes were then annealed at various 

temperatures ranging from 25 
o
C to 200 

o
C for 10 minutes.  Based on the data acquired for these 

annealed membranes via SS-NMR and SAXS, the authors concluded that smaller TMA
+
 

counterion are more suitable for producing efficiently packed ionic multiplets due to their 

compact size and rigid structure (Figure 4.9). The authors also reported much stronger 

electrostatic interactions between ion-pairs, in agreement with Eisenberg and Kim.
127
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Although the mechanisms that explain the thermal re-ordering of the TMA
+
-form PFSI 

system at elevated temperatures is not well understood, the authors suggest that its strongly 

associated nature makes the rotational tumbling or translational hopping movements of TMA
+
 

ions unfavorable.  TMA
+
 ions fill up the small gaps that are produced when the polymeric 

matrices undergo thermally induced movements.  This results in the reinforcement of the 

integrity of the electrostatically aggregated states between cationic TMA
+
 ions and anionic side 

chain of the PFSI system.  According to Park, it may explain why the α-relaxation temperature of 

the TMA
+
-form PFSI system is much higher than those of larger organic counterions (TEA

+
-, 

TPA
+
-and TBA

+
-form PFSIs).  The authors concluded that the incorporation of TMA

+
 ions will 

result in membranes with enhanced proton conductivity, water diffusion, and fuel cell 

performance. 

The Moore research group has been very interested in the effect of annealing temperature 

of neutralized Nafion
®
 membranes as a function of the nature of the neutralizing counterion.  

Recently, Osborn studied the effect of thermal annealing on the morphology and mechanical 

properties of dispersion cast Nafion
®

 NRE 212 CS as a function of counterion.
128

  Figure 4.10 

shows the SAXS data associated with the TMA
+
-form membranes. 
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Figure 4.10: SAXS profile of tetramethylammonium (TMA+) form Nafion® N117 CS before 

and after annealing from 10 to 1440 minutes. 

A)100 
o
C, B) 125 

o
C, C) 150 

o
C, D) 175 

o
C, E) 200 

o
C, F) 225 

o
C, G) 250 

o
C, H) 275 

o
C. 

(Reproduced from Virginia Tech Library, Morphological and mechanical properties of 
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dispersion-cast and extruded Nafion
(R)

 membranes subjected to thermal and chemical treatments, 

By Osborn, S, 245-246 (2009). Fair use, Virginia Tech, 2009) 

 

The SAXS profiles of the annealed membranes show the two characteristic peaks that 

describe the intercrystalline distance at q~0.06 Ǻ
-1

 and the distance between ionic aggregates at 

q~0.2 Ǻ
-1

.  However, the author noted that the peak that characterizes the crystalline region shifts 

to lower q with increasing annealing temperature, and finally disappears at higher temperatures. 

The disappearance of the intercrystalline distance peak is due to the melting of the PTFE-like 

crystallite formed by the polymer matrix.  In Figure 4.10, the SAXS data also show that the 

ionomer peak progressively sharpens, increases in intensity and shifts to higher q values with 

annealing time until it reaches an annealing temperature of 200/225 
o
C.  Above these 

temperatures, the ionomer peak broadens and its intensity slightly decreases. This trend is in 

good agreement with some previous work by Page and Landis.
124, 125

  Page attributed this 

phenomenon to the formation of a more isotropic ionic morphology with the Nafion
®

 membranes 

upon annealing.  Osborn extrapolated from these SAXS data that the maximum morphological 

change in the ionomer or the crystalline domains occurs during the first fifteen minutes of 

annealing. 

4.1.1.9 Effects of Thermal and Hydrothermal Aging 

Recently, an Italian team of researchers investigated the combined effect of exposure to 

head and water on the morphology and properties of Nafion
®

 membranes.
129-133

  One of their 

studies looked at the kinetics of water uptake in extruded Nafion
®
 N117 after a lengthy exposure 

to water and/or heat (150-225 hours).  Alberti et al. annealed Nafion
®

 membranes for 15 hours at 

120 
o
C in order to dry the membranes as much as possible.  This step was then followed by 

immersing the dried membranes in deionized and distilled water at temperatures ranging from 20 
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to 140 
o
C.  Water uptake is a function of immersion time. It was reported that the water uptake 

reaches distinct equilibrium values depending on the water temperature and  the exposure time to 

water ranging between 150 and 225 hours.  The water uptake values after one hour exposure 

differed dramatically depending on the temperature of the water baths.  Specifically, the percent 

equilibrium of a sample immersed for one hour in room temperature water was 95.4%--

compared to only 39% equilibrium when the same sample was immersed in 140 
o
C water.  One 

might have expected a different trend.  In fact, Alberti discussed how the kinetic rate for water 

sorption decreases with increasing temperature, which suggests that the kinetics of water-uptake 

is linked to two distinct processes.  The first is quite fast and is attributed to the length of time 

required to reach the osmotic equilibrium for water diffusion within the thin membrane. 

Conversely, the second is very slow and involves the progressive modification of the Nafion
®

 

conformation as a function of temperature.  In agreement with Hinatsu et al.,
89

 who explored 

water uptake equilibrium in dried Nafion
®
 membranes as a function of time and temperature, 

water equilibration values do not follow a linear trend with increasing temperature.  Alberti also 

noted the irreversibility of the hydration process, which is related to the irreversibility of 

conformation change with temperature.  The data also revealed that upon annealing from 15 to 

672 hours at temperatures ranging from 100 to 140 
o
C, a change in the degree of hydration was 

noticeable, but that it followed previously reported trends.   

Alberti and coworkers also investigated the mechanical properties of Nafion membranes 

(tensile modulus and elongation at break) at 100% relative humidity.
133, 134

  The authors showed 

that the tensile modulus and elongation at break decrease with increasing water uptake values for 

a variety of Nafion
®
 membranes annealed at differing temperatures and durations.  The authors 

noted that the irreversibility of the hydration process was related to the irreversibility of the 
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conformational changes, regardless of temperature.  They also discussed the thermal history of 

polymer processing in relation to the ionomers—essentially that they are constituted as an 

amorphous matrix in which some microcrystalline phases are embedded.  

Moore et al. investigated the properties of Nafion
®
 membranes neutralized with various 

organic counterions to understand the effect of any change in the electrostatic network on the 

chain dynamics of this complex ionomer.
26-28, 59, 124

  They noted that its
 
morphology can be 

refined through the use of either organic or inorganic counterions and/or by annealing at various 

temperatures.  Although these treatments do not have much of an impact on some mechanical 

properties of thin Nafion membranes (e.g., tensile properties), they do significantly affect the 

structure-property relationships of these membranes when used as PEMs.   

As noted in prior sections of this chapter, a number of important annealing studies have 

been conducted on as-received, extruded, dispersion-cast or solution-processed Nafion.  The 

following study examines Nafion membranes neutralized with TMA
+
 counterions.  Specifically, 

we will investigate the influence of the thermal annealing temperature on mechanical properties, 

morphology and fuel cell performance.  Although the TMA
+
 form of Nafion membranes are not 

appropriate for use as proton-exchange membranes for fuel cell (PEMFCs), it is still of interest to 

probe the influence of the counterion and annealing temperature on the morphology of re-

acidified membranes.  In the following section, therefore, we investigate how thermo-mechanical 

properties, morphology, proton conductivity, fuel cell performance and hydrogen crossover are 

affected by both the counterion exchange process and the annealing step. We will focus on the 

performance of these perfluorosulfonate ionomer membranes under fuel cell condition with 

respect to alpha and beta transitions and change in annealing temperature—also involving 

changes in crystallinity. 
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4.2. Experimental 

4.2.1  Materials 

Commercially available Nafion
®
 112 (EW=1100 g/mole and 50µm thick) in its extruded 

form was provided by E.I. du Pont de Nemours and Company. E-TEK Gas Diffusion Electrodes 

(GDE) were used to make the membrane electrode assemblies (MEAs). (E-TEK ELAT
®

 GDE 

LT120EW is a low temperature microporous layer including 5g/m
2
 Pt electrode (30% HP 

Platinum on Vulcan XC-72) on woven web, thin configuration.) Nitric acid was purchased from 

Fisher.  A 1 M solution of tetramethyl-ammonium hydroxide in methanol was obtained from 

Sigma-Aldrich.  

4.2.2 Membrane Preparation 

To remove impurities, Nafion 112 films (75 mm x 75mm) were cleaned by refluxing 8 M 

nitric acid for two hours, then rinsed three times with deionized water, and finally boiled in 

deionized water for one hour.  Upon drying overnight at 70 ºC in a vacuum oven, the cleaned 

Nafion membranes were ion exchanged to the tetramethyl-ammonium (TMA
+
) form by stirring 

for 24 h in tetramethyl-ammonium hydroxide solution in methanol.  After neutralization, the 

TMA
+
-form membranes were rinsed with methanol, boiled in methanol for one hour, then boiled 

in deionized water for an additional hour, followed by drying overnight under vacuum at 70 ºC.  

Upon drying, the Nafion membranes in the TMA
+
 form were annealed for 10 min at various 

temperatures (100, 135, 200, 235, 250, 275 and 300 
o
C). 
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4.2.3. Characterization 

4.2.3.1. Water Uptake Measurements and Analysis 

The weight fraction of water in the membranes was determined gravimetrically on 

annealed TMA
+
-form Nafion N117 after reacidification.  The experiment was repeated five times 

to verify results and reduce experimental error.  Equation 4.1 shows how the weight fraction of 

water was calculated throughout the experiment, where mswollen represents the mass of the 

hydrated polymer and mdry is the mass of the dry polymer.   

swollen dry

swollen

m m
Wt frac water

m


  

  Equation 4.1 

The dry weight of the polymer was determined after drying the membranes in a vacuum 

oven overnight at 70ºC.  The swollen mass was determined after boiling each sample 

individually in deionized water for two hours.  After cooling to room temperature, the solution 

processed membranes were removed from the deionized water, excess water was wiped off, and 

the final weight was determined.  The water content (λ) of the solution processed membranes 

was calculated using Equation 4.2, where 18 is the molecular weight of water and 1100 is the 

equivalent weight of the polymeric membrane.  Water content is displayed as a ratio of moles of 

water per mole of sulfonate group –SO3-. 

 
 

- / 18

/1100

m m
dry

m
dry

swollen
 

    Equation 4.2 

4.2.3.2. Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical analysis was performed on a TA Instruments DMA Q800 Analyzer 

in tensile mode using clamps for the thin film samples.  All samples were dried for 12 h at 70 ºC 

under vacuum and stored in a desiccator for 24 h prior to analysis.  Samples were then cut to a 
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width of 5.3 mm and run in triplicate to verify results and reduce experimental error.  DMA data 

were collected on samples in the TMA
+
-form after annealing and on samples reacidified to the 

proton form.  Membranes were equilibrated at-150 
o
C in the DMA.  The samples were then 

analyzed at a frequency of 1 Hz from -150 to 300 ºC when the membranes are in the TMA
+
-form 

or from -150 to 150 
o
C when the membranes are in the acid form with a heating rate of 2 ºC/min. 

4.2.3.3. Differential Scanning Calorimetry (DSC) 

DSC data were collected on a TA Q2000 at 40 
o
C/min. under a nitrogen purge.  The 

samples were dried for 12 h at 70 
o
C under vacuum, and then loaded in hermetic aluminum pans. 

DSC thermograms were obtained from room temperature to 300 
o
C for the samples in the 

TMA
+
-form.  The samples that were reacidified were ion exchanged with sodium hydroxide 

using the same technique as described above.  The samples were also dried under the same 

conditions and DSC scans were obtained from room temperature to 300 
o
C. 

4.2.3.4. Simultaneous Small Angle X-Ray Scattering (SAXS) and Wide Angle X-Ray 

Scattering (WAXS) 

Simultaneous small and wide angle X-ray scattering experiments were performed at the 

Advanced Photon Source (DNS-CAT), Argonne National Laboratory.  The SAXS/WAXS 

system used was composed of a Roper Scientific detector (WAXS) and a high resolution 

MARCCD X-ray detector (SAXS) installed on the 5 ID-D line.  A monochromatic X-ray beam 

was derived from an insertion device and a double-crystal monochromator.  The incident energy 

was set to E=15 KeV with a wavelength of 0.8266 Å.  The sample-to-detector distance was 

3,000 mm for the SAXS attachment while the sample-to-WAXS detector distance was only 236 

mm.  The SAXS and WAXS detectors have an 81 mm and 141 mm radius, respectively. The two 

dimensional scattering images were corrected to incident beam flux, background scatter due to 
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air, and the variable thickness of each sample. The scattering profiles are displayed as absolute 

intensity (cm
-1

) as a function of the scattering vector, q, which is a function of the scattering 

angle through the following relationship: 

4
sin( )q







    Equation 4.3 

Where λ is the wavelength of radiation (0.8266 Å) and θ is half of the scattering angle (2 

θ). Wide Angle X-Ray Diffraction (WAXD) were also performed on a Rigaku MSC Ultima III 

(add conditions). 

4.2.3.5 Proton Conductivity Analysis 

Prior to analysis, the solution processed membranes were reacidified by refluxing in a 

methanolic 4M H2SO4 solution for one hour, boiled in deionized water for one hour, and 

immersed in deionized water at 80 ºC for 12 h.  Analysis of in-plane membrane proton 

conductivity on films after reacidification was conducted using a four-point conductivity cell 

developed by Bekktech.  Measurements were taken from 0.1 to 500,000 Hz using a 1255 HF 

frequency analyzer coupled with a 1286 electrochemical interface, both from Solartron.  Data 

analysis was carried out using Zplot
TM

 and Zview
TM

 software from Scribner and Associates, Inc.  

The in-plane conductivity was then calculated using the definition of the resistance in terms of 

the bulk resistivity and the cell geometry: 

L L
R

A W T

  
 

    Equation 4.4 

where ρ (Ω.cm) is the resistivity, R (Ω) the membrane resistance, A (cm
2
) is the cross-

sectional area perpendicular to the current flow, W (cm) is the width of the sample, L (cm) is the 

distance between the two reference electrodes and T (cm) is the thickness of the film.  Solving 

this equation for conductivity: 
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1 L

R W T



 

     Equation 4.5 

where the conductivity, σ (S/cm), is the inverse of resistivity, ρ, and the membrane resistance, R 

taken as the real Z-axis intercept of the complex impedance plot or the real Z value for which the 

phase, Φ, is equal to zero. 

4.2.4  MEA Fabrication and Fuel Cell Testing 

The TMA
+
-form membranes were reacidified in 8 M nitric acid at room temperature for 

24 h under mixing, and then kept in deionized water for an additional 8 h and finally dried 

overnight under vacuum at 70 ºC. MEAs were prepared by hot-pressing the anode and cathode 

GDE structures symmetrically on both sides of the proton exchange membrane (PEM) between 

two 125μm ultra high temperature release films WL-5900 from Airtech International, Inc. at 

70 kg/cm
2
 (1000 psi) for 3 min at 120 °C. Each MEA with a surface active area of 5 cm

2
 was 

placed in the fuel cell testing hardware between two gaskets (non-porous fiber glass coated with 

polytetrafluoroethylene from McMaster, Atlanta). The thickness of the gaskets was adjusted to 

reach 20% compression of the electrodes. The cell was completed by two graphite plates with a 

triple serpentine flow channel pattern.  The single cell hardware and the membrane were 

assembled using a micrometric torque wrench adjusted to 5 N·m.  In all single cell experiments, 

the cathode was fed with high purity grade oxygen at a stoichiometric ratio of 2:1.  The oxygen 

was humidified by passing through a humidifier set at 55 ºC,
 
leading to a calculated relative 

humidity of 80% when the gas arrives on the cathode side of the GDL.  The anode was fed with 

high purity grade hydrogen sent through a humidifier set at 70 ºC, leading to a calculated relative 

humidity of 100% when the gas reaches the anode side of the GDL with a stoichiometric ratio of 

1.5:1.  The back pressure of the fuel cell was kept at atmospheric pressure on both the anode and 
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cathode, with the operating temperature set at 60 ºC throughout the lifetime of the experiment.  

Before any measurement, the fuel cell assembled with the membranes was conditioned at 60 
o
C 

for 24 h with a load that maintained a constant voltage of 0.5 V between the two collectors. The 

steady state polarization curves (Current-Voltage measurements) in the current density range of 0 

to 3,500 mA/cm
2
 were obtained using a fuel cell test station Medusa RD from Teledyne, coupled 

with a fuel cell test system 890CL from Scribner, and interfaced with Scribner fuel cell software 

in the steady state conditions.  In-situ electrochemical impedance measurements were performed 

using the same equipment as described in the conductivity measurement section.  Impedance of 

H2/O2 cells under polarization was performed from 100,000 to 0.001 Hz at open-circuit voltage, 

then 0.1, 0.5, 1, 3 and 5 V load. 

The cathode was then purged with humidified nitrogen until the cell voltage was less than 

0.1 V. Any excess of O2 in the cell was consumed by shorting the cell.  A potentiodynamic 

method (linear sweep voltametry LSV) was used to record the current produced by the oxidation 

of crossed H2 from the anode to the cathode. The obtained current is defined as 
2

cross

HI (A/cm
2
) and 

the H2 crossover rate (
2

cross

HJ ,mol/cm
2
/s) can be calculated using Faraday’s equation: 

2

2

cross

Hcross

H

I
J

nF


   Equation 4.6 

 

where n is the electron number of H2 oxidation (n=2) and F is Faraday’s constant (F=96,485.33 

C/mol or A.s/mol). 



172 

 

4.3. Results and Discussion 

4.3.1. Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical spectra of the annealed tetramethyl-ammonium form Nafion 

membranes before and after reacidification are shown in Figures 4.11 and 4.12, respectively.  

The DMA data in Figure 4.11 shows that the as-exchanged membrane displays a strong alpha 

relaxation at 245 
o
C, a low intensity beta relaxation at 140 

o
C and a gamma relaxation at -90 

o
C.  

In the annealed TMA+-form at 300 
o
C, the alpha and gamma relaxations remain the same at 245 

and -90 
o
C respectively. 
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Figure 4.11: Tan δ versus temperature of TMA
+
-Nafion

®
 membranes annealed at various 

temperatures for 10 min. 

 

However, when the beta relaxation shifted to a lower temperature (125 
o
C), the intensity 

was very weak and the relaxations spanned a wide range of temperatures (from 90 to 150 
o
C. For 

the annealed TMA
+
-form membranes at temperatures between 100 and 300 

o
C, the alpha 

relaxation remained the same.  However, the beta relaxation temperature reached a maximum 

temperature of 155 
o
C when annealed at 100 

o
C for 10 minutes, it then progressively decreased 
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from 155 to 125 
o
C when the annealing temperature was increased from 100 to 300 

o
C. Our 

current understanding of the dynamic-mechanical relaxations of Nafion
®

 involves assigning the 

high temperature alpha relaxation to long-range motions from both the main and side chains 

through destabilization of the electrostatic network. The low temperature beta-relaxation is 

assigned as the true glass transition of the polymer and is attributed to the onset of segmental 

motions, primarily within the backbone in the context of a static, physically crosslinked 

matrix.
27,29

  

As we increased the annealing temperature from 100 to 300 
o
C, the accompanying 

decrease in intensity and the beta relaxation shift to a lower temperature suggest that there are 

some morphological changes within the backbone matrix.  Specifically, its PTFE-like structure 

showed some crystallinity, which according to literature reports varies from 15 to 25%.
2, 10, 135

 

The decrease of the beta relaxation to a lower temperature suggests that the percentage 

crystallinity may have decreased upon annealing at these temperatures.  Kyu and coworkers 

concluded that the decrease of the beta relaxation with increasing annealing temperature could be 

explained by an enhancement of the ionic interaction strength, which in turn reduced the 

mobility of the fluorocarbon matrix. This conclusion also holds true for our annealed TMA
+
-

form membranes.
136, 137

 

DMA was also performed on the various annealed membranes after reacidification, as 

shown in Figure 4.12. The dynamic mechanical properties of the reacidified films appear to be 

identical regardless of annealing treatment.  These data show that on the macroscopic scale, 

morphological manipulation of the ionomeric domains had no influence on the bulk mechanical 

properties of the membranes once reconverted back into the H
+
-form.  However, we noticed that 

the α relaxation temperature after reacidification spans a broad range of temperatures (60-160 
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o
C) and the β relaxation that normally occurs at ~0-10 

o
C is almost nonexistent.  At the present 

time, we do not have a clear understanding of what may have caused the disappearance of the β 

relaxation temperature upon reacidification of the TMA+-form annealed Nafion
®
 N117 

membranes.  Further investigations may be necessary that, for example, incorporate the effect of 

the reacidification temperature and/or the effect of the choice of reacidification solution (aqueous 

nitric acid versus methanolic sulfuric acid).  Since Nafion
®
 is currently used in the proton form, 

DMA data are highly relevant for applications such as hydrogen/oxygen fuel cells. 
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Figure 4.12: Tan δ versus Temperature of TMA
+
-Nafion

®
 membranes annealed at various 

temperatures for 10 min. and reacidified in an 8M aqueous nitric acid solution for 24 hours at 

room temperature 

4.3.2 Differential Scanning Calorimetry 

Previous DSC studies of Nafion
®
 membranes that have been exchanged with organic 

various counterions show the presence of a broad endotherm peak that shifts to higher 

temperature with decreasing size of the counterions, as reported in Table 4.1 below. 
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Table4.1: Transition temperatures measured by DSC and DMA for TMA
+
, TEA

+
. TPA

+
, TBA

+
-

form Nafion
®
 117CS. 

Counterion-form Nafion
®

 Transition temperature as 

determined by DSC (
o
C) 

Transition temperature as 

determined by DMA(
o
C) 

TMA
+
 257 240 

TEA
+
 187 160 

TPA
+
 123 130 

TBA
+
 66 100 

 

Figure 4.13 shows the DSC data of annealed TMA
+
-form Nafion

®
 117CS membranes 

that have been annealed at various temperatures for 10 minutes.  Park et al. previously studied 

the effect of isocrystallization at 200 
o
C.

173
  He reported that upon isocrystallization at 200 

o
C, 

followed by a rapid quench, the TMA
+
-form Nafion

®
 membranes exhibited an endotherm peak at 

around 200 
o
C, which increases in intensity and shifts to higher temperatures with increasing 

annealing time.  Park attributed this behavior to the existence of PTFE-like crystals.  The second 

endothermic event observed at ~260 
o
C, which remained constant as a function of 

isocrystallization time, was described as dependent of the organization of the counterion (TMA
+
 

in this case) within the ionic aggregates. 
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Figure 4.13: DSC heat flow versus temperature of annealed TMA+-Nafion membranes at various 

temperatures between 100 and 275 
o
C for 10 min.  

 

Two endotherms are observed in Nafion
®
 membranes annealed at temperatures below 

250 
o
C for ten minutes.  The first endotherm observed appears at around 20-25 

o
C above the 

annealing temperature, and is attributed to the melting of the PTFE-like crystallite in agreement 

with Page et al. previous studies.
174

  When annealed at 250 
o
C for 10 minutes, the DSC 

thermogram of the Nafion
® 

membrane exhibits only one peak at ~260 
o
C.  Upon annealing at 

temperatures above 250 
o
C, a single endotherm peak is observed at a temperature slightly higher 

than 250 
o
C; because the PTFE-like crystallites melt at temperatures below 275 

o
C, the 

endothermic event can only be attributed to the melting or the disappearance of the well-ordered 

counterions contained within the ionic aggregates.  The data are in good agreement with previous 

observations established by Park et al.
173 

4.3.3 The Water Uptake of Annealed Membranes  

Figure 4.14 displays the water uptake values for TMA
+
-form Nafion

®
 N117 CS after 

annealing and reacidification, which is described as λ in terms of the number of molecules of 

water per sulfonic acid group. 
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Figure 4.14: Water content (expressed as lambda, λ) of TMA
+
-form Nafion

®
 membranes as a 

function of annealing temperature after reacidification 

 

The water uptake and the λ values of the annealed membranes at temperatures ranging 

between 100 and 275 
o
C reached a minimum value at 175 

o
C with λ=22 moles of water per ionic 

group and then reverted back to a plateau at temperatures about 225 
o
C with λ~24 moles of water 

per ionic group.  These results are in good agreement with data collected and published by other 

research groups.
29, 88, 116, 119, 138-148

  It should be stressed that the membranes were all reacidified 

at room temperature in order to create any thermal history, or give the polymer chains enough 

mobility for them to reorganize morphologically.  As expected, the reacidified membranes 

displayed water uptake values that were slightly lower than the analogous values for recast or 

solution-processed membranes (see Chapter 3).  After reacidification of the annealed TMA
+
-

form Nafion
®

 membranes, we recorded λ values in the range of 225 
o
C—almost as high as the λ 

value of the non-annealed membranes.  We suggest that annealing at low temperature (below or 

equal to 175 
o
C) may lead to the elimination of some water from the membranes, which acts as a 

plasticizer during its elimination, thereby increasing polymer mobility and chain packing.  At 

higher temperatures, both the destabilization of the electrostatic network and the enhanced 
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mobility of the polymer chains allow for a major reorganization of the ionic percolation network 

within the polymer matrix.  Such a reorganization occurs with Nafion
®

 N117 CS when it is 

annealed at high temperature, causing it to reach λ values that are similar to those of as-received 

membranes, although it has a different structural organization.
137, 149

  One may notice that the 

change in water uptake values is fairly small (λaverage=23.5 mole of water per ionic group and std. 

deviation=1.05); nonetheless, we believe that these changes are significant enough to translate 

into major differences in terms of proton transport and fuel cell performance. 

