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NAFION®/PROTON EXCHANGE MEMBRANE FUEL CELL/SYNCHROTRON/ 

VACUUM ULTRAVIOLET RADIATION 

 

Nafion®, a polymer electrolyte membrane for proton exchange membrane fuel 

cells (PEMFCs), is modified by using vacuum ultraviolet (VUV) synchrotron 

radiation in an ultrahigh vacuum (UHV) chamber. From the photo-degradation of 

Nafion which is generated in different weather conditions, the performance of the 

PEMFC using the degraded Nafion exhibits worthless in either fuel cell durability or 

proton conductivity. In the VUV irradiations, the degraded membranes are exposed to 

the monochromatic photon beam of 100 eV from synchrotron radiation with various 

photon fluences covering the threshold fluence. The threshold fluence is determined 

by the mathematical model based on small angle X-ray and neutron scattering 

(SAXS/SANS). The irradiated membranes are then constructed technically by using 

hot-pressing processes subject to membrane electrode assembly (MEA) to measure 

the fuel cell performance in terms of current-voltage measurements. The relatively 

improvement of the fuel cell performance with the different VUV fluences indicates 

the modifications of the degraded membranes after irradiations. Moreover, several 

characterization techniques are applied to verify the structural evolution of Nafion 

upon the VUV irradiations, in comparison with the Ar+ sputtering and the 
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polychromatic synchrotron irradiations, such as mass spectrometry, small angle X-ray 

scattering and photoemission spectroscopy (PES). The surface modifications upon the 

VUV irradiations are identified. The major modifications are the removal of the 

fluorine and/or oxygen-containing functionalities from the photo-degradation 

mechanism, such as C-O, C=O or COOH, and the development of the surface 

metallicity of Nafion. Our characterization results agree very well with the density 

functional theory (DFT) computational calculations and directly relate to the 

improvement of the proton exchange membrane fuel cell performance. Our surface 

modification technique can be applied for further surface cleaning methods beyond 

ordinary cleaning methods of the chemical cleanse for the degraded Nafion. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Introduction of Energy Sources 

The world’s energy consumption is rapidly growing, while the worldwide 

energy sources are limited. At the same time, inevitably increases in the energy 

demand related to per capita consumption in all nations leads to more environmental 

impacts, i.e., air pollution, global climate change, and emission of green house gases. 

In 2010, the green house gases are continuously increased not only in the developed 

countries but also in the developing countries. Surprisingly, the shared green house 

gases releasing from Thailand is ~ 1% or is the 23th most gas releasing country in the 

world (Rogers and Evans, 2011). Searching for alternative energy sources with an 

environment-friendly technology that will replace gasoline as the main product of 

crude oil is the most critical challenges in near future. We are entering to the new 

energy revolution based on the hydrogen fuel, namely "Energy Revolution". To this 

day, there are many available energy supplies for our demand such as wind, 

geothermal, water, sun, nuclear and fossil fuel. However, they have some drawback 

for applications due to the different in the topography and climate in each region. The 

wind power, for example, requests the different in the climate of each area. The 

steady change in the temperature is an essential requirement to make the energy. 

Therefore, it has been scantly used in Europe such as Germany, Spain, France, 

Portugal, UK, Italy and Denmark (World Wide Energy Association, 2011).  
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For the geothermal energy, which can be extracted from heat in the deep earth, 

the environmental impact must be taken into consideration. Using the geothermal has 

been limited in some developed countries because the poisoning ores, such as sulfur 

in the form of hydrogen sulfide, spread out on the ground and possibly dissolve in 

water to form an acid have an effect on the ecology and the agriculture products 

(Hancock and Skinner, 2000). For using the energy from water, widespread 

application is the hydropower plant. The application can be achieved by converting 

mechanical energy into electricity. Most countries include Thailand construct dams to 

generate the electric power, which requires the commodious area supply for 

management. This trouble has led to the global change in the forest and the severe 

affect to the animals and plants (Cave, 1998). Furthermore, with the combination of 

the global warming, the volume of water available for the hydropower plant may 

inadequate in the future when the consumable water and also the electric energy are 

simultaneously increased (World Wind Energy Association, 2011).  

One of the alternative power sources is thus the biodiesel or biogases from 

wastrels because of its low operating cost for built up electricity. However, their 

manufacturing process involves the generation of the hydrocarbon species. This 

hydrocarbon is the main component that accelerates the global warming (Koven, et 

al., 2011). Moreover, the biodiesel productions use oil from the crops such as palm, 

chaff and bean. Using this energy source consequently suffers from an inadequate 

agriculture product for foods (Dong, 2007). Another drawback of the biodiesel and 

biogas is the energy consumption of the production. Because the biofuel processes 

consume much of energy (e.g., mass transportation). It requires further development 

in terms of output-per-input energy consumptions.  
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Figure 1.2 Capital costs / megawatt in millions of dollars (Gold, 2011). 

 
Even though the nuclear power plants generate high energy density and lower 

the capital cost (shown in Figure 1.2) which is the essential requirement for many 

industrial sectors, the preparation of the nuclear fuel terribly affects the environments 

as expected. Because the ionizing particles liberated from the nuclear source are the 

harmful activity to the living organisms, extracting the electricity from the nuclear 

power as well as their by-product management have meticulously been considered. In 

fact, it is always difficult either to remove the leaked radioactive, or to purify the 

environment (U.S. Nuclear Regulatory Commission, 2011).  

Presently, the high regularity Fukushima nuclear power plants in Japan suffer 

from an excessive earthquake (9.0 ML) near the east of Honshu and followed by a 

massive Tsunami. Until now, the electric power is closed but the emphatic problem is 

to remove the nuclear radioactive (i.e., iodine 131) from the exploded plants (shown 

in Figure 1.3). At that time, many food products contaminated with radioactive 

materials have temporally been banded in China, South Korea and Taiwan.  
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Figure 1.3 Fukushima nuclear power plants explosion (Daily Kos, 2011). 