4.3.4. Small and Wide Angle X-ray Scattering (SAXS and WAXS). 

Small and wide angle x-ray scattering have been widely used to examine the effects of 

various treatments on the organization of ionic and crystalline domains in annealed 

membranes.
126, 150-165

  For example, WAXS was performed on annealed membranes before and 

after reacidification, as shown in Figures 4.15 and 4.16. Figure 4.15 displays changes in the 

WAXS profile of the TMA
+
-form membranes as a function of annealing temperature.  These 

profiles show a very broad amorphous halo between 0.8 and 1.4 q and a faint crystalline 

reflection at 1.26 q.
10-12, 151, 166

  It is apparent from Figures 4.15 and 4.16 that an extra peak 

appears at q~0.85Ǻ
-1

 and increases in intensity with increasing annealing temperature.  Previous 

work in our research group
26, 124

 has shown that the extra WAXS peak is due to counterion 

condensation of the rod-like aggregates in Nafion
®
 and this is consistent with the results of 

Diat
167

 and Hoffman.
168
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Figure 4.15 Wide-angle X-Ray scattering of TMA
+
-Nafion

®
 membranes  annealed at various 

temperatures for 10 min for  0.5Ǻ
-1

<q<3.8Ǻ
-1

. 
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Figure 4.16 Wide-angle X-Ray scattering of TMA
+
-Nafion

®
 membranes annealed at various 

temperatures for 10 min for  0.5Ǻ
-1

<q<1.6Ǻ
-1

. 

 

Page et al. also determined that the counterion condensation of the rod-like aggregates 

does not influence the position and shape of the amorphous halo or the crystalline peak.  The 

data shown in Figure 4.17 verifies that this extra peak is solely due to the presence of the TMA
+
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counterion, as evidenced by the disappearance of this extra peak when the membranes are 

reacidified.  It is important to note that the WAXS profiles of the reacidified membranes are in 

excellent agreement with various WAXS patterns of extruded Nafion
®
 that are widely reported 

in the literature (references cited previously in the introduction section of this chapter).  The 

general H
+
-form Nafion

®
 pattern consists of a broad amorphous halo from q~0.85 to q~1.42 Ǻ

-1
 

along with a distinct crystalline reflection at about 1.26 Ǻ
-1

.  The membrane profiles of the 

reacidified materials appear to be almost identical (Figure 4.17).  However, due to the poor 

resolution of the WAXS data, we were unable to quantify the changes in the crystalline domains 

before and after reacidification of the TMA
+
-form membranes.  The data presented in Figure 

4.17 suggest that the crystallinity after annealing and reacidification is low, but this needs to be 

verified by quantitative data from the deconvolution of the WAXD scans that show a better 

resolution.  

 

Figure 4.17 Wide-angle X-Ray scattering of TMA
+
-Nafion

®
 membranes annealed at various 

temperatures for 10 min after reacidification. 

 

Figure 4.18 displays the SAXS profile of the TMA
+
-form membranes based on annealing 

temperature. The SAXS profiles of the annealed membranes contain three typical scattering 
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components for Nafion
®

: (1) the small-angle up-turn, (2) the intercrystalline peak, and (3) the 

ionomer peak.  The small-angle up-turn at q<0.02 Å
-1

 was examined by Gebel et al., who 

attributed it to large heterogeneities between the ionomer domain and the polymer matrix.
13, 162, 

169
  The crystalline peak at q~0.06 Å

-1
 has often been referred to as the scattering between 

crystalline domains or the crystalline long period.  Finally, the ionic peak at q~0.2 Å
-1

 is 

attributed to the scattering from the interparticle interference between ionic aggregates that are 

spatially distributed throughout the membrane.  
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Figure 4.18: Small-angle X-Ray scattering of TMA
+
-Nafion

®
 membranes annealed at various 

temperatures for 10 min.  

 

Further examination of the intercrystalline peak between the various scattering profiles in 

Figure 4.18 show a constant position of the peak, suggesting that the distances between 

crystalline regions remain the same, at least at temperatures below or equal to 175 
o
C.  However, 

it was noted that the intercrystalline peak broadened with increasing annealing temperature 

(above 175 
o
C) and shifted to lower q values, which suggest a much wider distribution of the 
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intercrystalline distances among particles, as well as a more heterogeneous distribution of the 

intercrystalline distances.  On the other hand, the overall intensity of the ionic peak increases 

with increasing annealing temperature.  This increase in scattering intensity is attributed to two 

factors.  The first factor is an increase in scattering contrast between the TMA
+
-form ionic 

aggregates and the Nafion
® 

fluorocarbon matrix.  The second factor associated with the 

sharpening of the ionic peak is a more homogeneous distribution of the ionic aggregates within 

the polymer matrix and a more narrow distribution of the interdistances between ionic 

aggregates.  To prove this theory, Fujimura and coworkers
10-12

 returned the membrane back to its 

acid form, which decreased the electron density difference between ionic and crystalline regions.  

They also exchanged the membrane into the cesium form, which increased the electron density 

difference more than the influence of organic counterions, thereby resulting in an increase of the 

ionomer peak intensity.  This phenomenon is also observed when examining the ionomer peak at 

q~0.2 Å
-1

 in Figures 4.19 and 4.20 as a function of the annealing temperature in the TMA
+
-form 

membranes. 
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Figure 4.19: Small-angle X-Ray scattering of TMA
+
-Nafion

®
 membranes annealed at various 

temperatures for 10 min and then reacidified in aqueous nitric acid.  
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A further examination of the SAXS profiles confirmed that the ionomer peaks of the 

annealed membranes in the TMA form remained relatively constant after reacidification.  This 

observation applies to all TMA
+
-form annealed Nafion

®
 membranes upon reacidification in 

aqueous nitric acid at room temperature (see Figure 4.20).  Similar to the SAXS data of the 

annealed membranes before reacidification, the intercrystalline peak (q~0.05 Å
-1

) shape and q 

spacing remain contrast, while the ionomer peak (q~0.22 Å
-1

) appears distorted in comparison to 

membranes annealed at various temperatures (after reacidification).  From Figures 4.19 and 4.20 

we observe drastic changes in the ionomer peak after reacidification.  Upon reacidification, the 

ionomer peak begins to broaden and loses its intensity with increasing annealing temperature.  

For membranes annealed between 100 and 200 
o
C, we observed a broad and weak ionic peak 

that progressively gets narrower and increases in intensity to reach a maximum with the 

membrane annealed at 200 
o
C.  Above this temperature, the ionic peak at q~0.22 Ǻ

-1
 gets broader 

and loses its intensity.  After annealing at 300 0C, the SAXS profile of the ionic region of the 

Nafion
®

 membranes is very similar to the SAXS profile of the ionic region of the as-received 

Nafion
®
 membranes. 
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Figure 4.20 Small-angle X-Ray scattering of TMA
+
-Nafion

®
 membranes annealed at various 

temperatures for 10 min and then reacidified in aqueous nitric acid (ionomer region).  

 

It is important to note that the position of the ionomer peak changes from ~0.17 Å
-1

 to 

q~0.22 Å
-1

 when the ionic peaks of the annealed membrane before and after reacidification are 

compared.  Reacidification of the membranes yields an ionomer peak maximum at q~0.22 Å
-1

, 

indicating that the distance between the ionic aggregates decreases during reacidification.  Based 

on Figure 4.20, we also concluded that reacidification leads to a more heterogeneous distribution 

of the interdistance between ionic aggregates due to the broadening of the ionic peak with 

increasing annealing temperature.  We conclude that the ionic domains of H
+
-form Nafion

®
 can 

be morphologically manipulated by introducing an organic counterion such as TMA
+
 and by 

annealing.  Additionally, the SAXS data of the ionomer peak are related to the water uptake 

values that we reported earlier.  The membranes reach minimum water uptake values when they 

are annealed at ~175-200 
o
C, which correspond to the annealing temperature at which the ionic 

peak is the narrowest and the more intense.  A uniform distribution of the inter-ionic aggregate 

q (nm
-1

) 
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distances leads to the lowest level of water uptake after reacidification, which might negatively 

impact performance when used in a fuel cell system.  However, annealing at higher temperature 

allow major reorganization of the ionic percolation network among the polymer hydrophobic 

domain. 

4.3.5. Proton Conductivity 

Figures 4.21 (a) and (b) present the proton conductivity data versus relative humidity of 

the annealed TMA
+
-form Nafion membranes after reacidification.  Before testing, the 

membranes were dried in a vacuum oven at 70 
o
C for 12 hours and then stored in a desiccator 

above silica gel.  Each membrane was placed in a four-point Bekktech in-plane conductivity cell, 

which was then loaded into a controlled humidity chamber set at 60 
o
C and 95% relative 

humidity.  The membrane was equilibrated under these conditions for 12 hours prior to any 

conductivity measurement.  Relative humidity was then adjusted to the expected value, and 

measurements were performed three times after an equilibrium time of at least 30 minutes (the 

equilibrium condition was reached when the conductivity value was constant after three 

consecutive measurements). 

 

Figure 4.21: Proton conductivity versus relative humidity measured at 60 
o
C of annealed TMA

+
-

form Nafion
®
 membranes after reacidification to the H

+
-form.  

Relative Humidity (%RH)

20 30 40 50 60 70 80 90 100

P
ro

to
n
 C

o
n
d
u
ct

iv
it

y
 (

m
S

/c
m

)

1

10

100

1000

Non Annealed

T=100
o
C 10 min.

T=135
o
C 10 min.

T=200
o
C 10 min.

T=235
o
C 10 min.

T=250
o
C 10 min.

T=275
o
C 10 min.

Relative Humidity (%RH)

20 30 40 50 60 70 80 90 100

P
ro

to
n
 C

o
n
d
u
ct

iv
it

y
 (

m
S

/c
m

)

20

40

60

80

100

120

140 Non Annealed

T=100
o
C 10 min.

T=135
o
C 10 min.

T=200
o
C 10 min.

T=235
o
C 10 min.

T=250
o
C 10 min.

T=275
o
C 10 min.



186 

 

 

The conductivity data show three important features: (1) at low humidity levels, the 

proton conductivity values are very similar (σ~8 mS/cm), (2) as the humidity level is raised, the 

proton conductivity values for all annealed membranes increase, and (3) at high humidity 

(RH=95%), the proton conductivity value of the membrane annealed at 200 
o
C reaches a 

maximum.  We also observed three different proton conductivity results.  (A) When the 

membranes are annealed between 100 and 175 
o
C, the proton conductivity values appear to be 

equal or slightly lower than the proton conductivity of the non-annealed Nafion
®
 membranes.  

(B) The membranes annealed at 200 
o
C exhibit the highest proton conductivity values over the 

whole range of relative humidities at 60 
o
C.  (C) Annealing above 200 

o
C leads to a progressive 

decrease in proton conductivity, even falling below the proton conductivity value of the non-

annealed membranes at 95% relative humidity and 60 
o
C.  These observations are in good 

agreement with some results that have been published for H
+
-form annealed Nafion membranes 

by DeLuca et al.
61, 170

  DeLuca concluded that there were two different morphological changes 

that may occur in Nafion
®

 membranes upon annealing: one at low temperatures below 210 
o
C 

and one at high temperatures above 210 
o
C.  We believe, like DeLuca, that at low annealing 

temperatures there is a reorientation of the ionic percolation pathways leading to the 

enhancement of proton transport properties in the membranes.  We also believe that the 

percolation pathway for proton transport may be negatively altered when membranes are 

annealed above 210 
0
C.  However, annealing at higher temperatures may result in an altered 

morphological organization (see the SAXS data of the ionic region after reacidification). The 

ionic aggregates are more diffused or dispersed among the membrane, producing morphological 

characteristics that are more favorable for fuel cell conditions. 
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4.3.6. Fuel Cell Performance 

Figures 4.22 and 4.23 show fuel cell polarization curves, power densities, and MEA 

resistance values associated with the annealed TMA
+
-form membranes after reacidification as a 

function of current density.  Figure 4.22 also shows the change in the polarization curve between 

a membrane that was annealed for 10 minutes and a membrane annealed for 60 minutes. 

 

Figure 4.22: Effect of annealing temperature on fuel cell performance of TMA
+
-Nafion® 

membrane-based MEAs annealed at various temperatures for 10 min. and reacidified in 8M 

aqueous nitric acid; (a) Polarization and (b) Power density as a function of current density. 

 

Figure 4.23: Effect of annealing temperature on polarization and surface resistance of TMA
+
-

Nafion
®
 membrane-based MEAs annealed at various temperatures for 10 min. and reacidified in 

8M aqueous nitric acid. 
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The membrane annealed at ~250 
o
C displayed a maximum power density of 600mW/cm

2
 

at a current density of approximately 1700 mA/cm
2
.  These results are very comparable or 

slightly better than the performance of the as-received Nafion
®

 membrane-based MEA.  In fact, 

the linear region of the polarization curve (the region in which we can efficiently operate an 

MEA) is slightly longer compared to the as-received membrane.  The membrane that was 

exchanged with TMA+ counterions and reacidified without any annealing step, exhibited fuel 

cell performance better than the as-received Nafion
®
-based MEA.

171, 172
  This is remarkable and 

it may suggest that a simple ion exchange allows a certain level of reorganization of the ionic 

domain, which leads to a maximum power density equal to 800 mW/cm
2
 at a current density of 

2200 mA/cm
2
.  The maximum power densities and voltage output of the membranes annealed 

between 100 and 235 
o
C are very similar; the only difference appears in the high end of the 

current density region, which relates to mass transfer. The maximum power density of the 

membrane annealed at 900 mW/cm
2
 at a current density of approximately 2400 mA/cm

2
, which 

is slightly better than the performance of the non-annealed exchanged Nafion
®
-based MEA.   

 

Figure 4.24: Effect of annealing time at 200 
o
C on fuel cell performance of TMA+-Nafion® 

membrane-based MEAs annealed at various temperatures for 10 min. and reacidified in 8M 

aqueous nitric acid. 
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Figure 4.24 displays the effect of annealing time on the fuel cell performance of TMA
+
-

form Nafion membranes annealed at 200 
o
C, and then assembled into MEAs.  A noticeable 

decrease in fuel cell performance was recorded with increased annealing time, which might be 

due to an excess of water that was removed during the annealing step.  As discussed in the 

introduction section and documented with supporting references, the changes in water uptake 

that occurred upon annealing at high temperatures over extended periods of time was shown to 

be irreversible.  This parameter must be taken into account in the future, especially for MEAs 

that may be operating at temperatures above 100 
o
C. The fuel cell data are in good agreement 

with the mentioned SAXS, proton conductivity and water uptake data. 

4.3.7. Hydrogen Crossover under Fuel Cell Conditions 

The hydrogen crossover data for TMA
+
-form annealed Nafion

®
 membranes designed for 

fuel cell use at two operating conditions are displayed in Figure 4.25. 

 

Figure 4.25: Effect of annealing temperature on hydrogen crossover of TMA
+
-Nafion

®
 

membrane-based MEAs annealed at various temperatures for 10 min. and reacidified in 8M 

aqueous nitric acid.  
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The hydrogen crossover data measured at 30 
o
C and 100% relative humidity show a 

constant value slightly higher than 10
-8

 mole of hydrogen/s/cm
2
 regardless of annealing 

temperature.  However, the hydrogen crossover at 70 
o
C under the fuel cell conditions, as 

described in a previous section, decreases with increasing annealing temperature up to 200 
o
C. 

Above an annealing temperature of 200 
o
C, hydrogen crossover dramatically increases and 

reaches a maximum of 2.2x10
-8

 mole of hydrogen/s/cm
2
 for the membrane annealed at 250 

o
C.  

The trend is in good agreement with fuel cell performance data previously discussed.  Moreover, 

these data correlate well with the water-uptake data and the morphological changes discussed 

previously.  It appears that the morphology of H
+
-form membranes can be manipulated through a 

counterion exchange followed by thermal treatment, which facilitates desirable improvements in 

fuel cell properties.  These fuel cell performance improvements in the TMA
+
-form annealed 

Nafion
®
 membranes are believed to contribute to a more efficient proton percolation network 

(more direct and less dead-ends) created during thermal treatment.  Here again, we want to stress 

that all of the membranes were reacidified at room temperature; consequently, there was no 

subsequent thermal treatment used to maintain the morphology of the membrane after annealing.  

Nonetheless, we have strong evidence that the Nafion
®

 membrane properties can be controlled 

via morphological modification of the ionic domain during thermal annealing, followed by 

neutralization with a small organic counterion such as tetramethyl-ammonium. 

4.4. Conclusions 

By annealing Nafion
®
 membranes with a counterion such as TMA

+
, we have produced 

significant changes in the properties and performance of these membranes.  As shown by 

dynamic mechanical analysis, there was a change in the β relaxation temperature as a function of 

annealing temperature for the membranes in their TMA
+
-form.  The DMA data of the reacidified 
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membranes also confirmed the near disappearance of the β relaxation temperature that is usually 

observed around 0-10 
o
C.  Additionally, DMA results for the TMA

+
-form Nafion showed an α 

relaxation temperature spanning a wider range of temperatures in comparison to the α relaxation 

temperature of the as-received Nafion
®

 membranes.  The SAXS data for these materials—similar 

to the SAXS data for the solution-processed, mixed counterion Nafion
®
 membranes discussed in 

Chapter 3—show that the resulting ionomer morphology is dependent on the annealing 

temperature when the membranes are in their TMA
+
-form.  Upon reacidification, membranes 

that were annealed at 200 
o
C showed the narrowest and more intense ionic peak at q~0.22 Ǻ

-1
 

(q~0.17 Ǻ
-1

 after annealing) compared to the other annealed membranes.  In contrast, the SAXS 

profile associated with the membranes annealed at 275 
o
C and then reacidified shows a very 

weak and broad ionic peak, similar to the ionic peak usually observed in as-received H
+
-form 

Nafion membrane.  This study confirmed that the thermal annealing treatment described herein 

was successful in altering the morphological properties and performance of these membranes, as 

confirmed by proton conductivity and water uptake values.  The changes in proton conductivity, 

water uptake and hydrogen crossover are believed to be essentially due to a morphological 

reorganization of the ionic domain during annealing at high temperatures, with a small 

contribution from changes occurring in the organization of the hydrophobic domains.  The 

reacidified, TMA
+
-form membranes annealed at 275 

o
C significantly outperformed the as-

received Nafion
®
 membranes, and did slightly better than the non-annealed membrane by 

achieving higher current density and power densities under the same load conditions.  Based on 

fuel cell performance properties, observed changes to the ionomer region via SAXS, proton 

conductivity and water uptake values, and hydrogen crossover results, we believe that thermal 
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treatment of H
+
-form Nafion

®
 membranes represents an easy and efficient technique for 

achieving desired morphological reorganization in membranes. 
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CHAPTER 5:   

MORPHOLOGICAL FACTORS AFFECTING THE BEHAVIOR OF WATER IN 

PROTON EXCHANGE MEMBRANE MATERIALS  

5.1 Summary 

Perfluorosulfonic acid ionomers (PFSAs), such as Nafion
®
, have become the benchmark 

membrane material for proton exchange membrane fuel cells (PEMFCs).  Despite their 

commercial success, little is known about the complex morphology-property relationships 

governing their chemical and physical properties.  For example, the detailed structure of PFSA 

crystallites within the amorphous phase, as well as the spatial arrangement of the crystallites 

around the ionic aggregates of PFSA materials, is virtually unknown.  In addition, the effect of 

processing on the membrane performance and durability in PEMFC applications is not yet fully 

understood.  The first section of this chapter focuses on the significance of the crystalline 

component with respect to polymer-water interactions.  The second section addresses the various 

changes in morphology that could occur during the long-term operation of a fuel cell, including 

the effects of heat and humidity.   

5.2 Background 

In recent years, a significant body of research has focused on energy sustainability and 

efforts to identify alternative energy sources that could replace or complement fossil fuels.  One 

such example is proton exchange membranes (PEMs) for use in fuel cells.  These materials 

provide a means to transform chemical energy into electricity with the resulting byproducts 

being only water and heat.  The key element of this electrochemical cell is the polymer 

electrolyte membrane, which ensures both gas separation and the transport of protons.  
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Importantly, these membranes must demonstrate good chemical, mechanical, and thermal 

stability to withstand the harsh fuel cell environment.  

Perfluorinated sulfonic acid membranes such as Nafion
®

 are commonly used ionomers in 

fuel cell applications that provide all of these advantageous properties, in addition to high proton 

conductivity when fully hydrated.  The chemical structure of Nafion
® 

is comprised of a highly 

hydrophobic polytetrafluoroethylene backbone with grafted perfluorovinyl ether side chains 

terminated by hydrophilic sulfonic acid moieties.  The acid form of these materials is commonly 

used in fuel cells as proton conductors, which are likely transported via two principle 

mechanisms: vehicular and Grotthus 
1
.  The former refers to the diffusion of hydrated protons 

through water swollen ionic domains, while the latter refers to the transport of a proton from one 

water molecule to its neighbor through modification of the hydrogen-bonding network.  It should 

be noted that, however, that proton transport is strongly dependent on the arrangement of the 

hydrophilic percolation network, which is formed by the ionic aggregates within the 

semicrystalline structure of the polymer matrix. 

Although Nafion
®
 is a highly studied membrane material; much remains to be discovered 

about its chemical and physical properties. 
2-4

  Moreover, thermal and chemical treatments have 

both been reported to dramatically affect membrane swelling and performance.
5-7

  Because water 

plays a crucial role in ionomer performance, it is important to understand the influence that water 

has on the transport of protons at different length scales.  Thus, an investigation of water 

dynamics should enable a better understanding of the effect of water on the proton transport 

properties.   

Nafion
®
 has not only been used successfully in fuel cell applications, but it has also been 

used for water purification applications, as actuators, and in ionic polymer metal composites.  
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However, the morphology-property relationships that govern both the chemical and physical 

properties of Nafion, a nanostructured polymer, remain poorly understood.  Very little is known, 

for example, about the semi-crystalline nature of Nafion ionomers, including the spatial 

organization of the ordered features with respect to the proximity of the ionic domains.  Since 

ionomers are rarely considered to be in a state of thermodynamic equilibrium, the development 

of crystallinity during membrane processing is a complex dynamic process.  Understanding the 

role of crystallinity in membrane properties and its interactions with the ionic clusters, as well as 

its performance and durability parameters, is vital to the success of fuel cells for use in 

commercial applications. 

5.3. PFSA Ionomers and the Effects of Hydrothermal Aging 

 This chapter investigates the effects of hygrothermal aging on thermo-mechanical 

properties of PFSA ionomers.  Several conditioning treatments and their effects on membrane 

morphology are evaluated.  When exposed to either temperature or humidity, PFSA membranes 

exhibit morphological changes that can potentially lead to an overall decrease in performance or 

durability, which could be associated to a substantial decrease in proton conductivity or thermo-

mechanical degradation.  Additionally, the effect of the drying process on the thermo-mechanical 

properties and the effect of humidity on the stress relaxation modulus of Nafion
®
 membranes are 

reported.  Finally, the potential impact of these changes on fuel cell performance is discussed 

herein.  
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5.4 Experimental 

5.4.1 Sample Preparation 

Nafion
®

 117 membranes were provided by E. I. DuPont™.  The membranes were 

initially boiled in an 8 M aqueous nitric acid solution for two hours under reflux.  After being 

washed with deionized (DI) water, the membranes were boiled in DI water under reflux for 1 h.  

The membranes were then dried between Kim Wipes at ambient conditions for 2 h, followed by 

24 h in a vacuum oven at various temperatures (30, 50, 70 and 105 
o
C).  The samples were 

placed into polyethylene bags and stored in a dry box above silica gel until further analysis. 

5.4.2. Preparation of Nafion
®

 Dispersions and Casting Procedure. 

Nafion
®

 117 CS membranes were cleaned to remove any organic and inorganic 

impurities, such as metal ions, by boiling them under reflux in 8 M aqueous nitric acid for 2 h.  

The membranes were rinsed with deionized water several times to remove any trace of nitric 

acid, and then boiled in water under reflux for 1 h.  The membranes were dried at ambient 

conditions between Kim Wipes for 4 h and then placed in a vacuum oven for 24 h at 343.15 K 

(70 
o
C) and -0.92 atm.  Seven grams of cleaned Nafion

®
 117 CS were cut into small pieces and 

placed into a 600 ml PARR pressure reactor with 150 ml of deionized water and 150 ml of 

ethanol.  The pressure reactor was set to 523.15 K (250 
o
C) and a Nafion

®
 dispersion was 

obtained after 2 h.  The dispersion was then filtered using Whatman paper filter #4 and the 

concentration of the dispersion was determined by a gravimetric technique.  The alcohols were 

substituted by dimethyl-sulfoxide to obtain a 7-10 wt. percent Nafion
®
 dispersion in DMSO.  

 

The solution-processed Nafion
®
 membranes were cast onto glass using a Nafion

®
 

dispersion in dimethyl-sulfoxide (DMSO).  The borosilicate glass substrate was leveled on a hot 

plate using a high precision Rockle level.  The membranes were cast at various temperatures 
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ranging from 130 to 190 
o
C.  The solution-processed sample was then kept at a constant 

temperature for 20 mins.  The cast membrane was peeled away from the substrate after exposure 

to steam, which was generated from deionized water.  Any residual DMSO was removed by 

refluxing the membranes in 8M aqueous nitric acid solution for 2 h and then in DI water for 1 h.  

The membranes were first dried at ambient conditions between Kim Wipes and then dried in a 

vacuum oven at 343.15 K (70 
o
C) and -0.92 atm. for 24 h.  Samples were then stored in a dry box 

above a silica gel desiccant.  In addition, Nafion
®
 NRE 211 membranes (25 microns thick), 

produced from a dispersion cast process, were used as-received after storage at ambient 

conditions, to examine the stress relaxation behavior of Nafion
®
 with respect to moisture.

 

5.4.3 Thermo-mechanical Properties and Water Vapor Sorption of Nafion
®
 117 membranes 

The effect of drying conditions on the thermo-mechanical properties of the 

perfluorosulfonic acid ionomer membranes was investigated using a TA Instruments dynamic 

mechanical analyzer (DMA) Q800 in tension mode.  Each sample was approximately 5 mm wide 

and 40 mm long and tightened into the tension clamp using a torque wrench set to 2 Nm.  A 

dynamic water vapor sorption instrument, TA Instruments Q8000, was used to measure the 

sorption of dried Nafion
®
 samples as a function of the relative humidity level.  The same 

equipment was also used to determine the water sorption stability for these membranes over an 

extended period, i.e., exceeding a week. 

5.4.4. Proton Conductivity Measurements 

All conductivity measurements were performed on a Solartron 1260 frequency response 

analyzer coupled with a Solartron 1287 electrochemical interface and in-plane conductivity cell 

using a 4-point probe, as described in the literature.  A commercially-available Bekktech 4-point 

probe cell was modified to control the force of the platinum electrodes on the sample.  The 
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applied pressure was calibrated using a Fuji Prescale
®
 Tactile Surface Pressure Indicating film.  

Samples were cut with a constant width of 3.17 mm or 5.3 mm and placed in the in-plane 

conductivity cell.  A frequency sweep between 32 MHz and 1000 Hz was performed with an AC 

signal of 10-25 mV amplitude and 0 V potential.  Three different measurements were performed 

on each of three different samples to get a statistical representation of the data.  ZPlot
TM

 and 

ZView
TM

 software packages were used to set measurement parameters and analyze the data.  

5.4.5. Small-angle X-ray Scattering (SAXS) 

A Rigaku S-MAX 3000 3-pinhole SAXS system, equipped with a rotating anode was 

used to collect a small angle scattering pattern for each sample.  The x-ray source was Cu K  

radiation, with a wavelength of 0.154 nm.  Silver behenate was used to calibrate the sample to 

detector distance of ~1600mm.  Glassy carbon was used as a standard material to obtain the 

absolute intensity.  SAXS two-dimensional images were obtained using a fully integrated 2D 

multiwire proportional counting gas-filled detector, with an exposure time of 1 h and analyzed 

using the SAXSGUI software package.  The scattering patterns were corrected for transmission 

and background scattering after correction for dark field and flat field currents. 

5.5 Results and Discussion 

The relationship between the casting temperature and the resulting crystallinity in PFSA 

membranes cast from dimethyl-sulfoxide (DMSO) at various temperatures is shown in Tables 

5.1 and 5.2.  Small-angle X-ray scattering data show the evolution of the crystalline and ionic 

domains with regard to the casting temperature.  The SAXS data, when compared with water 

uptake measurements and wide–angle X-ray diffraction (WAXD) data, give a clear picture of the 

changes in morphology with casting conditions.  As received, Nafion
®
 117 usually shows a 

scattering maximum, often referred to as the “ionomer peak,” at ca q~0.2 Å
-1

 due to the 
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scattering of the ionic aggregates dispersed within the PTFE matrix (2).  The second peak, 

observed at a lower q (i.e. 0.06<q<0.1 Å
-1

), is attributed to the PTFE-like crystalline domains.  

At much lower q values an upturn is noted in the scattering profile, which is attributed to the 

development of long-range heterogeneities within the ionic regions.
8
  

Table 5.1 displays a summary of the SAXS data collected as a function of the casting 

condition.  After the background correction and deconvolution of the two peaks using two 

Gaussian functions, it is noted that the crystalline peak position shifts towards lower scattering 

angles and increases in intensity with increasing casting temperature.  Conversely, the ionic peak 

position and intensity remains fairly constant (Table 5.1).   

 

Table 5.1: Peak amplitudes and FWHM values of the crystalline and ionic regions, obtained from 

SAXS experiments. 

(Reproduced with the permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, 

Copyright, the Electrochemical Society, 2011) 

Temperature Crystalline Region Ionic Region 

K amplitude (a.u) 

FWHM 

(Å
-1

) amplitude (a.u) 

FWHM 

(Å
-1

) 

403.15 0.09 0.11 0.04 0.11 

408.15 0.22 0.10 0.09 0.11 

415.15 0.24 0.08 0.13 0.11 

424.15 0.34 0.08 0.11 0.10 

433.15 0.42 0.07 0.10 0.09 

453.15 0.46 0.05 0.10 0.08 

463.15 0.55 0.04 0.10 0.08 

 

The full-widths at half the maximum (FWHM) of the crystalline peaks decrease significantly 

with increasing casting temperature.  This suggests a more uniform distribution of the inter-

domain dimensions and thus a more ordered system.  The increase in intensity of the crystalline 
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peak implies a refinement in the order of the crystalline domains, and the smaller FWHM 

indicates a narrower distance distribution between the crystallites. 

The evolution of the degree of crystallinity was obtained from WAXS performed on 

solution-processed dry membranes; these data are presented in Table 5.2.  The WAXS pattern of 

the solution-processed membranes can be deconvoluted into a crystalline peak at ca 2θ~17.8
o 

superimposed on a wide amorphous halo between 10 and 20
o
.  The crystalline peak is attributed 

to the weak reflection of the PTFE-like crystallites (h, k, l) = (1, 0, 0) (9).
9
  As determined by 

DSC, these crystals melt at higher temperatures and are therefore likely to be thicker, Tmelt 130 

~225 
o
C, and Tmelt 190 ~260 

o
C (Table 5.2).  Although there is a small disparity in the amount of 

crystallinity determined by DSC and WAXS as a function of the processing temperature, the 

general trend of determined crystallinity indices from DSC and WAXS methods reveals a 

decrease in the degree of crystallinity with increasing solution processing temperatures.  

Furthermore, the FWHM value of the crystalline peak monotonically decreases (Table 5.2) with 

increasing processing temperatures.  This indicates that the perfection of the crystalline lattice 

and/or crystallite size becomes greater in membranes prepared at higher temperatures.  

The casting temperature also has an effect on the amount of water that the Nafion
®
 

membranes can absorb.  Upon boiling in deionized water for 1 hour, the solution-processed 

Nafion
®

 membranes show a decrease in water uptake with an increase in casting temperature, as 

shown in Table 5.3.  The λ values, the number of water molecules per sulfonic acid group, 

decrease from 35 to 25 as the processing temperature is increased from 130 to 190 
o
C.  These λ 

values are also higher than the λ value of the as-received Nafion
®
 117 CS produced via a melt 

extrusion process.   

  



212 

 

Table 5.2: Tm and ΔH values of solution-processed membranes compared with the percent 

crystallinity determined from WAXS 

(Reproduced with permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, Copyright, 

the Electrochemical Society, 2011) 

 

Casting 

temperature Tmelting
*
 ΔH

*
 

Crystallinity from 

WAXS
**

 

o
C 

o
C J/g % FWHMcryst.(

O
) 

130 227.02 3.21 16.2 0.98 

135 230.70 3.79 15.5 0.05 

142 235.02 4.05 15.0 0.90 

151 234.44 5.06 14.8 0.88 

160 241.71 4.67 13.3 0.85 

180 250.78 3.36 12.6 0.82 

190 256.75 2.07 12.1 0.78 

* Melting temperature  and heat of melting determined from DSC 

after conversion of the membranes into the Na
+
-form 

** Percent crystallinity and FWHM of the crystalline peak 

calculated from WAXS data 

 

It is believed that a dry membrane will absorb water until the resulting pressure within 

the ionic domain is balanced by the elastic stresses that are developed within the perfluorinated 

polymer matrix.  In addition, the amount and the size of the crystallites strongly affect the water 

uptake values; specifically, more uniform-sized and thicker crystals formed at higher casting 

temperatures act as an efficient barrier to water transport, which leads to lower λ values. 
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Table 5.3: Water uptake of the membranes cast at various temperatures. 

(Reproduced with the permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, 

Copyright, the Electrochemical Society, 2011) 

 

Temperature Water Uptake λ(mole of water per 

K weight % mole of sulfonic acid group) 

403.15 57.8 35.3 

408.15 56.1 34.3 

415.15 54.7 33.4 

424.15 49.2 30.1 

433.15 44.8 27.4 

453.15 42.6 26.0 

463.15 41.3 25.0 

 

The development of crystallinity from the melt state has also been systematically studied 

using PFSA membranes in the sodium (Na
+
) and tetramethyl-ammonium (TMA

+
) forms.  

Isothermal crystallization was performed at 200 
o
C for different time periods in a DSC using the 

counterion exchanged Nafion
®
 117 CS.  The DSC data associated with the Na

+
 and TMA

+
-forms 

of Nafion
®
 are summarized in Table 5.4.  Membranes that were neutralized using the inorganic 

counterion, Na
+
, show one endothermic peak between 200 and 250 

o
C.  This endothermic peak 

grows slowly and shifts slightly toward higher temperatures with increased annealing time 

(Table 5.4: Na
+
 data), in good agreement with earlier published work 

10
. This endothermic event 

has been attributed to the melting of the PTFE-like crystallites from the polymer matrix.  

The DSC endotherms of the TMA
+
 neutralized membranes show the development of two 

peaks upon crystallization at 200 
o
C.  The as-received TMA

+
-form membrane shows one broad 

and asymmetric endothermic peak, and exhibits a narrower peak after a quench from 330 
o
C.  
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The isothermal crystallization at 200 
o
C induces the development of a narrow peak around 220 

o
C that grows in intensity and shifts to a higher temperature with annealing time.  This second 

melting peak (~220-230 
o
C) is attributed to the existence of PTFE-like crystallites in the sample.  

The original melting endotherm (~250-255 
o
C), which is unrelated to annealing time, can be 

attributed to the existence of locally ordered TMA
+
-sulfonate groups within the ionic domains. 

 

Table 5.4: Heat of fusion (ΔH) of the Na+ and TMA+-form of Nafion® as a function of 

isothermal crystallization time at 200 
o
C.   

The water content values of the TMA
+
-form of Nafion

®
 117CS are expressed in terms of λ. 

(Reproduced with permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, Copyright, 

the Electrochemical Society, 2011) 

 

Na
+
- form Nafion 

®a
 

TMA
+
- form Nafion 

®a
 TMA

+
- form Nafion 

®b
 

Time 

(min) ΔH (J/g) 

Time 

(min) 

ΔH 

(J/g) 

Time 

(min) ΔH (J/g) λ
c
 

St. 

Dev. 

0 0 0 0 0 0 10.9 1.99 

10 0.75 5 0.13 5 0.57 21.3 2.14 

60 0.87 10 0.5 10 0.96 19.3 1.66 

120 0.95 20 1.66 20 1.19 16.9 1.56 

360 1.07 30 2.01 30 1.48 15.1 0.68 

720 1.19 60 2.16 60 1.78 16.1 0.92 

1440 1.32 120 2.46 120 2.33 15.1 1.13 

  

360 3.43 360 2.81 16.1 0.71 

    720 3.68 720 2.86 15.4 1.53 

a
 Membranes were isothermally crystallized at 200 

o
C from the melt state 

b
 Membranes were annealed at 200 

o
C from the solid state 

c 
λ is expressed as the number of molecule of water per sulfonic acid group 
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The heat of fusion, ΔH, as a function of time gives a precise picture of the influence of 

the size of the counterion and the electrostatic interactions on the crystallization kinetics (Table 

5.4).  The smaller the counterion size, the smaller ΔH is because the counterion size greatly 

affects the electrostatic interactions, leading to a significant difference in the crystallization 

kinetics.  The ionic radius of the TMA
+
 is almost twice the size of the Na

+
, 3.2Å versus 1.16Å, 

respectively.  Consequently, the large radius of the TMA
+ 

leads to a weakening of the 

electrostatic interactions between ionic groups, thus allowing greater chain mobility and a greater 

rate of crystallization.  These observations remain in agreement with a previously developed 

model for semi-crystalline ionomers created using sulfonated syndiotactic polystyrene.
11-13

  

In addition to ΔH, the water uptake of the TMA
+
-form of Nafion

®
 membranes annealed at 

200 
o
C from the solid state was measured.  After the annealing process, the membranes were 

dried at 70 
o
C for 24 hours, and then weighed.  This mass was used as the dry weight of the 

membrane.  The membranes were then boiled in deionized water for 1 hour and equilibrated at 

ambient conditions.  The wet weight of the membranes was measured after removing excess 

water with Kim Wipes.  Lambda was determined as presented in Table 5.4 according to the 

following formula (Equation 5.1): 

18 /

wet dry

dry

ionomer

weight weight

g mole

weight

EW





                                           Equation 5.1 

Where 18 g/mole is the molecular weight of water and EW is the equivalent weight of the 

ionomer (for Nafion 117 CS or NRE 211, EW=1100 mole of water per mole of sulfonic acid 

group). 
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Water uptake measurements were then compared with the values of ΔH obtained from 

DSC analysis, and a relationship between water uptake and ΔH as a function of annealing time 

clearly was determined for the annealed TMA
+
-form membranes.  During the first 200 minutes 

of annealing, water uptake decreased rapidly while the ΔH values increased, after which both 

values reach equilibrium.  An increase in ΔH signifies an increase in the percent crystallinity 

within the material.  Therefore, despite the low amount of crystallinity found in Nafion
®
 

membranes, a small increase in crystallinity has a significant negative impact on water sorption 

in Nafion
®
.  This confirms that the crystalline domains in PFSA membranes may act as barriers 

for solvent swelling and water uptake.  

Crystallinity in Nafion
®
 membranes may play a significant role in their ability to absorb 

water.  Noticeable changes in morphology of Nafion membranes have been observed after 

exposure to both heat and water vapor.  Some relaxations studies under various humidity levels 

have recently conducted.
14, 15

  The study demonstrated water molecules form hydrogen bond 

with the sulfonic acid moieties terminating the side chains of Nafion
®
.  At low water activities, 

one water molecule can hydrogen bond with multiple sulfonic acid groups, acting to create a 

bridge between them, creating strong physical crosslink between sulfonic acid groups, 

effectively stiffening the material.  At higher water activity threshold, excess water molecules 

will increase the number of possible hydrogen bonding sites, creating a dynamic network with 

rapidly exchanging bonds, resulting in the softening of the ionomer. 
14, 15

  

Previous studies on the effect of water in PFSA membranes have raised questions about 

how processing conditions and operating fuel cell conditions affect the performance and 

durability of these membranes 
6, 16

.  Therefore, a study was undertaken examining the effects of 

different annealing or drying temperatures on Nafion
®
 117 CS.  After drying the Nafion

®
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membranes in a vacuum oven at four different temperatures (30, 50, 70, and 100 
o
C) for 24 

hours, a temperature ramp was performed with a frequency of 1 Hz using a DMA.  The results 

show significant changes in both the alpha and beta relaxation that have not yet been reported.  

Detailed explanations of these two transitions have been discussed previously by Page et al. and 

Osborn et al.
10,17

  The α-transition temperature around 110 
o
C in the proton-form of Nafion has 

been correlated with the onset of the long-range mobility of the ionomer main chains and side 

chains via a thermally activated destabilization of the electrostatic interactions, yielding a 

dynamic network involving significant ion-hopping processes 
17

.  In addition, the β-relaxation 

temperature around -30 
o
C is attributed to main-chain backbone motions within the framework of 

a static physically cross-linked electrostatic network.  Osborn and coworkers defined the β- 

relaxation temperature as the true glass transition of the neutralized ionomer.  

Figure 5.1 confirms that these two transition temperatures change based on the 

processing history of the membrane.  As seen in this figure, the α-relaxation temperature remains 

constant when the drying temperature is below 100 
o
C.  However, after exposure to 100 

o
C, the 

membrane exhibits a significant increase in the α-transition temperature, from 110 to 120 
o
C.  A 

slight shift towards higher temperatures was also observed for the β-relaxation transition.  During 

the drying process at 100 
o
C, Nafion

®
 loses a significant amount of water, which can lead to 

smaller ionic clusters 
18-20

.
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Figure 5.1: DMA data for Nafion® 117 CS membranes dried in a vacuum oven for 24 hours at 

three different temperatures: 30, 70, and 70 
o
C. 

(Reproduced with permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, Copyright, 

the Electrochemical Society, 2011) 

 

The shifts in relaxation temperatures observed via DSC correlate well with the SAXS 

data, presented in Figure 5.2.  The membrane that was dried at 30 
o
C for 24 hours shows only a 

very weak, broad ionic peak around 2 nm
-1

, while the same membrane exposed to 100 
o
C for 24 

hours shows a more defined peak around 2.5 nm
-1

.  Figure 5.2 also shows how the ionic peak 

does not change with drying time.  The SAXS profile for membranes aged at 100 
o
C for 1 hour is 

identical to the profile for the membranes aged for 24 hours.  Therefore, temperature is the main 

parameter that affects the final morphology.  Table 5.5 shows the evolution of the relative mass 

uptake from the dried condition and the λ
abs

 after being dried at 100 
o
C.  The membrane dried at 

100 
o
C for 24 hours contains less water than the membranes dried at lower temperatures.  The 

decrease in water content is significant enough to explain why proton conductivity decreases 

(Figure 5.3). 

 

Temperature (
o
C)
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T
a
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o
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o
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o
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Figure 5.2: SAXS pattern of Nafion 117 CS membranes dried under various conditions 

(○) 30 
o
C for 24 hours in a vacuum oven, ( ) 70 

o
C for 24 hours in a vacuum oven, (□) 70 

o
C for 

24 hours in a vacuum oven,(◊) 100 
o
C for 24 hours,  (Δ) 30 

o
C for 24 hours followed by 1 hour at 

105 
o
C in a vacuum oven  and (   )  100 

o
C for 1 hour (all data have been shifted vertically). 

(Reproduced with permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, Copyright, 

the Electrochemical Society, 2011) 
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Table 5.5.  Water uptake of the membranes dried under four different conditions. 

The table includes the relative mass uptake from the drying condition and the absolute lambda 

values after the membranes were dried at 100 
o
C 

(Reproduced with permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, Copyright, 

the Electrochemical Society, 2011) 

 

Drying 

Temperature 

λ after 

drying 

Water Uptake  at RT                   

Immersed in water 

Water Uptake  at 80 
o
C                             

Immersed in water 

o
C 

λ
 

abs
 

Std. 

Dev. 

Rel. 

wt. 

inc. 

% 

Std.

Dev 
λ

 abs
 

Std

. 

Dev

. 

Rel. 

wt. 

inc. 

% 

Std.

Dev

. 

λ
 abs

 
Std. 

Dev. 

30 2.0 0.5 26.1 0.5 18.5 0.6 30.5 0.4 21.2 0.7 

50 1.8 0.2 25.4 0.6 15.9 0.4 29.7 0.4 20.5 0.4 

70 2.1 0.4 20.5 0.6 15.0 0.6 29.0 0.7 20.4 0.6 

100 1.2 0.5 14.7 0.7 10.4 1.0 23.3 0.6 15.7 1.0 

 

 

Figure 5.3: Proton conductivity data for Nafion
®
 membranes dried at four different temperatures 

(30, 50, 70, and 100 
o
C) for 24 hours in a vacuum oven.   

Samples were placed in a 4-point in-plane conductivity cell, and the measurements were 

performed with the membrane immersed in deionized water.  The measurements were collected 

at 25 
o
C and at 80 

o
C. 

 (Reproduced with permission of ECS Meeting Abstracts, 1102(16), pp. 799, 2011, Copyright, 

the Electrochemical Society, 2011) 
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As supporting evidence for the decrease in ionic aggregate size, it was noted that 

conductivity clearly changes after exposure to a 100 
o
C drying process (Figure 5.3).  A 30% 

decrease in proton conductivity was noted for membranes dried at 100 
o
C, as compared with 

membranes dried at 30, 50, and 70 
o
C.  The DMA, SAXS, and proton conductivity data all 

suggest that there is a significant decrease in the ionic aggregate size and a greater distance 

between aggregates.  The reduction in the size of these aggregates is accompanied by a reduced 

percolation network for proton transport, which leads to a reduced conductivity.  These changes 

lead to a higher α-relaxation temperature and lower proton conductivity, even after a short 

exposure to 100 
o
C temperatures, as noted.  It is likely that PEMs would be exposed to these high 

temperatures in the fuel cell environment, since normal operating conditions are 80-120 
o
C and 

20-100% RH.  Therefore, as noted previously by Zawodzinski, thermal history plays a key role 

in how these membranes perform under fuel cell conditions 
5
.   

5.6. Conclusions 

This chapter explored the role that moisture has on the morphology of PFSA membranes.  

Upon annealing at high temperature, PFSA membranes experience a drastic decrease in water 

uptake and an increase in crystallinity.  Water uptake decreases due to an increase in 

crystallinity, which is detrimental to fuel cell performance.  In addition, PFSA materials stiffen 

with low water activities due to water bridging.  Finally, it was noted that it is necessary to 

control the drying process of membranes to optimize both properties and performance.  Drying at 

temperatures close or above the α-relaxation temperature causes a major reorganization within 

the ionic domains.  These changes lead to a significant decrease in proton conductivity and might 

result in decreased fuel cell performance.  Therefore, the morphological features that may 

develop in PFSA membranes have to be closely monitored to minimize the negative effects of 
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these influences.  Further studies are in progress, including an examination of the combined 

effects of temperature and humidity on the various properties and performance of PFSA 

membranes.    

  



223 

 

5.7 References 

 

(1). Cukierman, S., Et tu, Grotthuss! and other unfinished stories. Biochimica et Biophysica 

Acta (BBA) - Bioenergetics 2006, 1757 (8), 876-885. 

(2). Mauritz, K. A.; Moore, R. B., State of understanding of Nafion. Chemical Reviews 2004, 

104 (10), 4535-4585. 

(3). Hickner, M. A.; Pivovar, B. S., The chemical and structural nature of proton exchange 

membrane fuel cell properties. Fuel Cells 2005, 5 (2), 213-229. 

(4). Hickner, M. A.; Ghassemi, H.; Kim, Y. S.; Einsla, B. R.; McGrath, J. E., Alternative 

polymer systems for proton exchange membranes (PEMs). Chemical Reviews 2004, 104 (10), 

4587-4611. 

(5). Zawodzinski, T. A.; Springer, T. E.; Davey, J.; Jestel, R.; Lopez, C.; Valerio, J.; 

Gottesfeld, S., A comparative study of water uptake by and transport through ionomeric fuel cell 

membranes. Journal of the Electrochemical Society 1993, 140 (7), 1981-1985. 

(6). Zawodzinski, T. A.; Neeman, M.; Sillerud, L. O.; Gottesfeld, S., Determination of water 

diffusion coefficients in perfluorosulfonate ionomeric membranes. Journal of Physical 

Chemistry 1991, 95, 6040-6044. 

(7). Evans, C. E.; Noble, R. D.; Nazeri-Thompson, S.; Nazeri, B.; Koval, C. A., Role of 

conditioning on water uptake and hydraulic permeability of Nafion (R) membranes. Journal of 

Membrane Science 2006, 279 (1-2), 521-528. 

(8). Moore, R. B.; Gauthier, M.; Williams, C. E.; Eisenberg, A., Heterogeneities in Random 

Ionomers - a Small-Angle X-Ray-Scattering Investigation of Alkylated Polystyrene-Based 

Materials. Macromolecules 1992, 25 (21), 5769-5773. 

(9). Roche, E. J.; Stein, R. S.; Macknight, W. J., Small-Angle X-Ray and Neutron-Scattering 

Studies of the Morphology of Ionomers. Journal of Polymer Science Part B-Polymer Physics 

1980, 18 (5), 1035-1045. 

(10). Page, K. A.; Cable, K. M.; Moore, R. B., Molecular origins of the thermal transitions and 

dynamic mechanical relaxations in perfluorosulfonate ionomers. Macromolecules 2005, 38 (15), 

6472-6484. 

(11). Orler, E. B.; Moore, R. B., Crystallization of Lightly Sulfonated Syndiotactic Polystyrene 

Ionomers. Abstracts of Papers of the American Chemical Society 1993, 205, 138-POLY. 

(12). Orler, E. B.; Moore, R. B., Influence of Ionic Interactions on the Crystallization of 

Lightly Sulfonated Syndiotactic Polystyrene Ionomers. Macromolecules 1994, 27 (17), 4774-

4780. 

(13). Orler, E. B.; Moore, R. B., The Effect of Neutralization on the Crystallization of Lightly 

Sulfonated Syndiotactic Polystyrene Ionomers. Abstracts of Papers of the American Chemical 

Society 1994, 207, 59-Poly. 

(14). Divoux, G. M.; Finlay, K. A.; Park, J. K.; Song, J.-M.; Yan, B.; Zhang, M.; Dillard, D. 

A.; Moore, R. B., Morphological Factors Affecting the Behavior of Water in Proton Exchange 

Membrane Materials. ECS Transactions 2011, 41 (1), 87-100. 

(15). Moore, R. B.; Divoux, G. M.; Osborn, A.; Park, J. K.; Zhang, M., Morphological Factors 

Affecting the Behavior of Water in Proton Exchange Membrane Materials. ECS Meeting 

Abstracts 2011, 1102 (16), 799-799. 



224 

 

(16). Zawodzinski, T. A. S.; Derouin, C.; Radzinski, S.; Sherman, R. J.; Smith, V. T.; Springer, 

T. E.; Gottesfeld, S., Water uptake and transport through Nafion 117 membranes. Journal of the 

Electrochemical Society 1993, 140 (4), 1041-1047. 