 

 

Figure 1.4 Worldwide energy consumption in 2010 (BP P.L.C, 2011). 

From these serious problems, the requirement of energy source has been 

turned back to the global energy resource provided by the simple fossil fuels such as 

crude oil and natural gas.  
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This energy crisis is one of the most concerning problems and directly affects 

our life style in near future. For instance, this unexpectedly price encourages the 

scientific researches to develop alternative energy sources. The number of the 

researches and developments in this purpose has been potentially increased.  

Among the energy sources researches this day, electricity extracted from the 

electrochemical reaction of the fuel cell is expected to be a superior energy source 

because of its high energy conversion, efficiency and low pollution. It is well known 

that the energy density of fuel cell is higher than the energy density generated by the 

combustion engines because fuel cells produce electricity directly from chemical 

energy. Fuel cells are also known to be the hydrogen technology that uses hydrogen 

as a fuel. In addition, hydrogen is the modern technology used for the energy 

revolution in near future. But the chronicle of hydrogen begins with the Big Bang 

theory of universe creation 15 billion years ago, when hydrogen atoms were first 

formed. Up to date, the hydrogen content in our life is increased especially in the fuel 

cells applications. And also the fuel cell application needs hydrogen. 

 

1.2 Introduction to Fuel Cell Technology 

Fuel cell is an electrochemical device that converts chemical energy from a 

fuel into electric energy. Without any harmful emissions, fuel cell is therefore an 

extremely environmentally friendly device. Unlike batteries operation, fuel cells use 

an external fuel such as hydrogen and external oxidant such as oxygen or air to 

support the operation. This advantage allows the continuous operation as long as the 

fuel and oxidant are supplied. Presently, there are many fuel cell researches and 

development for transportation, power plant and portable electronic devices.  
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Figure 1.6 First demonstration of a fuel cell by Grove in 1839 (Barbir, 2005). 

 
The first fuel cell was established by an English scientist named Sir William 

Robert Grove in 1839. Grove’s simple fuel cell consists of two rods of platinum 

electrode placed within the hydrogen and oxygen gas tubes submerging in a bath of 

dilute sulfuric acid electrolyte solution and connected with the external load as shown 

in Figure 1.6. This reverse water electrolysis reaction generates voltage of about 1V. 

Up to date, fuel cells have been continuously developed.  

Fuel cell is classified into five types based on the type of electrolyte they use, 

1. Polymer electrolyte membrane fuel cells (PEMFC) 

2. Alkaline fuel cells (AFC) 

3. Phosphoric acid fuel cells (PAFC) 

4. Molten carbonate fuel cells (MCFC) 

5. Solid oxide fuel cells (SOFC). 

In general, the fuel cells can be classified in terms of their operating 

temperature. The first three types are low temperature and the last two types are high 

temperature fuel cells. The description of fuel cell types are shown in Table 1.1.  
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Table 1.1 Classification of fuel cells. 

Fuel 

cell 

types 

Operating 

temperature 

(°C) 

Efficiency 

(%) 

Suitable applications 

Domestic 

power 

Small 

scale 

power 

Large scale 

cogeneration 

Trans-

port 

AFC 50-90 50-70 √ √ X √ 

PEMFC 50-120 40-50 √ √ X √ 

PAFC 175-220 40-45 X √ X X 

MCFC 600-650 50-60 X √ √ X 

SOFC 800-1000 50-60 √ √ √ X 

 

1.2.1 Polymer electrolyte membrane fuel cells 

Polymer electrolyte membrane (or proton exchange membrane) fuel cells 

(PEMFCs) have initially been established by General electric for the Gemini space 

mission during the mid 1960s. The electrolyte membranes are based on polystyrene 

sulfonic acid (PSSA). At that time, the PEMFCs suffered from the high operating cost 

due to the essentials of more platinum catalyst and membranes. The fuel cells were 

then noticeably developed until now. The platinum catalyst has been reduced from 28 

mg/cm2 to 0.2 mg/cm2 while maintaining current densities. Nevertheless, the 

breakthrough of the fuel cells technology is in virtue of the discovery of the 

perfluoropolymer namely Nafion by DuPontTM. The details of this polymer will be 

discussed in Chapter III. 
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Figure 1.7 Summarized fuel cell applications. 

 
The PEMFCs have been widely used as the electric power source for the 

vehicle and the small combined heat and power (CHP) systems because of the low 

operating temperature.  

1.2.2 Fuel cell applications 

As fossil fuels are running out, hydrogen is being the superlative world’s fuel. 

Due to its high efficiency and low emission, fuel cell is the future energy generator. 

The advantages of fuel cells impact particularly strongly on combined heat and power 

(CHP) and on mobile power systems, especially for vehicles and electronic 

equipments such as portable computers, mobile telephones. The portable and 

automobile applications are the major scientific fields in which fuel cells are used. 

Figure 1.7 summarizes the fuel cell applications.  
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1.3 Scope and Limitations of the Study 

This thesis focuses on the surface modification of the Nafion membrane, 

which is used in the PEMFCs, from the photo-degradation mechanism. It has been 

generally accepted that most of polymers can undergo photo-degradation in different 

weather conditions. Exposure the membrane to direct sun light in the surrounding of 

air for a long period of time inevitably results in the acceleration of the degradation.  