(17). Osborn, S. J.; Hassan, M. K.; Divoux, G. M.; Rhoades, D. W.; Mauritz, K. A.; Moore, R. 

B., Glass transition temperature of perfluorosulfonic acid ionomers. Macromolecules 2007, 40 

(10), 3886-3890. 

(18). Gierke, T. D., The Morphology in Nafion Perfluorinated Membranes and Its Effect on 

Ion-Transport. Bulletin of the American Physical Society 1981, 26 (3), 462-462. 

(19). Gierke, T. D.; Hsu, W. Y., The Cluster-Network Model of Ion Clustering in 

Perfluorosulfonated Membranes. ACS Symposium Series 1982, 180, 283-307. 

(20). Hsu, W. Y.; Gierke, T. D., Ion Clustering and Transport in Nafion Perfluorinated 

Membranes. Journal of the Electrochemical Society 1982, 129 (3), C121-C121. 

 

  



225 

 

CHAPTER 6:   

FUEL CELL COMPRESSION SEALS AND CHEMICAL DEGRADATION IN 

ELASTOMERIC MATERIALS: A REVIEW 

6.1 Introduction 

Incremental progress continues to be made in fuel cell materials and processes, such as 

the development of higher temperature materials, the use of less expensive materials for bipolar 

plates, reductions in operating temperatures, as well as many others. However, for viable, 

affordable, and widespread commercial applications, significant advances are needed in most 

areas associated with fuel cell systems.  In the area of proton exchange membranes (PEMs), for 

example, advances in durability, cost, and fabrication parameters must be addressed.  Another 

important area associated with the commercialization of solid polymer proton exchange 

membranes for fuel cells (PEMFC) involves the development of sealing techniques and gaskets 

that can function reliably under fuel cell operating conditions.  While the literature contains a 

significant body of research related to elastomeric materials and their degradation, very few 

studies address the chemical stability of these materials in an H2/O2 fuel cell environment.  In 

contrast, the durability of compression seals, which is critical for a solid oxide fuel cell system, is 

more frequently discussed in the literature.
1-11

 

Similar to solid oxide fuel cell systems, the critical weak point is the gas-tight joint 

between the two sides of the membrane electrode assembly (MEA), which is an essential 

component of a PEMFC system.  This seal or gasket must be able to withstand the sustained 

operating condition of a fuel cell stack—i.e., about 80,000 hours for stationary power 

applications, and 10,000 hours for automotive applications.  Although there is a significant 

duration discrepancy between the two types of applications, it must be remembered that for 
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mobile/automotive applications, several thousand start-ups combined with thermal cycling and 

variable regime conditions can significantly shorten the life expectancy of an MEA—and by 

association the gaskets used therein.   

The long term stability of an MEA is also highly affected by operation under a dual gas 

atmospheres, which consists of three principal parameters: (1) oxidizing conditions on the anode 

side, (2) reduction conditions on the cathode side of the MEA, and (3) the formation of liquid 

and/or vapor water during conversion of the combustion gas (oxygen in the case of a solid 

polymer proton exchange membrane-based MEA).  The most technologically developed sealing 

materials are poly(siloxane)s- and hydrocarbon-based rubbers with or without additives, which 

will be discussed in the following sections.  A crucial parameter is the adhesion mechanism that 

must exhibit the sealing material with the MEA surfaces (composed of gas diffusion layers on 

both sides and the catalyst layer coated onto the PEM) (Figure 6.1).   

 

Figure 6.1: Schematic representation of a membrane electrode assembly (MEA) with a molded 

elastomeric seal. 

 

Conventional o-rings materials, such as EDPM rubber (a terpolymer of ethylene-

propylene-diene monomers), fluoroelastomers, polychloroprenes, polyurethanes, or 

poly(siloxane)s, are used by various industries and can have a life expectancy of more than 

80,000 hours under continuous service depending on the nature of the application (static versus 

dynamic, temperature, chemical environment etc.).  However, the H2/O2 fuel cell environment is 
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aggressive enough to lead to the premature failure of an MEA stack, principally due to the 

degradation of sealants from crack formation, followed by the propagation of those cracks 

resulting from thermomechanical loads during normal fuel cell operations.  It ultimately leads to 

fatigue fractures in the gasket, causing a sharp rise in gas leakage.  Current approaches aimed at 

improving this behavior involve the incorporation of reinforcing agents or additives into existing 

materials.  Sealing materials must not only be able to strongly bond with the MEA components 

(good adhesion and impregnation properties) but should not bond with the other components of 

the fuel cell stacks, or to the molds or equipment used during the application of seals to the 

MEA.  Thus, materials designed for use as gaskets or sealants must be easy to process and 

manipulate in order to be integrated in the membrane electrode assembly fabrication line in a 

cost effective way (Figure 6.1). 

6.2. Fundamental Function of a Solid Polymer PEMFC Seal 

An ideal sealing material should fulfill various functions depending on its intended use in 

a PEMFC system.  Four of these are described, as follows: 

 Gas-tight separation of the oxidant (oxygen) on the cathode side from the fuel gas 

(hydrogen) on the anode side, so that the electrochemical conversion or reaction 

can only occur directly via the MEA; 

 Gas-tight seals that confine the fuel gas and oxygen in their corresponding 

chambers between the MEA and the graphite plates, i.e., the reaction gases must 

be prevented from escaping into the stack and into the environment; 

 Sealants that ensure the stability of insulation, the contact between the two 

electrodes, and interconnects either as a rigid, positive sealing system (a seal that 
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does not allow the passage of any fluid) or as an elastic, non-positive sealing 

system (a seal that allows a small amount of fluid to pass through); 

 Sealants that ensure that no undesired chemical reactions between the sealing 

material and the PEMFC components impair the functioning of the cell. 

As stated earlier, the seals and sealants in the PEM fuel cell environment depend greatly 

on intended function—and these are detailed in the schematic representation (Figure 6.1) 

showing a planar solid polymer proton exchange membrane for fuel cell systems.   

 

Figure 6.2: Overview of current sealing techniques that can be used for fuel cell applications. 

(Reproduced from the Handbook of fuel cells: Fundamentals, Technology and Applications, 

Volume 5, part 1, p581 (2009). Copyright John Wiley and Sons 2009) 

 

Gas seals are designed to provide hermeticity between the cathode and anode chambers 

in the stack; they bond cells and interconnect surfaces. They should be impermeable to and stable 

in oxygen and hydrogen, possess a thermal expansion coefficient similar to other stack 

components, and be electrically insulating and thermally shock resistant (Figure 6.2). The gas 

seals do not directly limit the operating temperature of PEMFCs because they do not participate 

in current flow or electrochemical processes. However, operating PEMFCs at low temperatures 

offer several advantages for seals. First, a reduction in operating temperature will reduce stress 
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from differences in thermal expansion and ease thermal shock in the seal, making thermal 

cycling less of a problem.  Second, the diffusion rates of gases through the sealing materials 

(especially hydrogen) should be reduced. Third, through the use of compressive gaskets, 

maintaining a constant load is easier because of the lack of creep in support components.  

6.3. Polymeric Material Stability 

Polymer stability in a chemical environment is an important parameter to take into 

account for a variety of applications, including the hydrogen/oxygen fuel cell environment.  Due 

to the nature of the perfluorosulfonate acid ionomer that is used as a proton exchange membrane, 

the sealing materials are not only subjected to thermal cycling, but also to an acidic environment.  

Polymers that contain hydrolyzable linkages, such as polyesters, polyurethanes or polyamides for 

example, are highly susceptible to attack by an acid or a base.  Conversely, polymers such as 

polyethylene or polypropylene are very stable in the two aforementioned environments.  In any 

case, a solvolyzis reaction requires a significant activation energy in order to occur, which 

implies that the solvolyzis rate will increase with increasing temperature.  This is significant 

since a polymeric material used as a sealant will experience decreasing stability with increasing 

temperature. 

6.4. Degradation of Polymers  

Typically, polymer degradation refers to the change in physical properties usually caused 

by chemical reactions involving bond scission in the backbone of a macromolecule.  However, 

this definition has been extended to include changes in properties not only induced by chemical 

reactions, but by physical reactions as well.  These involve the breakdown of higher ordered 

structures.
12-23

  Polymer degradation has been subdivided into its various modes of initiation: 

thermal, mechanical, photochemical, radiation chemical, biological and chemical degradation of 
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polymeric materials.  It should be noted, however, that there is a strong relationship between 

these various degradation modes in that several may occur simultaneously.  Numerous standard 

tests are available to characterize the stability of elastomers.  However, these tests do not 

measure the long-term stability of polymers against attack by chemical reagents; nor do they 

assess the dependence of long-term stability on mechanical stress and temperature.  Thus, there 

is an increasing need for tests that can characterize the long-term stability of elastomers, 

especially for materials that may be used as seals in fuel cell systems.  These new tests should be 

able to measure the resistance of compressible sealant materials against solvolytic and its 

dependence on temperature and mechanical stress. 

6.4.1 Mechanical Degradation of Natural Rubber 

Mechanical degradation has been utilized to process natural rubber by decreasing its 

average molecular weight in the presence of air to increase its plasticity.  This mechanical 

treatment is often referred to as mastication.  During this process, natural rubber, which is 

composed of cis-1, 4-polyisoprene, is subjected to a homolytic bond scission that occurs in the 

main chains leading to allyl type radicals.  If this process occurs in an inert atmosphere, the 

mechanical treatment leads to intermolecular crosslinking through an increase in the average 

molecular weight, and at a later stage by the formation of an insoluble three-dimensional 

network.  Branching and crosslinking become feasible through the reaction of radicals with 

double bonds of other neighboring macromolecules, as shown in Scheme 6.1.
24
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Scheme 6.1: Intermolecular crosslinking of natural rubber under inert atmosphere. 

 

During a mechanical-chemical reaction, the bonds in the polysisoprenyl chain of 

polyisoprene that undergo rupture are the CH2—CH2 bonds located between the two double 

bonds.  The dissociation energy of this bond is lower than the usual single C—C bond value.  

However, during the mastication process, the molecular oxygen contained in the air is sufficient 

to completely suppress gel formation, recombination or chain disproportionation.
25a

  The oxygen 

reacts with radicals to form a peroxyl radical, which then abstracts a hydrogen atom intra- or 

intermolecularly from rubber or from an additive molecule (see Scheme 6.2).
25b
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Scheme 6.2: Mastication process of natural rubber under oxygen rich atmosphere. 

 

The mastication or plasticization of natural rubber for processing is thus carried out under 

an oxygen-rich flow at elevated temperatures.  Elevated temperatures (between 100 and 150 
o
C) 

cause a higher extent of main chain rupture compared to static oxidation.
26

  Mullins and Watson 

demonstrated that the oxidative main scission was shear induced, i.e., mechanical initiation 

followed by thermal oxidation was the primary mechanism leading to the decrease in average 

molecular weight.  According to Bateman,
25a

 the oxygen present during cold mastication is 

sufficient to react with the radical formed during shear-induced chain scission.  However, it has 

been demonstrated that the stabilization of the radical under the presence of oxygen does not 

always occur as described in Scheme 6.2.  It has been shown that the R—O2● radicals generated 

during mastication can react to form a cyclic diperoxide-hydroperoxide group, during which 

process the α-methylenic hydrogen atoms are abstracted and active sites are generated along the 

chain at which further peroxy radicals are formed.  It has also been proposed an alternative to 

this process; the R—O2● can add to the double bond of the chain to produced branched units.
25a-c
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Ultimately, the oxidation chain reaction will terminate either by mutual reaction of peroxy 

radicals or by their reaction with naturally present or added inhibitors. 

6.4.2. Mechanical Degradation of Synthetic Rubber 

The mechanical degradation technique described above has also been applied to synthetic 

rubbers, such as styrene, nitrile and acrylic rubbers, polyisoprene, butyl rubber and EPDM 

(terpolymer of ethylene-propylene-diene monomers). However, this technique is of minor 

importance since the average molecular weight of synthetic rubbers can be controlled 

during polymerization.
27

 

6.4.3. Oxidative Degradation 

In the section, we will distinguish between two different degradation processes: (1) direct 

oxidation of polymers, and (2) auto-oxidation of polymers.  Direct oxidation usually refers to a 

degradative reaction that occurs spontaneously under mild conditions (e.g., at ambient or slightly 

increased temperatures) and proceeds kinetically as a one-step reaction.
28-30

  Numerous examples 

are available in the literature, but only a few will be cited here.
29, 30

  Usually, the direct oxidation 

of polymers occurs in the presence of certain compounds, i.e., KMnO4/H2SO4 or nitric acid 

(HNO3) for the oxidation of hydrocarbon polymers, sodium bromide (NaBrO2) for the oxidation 

of starch or metal ions (e.g. Cu, Co, Ni, or Mn) for the oxidation of polymers possessing 

functional groups.
31

 

Autoxidation refers to oxidative chain reactions that usually occur through free radical 

mechanisms, which will be discussed in some detail since free radicals are generated through 

many initiation reactions, and they react with molecular oxygen.
31

  The generation of free 

radical, occurring during the initiation step of chain scission, will be discussed in the next 

paragraph.  During propagation, hydroperoxide groups are formed.  If the polymer matrix is 
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“rigid,” successive propagation steps have to occur in close proximity to each other or even 

intermolecularly.
32

  The reaction below describes the process that occurs with polypropylene 

(Scheme 6.3).  

 

Scheme 6.3: Propagation mechanism of the autoxidative process in polypropylene. 

 

Even though polymers have chemical structures that are stable, the autoxidative process 

is common with various initiating reactions.  These include thermolysis or pyrolysis, photolysis, 

radiolysis and mechanical stress-induced reactions.  Corona discharge, electrical breakdown and 

electrolysis are also known to lead to the formation of free radicals.  Many oxidation processes 

involve free radicals as intermediates, which might be capable of reacting with oxygen (O2) to 

form radicals of the type R-O-O•.  For commercially available polymers, the thermal 

decomposition of hydroperoxides is considered of the utmost importance. Hydroperoxides can be 

present in very small amounts, either incorporated chemically into the polymer during processing 

at elevated temperatures, or admixed to the polymer as low molecular weight impurities. 

Hydroperoxides decompose at relatively low temperatures as follow: 

ROOHRO• + •OH 

•OH radicals are extremely reactive and can react with many organic compounds with 

encountered controlled rate constants. They usually abstract hydrogen atoms (in the case of 

aliphatic compounds) or undergo addition reactions (in the case of aromatic compounds). 
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6.5  Performance and Lifetime Expectancy of a PEMFC Stack 

In 2002, Ahn et al. were concerned about the lifetime of the kW-class PEMFC stack, 

which led them to study its performance decay after continuous operation for 1,800 hours.
33

  The 

authors prepared the electrodes by applying a catalyst ink made of Nafion
®
 solution, iso-propyl 

alcohol and Pt/C powders on carbon papers using screen-printing equipment.  The membrane 

electrode assembly was prepared by placing two electrodes on both sides of a Nafion
®
 

membrane, followed by hot pressing at 140 
o
C.  The PEMFC stack was prepared using 40 of the 

prepared MEAs, and graphite bipolar plates.  A pre-molded silicone gasket was used between the 

bipolar plates to prevent any gas leakage and crossover.  The fuel cell stack was operated with 

humidified gases (100% RH) at 75 
o
C for 1,800 hours under constant load (i.e ~25A).  After 

1,800 hours, a rapid decay in stack performance was observed.  The stack was disassembled for 

further investigation, and it was noted that the silicone seals were firmly attached to the Nafion 

electrolyte membrane.  Their investigation showed that a significant amount of silicone, as well 

as oxygen as a platinum oxide, were present in the vicinity of the catalyst layer on both side of 

the anode and cathode.  Subsequently, they concluded that the degradation of the catalyst and 

contamination of the MEA might have been the cause for the loss of stack performance after 

continuous operation. 

Lee et al. studied the effects of compression and gas diffusion layers on the performance 

of a PEM fuel cell.
34

  Even though, they were primarily interested on how gas diffusion layers 

can affect the durability of an MEA, they also looked at the effect of the compression of the 

MEA when assembled with two flat rigid gaskets.  The authors assembled commercially-

available PEMs coated with a catalyst (PRIMEA
®
 series 5000) and three different types of gas 

diffusion layers.  An incompressible material with a constant thickness (7 mils) was used as the 
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gasket for all three MEAs.  The MEAs were mounted onto the fuel cell system with the gaskets 

by applying a controlled torque on each bolt of 100, 125, or 150 in.lbf.  The authors noticed that 

the performance of the MEA was a function of the torque applied—despite the fact that the 

gasket was incompressible.  Their study showed that mechanical degradation of gas diffusion 

layers can occur with the choice of the non-adequate compression force, leading to gas leakage 

and gas crossover.
34

 

Husar et al. recently elucidated three typical reasons for fuel cell stack failure:
35

 (1) 

failure of the gasket, (2) failure of the membrane, and (3) failure of the catalyst layer.  In order to 

identify the primary cause for gasket failure, they operated a fuel cell stack composed of seven 

cells, which was assembled with a precision-grade silicone material specially cut for the type of 

bi-polar plates they were using.  The stack was operated under a series of back pressures (1-4.5 

bars), temperatures (25-60 
o
C), relative humidities (0-100%) and current loads (0-5A).  The stack 

failed after only 20 hours, after which it was disassembled.  The authors reported that the 

primary reason for the stack’s failure was the failure of the gaskets placed on the cathode sides.  

This observation was confirmed by the color of the water droplets on the gas diffusion layer of 

the cathode side; several droplets were brown in color, which according to the authors was a sign 

of contamination—probably from combustion on the cathode side.  Additional measurements 

with X-ray energy dispersing spectroscopy confirmed not only the presence of catalyst on both 

side of the MEA samples (as expected), but also the presence of silicon, which undoubtedly led 

to MEA contamination due to gasket degradation.  The data collected also suggested that the 

degradation that led to the stack failure was gradual over the length of the fuel cell test, but 

became amplified over time.  Husar explained that once the leak on the cathode side appeared, it 

exposed the gasket to high temperature due to the combustion of hydrogen and oxygen on that 
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side (combustion initiated by the platinum catalyst). Ultimately, the leak became so large that 

sufficient oxygen was able to crossover to the anode side, thereby causing the stack to heat up 

significantly.
35

 

If PEMFCs are ever to be a viable source of power for portable and automotive 

applications, significant improvements must be made to the seals that are used to prevent the 

gases/liquids inside the cell from leaking.  Because of their current intrinsic viscoelastic 

properties, which induce stress relaxation under constant strain, that challenge still exists. 

Recently, Cui et al.
36

 tried to assess MEA service life when assembled in a fuel cell system with 

liquid silicone rubber.
36

  Because compressible seals may be used in fuel cell systems, Cui 

investigated the effect of stress relaxation behavior of liquid silicone rubber at different 

temperatures in order to predict the sealing life in PEMFC applications. Using a home designed 

compression stress relaxation rig, as shown in Figure 6.3, they conducted an extensive study of 

five different gasket materials over a period of 63 weeks.  The goal was to investigate how 

thermal and chemical aging affected dynamic mechanical analysis data with aging.  With 

compressible polymeric seals, the authors explained that because of the viscoelastic behavior of 

these materials and the time-dependent relationship between stress and strain, under constant 

strain the force in the seals gradually decreased until the material eventually lost its sealing 

function.   
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Figure 6.3: Schematic of a compression stress relaxation rig 

(Reprinted with permission from the Journal of Power Sources, 196, 3, pp. 1216-1221 (2011). 

Copyright Elsevier 2011) 

 

Specifically, the authors looked at the stress relaxation behavior of liquid silicone rubber 

at 25, 70, 100 and 120 
o
C using three different strains (10, 15, and 25%) in two different 

environment (ambient air and deionized water).  Finally, they generated isochronous stress/strain 

curves, then used time-temperature superposition and develop a linearized viscoelastic model 

from a Prony series.  When exposed to deionized water, the incremental relaxation rate at 1,600 

hours was equal to 0.0038% per hour at 70 
o
C and 0.0052% per hour at 100 

o
C. These 

observations led the authors to conclude that there was no significant relaxation afterwards.  In 

fact, based on time-temperature-superposition (TTS), after 1,000 hours and 1,600 hours, the 

stress relaxation would be less than 3.8% and 5.2%, respectively.  However, the test at 120 
o
C 

had to be stopped after only 600 hours due to early leakage.  According to the authors, if the 

material they studied was used as a seal in a fuel cell system at a temperature of 70 
o
C, it would 

fail after around 5,000 hours (or 6.9 months under continuous service) based on TTS analysis.  

The data associated with seals aged in air showed a rapid decrease in stress during the first 400 

hours.  The master curve at 70 
o
C showed that if 60% of the initial stress under such conditions 

must be maintained to get an effective sealing, the life of this material could reach about 9,000 

hours (or 12.5 months under continuous service).  When this data is extrapolated, we see that 
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liquid silicone rubber (LSR) would not be appropriate for a fuel cell system designed for station 

power usage.  However, for automotive applications—assuming an average daily operation of 

about three hours—this material could perform quite well over a period of 100 months or 8.3 

years.  Additionally, Cui et al. demonstrated that (1) a Prony series with three terms was 

sufficient to describe the stress relaxation behavior of liquid silicone rubber under two different 

environment, (2) TTS can be constructed at any temperature to predict the service life of an LSR 

seal, and (3) the medium plays an important role in the stress relaxation of a material. 

6.6 Degradation of Elastomeric Gasket Materials in PEM Fuel Cells 

Tan et al. published a series of papers dedicated to the degradation of elastomeric 

materials used in fuel cell systems.
37-44

  In a 2007 paper, the authors reported the results of an 

investigation conducted on four commercially-available sealing materials.  The results showed 

that when a seal is placed in a fuel cell environment, it is important to consider not only the 

chemical degradation of the material in that environment, but also to consider its mechanical 

properties in terms of stability over time.  The authors studied two different silicones, an 

ethylene-propylene-diene-monomer (EPDM) and a fluoroelastomer; all four materials were 

commercially-available sealing materials.  The samples were exposed to two different 

temperatures (60 and 80 
o
C) and two different environments using a bend strip stress crack 

resistance setup: (1) a 1M H2SO4 containing 10 ppm HF with reagent grade water, (2) a 12 ppm 

H2SO4 with 1.8 ppm HF and reagent grade water.  The chemical degradation was characterized 

via attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, X-ray 

photoelectron spectroscopy and atomic adsorption spectrometry (AAS).  Like Cui,
36

 the authors 

demonstrated the significant effect of temperature on the degradation of the four chosen 

materials.  Using an optical microscope, they also noted significant changes in the gasket 
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surface—from smooth to rough and to cracked surface.  The authors asserted that stress 

corrosion contributed to crack formation and subsequent crack propagation.  The AAS data 

allowed the authors to identify the components leaching out from the samples.  Calcium and 

magnesium were present in all soaking solutions, both of which increased in concentration over 

exposure time and with applied stress.  These two fillers for elastomeric materials (magnesium 

oxide and calcium carbonate) essentially are attacked by the soaking solutions, causing them to 

leach out and severely impact the electrochemical process in a fuel cell system.  In contrast to the 

fluoroelastomers and EPDM materials that showed relatively little degradation, the silicone-

based materials were significantly degraded after aging tests.  Results from ATR-FTIR on these 

silicone materials confirmed that there was a significant chemical change in the rubber backbone 

from the decrease of the Si-O-Si stretching vibration between 1020 and 1090 cm
-1

, followed by 

the appearance of a new band near the 1040 band due to the Si-O stretching mode.  The authors 

also discussed the nature of the surface of each gasket after exposure to the soaking solutions 

based on XPS data.  The carbon peak decreased while the oxygen and the silicon peaks increased 

with exposure time for the silicone-based materials.  In response to the dramatic decrease of the 

C/Si ratio, the authors conjectured that it could be due to the methyl group on the silicon atom 

being attacked and oxidized to form Si-O bonds.  Additionally, the increase of the C/O ratio 

suggests that the main chain of the backbone (Si-O-Si) was attacked and broken.  Tan and 

coworkers concluded that the chemical degradation of these materials, and particularly the 

silicones, proceeded via de-crosslinking and chain scission in the backbone; this process, they 

hypothesized could accelerate the degradation process.  
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6.6.1. Degradation of Poly(siloxane) 

Crosslinked poly(siloxane) materials generally exhibit good physiochemical properties 

such as weatherability, thermal stability and oxidation resistance. The hydrothermal stability of 

these materials, however, has always been a concern.
45

 Thus, the maximum operating 

temperature in the presence of water, steam or acidic environments has been limited to 120 
o
C.  

It is only recently that Ghanbari-Siahkali et al. began to investigate the hydrothermal stability of 

silicone rubber.
46

 Their studies revealed that hydrolysis and oxidation were only limited to the 

first 100 microns of the top surface layer, while the bulk of the rubber seemed unaffected after 

simultaneous exposure to water and heat (100 
o
C).  They also suggested that oxidation resulted 

from an attack on the Si-O-Si bonds and the methyl group in the side chains, as described in 

Scheme 6.4. 
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Scheme 6.4: Proposed hydrothermal degradation reaction mechanism for poly(siloxane) as 

proposed by Ghanbari-Siahkali. 

(Reproduced with permission from Polymer Degradation and Stability, 90, pp471-480 (2005). 

Copyright Elsevier 2005.) 
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Their studies also revealed that when exposed to water, the surface of silicone rubber 

significantly decreases in volume due to leaching of the low molecular weight silicone rubber 

species (oligomers and unreacted species) into the water.  Moreover, they noticed that the surface 

hardness increased due to the formation of a silica-rich micro surface, as well as the formation of 

degradation products (e.g., oxygenated species including OH groups) in the first 100 microns of 

the silicone rubber surface.
45

 

Kole et al. studied the hydrothermal weathering of silicone rubber and compared it to 

EPDM.
47

  The authors exposed peroxide vulcanized silicone rubber samples to controlled 

environment (temperature and humidity) and they measured the tensile properties after exposure.  

The results showed that the degradation of poly(siloxane) is clearly influenced by temperature, 

time and environment.  Due to the constant decrease of the modulus, Kole also concluded that 

the hydrolytic chain scission of the backbone was taking place.  They also noted that the 

degradation process occurred much more rapidly in water, which was confirmed as a good 

leachant for the oligomeric species. 

Cui et al. also investigated the life expectancy of poly(siloxane) when exposed to water.
48

  

The authors selected a platinum-cured silicone rubber, which has a glass transition temperature 

of -40 
o
C and can maintain its mechanical integrity up to 300 

o
C.  Samples were punched from a 

sheet and tested in a compression stress relaxation (CSR) cell according to ASTM D-6147.  The 

soaking solution was made of 12ppm H2SO4 and 1.8ppm HF with reagent grade water (the pH 

value of the solution was 3.35, which is close to pH experienced in real PEMFC ranging between 

3 and 4).  The CSR tests were performed with a 25% strain at 25, 70, 100 and 120 
o
C, one in air 

and one in water.  CSR results showed that the different stress relaxation behaviors in ambient 

air versus the PEMFC environment are strongly dependent on the presence of water.  Based on 
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their observations, Cui directed his attention to the study of the stress relaxation behavior of 

poly(siloxane) in water rather than in the PEMFC acidic environment. The data collected in air 

and in water overlapped in the beginning of the test, but gradually diverged after some time.  The 

induction period before the curves deviated from one another (air versus water) was shown to be 

dependent upon the temperature to which the sample was exposed.  According to the authors, the 

stress that a polymer can withstand depends on the number of its network chains per unit of 

volume provided that the temperature and the strain are constant and the continuous and gradual 

stress relaxation suggests that chain scission occurs when the material is under constant strain in 

the aging environment.  Cui suggested that the polymer chain is attacked by water, and that this 

attack is accelerated with increasing temperature since the relaxation occurs faster in water than 

in air.  Using an Arhenius model where the logarithm of the cut off/failure time (F/F0) was 

plotted against 1/T, the authors were able to predict the cutoff/failure time at another 

temperature.  According to their model, a constant slope suggests the same activation energy, 

and therefore the same mechanism, for the degradation reaction.  If the data acquired in air 

suggests that the stress in the material relaxes via a single mechanism between 25 and 120 
o
C, 

the data in water exhibits a curvature starting at around 100 
o
C.  This non-Arhenius behavior 

implies that there are two competing processes with different activation energies, thus resulting 

in two different mechanisms.
46

  The authors believed that water accelerates the relaxation rate by 

diffusing into the polymer and attacking the backbone of the polymer. This attack is an 

additional reaction with the thermal degradation in air. 

In more recent studies, Tan et al. looked at the long-range stability of poly(siloxane) 

under a constant compression load in a fuel cell environment.
42

  The researchers evaluated 

surface changes, weight loss, AAS and ATR-FTIR results to study the degree of degradation and 
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the degradation mechanisms in silicone rubber subjected to compression and a fuel cell 

environment.  The results, like those discussed earlier,
40, 45

 showed significant changes in the 

surface chemistry of the samples upon aging.  The authors described the changes in the peaks 

located in the 1020-1090cm
-1

 related to the Si-O-Si stretching vibrations, as well as the 

disappearance of the 1260 and 860cm
-1

 peaks related to Si-CH3 bending vibration and rocking 

vibration, respectively.  They also noted the disappearance of the CH3 stretching vibration peak at 

2960cm
-1

. Based on ATR-FTIR data, the authors postulated that the chemical degradation they 

observed might occur through de-crosslinking via hydrolysis the crosslink sites and chain 

scission in the backbone when exposed to simulated fuel cell conditions, as shown in Scheme 

6.5. In addition to observations detailed earlier in this chapter, these results also indicate surface 

hardening and an increase in the elastic modulus after exposure to the imposed aging conditions.  
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Scheme 6.5: De-crosslinking reaction of crosslinked sites of the poly(siloxane) and combination 

reaction as proposed by Tan. (Reproduced with the permission from Journal of Power Sources, 

172, pp. 782-789 (2007). Copyright Elsevier 2007.) 

6.6.2. Degradation of Ethylene-Propylene-Diene Monomer Elastomers 

The microindentation studies that Tan et al. conducted on fluoroelastomers and PEDM in 

a simulated PEM fuel cell environment
39

 were repeated a year later on ethylene-propylene-diene 

monomer-based materials.
41

 Specifically, the researchers compared the chemical stability and 

durability of silicone rubber with ethylene-propylene-diene rubber.
49

  Unlike the fluoroelastomer 

rubber, the ethylene-propylene-diene rubber did not show any significant surface degradation 

when exposed to a PEM fuel cell environment for up to 47 weeks.  This finding adds to the 
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earlier study which confirmed that EPDM was more stable than the fluoroelastomer material 

under a compressive load.
39

  Tan and his group were also interested in understanding the long 

term from stability of Si-crosslinked-EPDM.
38

  Although microindentation and DMA results did 

not show any significant changes in mechanical properties, the atomic absorption spectrometer 

showed that silicon and calcium had leached out from the material when immersed into a 

soaking solution in a simulated fuel cell environment.
38

 It is not known yet clear, however, how 

these compounds could significantly alter the performance of a PEM membrane. 

Recently, melamine-reinforced EPDM was also investigated as an alternative material for 

fuel cell gaskets.
50

 After incorporating melamine fibers in EPDM, maleated EPDM, and nitrile 

rubbers, Rajeev et al. reported that the presence of melamine fibers significantly improved the 

thermal and ablative properties of the previously described rubbers.  Based on thermal 

gravimetric analysis, the studies revealed that EPDM-containing melamine fibers cured in the 

presence of a bonding agent commonly known as HRH (composed of resorcinol, hexamethylene 

tetramine and hydrated silica) degraded in a two-step processes instead of one in the case of pure 

EPDM.  Kinetic studies of the thermal degradation of the composites revealed that the thermal 

stability of the reinforced EPDM rubbers can be correlated with improved adhesion between the 

fibers and the rubber matrix.
50

 

More recently, Mitra et al. demonstrated the consequences of exposure to an acidic 

environment on the chemical degradation of crosslinked ethylene-propylene-diene rubber.
51, 52

 

The studies revealed that sulfur-cured EPDM undergoes significant chemical degradation after 

exposure to acidic conditions. The researchers suggested that the degradation occurs via 

decrosslinking through hydrolysis of the crosslinks, in addition to attacks occurring on the C=C 

bond.  The authors also observed significant surface degradation—in fact, enough to alter the 
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bulk properties of the materials as shown in Figure 6.4.  The extend of the degradation appears to 

be greater in EPDMs with the high molar mass and higher level of long chain branching.  

However, the same authors noticed that the EPDM backbone remains stable under the described 

chemical degradation. 

 

Figure 6.4: SEM images of (a)(c) control EPDMs and (b)(d) EPDMs after exposure to an acidic 

environments for 12 weeks.   

(Reproduced with permission of Polymer Degradation and Stability, 91, pp. 69-80, (2006). 

Copyright Elsevier 2006) 

 

Mitra et al. also studied peroxide-crosslinked EPDM and its chemical degradation in the 

presence of a co-agent such as triallylcyanurate.
52

  They evidenced that the acid attack not only 

occurred at the location of the C=C bond, but also via de-crosslinking through hydrolysis of the 

cured site. Here again, they found that surface degradation was significant enough to alter the 

bulk properties of the material as shown in Figure 6.5.
52
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Figure 6.5: SEM images of TAC-cured EPDMS of (a)(c) control, and (c)(d) aged in acidic 

environment for 12 weeks. 

(Reproduced with permission from Polymer Degradation and Stability, 91, pp81-93, (2006). 

Copyright Elsevier 2006) 

 

A 2006 study by Hsu and coworkers revealed the possible degradation of ethylene-

propylene rubber due to moisture.
53

 They studied the behavior of electrical cables surrounded by 

a layer of ethylene-propylene rubber. It appears that an increase in void size and density in the 

insulating layer can lead to a shorter diffusion of moisture (water), which permits ambient water 

or moisture to move freely.  This movement ultimately impacts the electrical performance of 

such ethylene-propylene rubber-coated cables, as shown in Figures 6.6 and 6.7. 
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Figure 6.6: Void size and density in SEM micrograph of ethylene-propylene rubber (a) unaged, 

and (b) aged by high temperature water submerged condition for two years.
53

 

(Reproduced with permission from Polymer Degradation and Stability, 91, pp. 2357-2364, 

(2006). Copyright Elsevier 2006) 

 

 

Figure 6.7: Void size and density in SEM micrograph of ethylene-propylene rubber (a) unaged, 

and (b) aged by high temperature water submerged condition for three years.
53

 

(Reproduced with permission from Polymer Degradation and Stability, 91, pp. 2357-2364, 

(2006). Copyright Elsevier 2006) 

 

Recent work by Browmick et al. has shown that it is possible to blend an ethylene-

propylene-diene-based rubber and silicon rubber. The EPDM blends aging properties could be 

significantly improved.
47, 54-56

 They investigated surface properties using contact angle, Fourier-

transform infrared spectroscopy (FTIR) and electron spectroscopy for chemical analysis (ESCA).  
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After aging under variable temperatures for various periods of times, the data revealed that the 

contact angle of water with a 50:50 blend of silicone and EPDM decreased during the first 48 

hours of aging when exposed to air at 175
o
C, followed by an increase after 48 hours as shown in 

Table 6.1.
57

  

 

Table 6.1: Values of contact angle and work adhesion 

(Reproduced with permission from Journal of Applied Polymer Science, 57 (5), 631-637(1995). 

Copyright John Wiley and Sons 1995) 

 

  Wx(mJ/M
2
) 

 EPDM Silicone 50/50 

Blend 

EPDM Silicone 50/50 

Blend 

Status F W F W F W F W F W F W 

Unaged 75 87 93 105 90 95 73 77 55 54 58 66 

Air Aging             

For 3 h  77 80 92 94 92 90 71 85 56 68 56 73 

For 9 h 78 70 93 90 94 90 70 98 55 73 54 73 

For 24 h 77 67 97 104 101 102 72 101 51 55 47 58 

For 48 h 81 86 92 100 112 107 67 78 56 60 36 51 

Air aging was carried out at 175 
o
C 

 

Moreover, as Figure 6.8 reveals, while the surface energies (γs
p 

and γs) follow a similar 

trend, they are opposite to those of the contact angle. The change in surface energy γs is mainly 

due to the change in the polar component of the surface energy (6 to 9-fold), with maximum 

surface energy appearing for the EPDM after 24 hours of aging.  However, the 50:50 blends did 

not follow this trend.  The authors attributed this difference to the diffusion of silicone rubber 

based on IR and ESCA spectroscopies; the oxidation was hindered by the presence of silicon.
57

 

The aging of EPDM is accompanied by the formation of carbonyl (C=O) functionalities. In 
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contrast, the formation of this group is marginal when silicone is aged under the same conditions. 

ESCA studies support the fact that in the blend, the concentration of silicone rubber at the 

surface is greater than in the bulk.
57

  In another study, Bhowmick et al. 
47

 discussed the effects of 

weathering on EPDM and EPDM-silicone blends.  Their results showed that samples weathered 

in water displayed better mechanical properties than samples weathered in steam.  Although the 

weathering of EPDM features some complexities, the authors noted that the weathering process 

never deteriorates the modulus below the reference value (i.e., for the non-aged specimens). 

However, they did point out a change in color of the transparent material, which is in agreement 

with the formation of chromophoric groups by adsorption of oxygen.  The authors suggested that 

the degradation of EPDM is due to a crosslinking process
58

 superimposed by an oxygen diffusion 

controlled degradation process. 

 

Figure 6.8: Change of surface energy against aging time at 175 
o
C: (A) γs

p
 and γs

d
 versus time 

and (B) γs versus time. Adapted from reference
57

. 

 

Konar et al. attempted to increase the bonding properties of elastomeric polymers such as 

EPDM rubber.
57, 59-62

  The studies revealed that both the chemical stability and the morphology 

are affected when EPDM is exposed to KMnO4.  Specifically, after oxidation, EPDM lost some 

of the features related to its lamellar crystalline structure due to the presence of polypropylene 
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and presented a roughened surface.  The authors also confirmed that the presence of the ethylene 

repeat unit resulted in increased stability towards oxidation and increased resistance to scission.  

6.6.3. Degradation of Fluoroelastomers 

Fluoroelastomers have been widely used in many industrial applications due to their 

excellent heat resistance and stability in oils and solvents. It is not surprising, therefore, that they 

have been investigated for possible use in fuel cell applications as gasket materials.  Their main 

drawback, however, is their lack of low-temperature resistance.  In response, Wang et al. 

investigated reactive blends of fluoroelastomers with poly-phenol hydroxyl ethylene-propylene-

diene monomer rubber (PHEPDM); when aged in an air-circulating oven, these blends display 

improved thermal oxidation and dehydroxyfluorination.
63

  Following the formation of a carbonyl 

group and a carbon double bond, the fluoro group shifted to the surface at an aging temperature 

of 200 
o
C.  In their study, Wang and coworkers documented an increase in crosslink density with 

aging, which was initiated by the oxidation of the molecular chain and the migration of the 

fluoro group to the surface (see Scheme 6.6).  The presence of multi-phenol hydroxyl groups on 

PHEPDM protects the crosslinked network rubber from thermal degradation and makes it easy 

for a re-crossinking reaction to occur at higher temperatures.
63
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Scheme 6.6: The procedure of crosslinking reaction.  

(Reproduced with permission from Polymer Degradation and Stability, 94 (3), pp. 443-449 

(2009). Copyright Elsevier 2009)  

 

Tan et al. studied the degradation of fluoroelastomers used as seals when exposed to an 

acidic environment, humid air, and hydrogen.
39

  The authors characterized both EPDM- and 

fluoroelastomer-based gaskets after exposing them to a simulated fuel cell environment under a 

constant compressive load (as already described previously
64

) for 47 weeks.  Hysteresis loss, 

indentation load, elastic modulus and hardness were obtained from the loading and unloading 

curve of a microindentation experiment for each aging condition.  The results showed that the 
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fluoroelastomer’s mechanical properties significantly changed, unlike those of the EPDM-based 

seals.  The authors also noted good correlation between indentation load, elastic modulus and 

hardness for both materials they studied.  Similar to the silicone materials, the fluoroelastomers 

exhibited an increase in surface hardening and elastic modulus over time as a function of 

temperature, the nature of the aging environment, and compressive load.
39

   

Mitra et al. investigated the chemical stability of fluoroelastomers when exposed to an 

alkaline environment.
65

  Viton
®
 A gaskets, composed of ~70% vinyldiene fluoride and ~30% 

Hexafluoro propylene co-monomers and compounded with a diamine crosslinking agent, were 

prepared.  Samples were then aged in a 10% aqueous NaOH solution at 80 
o
C for various periods 

of time.  The authors monitored the surface topology of the samples before and after aging using 

optical microscopy, SEM, ATR-FTIR and XPS.  The authors reported the presence of tiny cracks 

at the surface of the aged samples, which increased with exposure to the alkaline environment.  

After further investigation, the researchers noted that after NaOH exposure, there was a change 

in the chemical functionality surrounding the carbon atoms. Moreover, Mitra reported a dramatic 

loss in the amount of the CF2 and CF2-CH2 components that was associated with 

dehydrofluorination.  Meanwhile, the degree of oxygen functionality increased, as evidenced by 

the deconvolution of the XPS spectra; C-OH, C=O and O=C-OH species were identified.  ATR-

FTIR data were in good agreement with these results, which showed significant degradation in 

the fluoroelastomer backbone upon aging under the chosen conditions.  The authors concluded 

that the degradation process of FKM occurred via a two- step process: (1) hydrolysis of the 

crosslinks as experienced from the deconvolution of the C1s spectra and the presence of the 

carboxylic groups in IR, and (2) backbone chain scission due to dehydrohalogenation, evidenced 

from the depletion of fluorine and the inclusion of oxygen in the XPS data. 
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Using ATR-FTIR and microindentation testing, Tan et al. documented a change in the 

surface chemistry of silicone rubbers that originates from the de-crosslinking and chain scission 

of the backbone over time.
64, 66

  The authors also reported that mechanical properties are 

significantly altered as a result of exposure time and temperature, which impacts the resulting 

stiffness of the material.  Due to the chemical degradation of the silicone rubber surface, the 

electrochemical  performance of the fuel cell membrane and its durability were drastically 

lowered.
64

  These authors also compared the chemical stability and the durability of silicone 

rubber with ethylene-propylene-diene rubber.
49

  Unlike fluoroelastomer rubber, the ethylene-

propylene-diene rubber did not exhibit any significant degradation of either the surface or 

chemical composition when exposed to a PEM fuel cell environment for up to 47 weeks.  Under 

a compressive load, the EPDM was shown to be more stable than fluoroelastomer materials.
39

   

6.6.4. Degradation of Polyacrylate Rubber 

Polyacrylate rubber has also been investigated as a possible replacement for EDPM 

rubber. Nakajima et al. studied polyacrylate rubber for possible use as oil seals in a combustion 

engine due to its ability to withstand temperatures up to 150 
o
C.

67
  The authors formulated three 

different polyacrylate rubber blends with varying level of modulus, and then compared them to 

fluoroelastomer rubbers.  Based on DMA results conducted at room temperature to 300 
o
C, high 

speed tensile tests, and high temperature stress relaxation experiments, the authors demonstrated 

that the fluoroelastomers and the polyacrylate rubbers exhibited similar overall thermal and 

mechanical behavior.  In other words, with increasing temperature the moduli decreased and then 

leveled off at the higher temperature.  Although the formulation of the polyacrylate rubber did 

impact the overall mechanical properties of the compound (G’ and G”), it did not seem to affect 

moduli results, which remained constant at temperatures as high as 200 
o
C. Therefore, regardless 
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of composition, polyacrylate rubbers did exhibit a “sufficiently” high modulus and “adequate” 

stiffness after exposition to 150 
o
C for as long as 1,000 hours when the elongation was held at 

10%. 
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CHAPTER 7:  

DURABILITY OF ELASTOMERIC MATERIALS AS FUEL CELL GASKETS 

7.1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) are believed by many to be a potentially 

viable source of energy generation for portable, transportation and stationary power applications.  

Fuel cell systems can generate electricity efficiently, but with reduced or limited pollution 

emissions; PEMFCs can also be integrated within a hydrogen infrastructure that can use various 

energy resources, including feedstock.  Great improvements have been made recently in terms of 

fabrication costs and performance.  However, there are still challenges to overcome in order to 

broaden the use of fuel cell systems for transportation applications (as discussed in Chapter 1).  

In stationary power generation, PEMFC systems can deliver power for several thousand hours; 

however, the life expectancy of these systems needs to be increased to at least 50,000 hours.  The 

fuel cell improvements that have been developed over the past 15 years are mainly attributable to 

progress in the following materials and technology areas: proton exchange membrane materials 

(development of aromatic polysulfone type ionomers
1-13

), supported catalysts
14-61

 and gas 

diffusion layers
62-84

.  However, if fuel cells are to be used more widely, significant improvements 

must occur in the production costs and life expectancy of PEM materials—especially if they are 

to be used as viable alternatives to expensive perfluorinated ionomers
85-87 

or in bipolar plates,
88-

108
  

7.1.1 Description of a Fuel Cell Stack 

A proton exchange membrane fuel cell assembly is typically constituted of the following 

components:  end plates, current collectors, flow channel plate, gaskets, gas diffusion layers 

(GDL), and a membrane electrode assembly (MEA) (see Figure 7.1).  The gas diffusion layers 



264 

 

(catalyzed or uncatalyzed), which are adjacent to the proton-exchange-membrane (generally 

catalyzed), allow the gases to access the catalyst sites and facilitate the transport of electrons that 

are generated at the catalyst sites.  The bipolar plates then conduct the current and contain the 

flow channels that bring the reactant gases through the GDLs to the catalyst on the membrane 

surface.  All of these components must be carefully assembled and sealed with gaskets around 

the perimeter of the surface active area.  Additionally, specialized seals or gaskets might be 

required to guarantee the gas connections between two fuel cell elements, in addition to attaching 

a manifold to the fuel cell stack.   

A typical fuel cell stack for a hydrogen car can be comprised of over 300 individual cells, 

which means that there is a large linear perimeter for exposure for the gaskets. To reach optimum 

voltage output, the individual cells are assembled together in series.  When assembled, however, 

it is critical to prevent the two reactants gases from mixing together—which is achieved through 

the use of elastomeric seals or gaskets.  Should any seal degrade during operation, both reactant 

gases (hydrogen and oxygen) will leak or be in contact with each other. Unfortunately, these 

gaskets are at risk for degradation when they are exposed to a fuel cell environment and/or 

mechanically compressed between the two bi-polar plates.  Therefore, the long-term stability of 

these gaskets in a fuel cell assembly is critical.  Any leak will affect the overall performance of 

the fuel cell system. 

A typical fuel cell system is shown in Figure 7.1. As indicated above, there are a number 

of complex technological challenges associated with a fuel cell—not the least of which is 

durability under various operation conditions.  Additionally, the complexity of a fuel cell stack 

makes repairing one a very costly operation, involving highly trained personnel who must 
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diagnose the problem, disassemble the fuel cell, replace worn parts, and then reassemble the 

PEMFC.   

 

Figure 7.1: Schematic of the various components in a PEM fuel cell (A), and cross-sectional 

view of a typical parallel flow of the reactant gases through a fuel cell stack (B). 

(Reproduced with permission from Journal of Power Sources, 169 (1), 85-91(2007) and from 

International Journal of Hydrogen Energy, 36 (11), 6756-6767 (2011). Copyright Elsevier 2007 

& John Wiley and Sons, 2011).  

 

7.1.2. The fuel Cell Seal or Gasket 

The fuel cell environment is well known for its harsh operating conditions. The 

membrane electrode assembly (MEA) can be exposed to the effects of an acidic environment, as 

well as temperature and humidity cycling.  These conditions present significant challenges in 

terms of the selection and composition of essential gaskets and seals.  Costs are also a 

consideration, in addition to the engineering functionality of the seal material.
109

  Elastomeric 

materials are typicaly used as seals because of their cheap fabrication costs. Although they have 

been used quite extensively for a variety of applications and much is known about them, 

studying the chemical degradation of these gaskets under accelerating aging may give some 

insights about the nature of the degradation process.  Any gasket degradation or failure during 

operation allows the reactants to mix with each other, which will impact the performance and 

operation of the fuel cell.  
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For this reason, the durability of elastomeric-based gaskets has been evaluated using 

various extended and accelerated characterization techniques, usually involving aggressive 

environmental conditions.  Stress relaxation response testing has been used to determine gasket 

performance and predict the lifetime of gaskets in various applications across a number of 

industries, including the automobile industry.
110-116

  In the previous chapter, a short overview of 

recent studies in the field of fuel cell sealing was provided.  In the automotive industry in 

particular, the compressive stress relaxation (CSR) technique has been widely accepted for 

testing elastomers in sealing and gasket materials.  For example, Pazur, Bielby and Dinges 

published a good review of techniques used to test seals for internal combustion engines 

(ICE).
116

   

7.1.3. Compressive Stress Relaxation 

Studying stress relaxation involves characterizing the force necessary to maintain a 

constant strain, and then monitoring this force as a function of degradation time.  This force is 

not constant but decreases with time. In a compression environment, it usually translates into a 

decrease in the sealing contact force overtime at a constant strain.
117

  In an elastomer, the 

processes that take place during stress relaxation are both physical and chemical.  (1) Upon 

applying a given strain, there is an immediate response due to the relaxation of the polymer 

chains and fillers.  The flow and change in entanglement of the polymer chains that are taking 

place are reversible in nature after removal of the applied strain. (2) Over time and depending on 

environmental conditions, chemical degradation processes are taking place.  The presence or 

absence of oxygen (oxidative degradation), for example, might lead to crosslink breaking and/or 

polymer chain scission, followed by an unzipping reaction of the polymer backbone.
118

  This 

process is irreversible in nature unless a self-healing material is used.   
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Physical and chemical processes usually cause a decrease in counterforce during a CSR 

experiment.
119

  It is important to note that there are isolated cases when the crosslink density 

actually increases while the average molecular weight decreases as seen in a dynamic network.  