Using the degraded membrane leads to the lowering in the PEMFC 

performance and also the fuel cell failure. The membrane deterioration is one of major 

fuel cell problems, either in terms of performance or in terms of durability. Due to the 

high cost of new membrane, the modification of the degraded membrane is therefore 

an alternative way to solve this problem. Based on the assumption of that if light 

causes the membrane degradation, the membrane should also be modified by the same 

type of light. More specifically, the light used for the membrane modification is the 

high intensity of the vacuum ultraviolet (VUV) radiations from the synchrotron 

radiation. Various photon doses irradiate on the surface of the degraded membrane, 

which contain the existence of some contaminations or residuals, in an ultrahigh 

vacuum (UHV) system. It is expected that the surface structure of the irradiated 

membranes would be modified upon the VUV irradiation doses.  

The performance of the PEMFC using these irradiated membranes has 

subsequently been verified by the PEMFC performance tests in term of the 

polarization curves. These structural changes have also been investigated by 

photoemission spectroscopy (PES), atomic force microscopy (AFM), mass 

spectrometry and small angle X-ray scattering (SAXS).  
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Due to the low performance of the PEMFC using the degraded membrane 

compared with the fresh membrane, the performance of the VUV recovered 

membrane is suppose to be inferior to that of the fresh Nafion membrane. However, 

the relative improvement of their performance and also the dynamical changes at their 

surface has been succeeded. These investigations suggest an avenue for direct 

experimental test of the degraded Nafion membrane after VUV irradiations. 

 

.



 

 

 

 

 

 

 

 

CHAPTER II 

PROTON EXCHANGE MEMBRANE FUEL CELLS 

 

2.1 Basic Principle of PEMFCs 

Among the various types of fuel cells, the proton exchange membrane fuel cell 

is the most preferable choice as the electric power source for transportations and small 

electric devices because of their essential simplicity, quick start-up and ambient 

temperature operations. The PEMFCs also exhibit high-operational efficiencies unlike 

internal combustion engines, in which the efficiency is limited by the Carnot’s law.  

The electrolyte of PEMFCs is a solid polymer that allows transportation of 

protons and resists the electrons to pass though. Using a solid and immobile 

electrolyte makes the fuel cell simple and offers the advantage of low weight and 

volume, compared to other type of fuel cells. PEMFCs operate at a temperature of 

80ºC and only require hydrogen, oxygen and water to function.  

A schematic diagram of a PEMFC is shown in Figure 2.1. A significant 

component of this type of fuel cell is the membrane electrode assembly (MEA) that 

composed of a thin (typically 50-200 µm) cation (proton) exchange membrane 

(usually hydrated to promote proton transport) with precious metal catalyst (typically 

platinum) electrodes pressed directly onto the opposing membrane surface.  

Adjacent to the electrodes are carbon fiber paper or carbon cloth gas diffusion 

layers (GDLs), which assist in distributing gas to the catalyst and removing products 

from the electrodes (e.g., water from the air cathode).  
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Figure 2.1 PEMFC components. (Ismail, Naim and Zubir, 2009). 

 

Additionally, the combination of the carbon cloth gas diffusion layer and the 

active catalyst layer is called the gas diffusion electrodes (GDEs) (Francisco, Cabot 

and Brillas, 2007). By sandwiching the polymer electrolyte membrane with the GDEs, 

the MEA is fabricated. The MEA is then connected with two graphite flow-field 

plates and two collector plates. This complete single PEMFC is connected with the 

gas-flow systems and external electronic loader. At the interface between anode and 

the electrolyte, the fuel is converted into proton (H+) and electron (e-), a process 

which is made possible by a catalyst that is typically Pt-based.  

Polymer electrolyte membrane allows protons to flow through, but prevents 

electrons from passing through. Electrons travel to the cathode via an external circuit 

producing electrical current and H+-ions (proton) pass through the membrane from 

anode to cathode, where they combine with oxygen molecules and electrons to form 

water. The basic fuel cell reactions taking place in a PEMFC are 
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At the anode:   H� � 2H� � 2e�    (2.1) 

At the cathode:  
�� O� � 2H� � 2e� � H�O   (2.2) 

Overall:   H� � �� O� � H�O.    (2.3) 

 

2.2 Fuel Cell Components 

Fuel cells generate electricity from hydrogen and oxygen without any harmful 

emissions and therefore in an extremely environmentally friendly way. As described 

earlier, the heart of a fuel cell is a polymer, proton-conductive membrane. The surface 

of the membrane is connected electrically with porous electrodes. The reactant gases 

are fed from the back and must reach the interface between the porous electrodes and 

the membrane, where the electrochemical reactions take place at the catalyst layers, or 

more precisely, on the catalyst surface. A proton exchange membrane is placed at the 

center of the PEMFC. Hydrogen fed to the anode side ionizes into protons and 

electrons at the catalyst. The protons pass the catalyst layer, while the electrons 

remaining behind give a negative charge to the hydrogen-side electrode. During the 

proton migration, a voltage difference builds up between the electrodes. When they 

are connected, the potential difference produces a direct current that can drive an 

engine.  

Finally, the protons recombine with the electrons and oxygen into water at the 

cathode. Besides the produced electric energy, the only by-product is water. 

Additionally, heat is produced by the electrochemical reactions and the contact 

resistances in the fuel cell, which can be used for space or service water heating.  
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2.2.1 Electrode 

A fuel cell electrode is a thin catalyst layer pressed between the ionomer 

membrane and porous, electrically conductive substrate. It is the layer where the 

electrochemical reactions take place.  

More precisely, the electrochemical reactions take place on the catalyst 

surface. There are three kinds of species that participate in the electrochemical 

reactions, namely gases, electrons and protons. Thus, the reactions occur on a portion 

of the catalyst surface where all three species have access. Electrons travel through 

electrically conductive solids, including the catalyst itself, but it is important that the 

catalyst particles are electrically connected to the substrate. Protons travel through 

membrane; therefore the catalyst must be contact with the membrane. And finally, the 

reactant gases travel only through voids; therefore the electrode must be porous to 

allow gases to travel to the reaction sites. At the same time, product water must be 

removed; otherwise the electrode would be flooded and prevent oxygen access.  