In those rare instances, the newly formed network chains are load bearing and may significantly 

impact counterforce measurements.
117

  According to Brown,
120

 the greater the stored elastic 

strain energy of the seal, the greater the resistance during relaxation effects in elastomeric 

materials used as seals.
121

  Tobolsky et al.
122

 demonstrated that the permanent set, which is a 

measure of the sample permanent deformation after relaxation, is correlated to stress relaxation 

under continuous strain and momentary stress response.  In fact, in a stress relaxation test the 

sample is exposed to a constant strain continuously and only the load bearing chains are 

monitored.  A measure of the momentary stress response, where an additional small strain is 

applied to the samples and then released, will provide a measurement of the crosslink density of 

the sum of the original remaining crosslink density and the new crosslinks formed at any given 

time.
117, 122

 

CSR experiments allow researchers to relate stress relaxation to lifetime predictions.  In a 

gasket application, “lifetime” is usually delimited by the point at which the seal starts leaking 

(for more details, see Chapter 6).  At this point, the sealing force falls below a threshold equal to 

or below the system pressure; Arhenius plots have been used to make these lifetime predictions 

after studying the stress relaxation of a material at a minimum of three different temperatures.
123, 

124
  The CSR technique can be a very relevant technique; however, some researchers have 

demonstrated that diffusion-limited oxidation may lead to anomalies in CSR data, resulting in 

data that contradicts Arhenius behavior.
125
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Stress strain experiments in the tensile mode have been performed on samples exposed to 

various environments.  These tests can be relevant for many applications and are a major tool to 

understand the behavior of a material in any given medium at elevated temperatures.
125

  A 

general benchmark for determining an elastomeric seal’s usefulness in a particular medium is 

whether it experiences a 40% loss in both elongation and tensile strength.  Since most seals do 

not see strains above the 20-25% mark during their use, stress relaxation in the compression 

mode might be more suitable for seals that are going to be used in fuel cell systems.  

Several CSR techniques have been developed and standardized during the past 20 years, 

providing a guideline to study performance in rubber compounds (ASTM D-6147, ISO 3384, 

GMNA 3922 TP and Ford FLTM BP116-02).
126

  These methods employ different jig designs 

and differ from each other in how they measure sealing force.  It should be noted that hardware 

design may affect the stress relaxation response and the overall sensitivity of the measurement.  

They are various commercially available CSR systems, each with advantages and disadvantages 

(e.g., continuous mode like the Elastocon cell versus discontinuous mode like the Dyneon cell).  

They also differ in terms of sample geometry, volume of the medium around the sample, 

temperature range, and aging environments.  Sample geometry by itself represents a major issue; 

it impacts the extent of diffusion-limited oxidation and the test-to-test variability. 

7.1.4 Research Statement 

Mechanical and viscoelastic behavior, along with durability, chemical stability and 

degradation mechanisms will be studied.  Using a newly developed CSR jig, we will monitor the 

stress relaxation that occurs with respect to temperature, as well as the environment in which the 

fuel cell seal is placed.  The seal material will be molded around the edge of a gas diffusion layer 

in order to study the effects of the seal/GDL interface.  Continuous and momentary loads will be 
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measured to assess changes in stiffness, stress relaxation response, the net rate of chain scission 

and crosslinking that occur in the samples.  Lifetime predictions of the seals will then be 

assessed using an Arhenius model that assumes that chemical degradation is a function of 

temperature.  Information obtained from CSR analysis will be compared to dynamic mechanical 

analysis data performed on the samples aged under the same conditions.  Additionally, uniaxial 

tensile tests will be performed to characterize the mechanical properties of the particular seal 

material, since it has been shown that mechanical properties of polymeric materials change over 

time.
127

  Thus, evaluating changes in mechanical behavior such as elastic modulus, tensile 

strength and strain measured after exposure to various aging conditions, will help develop an 

understanding of the stability of sealing materials, and their expected lifetime when exposed to 

the fuel cell environment.   

7.2. Experimental 

7.2.1 Material 

A hydrocarbon-based elastomer was provided by the Henkel Corporation.  The material 

was molded and heat-cured at 120 
o
C for three minutes, and then post-cured at 130 

o
C for one 

hour in a convection oven by Freudenberg-NOK (Plymouth, MI).  Sheets of 200mm x 200mm 

thick  x0.5 mm were provided for uniaxial testing, while sub-scale molded o-ring seals (SMORS) 

were molded around 40.5 mm diameter disks of 0.356mm thick gas diffusion layer material (see 

Figure 7.2). 
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Figure 7.2: Cross-sectional view of a portion of sub-scale molded o-ring seal (SMORS) 

 

7.2.2 Environments and Specimen Conditioning 

The environmental parameters used for the accelerated aging test are listed below: 

(1) deionized water, 

(2) 50/50 ethyleneglycol and water, 

(3) 0.1M aqueous sulfuric acid, 

(4) Air. 

The samples aged in air were placed in convection ovens at 90 and 120 
o
C. All other 

samples were immersed in a liquid medium inside glass containers as illustrated in Figure 7.4(a) 

and then placed in a convection oven at 90 
o
C.  To limit the amount of liquid that may evaporate 

over time, glass lids were placed on the top of the containers. All samples were aged for four 

different aging times: 2 weeks, 4 weeks, 8 weeks and 16 weeks.  They were then compared 

against the as-received material.  
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7.2.3 Tensile Experiment 

7.2.3.1 Sample Preparation 

Dogbone samples were cut from the 200mm x 200mm sheets using an ASTM D412 die 

C (Qualitest Inc., Buffalo NY) and a clicker press. The 0.5 mm thickness of the sheets was 

chosen in order to accelerate the diffusion of the medium into the material.  Three holes were 

punched on both ends of the sample using a specially designed die to help load the sample in the 

custom tensile cell.  The holes were reinforced with PSA tape to avoid deformation and rupture 

of the sample around the holes. 

(a) (b)  

Figure 7.3: (a) Illustration of the dogbone specimen used for tensile testing, shown with the 

initial dimensions and (b) image of a dogbone sample.  

 

7.2.3.2 Fixture Design 

A fixture was designed and fabricated from a steel tube of rectangular cross-section.  

Type 316 stainless steel was chosen because of its ability to withstand very corrosive 

environments.  The tube was cut to the desired length and holes were drilled on the four sides of 

the tube walls.  Pins were inserted in all those holes for loading of the samples according to 

Figure 7.4.  The cell was then placed into a glass container containing the chosen medium.  The 
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custom-built cell allowed us to age the samples under three different strain levels (0, 25 and 

50%).   

 

Figure 7.4: (a) Schematic of the tensile cell with samples mounted on it strained to different 

levels and (B) picture of the tensile screening cell. 

 

7.2.3.3 Mechanical Testing Procedure 

After the desired aging time, the samples were removed from the screening tensile 

fixture, cooled to room temperature, and then rinsed with deionized water to remove any 

remaining soaking solution.  Reflective tape markers were placed on the samples.  A uniaxial 

tension test was conducted for each sample according to the ASTM D412, using an Instron 5867 

series test frame, equipped with a 100N strain-gaged load cell and operated under a control 

displacement of 500mm/min.  The samples were gripped using pneumatic grips and loaded to 

failure at room temperature.  The elongation was measured by laser extensometer. 

7.2.3.4  Young’s Modulus / Tensile strength / Elastic Deformation / Tensile Set 

The Young’s modulus is defined as the ratio of tensile strength to tensile strain in a quasi-

static test.  In an elastomeric material, the stress/strain curve is non-linear; thus the modulus is 
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usually reported at a given strain (100% strain) and the Young’s modulus is estimated from the 

slope of the stress/strain curve in the very early stage of the tensile experiment (low tensile 

strain).  

Tensile strength is defined as the amount of force required per unit of original cross 

section area to cause failure after elongation.  This mechanical property relates to the cohesive 

strength of a material against fracture.  

Elongation refers to the length of stretched material relative to its original length. Usually 

for elastomers, the elongation at break is reported.  Elongation per unit length, also referred as 

engineering strain, is expressed as a percent of a material’s original dimension, as presented in 

Equation 7.1, where l and lo are the final original length. 

         
    

  
   Equation 7.1 

The tensile set is defined as the tensile elongation remaining after a specimen has been 

stretched and allowed to relax.  A sample of known length is stretched to a given stated 

percentage and then released; after recovery, the length is measured and the change in length is 

expressed as a percentage of the original length (Equation 7.2) as follow: 

    (   
     

  
      Equation 7.2 

where lf is the length of the specimen after aging. 

Corrosive environments and high temperatures may cause chemical and mechanical 

degradation of a seal material’s tensile properties.  Under fuel cell operating conditions, the 

degradation process might be undesirably slow within the experimental time frame.  Therefore, 

an accelerated test can be adopted to predict a material’s behavior under operating conditions.  

By adjusting the temperature, the concentration of the soaking solutions, and the strain levels (or 

stress levels), it is possible to accelerate the degradation of a material. 
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7.2.4. Compressive Stress Relaxation (CSR) Experiment 

7.2.4.1. CSR Fixture Design 

CSR jigs, previously developed by the Dillard research group,
128

 were modified to 

measure momentary stiffness and relaxation behavior under various conditions.  The continuous 

jig was equipped with an electronic load cell to periodically measure relaxation (at very short 

sampling intervals).  The intermittent fixture was modified to measure momentary relaxation 

using a microtensile Instron equipment (data were only collected once weekly before the fixture 

was placed back into its soaking solution).  The fixtures were made entirely of 316 stainless steel 

to reduce corrosion at elevated temperatures. 

 

Figure 7.5: Intermittent (left) and continuous (right) stress relaxation fixtures 

(Reproduced from Lifetime Prediction and durability of Elastomeric Seals for Fuel Cell 

Applications by Singh, H. K., Virginia Tech, Blacksburg, VA. Fair use, 2009) 

 

As shown in Figure 7.5, an electronic load cell (Interface WM-25, Scottdale, Arizona) 

was mounted on the continuous stress relaxation jig through the lower plunger.  Load cell was 

chosen for its accuracy in measuring small loads even when placed above an aggressive 

environment.  A micrometer was attached to the upper part of the fixture in order to accurately 

control the compressive displacement on the samples. 
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The intermittent fixture did not have a measuring device; a fixed displacement was 

applied to the samples with the use of a 1.5mm washer, which corresponds to the desired amount 

of strain (25%).  As shown in Figure7.6, the momentary response of a stack of samples (5) was 

measured on the samples placed in the upper chamber; these samples were not strained during 

aging, and were only strained for a very short period of time to measure the momentary 

relaxation at a given time.  The samples placed in the lower chamber were kept under a constant 

compression strain with the use of a spacer while exposed to the aging medium. The relaxation 

stiffness was measured as a function of time when the sample stack in the lower cell was tested. 

Both test rigs were place on a polycarbonate base that kept them leveled. 

 

Figure 7.6: Intermittent stress relaxation fixtures and other components 

(Adapted from Lifetime Prediction and durability of Elastomeric Seals for Fuel Cell Applications 

by Singh, H. K.. Virginia Tech, Blacksburg, VA. Fair use, 2009) 
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7.2.4.2 Material and Sample Preparation 

Five SMORS were stacked together and placed in the jig.  The SMORS were separated 

by specially-designed stainless steel washers.  The stacks were placed between two parallel 316 

stainless steel plates and centered on the loading piston.  By stacking five SMORS together, the 

test resolution was increased in order to achieve a 20% compression (the thickness of one 

SMORS was only 1.5mm).  As already mentioned, samples were only assembled in the lower 

chamber of the continuous fixture; in contrast, both chambers were loaded with a stack of 

SMORS in the intermittent jig.  The viscoelastic behavior of the SMORS were examined with 

respect to the four different environments that we described in a previous section of this chapter.  

The intermittent stress relaxation rigs were placed in glass containers filled with the chosen 

medium and closed with glass lids; the fixtures were then placed in a convection oven.  Each 

continuous stress relaxation fixture was also placed into a glass container, a soaking solution was 

added, and the chamber was sealed with a room temperature cure silicone to prevent evaporation. 

 

Figure 7.7: Continuous stress relaxation experimental set up 

 

The temperature in the continuous stress relaxation fixture was controlled using a water 

bath that was kept at 90 
o
C.  After placing each CSR rig, the electronic load cell was then 
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mounted, and a fix strain (20%) was adjusted via the micrometer.  Additional insulation was also 

added into the remaining space on the top of each fixture.  To maintain a consistent temperature 

in the sample chambers and isolate the samples from any atmosphere fluctuation of the 

laboratory, a PMMA box was added over the water bath (Figure 7.7).  All the samples were 

equilibrated for one week in their respective media with no strain applied.  A preliminary study 

demonstrated that erratic behavior of the stack may occur during the first week if strain had been 

applied earlier.  This relatively long equilibration time allows the samples to reach a uniform 

relaxation, and thus facilitates more reliable measurements. 

7.2.4.3. CSR Procedure  

A 20% displacement was applied to each continuous stress relaxation fixture using the 

micrometer.  The load was recorded with the 110 Newton load cell connected to a computer 

interface.  Using a custom designed LabView
TM 

program, the load was measured continuously 

over the duration of the experiment. A high precision Instron 5848 equipped with a 50N load cell 

was used to measure the viscoelastic behavior of the seals mounted in the intermittent rig.  For 

measuring seal properties, each rig was removed from the oven and placed between the 

compression platen of the Instron (as shown in Figure 7.8). 
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a) b) 

Figure 7.8: a) Illustration placed on the polycarbonate support and immersed in the liquid and b) 

picture of the intermittent jig placed between the two compression platens in the Instron load 

frame. 

(Reproduced from Lifetime Prediction and durability of Elastomeric Seals for Fuel Cell 

Applications by Singh, H. K.. Virginia Tech, Blacksburg, VA. Fair use, 2009) 

 

After assessing the momentary relaxation in the upper cell and the sealing force 

measurements in the lower cell, the fixture was placed back into its aging environment.  During 

the measurement, the Instron piston pushes either the lower or upper stack.  A small strain was 

applied to the lower stack, which was then superimposed onto the large dominating strain (20%); 

the resulting relaxing force was measured. This measurement provided the relaxed value of the 

restoring load, as well as the stiffness of the seals held under constant strain. 

The upper stack (unloaded during soaking) was then compressed to a displacement 

equivalent to 20%.  The stress increased with compression strain and a typical stress/strain curve 
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can be graphed (Figure 7.9 a).  The experiment was terminated when the desired compression 

was reached. 

a) b)  

Figure 7.9: a) Typical stress/strain curve of seal obtained from compressing the upper stack; b) 

Typical stress/strain curve of seal obtained from compressing the lower stack. 

 

The relaxed force and the stiffness in the compressed material (lower stack) were 

obtained after applying an incremental strain to the large strain.  The stress/stress curve shows 

two regions (Figure 7.9 b).  Region I shows an abrupt increase in compressive force when the 

load cell starts to touch the lower piston.  In Region II, a small strain is superimposed on the 

initial large strain and the seals are compressed by an incremental amount causing a slight 

increase of force with displacement.  Further displacement of the piston results in the typical 

stress/strain curve for an elastomeric material.  The stiffness of the seal at any given moment can 

be calculated from the slope of the stress/strain curve of Region II.  Significant insights on how 

stresses affect the viscoelastic behavior of a compressed seal after aging is then readily available 

by comparing the slope of the stress/strain curves of the compressed and un-compressed stacks.  

Finally, the force obtained at the intersection of Region I and Region II represents the relaxed 

value of the force in the compressed seal stack. 
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7.2.5 Dynamic Mechanical Analysis (DMA) and Differential Scanning Calorimetry (DSC) and 

Surface Analysis 

DMA experiments were performed in the shear mode on a TA instrument Q800, 

equipped with liquid nitrogen.  Frequency sweeps were applied between 1 and 180 Hertz and the 

temperature was increased step wise from -75 to 200 
o
C.  A constant 5% strain was applied to the 

sample with a preload of 0.001N.  The shear mode was chosen because this technique is widely 

used to test elastomeric materials.  Time-temperature superposition was then used to extrapolate 

an estimation of the lifetime of the tested materials under a given condition. 

DSC scans were performed at temperatures ranging from ambient temperature to 200 
o
C 

at a rate of 10 
o
C/mn using a TA instrument DSC Q 2000 equipped with autosampler.  Materials 

were placed in hermetic aluminum DSC pans that were sealed prior to the experiment. 

Aged samples were studied using scanning electron microscopy.  In order to study the 

effects of aging on the topography of the sample and the bulk of the gasket material, a JEOL 

JCM 5000 Benchtop scanning electron microscope (SEM) was used.  A freeze fracture technique 

in liquid nitrogen was also used to look at the cross-sections of the samples.  The surfaces were 

studied after deposition of a thin gold layer using a Denton Vacuum Desk V sputter coater.  

Samples that were previously aged and used for tensile and Trouser tests were recovered in order 

to perform surface analysis assessments.  

7.3 Results and Discussion 

7.3.1 Solution Uptake 

The weight fraction of the solution absorbed by a given material was determined 

gravimetrically on samples that were aged in the four soaking solutions for various periods of 

time.  The experiment was performed on five different samples for each aging condition to verify 
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results and reduce experimental error.  Equation 7.3 shows how the weight fraction of solution 

was calculated throughout the experiment, where mswollen represents the mass of the soaked 

material and mdry is the mass of the dry material.   

  Equation 7.3 

The dry weight of the polymer was determined after drying the sample in a vacuum oven 

overnight at 70ºC.  The swollen mass was determined after immersing each sample individually 

in the chosen soaking solution.  Periodically, the samples were removed from the aging solution, 

cooled to room temperature, and rinsed with deionized water.  Once the excess water was wiped 

off, the final weight was determined by using a simple gravimetric technique. After weight 

measurements were obtained, samples were returned to the soaking solution for further aging.  

 

Figure 7.10: Percentage of mass change of the sealing material as a function of time and aging 

environment. 

 

Figure 7.10 shows the percentage of mass change of the elastomeric material as a 

function of aging condition and time.  It took approximately 1,500 hours before the percentage of 

mass change under the four various conditions reach equilibrium.  Results for the elastomeric 
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material were then compared to the analogous result for the silicone rubber that was provided to 

us by the Henkel Co.  The silicone-based material reached equilibrium after only 200 hours 

under the same aging conditions.  We also recorded that the amount of water absorbed was 

almost twice the amount absorbed by the silicone. We did not record any weight loss during the 

time of the study for the samples soaked in the solutions. By contrast, the material exposed to air 

demonstrated a much greater weight loss than the silicone gasket.  

7.3.2 Differential Scanning Calorimetry 

Uncured samples were placed into a hermetic aluminum pan.  The sample was cured 

using a temperature ramp between -90 
o
C and 200 

o
C. The DSC data showed a peak exotherm at 

92.1 7
o
C with a heat change of ΔH=16.77 J/g.  The peak exotherm at 92.17

o
C is in agreement 

with the value that was given to us by Henkel (92 
o
C). However, it is important to note that the 

cure exotherm (16.77 J/g) was somewhat smaller than the value provided by Henkel (20.5 J/g).  

We attribute two reasons to the difference in the two ΔH values:  (1) The sealing material is a 

two-part component.  Immediately after mixing, polymerization and curing begin, which can 

then lead to a lower cure exotherm.  In addition, the peak exotherm is broad; this difference can 

be explained from the data range chosen to integrate the exotherm peak.  In this case, the area 

under the peak was determined between 75 and 125 
o
C . 

Table 7.1 summarizes both the effect of strain and environment after 16 weeks compared 

with the initial glass transition temperature of the starting material.  These results may suggest 

that the environment in which the sample is placed is more important than the strain applied to 

the sample.  For a given condition, the value for the glass transition temperature (Tg) remained 

pretty constant and slightly lower than the initial Tg.  When the material was aged in sulfuric 
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acid and 0% strain was applied, however, we observed an almost 4 degree decrease Tg.  The 

DSC data confirmed that even after 16 weeks, the degradation mechanism had already started. 

 

Table 7.1: Change in the glass transition temperatures of sealing material after aging under 

various conditions.  

 

 

Air, water and ethylene glycol also significantly altered the glass transition temperature 

of the hydrocarbon-based materials. However, we were unable to draw any conclusions from the 

DSC data about how degradation started, or the mechanisms by which the degradation 

proceeded, without knowledge of the chemical composition of the material.  It is possible that 

sulfuric acid, air, ethylene glycol and water could be responsible for an oxidation reaction with 

the polymer; however, water or ethylene glycol could also be responsible for a trans-

esterification reaction if any oxygen atom was present in the polymer. 

7.3.3 Dynamic Mechanical Analysis 

The data collected via DMA experimentation were analyzed using time-temperature 

superposition (TTS) and the Williams-Landel-Ferry (WLF) equation, which is universally 

applied to polymers. It has been shown that TTS can be a very powerful tool for understanding 

relaxation phenomena in bulk polymeric materials.  The results are presented in Figures 7-11 to 

7-25.  DMA analysis was performed on the samples that were aged under the various conditions 

described previously. 

Glass Transition Temperature

0% 25% 50%

As received -60.92

Air -62.67 -62.17 -62.17

Water -62.88 -63.18 -61.9

Ethylene glycol -63.53 -62.65 -63.18

Sulfuric Acid (0.1M) -64.56

Strain
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Figure 7.11: Time-temperature superposition obtained from DMA data performed from -75 to 

200
o 
C on sealing material aged in air at 90 

o
C under 50 % strain  for 8 weeks (at a reference 

temperature of 75 
o
C). 

 

 

Figure 7.12: Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in air at 90 

o
C under 0 % strain  and 16 weeks (at a reference 

temperature of 75 
o
C). 
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Figure 7.13: Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in air at 90 

o
C under 50 % strain for 16 weeks (at a reference 

temperature of 75 
o
C). 

 

 

Figure 7.14: Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in water at 90 

o
C under no strain for 8 weeks (at a reference 

temperature of 75 
o
C). 
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Figure 7.15:Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in water at 90

o
C and 50% strain for 8 weeks (at a reference 

temperature of 75 
o
C). 

 

 

Figure 7.16 Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in water at 90 

o
C under no strain for 16 weeks (at a reference 

temperature of 75 
o
C). 
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Figure 7.17 Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on FCS2 material aged in water at 90 

o
C under 50% strain for 16 weeks (at a reference 

temperature of 75 
o
C). 

 

 

Figure 7.18 Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in ethylene glycol at 90 

o
C under 0% strain for 8 weeks (at a 

reference temperature of 75 
o
C).  
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Figure 7.19: Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in ethylene glycol at 90 

o
C under 50% strain for 8 weeks (at a 

reference temperature of 75 
o
C). 

 

 

Figure 7.20 Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in ethylene glycol at 90 

o
C under 0% strain for 16 weeks (at a 

reference temperature of 75 
o
C). 
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Figure 7.21: Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in ethylene glycol at 90 

o
C under 50% strain for 16 weeks (at a 

reference temperature of 75 
o
C). 

 

 

Figure 7.22:Time-temperature superposition obtained from DMA data performed from -75 to 

200
o
C on sealing material aged in sulfuric acid at 90 

o
C under 0% strain for 8 weeks (at a 

reference temperature of 75 
o
C). 
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Figure 7.23. Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in sulfuric acid at 90 

o
C under 50% strain for 8 weeks (at a 

reference temperature of 75 
o
C). 

 

 

Figure 7.24. Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in sulfuric acid at 90 oC under 0% strain for 16 weeks (at a 

reference temperature of 75 
o
C). 
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Figure 7.25. Time-temperature superposition obtained from DMA data performed from -75 to 

200 
o
C on sealing material aged in sulfuric acid at 90 

o
C under 50% strain for 16 weeks (at a 

reference temperature of 75 
o
C). 

 

As confirmed in the various plots of storage modulus as a function of reduced frequency, 

data have been successfully shifted.  It should be noted that a vertical shift due to temperature 

could have been performed to obtain a better shift—especially in the reduced frequency region.  

However, the coefficients C1 and C2 obtained with this method are in agreement with the 

coefficients identified using the Trouser test, as previously reported.
129

   As seen in Tables 7.2 to 

7.5, we observe that in the case of water and ethylene glycol, after 16 weeks the coefficient C1 

and C2 showed a decrease with an increase of the strain at which the samples were exposed. An 

opposite trend was observed when the samples were exposed to sulfuric acid or air. That could 

suggest markedly very different material behavior based on the nature of the environment. 

Despite these results, we cannot pinpoint the cause of the degradation; however, it is still 

possible to correlate TTS data with observations made from solution uptake results. In both 

cases, the samples placed in sulfuric acid or in air showed some weight loss, suggesting that 

thermal and/or chemical degradation may have occurred, since no weight loss was recorded 

when the samples were placed in water or ethylene glycol. 
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Table 7.2: Coefficients C1 and C2 derived from the WLF equation for sealing material aged in 

water at 90 
o
C. 

 

 

Table 7.3: Coefficients C1 and C2 derived from the WLF equation for sealing material aged in 

ethylene glycol at 90 
o
C. 

 

 

Table 7.4 Coefficients C1 and C2 derived from the WLF equation for sealing material aged in 

sulfuric acid at 90 
o
C. 

 

 

Table 7.5: Coefficients C1 and C2 derived from the WLF equation for sealing material aged in 

air at 90 
o
C. 
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The change in magnitude in storage modulus as a function of reduced frequency was not 

significant, regardless of the environment in which the samples were placed. However, as we 

suggested from DSC results, the nature of the interaction may be different depending on the 

environment and the polymer. In both sulfuric acid and air, an oxidation-type degradation may 

occur; conversely, a transesterification reaction could occur when the samples are exposed to 

water and ethylene glycol. We could also conjecture that a decrease in Tg might occur as a result 

of a plasticization effect in the presence of water and/or ethylene glycol, especially since we did 

not record any significant weight loss when the samples were placed in those environments. 

7.3.4 Uniaxial Tensile Test Analysis 

Tensile strength, ultimate strain and secant modulus at 100% strain were measured and 

calculated for each tensile test.  Comparing these mechanical properties as a function of aging 

time, environment and strain to those of the as-received materials may provide insights into the 

durability of the materials.  The strains for the samples were recorded directly from the laser 

extensometer with a resolution of 0.25 microns. Since the laser extensometer has a limited range 

of extension and the samples undergo large deformations, the strain obtained from the laser was 

correlated to the crosshead displacement.  The data were corrected accordingly. 

Figure 7.26 shows the change in tensile strength after 2700 hours. Only a very small 

decrease was observed in the samples that were immersed in the various solutions.  Samples 

aged in liquids with a prescribed strain showed more of a decrease in ultimate strength compared 

to samples aged under no strain.  Chain scission and crosslinking may have occurred in these 

samples, leading to a decrease in the strength values.  We also observed a very small decrease in 

strength values when compared to the as-received material, suggesting that the strength of 

immersed samples was not seriously affected by the chosen aging conditions during the 
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timeframe of this experiment.  The samples aged in air at 90 °C showed an increase in tensile 

strength, which is contrary to the results seen for samples aged in liquid environments.  This 

observation suggests an increase in crosslink density in the samples aged in air, in comparison to 

samples aged in liquid.  Additionally, the tensile strain at break increased with increasing aging 

strain in the samples aged in air, which translates into an increase in the modulus of the material, 

as shown in Figure 7.27. 

 

 

Figure 7.26: Summary of the change in tensile strength as a function of strain with aging 

environment. 

 

 

Figure 7.27: Secant modulus at 100% strain versus aging environment. 
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Our observations made in air strongly suggest that chain-scission and the formation of 

new crosslink may occur under these conditions.  We have reason to believe that the polymer 

chains in the stressed samples may break and reform, creating a new network.  Under the chosen 

testing conditions, the tensile data reflected the sum of both the remaining original network and 

the newly formed network.  An increase in the material’s response indicated the presence of a 

secondary network since the new network could carry a portion of the load.
130, 131

. Physical aging 

can also be accompanied by increases in stiffness, yield stress, density and viscosity, as 

discussed in Chapter 6.  

7.3.5 Momentary Stress Relaxation Analysis 

CSR data are summarized in Figures 7-28 and 7-31.  The data presented were collected 

over a time period totaling 4,000 hours on samples that were aged in four different environments 

(DI water, 50/50v DI water/ethylene glycol, 0.1M aqueous sulfuric acid and air) at 90 
o
C.  For 

each environment, the stress/strain curves were plotted; the momentary and compression stress 

relaxation behaviors of the SMORS were determined from the upper and lower stacks, 

respectively.  Decay plots are presented in terms of normalized relaxed force 
 (  

  
, where Fo is the 

initial force at the desired compression, versus time.  These plots were generated for both 

momentary as well as relaxed values of force.  The momentary properties are linked to the 

difference between crosslink and chain scission durin aging.  As seen in Figures 7.28 and 7-30 

a), very different behaviors were recorded according to the aging environment.  Samples aged in 

ethylene-glycol or sulfuric acid showed a decrease in the normalized momentary stress as a 

function of aging time.  Meanwhile, samples aged in water or in air exhibited an increase in their 

normalized momentary stress.  A change in momentary stress versus time reflects a change in the 

net rate of crosslinking and chain scission that occured in the samples.  An absence of decay 
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usually indicates that the rates of crosslinking and chain scission are either equal or are both 

inexistent.  Figure 7.28 illustrates this phenomenon in all samples—at least during the first 500 

hours of aging.  It is important to note that even after very long exposure, the change was still 

quite small.  It has been reported that the mechanical strength of elastomers can be greatly 

impacted by oxidation, especially at high temperatures in an oxygen-rich environment (see also 

Chapter 6).  After 100 hours, the samples immersed in deionized water showed a slight increase 

in momentary stress (~7.8 % increase), suggesting the formation of additional crosslinks in the 

presence of water, or more crosslinks are formed rather than being broken.  However, data 

associated with the samples aged in ethylene glycol or in sulfuric acid suggest that their chemical 

degradation and physical aging significantly contribute to stress relaxation on a shorter time 

scale.  In these speciments, a drop of 4% in the normalized momentary load suggest that the rate 

of chain scission was higher than the rate of formation of new crosslinks, which could explain 

the drop in sealing force.  

 

 

Figure 7.28: Momentary stress response in various aging liquids at 90 
o
C obtained with the 

intermittent fixture 
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In air, the momentary stress behavior of the SMORS illustrates an increase in stiffness as 

a function of time (Figure 7.29).  These results correspond to those discussed in the section on 

uniaxial tensile data (Section 7.3.4).  Typically, when polymers age they stiffen and become 

more brittle.  The increase in the momentary load also suggests an increase in crosslink density.  

Given the increase of the momentary force occurs over a long period of time (more than 1,000 

hours), we have reason to believe that chemical effects are dominating.   

 

Figure 7.29: Momentary stress response in air at 90 
o
C and 120 

o
C obtained with the intermittent 

fixture. 

 

Figure 7.29 also demonstrates the effect of temperature on crosslinking during aging.  

Unfortunately, it is really possible to extrapolate the data using an Arhenius approach like the 

one described by Ronan
126

 unless the data were collected for at least three different temperatures.  

Ronan showed that in compressive seals, the compressive stress relaxation can be correlated to 

the rate of degradation within the sample.  However, we obtained a good approximation of this 

correlation. From the initial slope of the momentary stress at 90 and 120 
o
C, we obtained a 

reaction rate of 1.72x10
-4

 rate of decay/time and 4.47x10
-4

 rate of decay per time, respectively.  

Assuming an Arhenius model, we determined the activation energy for the reaction to be 

approximately 38 kJ.mole.  Even though these results have to be interrelated very carefully as 

measurements were performed at only two temperatures, this value corresponds to previous 
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studies by Gillen, who reported values ranging between 38 and 56 kJ/mole for butyl-rubber.  

Although our finding is on the low end of that range, we conducted our study using the diffusion-

limited oxidation process—where the chemical reaction uses available oxygen faster than it 

diffuses through the sample.  The momentary stress data in air also confirmed that increasing the 

temperature increases the rate at which the material degrades, as evidenced by the fact that the 

normalized momentary load plateau was reached after 2,700 and 100 hours, for the samples aged 

at 90 
o
C and 120 

o
C, respectively. 

7.3.6 Continuous Stress Relaxation Analysis 

Stress relaxation measurements were performed with two different fixtures after exposing 

the samples to various environments as described in the experimental section.  We monitored the 

decay of an applied load (strain controlled system) over a period of time.  This load decay 

represents a direct measure of the physical relaxation occurring in the material when coupled 

with chain scission, which may occur simultaneously during aging.  The new crosslinks that 

formed (characterized in the momentary stress relaxation experiment) have very little impact on 

the stressed state since these new networks are in equilibrium in the compressed mode.  

However, when the strain is released from the samples, the new crosslinks directly affect any 

compression set or permanent deformation seen in the sample.
117, 122

  

The use of continuous rigs allows data to be collected in real time.  The counterforce is 

measured by the electronic load cell while the load is applied, which is then recorded 

automatically by a computer.  When data needs to be obtained intermittently, a compressive 

displacement is applied and the load is measured separately.  Figures 7-30 and 7-31 summarize 

the data collected using the two different techniques.  Figures 7-30 a) and 7-31 show the data 

collected using the intermittent jigs for the samples aged in a soaking solution, and in air, 
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respectively.  If the changes in momentary load were very small (as discussed previously), the 

resulting stress relaxation curves showed more significant effects of the aging environment on 

the viscoelastic behavior of the SMORS material.  When tested over 3,500 hours, a 16 % decay 

in sealing force was recorded, which must be contrasted with the minimal percentage loss 

recorded for seals in the relaxed state.  After 3,000 hours, there was only minimal change in the 

measured force or in the stiffness of the material; this observation suggests that past this point the 

chemical degradation has almost no or very limited effect on an elastomer’s viscoelastic 

behavior. 

 

Figure 7.30: Stress relaxation response in various aging liquid at 90 
o
C from (a) the intermittent 

and (b) the continuous fixtures. 

 

Figure 7.31: Continuous stress relaxation response in air at 90 
o
C and 120 

o
C from the 

intermittent fixture. 
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Figure 7-30 b) illustrates the data collected continuously as a function of time.  In 

contrast to trends identified for the samples immersed in deionized water and in sulfuric acid, the 

data were more erratic for the sample immersed in ethylene glycol over the 4,000 hour-duration 

of this test.  When exposed to deionized water or to sulfuric acid, the normalized stress relaxation 

reached a plateau at around 80 % and 85% of the restoring force after 2000 hours, respectively.  

This is in good agreement with data collected with the intermittent jigs (Figure 7-30 a).  We are 

not completely sure how the data collected from the continuous jigs can be interpreted.  When 

we looked at the data more closely, there were a reproducible noise appearing periodically, as 

well as a random noise that both superimposed to the force signal. The continuous jig prototypes 

were built to verify whether such cells could provide engineers and scientists with reliable data.  

However, the design of the electronic load cell should have allowed us to record more accurate 

data than we did.  In the next paragraph, some possible causes for erratic data we acquired will 

be discussed, in addition to suggestions for future design improvements. 

The erratic behavior of the data collected—which may appear to some as random—has 

been attributed to the periodic refilling of the glass containers.  The fixtures containing the 

samples were immersed in ethylene glycol and in water were more sensitive to refilling than the 

fixture immersed in sulfuric acid.  Even though the three test rigs were quasi-hermetically sealed, 

they were not completely air tight since the piston has to be free in order for the electronic load 

cell to detect any load change during aging.  This implies that evaporation occurs, thereby 

necessitating periodical refills.  The liquids used to refill are first heated to 90 
o
C in order to 

avoid any thermal fluctuations during refilling.  Based on our understanding, due to evaporation 

of water (mainly) at 90 
o
C, refilling affected the concentration of the soaking solution. While this 

change of concentration did not really affect the sulfuric acid (0.1 M) in terms of change of 
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density, it could have had a negative impact in the case of the ethylene-glycol, which is much 

denser than the other liquids.  Thus, any refills mean that the density of the solution increases, 

with a concurrent increase in the force of buoyancy. A rapid calculation will help to clarify the 

situation: 

1) The total volume of the five SMORS immersed in the solution with the washers and 

the piston is equal to 3.23x10
-5

 m
3
, 

2) The difference in buoyancy between pure ethylene-glycol and a 50/50 mixture of 

ethylene-glycol and water is equal to 0.0195N. 

This force is very small in comparison to the initial applied force of 32.5N, which means 

it should contribute only minimally to the noise that was recorded.  It is, however, a possibility.  

A second explanation for the erratic behavior of the samples placed in ethylene-glycol could be 

the effects of swelling.  We noted that samples immersed in ethylene-glycol were more swollen 

than the other samples.  However, we did not identify the increase of the stress relaxation with 

the intermittent fixture immersed in the same solution.  A third explanation could be associated 

with the alignment required when the SMORS are stack together in the jig. Any misalignment 

may cause the SMORS to move slightly from their positions, which would affect the amount of 

force read by the force sensor. 

Figure 7-31 displays the continuous stress relaxation behavior measured for the 

intermittent fixture.  The second fixture was loaded with SMORS and exposed to 90 
o
C because 

of the erratic nature of the data collected with the first series.  The data collected at 90 
o
C after 

the reset (Air 2) followed a trend that was similar to the data aged at 120 
o
C, but the normalized 

force was slightly higher as expected.  The continuous stress relaxation that took place at 90 
o
C 

occurred at a slower rate than the continuous stress relaxation at 120 
o
C.  After 2,500 hours, the 
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SMORS aged at 120 
o
C still retained a sealing force of ~83% of the original load.  Similarly, the 

sample kept at 90 
o
C retained a sealing force of ~95% of the original force after 1,500 hours. 

7.3.7 Scanning Electron Microscopy Analysis 

Figures 7-32 to 7-48 depict the SEM pictures of the surface and the bulk (cross section) 

of the sealing material after being aged for 16 weeks under various conditions.  (It should be 

noted that the surface and the bulk images of the as-received sealing materials are not shown 

since they are featureless.)  After aging for 16 weeks, we recorded significant differences 

depending on the environment and the strain applied to the samples, such as differences in the 

surface topology.  Although the SEMs revealed visible cracks, it was difficult to determine the 

origins of these cracks.  They might have originated during the aging step, but they could also 

have formed (or been amplified) during tensile testing on the Instron prior to SEM imaging.  

However, in the case of the samples that were aged in air, we clearly see that there are no 

cracks—even at high magnificent on samples with no strain.  Conversely, cracks are discernible 

when 50% strain was applied.  When aged in air AND in the presence of strain, the samples 

weakened; cracks formed and propagated either during aging or after aging when additional 

stress was applied to the samples.  
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Figure 7.32: Sealing material aged in air at 90 
o
C with 0% strain applied for 16 weeks (surface) 
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Figure 7.33: Sealing material aged in air at 90 
o
C with 0% strain applied for 16 weeks (cross 

section) 
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Figure 7.34: Sealing material aged in air at 90 
o
C with 50% strain applied for 16 weeks (surface) 
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Figure 7.35: Sealing material aged in air at 90 
o
C with 50% strain applied for 16 weeks (cross 

section) 
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When the samples were aged in water, similar observations were made.  Although the 

sample surface appeared quite similar to the surface of the pristine material, cracks were 

observable under the two different strain conditions.  After being aged in ethylene glycol, the 

samples evidenced the formation of cracks in the same way we observed after aging in water.  

However, the surfaces of the sealing materials that were directly exposed to ethylene glycol 

developed a bubble or bump-type surface topology that is very significant compared with the 

samples immersed in water (that feature might exist, but was not as clearly observable). We want 

to remind the reader that the sealing materials we evaluated herein experienced significantly 

more swelling when exposed to ethylene-glycol than when exposed to any other solution. Crack 

formation was also enhanced in ethylene glycol. The adsorption of water or ethylene glycol by 

the sample can lead to increased stress and may make it susceptible to a loss of mechanical 

properties. In fact, when immersed in water or in ethylene glycol, the samples still showed 

increases in weight, even after 16 weeks. 
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Figure 7.36: Sealing material aged in water at 90 
o
C with 0% strain applied for 16 weeks 

(surface). 
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Figure 7.37: Sealing material aged in water at 90 
o
C with 0% strain applied for 16 weeks (cross 

section). 
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Figure 7.38: Sealing material aged in water at 90 °C with 50% strain applied for 16 weeks 

(surface) 
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Figure 7.39: Sealing material aged in water at 90°C with 50% strain applied for 16 weeks (cross 

section). 
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Figure 7.40: Sealing material aged in ethylene-glycol at 90 
o
C with 0% strain applied for 16 

weeks (surface) 
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Figure 7.41: Sealing material aged in ethylene glycol at 90 
o
C with 0% strain applied for 16 

weeks (cross section) 
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Figure 7.42: Sealing material aged in ethylene-glycol at 90 
o
C with 50% strain applied for 16 

weeks (surface). 
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Figure 7.43: Sealing material aged in ethylene glycol at 90 
o
C with 50% strain applied for 16 

weeks (cross section). 
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Figure 7.44: Sealing material aged in ethylene glycol at 90 
o
C with 50% strain applied for 16 

weeks (topology of the surface) 
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Finally, when exposed to sulfuric acid, the samples showed significant surface 

degradation, crack formation, and crack propagation.  The surfaces were no longer smooth; in 

fact, the images suggest that the surface was disintegrating into platelet particles.  Cracks were 

present all over the surface of the samples—also affecting the bulk of the material—suggesting 

even greater damage due to the combined effect of acid attack and thermal aging.  These 

observations are supported with weight loss data. Moreover, available mechanical data suggest 

that an acidic environment is probably the strongest environment in which a sample is likely to 

be placed.  Data suggest, therefore, that the synthesized hydrocarbon-based sealing materials 

could show improved properties and performance in a fuel cell application in comparison to 

silicone-based materials. 
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Figure 7.45: Sealing material sulfuric acid at 90 
o
C with 0% strain applied for 16 weeks (surface) 
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Figure 7.46: Sealing material aged in sulfuric acid at 90 
o
C with 0% strain applied for 16 weeks 

(cross section) 



320 

 

 

Figure 7.47: Sealing material aged in sulfuric acid at 90 
o
C with 50% strain applied for 16 weeks 

(surface). 
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Figure 7.48.  Sealing material aged in sulfuric acid at 90 
o
C with 50% strain applied for 16 weeks 

(cross section). 
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Figure 7.49.  Sealing material aged in sulfuric acid at 90
o
C with 50% strain applied for 16 weeks. 
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7.4. Conclusions 

The viscoelastic properties of a proprietary molded hydrocarbon-based elastomer seal 

used in PEM fuel cells were characterized using dynamic mechanical analysis, continuous stress 

relaxation measurements and scanning electron microscopy.  The properties of the materials 

were compared over varying aging times and strain rates.  Results from continuous stress 

relaxation characterization enabled us to determine the nature of the degradation that occurred in 

the samples upon long exposure to various aging conditions.  By comparing momentary and 

continuous stress relaxation data, we were able to quantify the differences between the rate of 

additional crosslinking in the presence of chain scission versus chain scission alone.  For the 

samples in a liquid environment, there was little or no little change in the restoring force; this 

suggests that rate of chain scission is either equivalent to that of additional crosslinking, or is 

non-existent.  For the samples aged in air, momentary stress relaxation data show that the rate of 

crosslinking was greater than the rate of chain scission, which we associated with an increase in 

the momentary of the material.  By comparison, the stress relaxation results for the samples aged 

in a liquid environment showed a 16% decay in load over time. Additionally, the data also 

suggest that chemical degradation slowed after 2,700 hours. Stress relaxation tests in air showed 

a similar dependence on temperature, compared to the momentary tests where the rate of 

degradation was higher for the 120 °C samples compared to the 90 °C samples.  Results obtained 

from uniaxial tension testing confirm small decreases in the tensile properties of the material 

aged for 2700 hours under strain conditions.  However, due to additional crosslinking in the 

strained states, the modulus for all the materials we tested at 100% strain experienced an 

increase. Differential scanning calorimetry studies suggest that aging in the four different 

environments slightly lower the glass transition temperature of the material from -60 
o
C to -65 

o
C 
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after aging in sulfuric acid, suggesting possible chemical changes. Scanning electron microscopy 

revealed the absence of any crack formation on the surface of the specimens aged at elevated 

temperatures in air when no strain was applied; however, cracks did appear when the specimens 

were exposed to air while strained under tension.  Similar behavior was also observed for 

specimens aged in ethylene glycol; raised bumps appeared on the surface of these specimens, 

perhaps associated with the mass gains seen in this environment.  The appearance of the surface 

of the samples that were exposed to deionized water was similar to those exposed to air.  

Specimens exposed to sulfuric acid solution, however, showed much more pronounced 

degradation features. DMA tests conducted on these specimens revealed expected behavior that 

could reasonably fit with WLF shift factor relations, which corresponded quite well with thermal 

shift factors obtained for tear testing. 

We also conducted testing to accelerate the aging process, thereby simulating the effects 

of prolonged exposure to a fuel cell environment.  Specifically, we used a simple loading frame 

that allowed multiple tensile dogbone specimens to be strained to various levels and aged in the 

environments of interest.  A novel dual chamber stress relaxation fixture allowed stacks of 

subscale molded o-ring specimens (SMORES) to be evaluated in both air and liquid 

environments.  The use of both momentary and relaxed moduli provided insights into chemical 

changes in the elastomer, as well as relaxation under constant strain conditions.  The instruments 

developed performed reasonably well, although accuracy could have been improved through the 

use of even more SMORS in the stacks, since the relatively small displacements resulted in some 

scatter. The stress relaxation fixtures were also modified to incorporate load cells, permitting 

continuous readings of the compression force on the stack exposed to stress relaxation.  Reliable 

results proved somewhat elusive due to a number of complications associated with testing 
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specimens in immersed environment; this produced erratic data for some specimens.  

Nonetheless, relaxation trends were similar to those observed with the intermittent stress 

relaxation fixtures. 

The studied material appeared to overcome many of the liabilities association with prior 

generations of sealing/gasket materials.  In fact, they appeared to outperform a representative 

silicone sealant in several relevant areas.  The testing program was limited because of delays 

associated with developing and producing new material and specimens.  The results obtained, 

however, do suggest a relatively robust system based on the exposure and aging conditions we 

employed. 
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CHAPTER 8:   

SURFACE MODIFICATIONS FOR IMPROVED ADHESION BETWEEN 

POLYPROPYLENE AND FLUOROSULFONATED IONOMERS UNDER HUMID 

CONDITIONS 

8.1  Summary 

Hydrophobic polypropylene and fluorosulfonated polymers can be bonded together when 

both surfaces are exposed to specific chemical treatments in order to create reactive groups that 

can enhance adhesion properties.  Specifically, the two surface substrates must be etched with 

strong reagents that allow the polypropylene to adhere strongly with a fluoropolymer such as 

Nafion
®
.  The stability of the polypropylene-Nafion

®
 bond has shown some improvement in 

water.  The surface energy of the treated substrates is evaluated according to contact angle 

measurements with water, dimethylsulfoxide and ethylene glycol, respectively. The contact 

angle of treated polypropylene was significantly reduced compared to the untreated material. 

This study also confirmed that although the polar and dispersive components of the surface 

energy of polypropylene are inversely changed upon chemical treatment, the total surface energy 

remains constant.  The experimental results described herein confirmed that chemical etching 

significantly alters the surfaces of polypropylene and Nafion
®
, thereby allowing the two 

materials to adhere. 

8.2  Introduction 

In the recent years, there has been an increasing need for adhesives that can be used to 

bond various plastics and composites. For example, the automotive industry relies on adhesives 

for a large number of applications.  Not only do they have to be strong enough to meet the 

standards required by the automotive industry at the time of assembly, but they must also retain 
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their strong adhesive properties over the lifetime of the car.  And given the fact that a 2012 report 

indicated that the average American car is now 10.8 years old, adhesive resiliency is a very 

important property (see: http://www.autoblog.com/2012/01/18/average-age-of-car-is-record-

setting-10-8-years-old-w-poll/).  

A problem for scientists and engineers is that commonly used automotive materials based 

on polypropylene, polyethylene and polytetrafluoroethylene remain very difficult to bond to 

surfaces. This poor adhesion is often related to the low surface energy of these materials.
1
 Many 

treatments and techniques have already been developed to improve the adhesive properties of 

polymers.
2
 These treatments range from a simple surface cleaning

2
 to very elaborate techniques 

such as corona discharge,
3, 4

 flame
2, 5

, plasma,
6-12

 excimer pulse laser ablation,
13-15

 surface 

modification
2, 15-22

 and chemical etching treatments.
15, 23  Some materials, such as fluoropolymers 

and polyolefins, remain resistant to surface bonding, even post-treatment. Moreover, adhesion is 

extremely difficult when a bond between a fluoropolymer and a polyolefin is required.  

Extensive summaries of the surface modification of polytetrafluoroethylene and 

polypropylene have been provided by Siperko
24

 and Zeiler
25

, respectively. Moreover, Brewis et 

al. confirmed that the low surface energy of some polymers may negatively affect the quality of 

the bond. They also showed that polymers such as polypropylene or polytetrafluoroethylene may 

have “a region of low cohesive strength” in the region of the interface between the polymer and 

the adhesive.
5, 26

 This region of low cohesive strength negatively impacts the adhesion quality of 

fluoropolymers because that region cannot be absorbed by the mobile phase, unlike 

polyolefins.
26

 

General Motors Corporation (GM) has recently shown an interest in bonding 

polypropylene to fluoropolymers, such as Nafion
®

, for use in the humidification units that will be 

http://www.autoblog.com/2012/01/18/average-age-of-car-is-record-setting-10-8-years-old-w-poll/
http://www.autoblog.com/2012/01/18/average-age-of-car-is-record-setting-10-8-years-old-w-poll/
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installed on fuel cell vehicles. For this specific application, the difficulty of bonding 

polypropylene and Nafion
®

 becomes compounded by two problems.  First, it is difficult to bond 

the two polymers because of their low surface energies. Second, a water-resistant bond is desired 

to avoid the delamination of the adhesive due to the swelling-deswelling associated with the 

hydrophilicity of the sulfonated fluoropolymer. Moreover, as reported by Waite, it is generally 

very difficult to achieve good adhesion in the presence of water even though there are good 

examples of natural adhesives that are water resistant, such as the undermarine mussels and other 

marine animals.
27-29

  Another important consideration for industrial applications is that a low-

cost bonding system must be fully adaptable for mass production. Even though the literature is 

replete with descriptions of adhesives that bond polypropylenes and fluoropolymers to various 

substrates, very little is known about bonding a polyolefin to a fluoropolymer. This chapter, 

therefore, describes and evaluates various known techniques that can be implemented to bond 

polypropylenes and fluoropolymers, while at the same time resisting the undoing effects of 

water. 

8.3 Experimental 

8.3.1  Materials 

Polypropylene and Nafion
®
 NRE 211 CS were both provided by the General Motors 

Corporation.  Tetra-Etch
®
 was purchased from Gore and stored below 32 

o
C.  Tetra-Etch

®
 is an 

etchant used to prepare fluoropolymers for bonding; the product contains glycol ether (~50%) 

and sodium naphthalene complex (50%) [CAS # 110-71-4 and 113492-05-0, respectively].  The 

following two adhesive transfer tapes, namely, 3M 367 MP™ and 3M 9482 PC™, were also 

provided by GM but are commercially available from the 3M Company.  Bondmaster 496
®
, an 

ultraviolet light curable adhesive, was kindly provided by National Adhesives, which recently 
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merged with Henkel. Finally, the epoxy resin Bondit™ B-45TH produced by RELTEK LLC was 

purchased from McMaster.  Ethanol, acetone, hexane, sulfuric acid (16 M), dimethylsufoxide 

and ethylene-glycol from Fisher were used as received.  Potassium Dichromate (K2Cr2O7) was 

directly purchased from Aldrich and used as received.  