As shown graphically in Figure 2.2a, the reactions take place at the three-

phase boundary, which compose of ionomer, solid, and void phases. However, this 

boundary has an infinitesimally small area (essentially it is a line not an area) that 

would result in infinitely large current densities. Practically, due to the gas permeation 

through the polymer, the reaction zone is larger than a single three-phase boundary 

line. The reaction zone can be enhanced either by "roughening’’ the membrane 

surface, or by incorporating ionomer in the catalyst layer (as shown in Figure 2.2b). In 

an extreme case, the entire catalyst surface may be covered by a thin ionomer layer 

(Figure 2.2c), except for some allowance for electrical contacts.  
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Figure 2.2 Graphical representations of the reaction sites (Barbir, 2005). 

 

Obviously, the ratios between the catalyst area which covered by ionomer to 

catalyst area opened to void to catalyst area contacting other catalyst particles or 

electrically conductive support must be optimized. The most common catalyst in PEM 

fuel cells for both oxygen reduction and hydrogen oxidation reactions is platinum. In 

the early days of PEMFC development, large amounts of Pt catalyst were used (up to 

28mg/cm2). In the late 1990s, with the use of supported catalyst structure, the catalyst 

was reduced to 0.3-0.4 mg/cm2. It is the catalyst surface area that matters, not the 

weight, so it is important to have small platinum particles (4 nm or smaller) with large 

surface area finely dispersed on the surface of catalyst support. 

2.2.2 Membrane 

The membrane has two functions. Firstly, it acts as an electrolyte that provides 

ionic conduction between the anode and the cathode but is an electronic insulator. 

Secondly, it serves as a separator for the two-reactant gases. Solid polymer 

membranes used in PEMFC are simpler, more reliable and easier to maintain than 

other membrane types (Ismail, Naim and Zubir, 2009). The fuel cell must operate 

under conditions in which the by-product water does not evaporate faster than it is 

produced, because the membrane must be hydrated.  
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Figure 2.3 Chemical structure of Nafion® (Mecadi.com, www). 

 

Dehydration of the membrane reduces proton conductivity. On the other hand, 

excess of water can lead to flooding of the electrodes. 

Typically, the membranes for PEMFCs are made of perfluorocarbon-sulfonic 

acid ionomer (PSA). This is essentially a copolymer of tetrafluorethylene (TFE) and 

various perfluorosulfonate monomers. The best-known membrane material is Nafion® 

made by DuPont, which uses perfluoro-sulfonylfluoride ethyl-propyl-vinyl ether 

(PSEPVE) as shown in Figure 2.3. Similar materials have also been developed and 

sold as either a commercial or development product by other manufacturers such as 

Asahi Glass (Flemion), Asahi Chemical (Aciplex), Chlorine Engineers (’’C" 

membrane), and Dow Chemical. W.L. Gore and Associates have developed a 

composite membrane made up of a Teflon-like component providing mechanical 

strength and dimensional stability and a perfluorosulfonic acid component providing 

proton conductivity. 
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2.3 Fuel Cell Thermodynamics 

Because a fuel cell is an energy convertor, the thermodynamics of the fuel 

cell, such as energy transfer, effect of temperature and efficiency, play an important 

role as well as the fuel cell electrochemistry.  

The following subsections provide basic principle of the fuel cells 

thermodynamics, which gives the potential for reaction. 

2.3.1 Heat of reaction 

The overall reaction described in Equation (2.3) is similar to the hydrogen 

combustion reaction. Combustion is an exothermic process, which means that there is 

energy released in the process. The reaction can be expressed as 

H� � 12 O� � H�O � heat.                                              (2.4)  
The heat (or enthalpy) of a chemical reaction is the difference between the 

heats of formation of products and reactants.  

∆H � �h����� � �h���� � 12 �h���� .                                    (2.5) 

Note that �h�� is the heat of formation. In liquid water (at 25ºC), �h����� is -

286 kJ/mol. And heat of formation of elements is by definition equal to zero. 

Therefore, at 25ºC and atmospheric pressure, the enthalpy is 

∆H � �286 kJ/mol.     (2.6) 

Note that the negative sign for enthalpy of a chemical reaction, by convention, 

means that heat is being released in the reaction, this is an exothermic reaction. 

Equation (2.4) may now be rewritten as  

H� � �� O� � H�O�l� � 286 kJ/mol.    (2.7) 
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A positive sign is used because the enthalpy is placed on the right side of the 

reaction, clearly meaning a product of the reaction. This equation is valid at 25°C 

only, meaning that both the reactant gases and the product water are at 25°C, where 

the water in the atmospheric pressure is in liquid form. The enthalpy of hydrogen 

combustion reaction in Equation (2.6) is also called the hydrogen’s heating value, 

which is the amount of heat that may be generated by a complete combustion of 1 mol 

of hydrogen. However, if hydrogen is combusted with sufficient excess of oxygen (or 

air) and allowed to cool down to 25°C, the product water will be in the form of vapor 

mixed with unburned oxygen and/or nitrogen in case that air was used. The 

measurement should show that less heat was released, exactly 241 kJ. This is known 

as hydrogen’s lower heating value (Barbia, 2005) 

H� � �� O� � H�O�g� � 241 kJ/mol.    (2.8) 

2.3.3 Theoretical electrical work 

Hydrogen heating value is used as a measure of energy input in a fuel cell. 