8.3.2  Chromic Acid Etch 

24 g of potassium dichromate (0.08158 mol) was dissolved in 24 g of deionized water, 

after which concentrated sulfuric acid (300g) was added in increments of 75 g. The etching 

solution was constantly mixed until complete dissolution of the potassium dichromate was 

achieved. The reaction was exothermic. 

8.3.3  Surface Preparation 

Polypropylene: Before any treatment, the 2.5 mm thick polypropylene plaques were 

cleaned with an organic solvent such as hexane or isopropanol. Polypropylene plaques were then 

prepared according to the following four techniques: (1) polypropylene was used as received; (2) 

polypropylene surface was manually rubbed with a 320 grade sandpaper; (3) polypropylene was 

chemically etched by immersing it in the chromic acid solution for a chosen amount of time at 

70
o
C and then rinsed in deionized water for 5 min; (4) polypropylene was treated according to 

procedure (2) followed by chemical etching as described in (3). All the polypropylene samples 

were then cleaned with acetone and dried in a vacuum oven at 70 
o
C for 24 hours. 

Nafion
® 

Membranes: Nafion
®
 membranes were either used as received or chemically 

etched with the Tetra-Etch
®
 solution. The temperature of etchant was equilibrated at room 

temperature for an hour prior to use. The membranes were immersed in the etchant for one 

minute and then rinsed with hot deionized water (~80 
o
C) for 3 min followed with an ethanol 
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rinse.  The membranes were then dried at room temperature and dried in a vacuum oven for 24 h 

at 70 
o
C.  

8.3.4  Adhesive Application 

Two commercial 3M pressure sensitive adhesives were used to adhere the two substrates 

because of (1) their processing simplicity, (2) their excellent high temperature performance and 

shear strength, and (3) their good chemical resistance in harsh environments such as organic 

solvents, weak acids/bases, and water. In addition, the two adhesives have been reported to 

perform well after exposure to humidity and hot/cold cycles. The surfaces of the substrates were 

cleaned with isopropanol (IPA). During lamination of the pressure-sensitive adhesive, a pressure 

of 20 PSI was used; during the final step of the installation, a PSI of 10-15 was applied for 24 

hours. The epoxy resin known as Bondmaster 496 was applied and cured at room temperature for 

12 hours and then kept at 70 
o
C for an additional 12 hours. The ultraviolet curable adhesive was 

applied between the two materials to be bonded and cured under UV-light for one minute. All 

the samples were maintained at 70
o
C for 12 hours in an oven prior to testing. 

8.4 Characterization Techniques 

8.4.1  Water Immersion Test as a Screening Test 

In order to screen the effectiveness of potential surface modification techniques, small 

pieces of polypropylene and Nafion 211 CS
® 

were cut, treated and assembled using the 

techniques describe above.  For each configuration, three samples were prepared and then 

immersed in water at 90 
o
C for five days. Once we removed the samples from water, we utilized 

the chemically etched samples that seemed to show acceptable resistance to the water test when 

epoxy or pressure sensitive adhesives were used. Of the remaining samples, we observed that 
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after the screening test, the Nafion
®
 films were either floating on the surface of the water or 

could be easily peeled by hand from the polypropylene. After this screening test, the larger 

samples (1 inch wide and 4 inches long) were prepared in order to measure the strength of the 

bond before and after immersion in water using the techniques that provided the best results 

during the screening test.  

8.4.2  Contact Angle Measurements and Surface Energy Determination  

A contact angle instrument supplied by First Ten Angstroms was used to measure the 

angle formed between three different liquids and the substrate. The shape of the drop was 

recorded immediately after deposition of the droplet. The imaging system comprises a high 

speed Sanyo CCD video camera for data acquisition and Navitar optics coupled to FTA 32 

image analysis software. The theoretical description of the contact angle is obtained by 

considering the thermodynamic equilibrium between the three phases: the liquid phase of the 

droplet (L), the solid phase of the substrate (S), and the gas/vapor phase of the ambient (V) 

(which will be a mixture of ambient atmosphere and an equilibrium concentration of the liquid 

vapor).  The V phase could also be another (immiscible) liquid phase.  

At equilibrium, the chemical potential of the three phases should be equal.  It is 

convenient to frame the discussion in terms of the interfacial energies. We denote the solid-vapor 

interfacial energy (see surface energy) as γSV, the solid-liquid interfacial energy as γSL and the 

liquid-vapor energy (i.e. the surface tension) as simply γ or γLV, as shown in Figure 8.1. 

 

Figure 8.1: Representation of a sessile drop with the contact angle and the three interfaces. 

http://en.wikipedia.org/wiki/Thermodynamic
http://en.wikipedia.org/wiki/Thermodynamic_equilibrium
http://en.wikipedia.org/wiki/Phase_of_matter
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Vapor
http://en.wikipedia.org/wiki/Immiscible
http://en.wikipedia.org/wiki/Chemical_potential
http://en.wikipedia.org/wiki/Surface_energy
http://en.wikipedia.org/wiki/Surface_tension
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Therefore, we can formulate the following equation which must be satisfied in 

equilibrium (known as the Young Equation): 

0 cosSV SL      
    Equation 8.1 

where θ is the experimental contact angle.  Thus, the contact angle can be used to determine an 

interfacial energy (if other interfacial energies are known).  This equation can be rewritten as the 

Young-Dupré equation: 

(1 cos ) SLVW   
    Equation 8.2 

where ΔWSLV is the adhesion energy per unit area of the solid and liquid surfaces when in the 

medium V. Surface tension (γs) of the treated surface is calculated using the Owens-Wendt 

method (1969)
30

. 

One way to characterize a solid surface is by calculating surface free energy, also referred 

to as solid surface tension.  This approach involves testing the solid against a series of well 

characterized wetting liquids.  The liquids used must be characterized such that the polar and 

dispersive components of their surface tensions are known.  The relevant equation is given by 

Owens and Wendt as: 

(1 cos( )) 2 2d d p p

L S S S S        
   Equation 8.3 

where θ is the contact angle, L  is liquid surface tension and S  is the solid surface tension, or 

free energy.  The addition of D and P in the subscripts refers to the dispersive and polar 

components of each.  The form of the equation is of the type y = mx + b. One may also graph 

/P D

L L   vs (1 cos ) / D

L L    
.  The slope will be 

P

S  and the y-intercept will be
D

S  .  

The total free surface energy is merely the sum of its two component forces. 

http://en.wikipedia.org/w/index.php?title=Young-Dupr%C3%A9_equation&action=edit&redlink=1
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Contact angle measurements were performed on these materials using three solvents 

(water, dimethysulfoxide and ethylene glycol).  Two solvents are necessary to obtain the surface 

energy using the Owens and Wendt technique.  Using contact angle measurements, the polar and 

dispersive components of surface energy for the test samples can be determined. The Owens and 

Wendt model previously described was used to determine the surface energies of the different 

materials. 

8.4.3  Peel Experiments  

 A tear strength testing machine (Model 1130, Serial No. 2450) by Instron (High 

Wycombe, UK) with pressurized air for sample holding and a chart recorder was run at room 

temperature with the following settings: 5 kg load cell, 50 mm/min crosshead speed and 25 

mm/min chart speed.  The pressure-sensitive tape samples that bonded to the glass substrates 

were tested in 90
o
±peel test configuration. 

8.5  Results and Discussion 

8.5.1 Contact Angle and Surface Energies 

Figure 8.2 displays the effects of different treatments on the contact angles of PVDF and 

polypropylene.  It is important to note that for polypropylene, all the surface treatments we 

utilized substantially lowered the contact angle value when water or DMSO was used for the 

measurement.  When ethylene glycol was used, however, the surface did not show a significant 

change in the contact angle. 
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Figure 8.2: Effect of the different treatments on the contact angle of polypropylene and PVDF. 

 

As shown in Figure 8.3, the contact angle measurement for Nafion
®
 membranes was not 

significantly affected by any of the surface treatments when the measurements were performed 

with water, dimethylsulfoxide or ethylene glycol.  However, the contact angle values for both 

polypropylene and the fluoropolymer are much closer to each other, which could be 

advantageous when these polymers need to be bonded to each other. 
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Figure 8.3: Effect of the different treatments on the contact angle of Nafion
®
 and PVDF. 

 

Using the Owens-Wendt method, changes in the values of the polar and dispersive 

components of the surface energy can be observed as a function of the type of surface treatment.  

Figure 8.4 shows the change in the dispersive component of the surface energy as a function of 

the surface treatment on polypropylene, as well as the polar component.  If both components are 

affected by the treatments, however, the total surface energy remains constant as a function of 

the surface treatment used.  It is also important to note that the various surface treatments lead to 

a drastic increase in the dispersive component of the surface energy and a simultaneous decrease 

of the polar component. 
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Figure 8.4: Effect of the treatment on the surface energy of polypropylene obtained from contact 

angle measured with DMSO and ethylene-glycol. 

 

Unlike the changes observed with polypropylene, both the dispersive and the polar 

component of the surface energy of a fluoro-ionomer are not significantly affected by surface 

treatment.  Even though a slight decrease in total surface energy after etching can be observed, it 

is not significant compared to the other values.  As shown in Figure 8.5, when the fluoroionomer 

is in its tetramethyl-ammonium form, the polar component of its surface energy is lowered as 

expected, since the membrane is more hydrophobic compared to its acid form. 
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Figure 8.5: Effect of the treatment on the surface energy of Nafion
®
 obtained from contact angle 

measured with DMSO and ethylene glycol. 

8.5.2 Immersion Test and Peel Test Results 

Nafion
®
 and polypropylene were bonded together with different adhesives after surface 

treating.  Peel adhesion results between the two materials using the various adhesives were 

assessed, and are presented in Figures 8.6 to 8.8.  Samples were tested before and after 

immersion in water at 90 
o
C for 5 days. 
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Figure 8.6: Average force during a peel test between surface-treated polypropylene and as-

received Nafion
®
 with various adhesives prior to immersion. 

 

When the ionomer was used as received, the surface treatment we employed with the 

polypropylene resulted in an increase in the force necessary to peel off the membrane.  The best 

results were observed when the polypropylene was chemically etched (Figure 8.6).  When an 

epoxy or UV curable adhesive was used, the strength of the bond was greater than the force 

needed to break Nafion
®

’s adhesion during the peel-test.  Consequently, that data could not be 

reported.  Nonetheless, the epoxy and the UV curable systems are probably acceptable when 

polypropylene is etched and the fluoropolymer is used as received. No results are reported after 

the immersion test because all four systems failed when used with non-treated Nafion
®
. 
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Figure 8.7: Average force during a peel test between surface-treated polypropylene and 

chemically etched Nafion
®
 with various adhesives prior to the immersion test. 

 

The peel adhesion test showed improved results when the ionomer was chemically etched 

with the TetraEtch
® 

solution.  In every case—i.e., independent of the adhesive used—the peel 

force increased with a surface treatment of polypropylene.  The best results were obtained with 

the UV curable system; however, the results were disappointing after the immersion test.  The 

peel force was much lower than the outcome we recorded before immersion in water.  The 3M 

9482 pressure-sensitive test performed poorly.  Data were recorded for only one or two samples 

due to the fact that several of them failed the immersion test.  
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Figure 8.8: Average force during a peel test between surface-treated polypropylene and 

chemically-etched Nafion
®
 with various adhesives after the immersion test. 

 

Despite the fact that the 3M 467MP adhesive passed the immersion test, the force needed 

to peel the membranes from the polypropylene was lower than prior to the immersion test.  An 

improvement was noticeable when compared with the data collected on the previous adhesive.  

The epoxy and the UV curable systems showed a slight improvement after surface treatment, but 

the peel force needed during the adhesion test wasmuch lower in comparison to the 3M adhesive 

(Figure 8.8). 

8.6  Conclusions 

Surface treatments can significantly alter both polypropylene and Nafion
®
 surfaces, 

allowing the surface energy values of the two materials to be much closer to each other.  
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surfaces are chemically etched.  As shown by our experimental data, however, the bond created 

with the epoxy we utilized was weaker after the immersion test due to the fact that Nafion
®
 

swells.  Nonetheless, we noted an improvement in bond strength between the polypropylene and 

Nafion
®

 surfaces even after immersion in water.  This study also confirmed that UV curable 

adhesives might provide a pathway for producing the type of bond that could be industrially 

viable, but further studies are needed to identify appropriate UV-curable systems containing 

fluorohydrocarbon acrylates or methacrylates.  Despite the fact that polyolefins and 

fluoropolymers are difficult to bond, this research clearly demonstrated that surface alteration of 

these materials can significantly improve the water resistance of the bond between Nafion
®
 and 

polypropylene. And while the techniques we utilized and described herein may not be cost 

effective or in other ways appropriate for wide-scale manufacturing, they do open the door for 

further investigations with the goal of developing appropriate treatments and new adhesives that 

can be used industrially. For example, a recent publication
31

 described the water resistance of a 

bond made with poly(Dopa) or poly(dopamine) based on a natural water resistant adhesive, 

which shows promise.  In conclusion, further investigations are needed that will elucidate the 

optimal synthetic conditions for producing a water-resistant bond between a polyolefin and a 

fluoropolymer. 
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CHAPTER 9:   

CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE WORK  

The work presented herein has contributed to a better understanding of the structure-

property relationships in perfluorinated ionomers.  Various processing and characterization 

techniques were used and/or developed to identify and clarify the various mechanisms involved 

morphological changes in these materials.  It is anticipated that this information will help to 

advance our understanding of the effects of processing parameters on membrane performance.  A 

sustained research effort using impedance spectroscopy and fuel cell measurements and X-ray 

scattering techniques has helped to “unpack” our knowledge of these complex materials.  

However, this work will not yet be complete until the mechanisms that contribute to 

morphological changes, as well as how environmental conditions impact a variety of parameters, 

are fully understood.  The morphology of these materials is very dynamic and complex—which 

at times obfuscated our processing results.  Nonetheless, some recent observations led us to 

believe that “preconditioning” these membranes is a critical parameter that needs to be further 

explored.  With the recent technological improvements in characterization techniques, the role of 

water in these membranes should also be investigated to a greater degree since findings have 

sometimes been contradictory.  For example, an attempt to conduct Fourier transform infrared 

spectroscopy (FTIR) on samples aged in various environments (immersed in water at 90 
o
C, 95% 

relative humidity and 90 
o
C, and 0% RH at 90 

o
C) did not result in the appearance of the 

anhydride peak that had been reported by others.
1, 2

 At the same time, impedance spectroscopy 

confirmed that proton conductivity decreases over time during aging at elevated humidities, 

which does agree with many literature reports.  Additionally, our preliminary data suggest that 

the amount of water in Nafion
®
 (see Figure 9.1) may not be as high as prior literature reports that 
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employed simple gravimetric analysis.
3-6

  These observations suggest that temperature and 

humidity are not the only parameters that affect these materials.  Thermal history and cycling 

should also be taken into account to explain the aging of Nafion
®
-based membranes.  Despite the 

growing number of studies related to the synthesis of new, less expensive materials for PEM fuel 

cells, an exhaustive study of the aging of perfluorinated ionomer membranes ex- and in-situ 

might be still of great interest since the durability of the new membranes is still lower than 

Nafion
®
. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1: Conductivity of Nafion® 117 over time exposed to various environments. 
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Perfluorinated ionomers, such as Nafion
®
 from DuPont, Hyflon

® 
from Solvay Specialty 

Polymers (previously Solvay Solexis), or the 3M Ionomers
®
 are probably the most successful 

polymers to date for use in membranes designed for portable, stationary and automotive 

commercial applications of the PEMFC technology.
7
  Because of their excellent chemical and 

thermal stability, their perm-selectivity in ion transport, as well as a combination of performance, 

properties and reliability, the perfluorosulfonic acid (PFSA) polymers have demonstrated high 

durability in harsh conditions such as in fuel cell operating conditions.  Scientists conducting fuel 

cell research agree that radical species generated under fuel cell operating conditions are 

responsible for chemical degradation.  However, PFSA membranes have strong C-F bonds, 

which make them more resistant to attack by radicals, in comparison to hydrocarbon-based and 

partially fluorinated membranes.  Although Nafion
® 

membranes (EW~1,100 g/mole) are the 

most widely used and studied of all perfluorinated ionomers, very little information is available 

on the structure-property relationships on non-Nafion
® 

perfluorinated ionomers.  Paddison et al. 

recently demonstrated that perfluorinated ionomers with shorter side chains may be useful in 

applications requiring low humidity levels.
8
  However, Solvay Specialty Polymers developed 

new and cheaper ways to synthesize the necessary monomers for developing a perfluorinated 

ionomer with shorter side chains.
9-12

  Such advances are likely to lead to a resurgence of 

interesting in investigating the structure-property relationships for this material, since little 

information is currently available.
9, 11-20

 

Over the past two decades, researchers have focused on developing new materials for 

PEMs.
21-29

  However, only a handful of publications have demonstrated that these new materials 

have real potential for use in fuel cell applications.
28, 30-49

  These investigations have shown that 

the performance of these materials is only slightly improved compared to perfluorinated 
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ionomers.  Several investigators have measured water and proton transport properties of Nafion
®

 

using techniques such as gravimetric sorption, NMR spectroscopy, pulsed field gradient (PFG) 

NMR, and electrochemical characterization techniques.  The self-diffusion coefficient of 

methanol or water has also been determined using PFG methods,
46, 50-68

 while information about 

the sorption of water and/or methanol can be obtained from gravimetric measurements.  NMR 

spectroscopy
40,48-53,59,60,62

, in combination with sorption/extraction techniques
53, 60, 61, 67

, have 

been used to measure multicomponent sorption or the individual concentrations of methanol and 

water in perfluorinated ionomer membranes.
46, 54, 64, 65, 68

  Ren et al.
58, 59

 calculated the diffusion 

coefficient and concentration of methanol in the membrane from steady-state-limiting current 

density in a direct methanol fuel cell (DMFC) membrane.  Water and/or methanol diffusion 

coefficients in Nafion span three orders of magnitude when all measurement techniques are 

considered.  However, the self-diffusion coefficients found in the literature from PFG-NMR 

show much better agreement.  Researchers do not yet agree on the concentration dependence of 

the water or methanol diffusion coefficient.  Ren et al.
23

 found the diffusion coefficient to be 

independent of methanol concentration.  This finding agrees with Every et al.’s study
46

 where a 

permeation technique was used.  In addition, Every demonstrated an exponential relationship 

between diffusivity and methanol concentration using PFG NMR.  According to Hietala et al.
21, 

66
, the methanol diffusion trend in Nafion

®
 membranes mimics the analogous trend in bulk 

solution.  Overall, however, there are limited studies on the fundamental transport properties of 

water or methanol in Nafion
®

--and no clear consensus on transport property trends among 

various studies.  Specifically, the main contributing factors behind increased methanol flux with 

an increasing concentration of methanol solution are not clear.  Is it methanol sorption or 
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diffusion or both?  Therefore, additional fundamental investigations and new experimental 

techniques in this field would be of significant interest. 

In two recent studies, Hallinan and Elabd used attenuated total reflectance Fourier 

transform infrared spectroscopy to characterize the diffusion and sorption of methanol and water 

in Nafion
®
 membranes.

69, 70
.  Through their use of time resolved ATR-FTIR spectroscopy, they 

demonstrated that it is possible to measure the multicomponent sorption and diffusion within 

Nafion
®
 membranes in real time.  The authors placed a fully hydrated Nafion

®
 sample on an 

ATR-FTIR crystal, and dried it using a nitrogen flow through the cell. During that time, the O-H 

stretching and bending bands were monitored.  After reaching equilibrium, the flow-through cell 

was filled with deionized water and the membrane was allowed to rehydrate until a steady state 

was achieved.  From real time data collected during the hydration process, a plot of the 

normalized absorbance of the O-H stretching band versus time was made and the diffusion 

coefficient of water or methanol was calculated using the binary Fickian diffusion law, which is 

a one-dimensional continuity equation. 

 

Figure 9.2: (a) Infrared spectra of 2M methanol diffusion in hydrated Nafion
®
 (the insert shows 

the increase of the methanol C-O stretching), (b) Infrared spectra of water vapor (80% RH) 

diffusing into dry Nafion
®
 as a function of time (insert shows the increase in the O-H stretching 

and the H-O-H  bending bands) and (c) Time resolved absorbance of the O-H stretching band 

during water vapor diffusion into the Nafion
®
 membrane. 
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(Reproduced with permission from the Journal of Physical Chemistry. Part B, 111, 46, 13221 

(2007) and 113, 13, 4257 (2009). Copyright, The American Chemical Society, 2007 & 2009) 

 

The authors also demonstrated that FTIR-ATR could facilitate the characterization of 

measurements associated with multi component sorption and diffusion on the molecular level in 

real time.  Their results also showed that the main contributing factor responsible for the increase 

in the methanol diffusion coefficient comes from methanol sorption and not from an increase in 

methanol diffusion in Nafion
®
.  These two studies also demonstrated that the mutual diffusion 

coefficient of water can be measured as a function of water activity.  At low activities, non-

Fickian behavior was observed, while another type of non-Fickian behavior was observed for a 

large step in activity (0 to 100% RH). Specifically, four different transport regimes were 

observed: (1) low-humidity sorption, (2) moderate- and high humidity sorption with small 

concentration gradients, (3) high humidity sorption with large concentration gradients, and (4) 

low-humidity desorption.  The authors were also able to extract information regarding the acid 

dissociation reaction and polymer relaxation, which provides new insights into the fundamental 

transport mechanisms of water in perfluorinated ionomers.   

Similar to Hallinan, who conducted real time ATR-FTIR to study water sorption in 

Nafion
®
, time-resolved-impedance spectroscopy can be used to understand the formation of 

percolation networks during water sorption.  To date, numerous techniques have been used to 

investigate the transport properties of perfluorinated membranes, including impedance 

spectroscopy.  However, real time investigations of conductivity behavior as a function of water 

sorption and diffusion are limited.  In a preliminary study that we conducted, the proton 

conductivity of Nafion
®

 was measured using time-resolved impedance during water sorption.    

We recently conducted a brief experiment using impedance spectroscopy with a through 
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thickness set up.  The PFSI membrane (178μm) was placed between the two electrodes of a 

conductivity cell (the distance between electrode was set at 178μm), and then immersed in water. 

An AC impedance scan was run periodically until the sample reached equilibrium.  Proton 

conductivity was graphed as a function of water sorption or time, as shown in Figure 9.3; the 

data were compared with data collected on sample that was immersed in water. 

 

Figure 9.3: Through thickness proton conductivity versus time during when sample is immersed 

in deionized water at room temperature. 

 

The data shown in Figure 9.3 suggest the water channels that form during hydration of 

the membrane organize differently than when the membrane is not constrained between 

electrodes, which limits the swelling of the membrane in the through thickness direction.  The 

data were collected on more than ten samples, and all showed the same behavior.  A sustained 

increase of conductivity is achieved when the membrane is kept constrained between the two 

electrodes. It is also important to note that when the pressure of electrodes is released, and their 

distances are readjusted to the swollen membrane thickness, proton conductivity gradually 

decreases to the conductivity of a non-constrained membrane.  At the same time, samples 

immersed in water and periodically placed between electrodes show a proton conductivity value 
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that is very similar to previously reported values.
71, 72

  These observations are of significance, 

and may justify the need for further investigations of these phenomena.  Enhanced proton 

conductivity can be obtained on PFSI membranes that have been mechanically constrained.  

Thus, we envision studying water sorption and transport properties using ATR-FTIR and proton 

conductivity—combined with small-angle neutron scattering—to characterize the two different 

ionic percolation patterns that are formed when a membranes is constrained or not.  We believe 

that maintaining the membrane under compression leads to a proton percolation network that 

might be more favorable—but this need to be verified. 

Perfluorinated ionomers like Nafion
®
, and in fact like most semicrystalline polymers 

based on tetrafluorethytlene, exhibit at three, sometimes four, relaxations at temperatures below 

their melting point as seen via DMA.
7
  However, very little is known about the origins of the γ 

(orβ’) and δ relaxations in PFSI membranes.
73-77

  In the recent years, dielectric spectroscopy has 

been a powerful tool to characterize the relaxations that occur at low temperatures in fluorinated 

semicrystalline polymers.
78

  Starkweather attributed the γ relaxation in polytetrafluorethyle 

(PTFE), polytetrafluoroethylene-co-hexafluoropropylene (FEP) and polytetrafluoroethylene-co-

perfluoropropyl vinyl ether (PFA) to motions of short chain segments in the amorphous region.  

He attributed the δ relaxation in FEP and PFA to motions involving the side groups. According 

to the researcher, this relaxation belongs to the category of “non-cohesive relaxation,” which 

means that the groups responsible for this relaxation move independently from each other.  

Based on Starkweather’s findings—as well as our observations involving dynamic mechanical 

analysis discussed in Chapters 3 and 4—we have reason to believe that the two low temperature 

relaxations in Nafion
®
 might be correlated with motions involving the side chains and the ionic 

domains.  An extensive investigation of the γ (orβ’) and δ relaxations using dynamic mechanical 
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analysis and dielectric spectroscopy may help to elucidate the formation of these ionic 

percolation networks.  Using dielectric measurements obtained under variable pressures, as well 

as under various environmental conditions (relative humidity/temperature), the temperature 

dependencies of the dissipation factor should help to establish a relationship of the γ and δ 

relaxations as a function of the testing environment using an Arhenius model. . Characterizing 

these two relaxations might to clarify their roles in water and proton transport, since they are 

related to movement in the side chains.  The δ relaxation, even though is a characteristic of local 

and non-cohesive motions, is dielectrically active and might be contributing to more than a 

simple rotation of a CF3 or CF2 in the overall organization of the ionic domains. 
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