This is the maximum amount of (thermal) energy that may be extracted from 

hydrogen. However, in every chemical reaction some entropy is produced, not all of 

the hydrogen’s higher heating value can be converted into useful work-electricity. A 

portion of the reaction enthalpy (or hydrogen’s higher heating value) that can be 

converted to electricity in a fuel cell corresponds to Gibbs free energy and is given by 

the following equation:  

∆G � ∆H � T∆S.    (2.9) 

Note that ∆S is the difference between entropies of products and reactants: 

∆S � �s����� � �s���� � 12 �s���� .                            (2.10) 
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Table 2.1 Enthalpies and entropies of formation for fuel cell reactants and 

products. 

 hf (kJ/mol) sf (kJ/mol·K) 

Hydrogen, H2 0 0.13066 

Oxygen, O2 0 0.20517 

Water (liquid), H2O (l) -286.02 0.06996 

Water (vapor), H2O (g) -241.98 0.18884 

 

The values of h�  and s�  for reaction reactants and products at atmospheric 

pressure and 25°C are shown in Table 2.1. Therefore, at 25°C, out of 286.02 kJ/mol 

of available energy, 237.34 kJ/mol can be converted into electrical energy and the 

remaining 48.68 kJ/mol is converted into heat. 

2.3.4 Theoretical fuel cell potential 

According to the definition of electrical work:  

W,- � qE,              (2.11) 

where  

W,- = electrical work (J/mol) 

q = charge (Coulomb/mol) 

E= electric potential (Volt). 

The total charge transferred in a fuel cell reaction per mol of H2 consumption 

is equal to: 

q � nN2q,-     (2.12) 

where 
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n = number of electrons per molecule of H2 = 2 electrons per molecule 

N2  = number of molecule per mol (Avogadro’s number = 6.022	1023  
molecules/mol) 

q,- = charge of 1 electron (= 1.6	10-19 Coulombs/electron) 

The product of Avogadro’s number and charge of 1 electron is known as 

Faraday’s constant: 

F � 96,485 Coulombs/electron·mol.       (2.13) 

Electrical work is therefore: 

W,- � nFE.     (2.14) 

The maximum amount of electrical energy generated in a fuel cell corresponds 

to Gibbs free energy, ∆G: 

W,- � �∆G.     (2.15) 

The theoretical potential of fuel cell is then: 

E � ∆G∆H � 237340 J/mol2	96,485 A s/mol � 1.23 V.                         (2.16) 

Consequently, at 25°C, the theoretical PEMFC potential is equal to 1.23 V, 

which is the maximum potential of the fuel cell. 

 

2.4 Fuel Cell Electrochemistry 

The heart of the fuel cell operation is the fuel cell electrochemistry that has  

generated on the anode and the cathode. More precisely, the electrochemical reactions 

occur on an interface between the ionically conductive electrolyte and electrically 

conductive electrode. 
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2.4.1 Reaction rate 

Electrochemical reactions involve both a transfer of electrical charge and a 

change in Gibbs energy. The rate of an electrochemical reaction is determined by an 

activation energy barrier that the charge must overcome in moving from electrolyte to 

a solid electrode or vice versa. The speed at which an electrochemical reaction 

proceeds on the electrode surface is the rate at which the electrons are released or 

consumed, which is the electrical current. Current density is the current (of electrons 

or ions) per unit area of the surface. From Faraday’s law, it follows that current 

density is proportional to the charge transferred and the consumption of reactant per 

unit area: 

i � nFj             (2.17) 

where nF is the charge transferred (Coulombs/mol) and j is the flux of reactant per 

unit area (mol/s cm2). 

The reaction rate can easily be measured by a current-measuring device placed 

external to the cell. However, the measured current or current density is actually the 

net current, that is, the difference between forward and reverse current on the 

electrode. In general, an electrochemical reaction involves either oxidation or 

reduction of the species: 

Red � Ox � ne�    (2.18) 

Ox � ne� � Red.    (2.19) 

On an electrode at equilibrium conditions, when no external current is being 

generated, both processes, oxidation and reduction, occur at equal rates: 

Ox � ne� C Red.    (2.20) 
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The consumption of the reactant species is proportional to their surface 

concentration. For the forward reaction of Equation (2.20), the flux is defined as 

j� � k�C�E     (2.21) 

where  

k� is forward reaction (reduction) rate coefficient, and 

C�E is surface concentration of the reacting species 

Equivalently, for the backward reaction of Equation (2.20), the flux is: 

jF � kFCGH     (2.22) 

where 

kF = backward reaction (reduction) rate coefficient, and 

CGH = surface concentration of reacting species. 

These reactions either releases or consumes electrons. The net current 

generation is the difference between the electrons released and consumed: 

i � nF�k�C�E � kFCGH�.    (2.23) 

At equilibrium, the net current is equal to zero, although the reaction proceeds 

in both directions simultaneously. The rate at which these reactions proceed at 

equilibrium is called the "exchange current density". 

2.4.2 Reaction constants and transfer coefficient 

From the transition state theory (Atkins, 1998), the reaction rate coefficient for 

an electrochemical reaction can be expressed as a function of the Gibbs free energy: 

k � kITh exp K�∆GRT L ,                                                  (2.24) 

where kI = Boltzmann’s constant and h = Planck’s constant. 
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Generally, the Gibbs free energy for electrochemical reactions consists of both 

chemical and electrical terms. In that case, for a reduction reaction: 

∆G � ∆GMN � αGHFE,     (2.25) 

and for oxidation reaction: 

∆G � ∆GMN � α�EFE.     (2.26) 

The subscript "ch" denotes the chemical component of the Gibbs free energy, 

α is a transfer coefficient, F is the Faraday’s constant, and E is the potential. The 

forward (reduction) and backward (oxidation) reaction rate coefficients in Equation 

(2.23) can be expressed, respectively: 

k� � kQ,�exp R�αGHFERT S                                                (2.27) 

kF � kQ,Fexp Rα�EFERT S .                                                (2.28) 

2.4.3 Current potential relationship—Butler-Volmer equation 

By introducing into Equation (2.23) the net current, density is obtained: 

i � nF TkQ,�C�Eexp R�∆αGHFERT S � kQ,FCGHexp Rα�EFERT SU .                  (2.29) 

At equilibrium, the potential is referred to EV, and the net current is equal to 

zero, although the reaction proceeds in both directions simultaneously. The exchange 

current density is then  

iQ � nFkQ,�C�Eexp R�αGHFEVRT S � nFkQ,FCGHexp Rα�EFEVRT S .                 (2.30) 

By combining the Equations (2.29) and (2.30), a relation between the current 

density and potential is obtained 

i � iQ Wexp X�αGHF�E � EV�RT Y � exp Xα�EF�E � EV�RT YZ .                  (2.31) 
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This is known as the Butler-Volmer equation, where EV  is equilibrium (or 

reversible) potential. Note that the equilibrium potential at the fuel cell anode is 0 V 

by definition (Bockris and Srinivasan, 1969), and the equilibrium potential at the fuel 

cell cathode is 1.229 V and it does vary with temperature and pressure. The difference 

between the electrode potential and the equilibrium potential is called "overpotential". 

It is also the potential difference required to generate current.  

Generally, the Butler-Volmer Equation is valid for both anode and cathode 

reaction in a fuel cell: 

i[ � iQ,[ Wexp X�αGH,[F\E[ � EV,[]RT Y � exp Xα�E,[F\E[ � EV,[]RT YZ           (2.32) 

and 

iM � iQ,M Wexp X�αGH,MF\EM � EV,M]RT Y � exp Xα�E,MF\EM � EV,M]RT YZ .          (2.33) 

The overpotential on the anode is positive (E[ ^ EV,[) which makes the first 

term of the Equation (2.32) negligible in comparison with the second term, that is, the 

oxidation current is predominant and the equation may be reduced to: 

i[ � �iQ,[exp Xα�E,[F\E[ � EV,[]RT Y .                                    (2.34) 

Note that the resulting current has a negative sign, which denotes that the 

electrons are leaving the electrode (net oxidation reaction).  

Similarly, the overpotential on the cathode is negative (EM _ EV,M ), which 

makes the first term of the Equation (2.33) much larger than the second term. 

Therefore, the reduction current is predominant and the equation may be reduced to: 

iM � iQ,Mexp X�αGH,MF\EM � EV,M]RT Y .                                  (2.35) 
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2.4.4 Voltage losses 

If a fuel cell is supplied with reactant gases, but the electrical circuit is not 

closed (show in Figure 2.4a), it will not generate any current, and one would except 

the cell potential to be at, or at least close to, the theoretical cell potential for given 

conditions (temperature, pressure, and concentration of reactants). However, in 

practice this potential, called the open circuit potential or open circuit voltage (OCV), 

is significantly lower than the theoretical potential. This suggests that there are some 

losses in the fuel cell even when no external current is generated. When the electrical 

circuit is closed with a load (such as a resistor) in it, as shown in Figure 2.4b, the 

potential is expected to drop even further as a function of current being generated, due 

to unavoidable losses. Thus, there are different kinds of voltage losses in a fuel cell 

which are offered by the following factors, for example 

1. kinetics of the electrochemical reactions 

2. internal electrical and ionic resistance 

3. difficulties in getting the reactants to reaction sites 

4. internal  currents 

5. crossover of reactants 

Note that, although mechanical and electrical engineers prefer to use voltage 

losses, electrochemical researchers use terms such as polarization or over potential. 

They all have the same physical meaning-difference between the electrode potential 

and the equilibrium potential. From the electrochemistry point of view, this difference 

is the driver for the reaction, and from a mechanical or electrical engineer’s point of 

view, this represents the loss of voltage and power. 



 

 

 

 

 

 

 

 

 28 

Figure 2.4 Fuel cell with a load: (a) load disconnected; (b) load connected. 

 

2.4.4.1 Activation polarization 

Some voltage difference from equilibrium is needed to get the 

electrochemical reaction going, as shown previously in Equation (2.31). This is called 

activation polarization, and it is associated with sluggish electrode kinetics. The 

higher the exchange current density results in the lower the activation polarization 

losses. These losses happen at both anode and cathode, however, oxygen reduction 

requires much higher over potentials, and it is a much slower reaction than hydrogen 

oxidation. 

At relatively high negative over potentials (i.e., potentials lower than the 

equilibrium potential), such as those at the fuel cell cathode, the first term in the 

Butler-Volmer equation becomes predominant, which allows for expression of 

potential as a function of current density. 

∆V[M`,M � EV,M � EM � RTαMF ln a iiQ,Mb .                                    (2.36) 
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Similarly, at the anode at positive over potentials (i.e., higher than the 

equilibrium potential) the second term in the Butler-Volmer equation becomes 

predominant: 

∆V[M`,[ � E[ � EV,[ � RTα[F ln a iiQ,[b .                                   (2.37) 

In electrochemistry, the reversible potential of the hydrogen oxidation 

reaction is zero at all temperatures (Bard and Faulkner, 1980).The standard hydrogen 

electrode is then used as a reference electrode. Therefore, for hydrogen anodes 

EV,[ � 0  V. Activation polarization of the hydrogen oxidation reaction is much 

smaller than activation polarization of the oxygen reduction reaction. 

A simplified way to show the activation losses is to use the so-called "Tafel 

equation" expressed as 

∆V[M` � a � blog�i�,                                                   (2.38) 

where 

a � �2.3
Gef� log�iQ� , and b � 2.3

Gef�. 

Term b is called the Tafel slope. Note that at any given temperature the 

Tafel slope depends solely on transfer coefficient, α. If these activation polarizations 

were the only losses in a fuel cell, the cell potential would be: 

EM,-- � EM � E[ � EV � ∆V[M`,M � ∆V[M`,[                              (2.39) 

EM,-- � EV � RTαMF ln a iiQ,Mb � RTα[F ln a iiQ,[b .                          (2.40) 

If anode polarization is neglected, the previous equation becomes: 

EM,-- � EV � RTαF ln K iiQL ,                                         (2.41) 

which is the same form as the Tafel Equation (2.38). 
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2.4.4.2 Internal currents and crossover losses 

Although the electrolyte is not electrically conductive and is practically 

impermeable to reactant gases, some small amount of hydrogen will diffuse from 

anode to cathode, and some electrons may also find a ’’shortcut" through the 

membranes. Because each hydrogen molecule contains two electrons, this fuel 

crossover and the so-called internal currents are essentially equivalent. Each hydrogen 

molecule that diffuses through the polymer electrolyte membrane and reacts with 

oxygen on the cathode side of the fuel cell results in two fewer electrons in the 

generated current of electrons that travels through an external circuit.  

These losses may appear insignificant in fuel cell operation, because the 

rate of hydrogen permeation or electron crossover is several orders of magnitude 

lower than hydrogen consumption rate or total electrical current generated. However, 

when the fuel cell is at open circuit potential or when it operates at very low current 

densities, these losses may have a dramatic effect on cell potential. The total electrical 

current is the sum of external current and current losses due to fuel crossover and 

internal currents. The total current can be expressed in term of current density (i, 
current/unit area): 

i � i,E` � i-ghh                                                         (2.42) 

If this total current density is used in the equation that approximates the cell 

potential (Equation (2.42)), the following equation results: 

EM,-- � EV � RTαF ln Ki,E` � i-ghhiQ L .                                     (2.43) 
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Therefore, even if the external current is equal to zero, such as at open 

circuit, the cell voltage may be significantly lower than the reversible cell potential for 

given conditions. Indeed, open circuit potential of PEMFCs is typically below 1 V 

(depending on operating pressure). 

EM,--,�ij � EV � RTαF ln Ki-ghhiQ L  .                                      (2.44) 

2.4.4.3 Ohmic (resistive) losses 

Ohmic losses occur due to the resistance of the ions in the electrolyte and 

resistance of electrons through the electrically conductive fuel cell components. These 

losses can be expressed by Ohm’s law: 

∆VgNk � iRl                                                        (2.45) 

Where i = current density and Rl = total cell internal resistance (which includes ionic, 

electronic, and contact resistance, Ω·cm2 

Rl � Rl � Rl,, � Rl,M                                                   (2.46) 

Electronic resistance is almost negligible, even when graphite or 

graphite/polymer composites are used as current collectors. Ionic and contact 

resistances are approximately of the same order of magnitude (Barbir, Braun and 

Neutzler, 1999). Typical values for Rl are 0.1-0.2 Ω·cm2.  

2.4.4.4 Concentration polarization 

Concentration polarization occurs when a reactant is rapidly consumed at 

the electrode by the electrochemical reaction so that concentration gradients are 

established. Accordingly, the electrochemical reaction potential changes with partial 

pressure of the reactants, and this relationship is given by the Nernst equation: 
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∆V � RTnF ln KCICmL ,                                                     (2.47) 

where 

CI = bulk concentration of reactant, mol/cmn 

Cm = concentration at the surface of the catalyst, mol/cmn 

According to Fick’s Law, the flux of reactant is proportional to 

concentration gradient: 

N � D · �CI � Cm�δ  A.                                             (2.48) 

where                 N = flux of reactants, mol/s 

D = diffusion coefficient of the reacting species, cm2/s 

A = electrode active area, cm2 

δ = diffusion distance, cm 

In steady state, the rate at which the reactant species is consumed in the 

electrochemical reaction is equal to the diffusion flux (Equation (2.17)): 

N � inF .                                                              (2.49) 

By combining Equations (2.48) and (2.49), the following relationship is 

obtained: 

i � nF · D · �CI � Cm�δ .                                             (2.50) 

The reactant concentration at the catalyst surface thus depends on current 

density-the higher the current density, the lower the surface concentration. The 

surface concentration reaches zero when the rate of consumption exceeds the 

diffusion rate-the reactant is consumed faster than it can reach the surface. Current 

density at which this happens is called the limiting current density.  



 

 

 

 

 

 

 

 

 33 

A fuel cell cannot produce more than the limiting current because there are 

no reactants at the catalyst surface. Therefore, for Ch  = 0, i  = ir  and the limiting 

current density is then: 

ir � nFDCIδ .                                                         (2.51) 

By combining Equations (2.47), (2.50), and (2.51), a relationship for 

voltage loss due to concentration polarization is obtained: 

∆VMgsM � RTnF ln K irir � iL .                                           (2.52) 

Additionally, an empirical equation better describes the polarization loss 

was expressed as (Kim, Srinivasan and Chamberlain, 1995): 

∆VMgsh � c · exp K idL                                                  (2.53) 

where c and d are empirical coefficients (values of c = 3	10-5 V and d = 0.125 A/cm2 

have been suggested (Larminie and Dicks, 2003). 

2.4.5 Cell potential-polarization curve 

Figure 2.5 summarizes the proportions between the three types of losses in the 

fuel cell. Activation losses are by far the largest losses at any current density. 

Activation and concentration polarization can occur at both anode and cathode. The 

cell voltage is therefore: 

VM,-- � EV � �∆V[M` � ∆VMgsM�[ � �∆V[M` � ∆VMgsM�M � ∆VgNk. (2.54) 

Figure 2.6 shows how the cell polarization characteristic is formed, by 

subtracting the activation polarization losses, ohmic losses, and concentration 

polarization losses from the equilibrium potential.  

 



 

 

 

 

 

 

 

 

 34 

 

Figure 2.5 Voltage losses in the fuel cell. 

 
 

 

Figure 2.6 Voltage losses in fuel cell and resulting polarization curve. 

 
The equation for the fuel cell polarization curve is the relationship between the 

fuel cell potential and current density, as illustrated in Figure 2.6, and can be written 

as 

EM,-- � EV � RTαF ln Ki � i-ghhiQ L � RTnF ln K irir � iL � iRl                    (2.55) 



 

 

 

 

 

 

 

 

 35 

2.4.6 Fuel cell efficiency 

The fuel cell efficiency is defined as a ratio between the electricity produced 

and hydrogen consumed.  

η � W,-W��  .                                                          (2.56) 

Electricity produced is simply a product between voltage and current. 

W,- � I · V  ,                                                         (2.57) 

where I is the current in Amperes and V  is the cell potential in Volts. Hydrogen 

consumed is (Faraday’s Law) directly proportional to current: 

N�� � InF ,                                                           (2.58) 

where N�� is in mol/s and 

W�� � ∆H InF ,                                                       (2.59) 

where 

W�� = energy value of hydrogen consumed in Joules per second (Watts), 

∆H = hydrogen’s higher heating value (286 kJ/mol). 

It should be noted that ∆H nF⁄  has dimension of Volts, and for ∆H = 286 

kJ/mol it has a value of 1.482 V, which is the so-called thermoneutral potential. By 

combining Equations (2.56) through (2.59), the fuel cell efficiency is  

η � V
1.482

  .                                                          (2.60) 

Explicitly, the PEMFC efficiency is simply directly proportional to cell 

potential. Once the polarization curve of the fuel cell has been recorded, the fuel cell 

efficiency has also been obtained by using Equation (2.60).  



 

 

 

 

 

 

 

 

CHAPTER III 

NAFION ® MEMBRANES: 

PROPERTIES AND APPLICATIONS 

 

3.1 Introduction 

Nafion® is a sulfonated tetrafluoroethylene based fluoropolymer-copolymer 

invented by Dupont de Nemours & Co. This membrane is the first of a class of 

synthetic polymers with ionic properties named "ionomer". In fuel cell application, 

the Nafion membrane is a vital component serving as a separator to prevent mixing of 

fuel and air, and being an electrolyte to transport protons from the anode to the 

cathode. The unique properties of the Nafion membrane result from perfluorovinyl 

ether groups terminated with sulfonate groups onto a tetrafluoroethylene (Teflon®) 

backbone (Mauritz and Moore, 2004). Hence, the Nafion membrane exhibits the 

physical and chemical properties of its Teflon base material with ionic characteristics. 

The excellent properties may be summarized in the followings: 

 

1. Chemical stability: Nafion is extremely resistant to chemical attack, like 

Teflon. Only metallic alkali metals (sodium in particular) can attack 

Nafion directly under normal conditions of temperature and pressure. 
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2. Thermal resistance: Nafion has relatively high working temperature 

compared to many polymers. It is used in some applications at 

temperature up to 190ºC. 

3. High proton conductivity: Unlike Teflon, Nafion is highly ion-conductive 

and exhibits zero electronic conductivity. It functions as a cation 

exchange polymer due to its sulfonate groups at the polymer side chain in 

a swollen form. 

4. Super-acid catalyst: The sulfonic acid groups attached to the Teflon 

backbone within Nafion function as an extremely strong proton donor due 

to the stabilizing effect of the large polymer matrix attached to the 

sulfonic acid. 

5. Nafion is very selective and highly permeable to water. The solfonic acid 

groups in Nafion have very high water-of-hydration, so they very 

efficiently absorb water. Interconnections between the sulfonic acid 

groups lead to very rapid transfer of water through the Nafion. 

 

From these excellent properties, Nafion has received a considerable amount of 

attention as a proton conductor for the PEMFCs. In contrast, these remarkable 

properties are due to the strongest single bond in organic chemistry of carbon and 

fluorine in the polymer backbone, C-F bonds can have a bond dissociation energy up 

to 130 kcal/mol (O'Hagan, 2008), which higher than other carbon-halogen and even 

carbon-hydrogen bonds. 
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3.2 Applications of Fluoropolymer Materials 

The existence of tetrafluoroethylene at the polymer main chains results in the 

mechanical and chemical strength of the membrane for many applications. The 

ethylene-tretrafluoroethylene (ETFE), for example, one of seven fluoropolymers 

generated from the invention of PTFE or the plastic more commonly known as 

Teflon, is very stable material, non-deformable, durable and especially fireproof. 

Modern establishment projects such as the Allianz arena stadium (Munich, Germany), 

Eden Project (Cornwall, UK) and the Water Cube (PTW Architects, Beijing, China) 

have contributed significantly to the dissemination of knowledge as a building 

material ETFE. More specifically, the ETFE is used as the material for the roof and 

walls of these modern projects as depicted in Figure 3.1. In many laboratories, Nafion 

has essentially been used as a polymer support for inorganic photocatalysts due to the 

mechanical strength and chemical stability. 

For Nafion, alternative to the PEMFC application, this membrane has also an 

unrivalled memory for contortions. Such a special property has been used to design 

the special suit that can change its size at the different temperature. Scientist in 

General Motors (GM) found that this "yoga polymer" will revert to each shape at the 

appropriate temperature (Xie, 2010). 

In this article, Nafion becomes softer as it is heated. At 140ºC, it was stretched 

into a particular shape, which was locked in the polymer’s "memory" as it cooled to 

107ºC and stiffened. Stretching and cooling it twice more allowed two other shapes to 

be memorized, so that when heated to the appropriate temperature the Nafion formed 

the corresponding shape. 
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Figure 3.1 ETFE applications; Allianz arena stadium (a), Eden Project (b) and 

Water cube (c). 

 
Furthermore, Nafion’s superior properties allowed for broad application. 

Nafion has found use in chlor-alkali production, metal-ion recovery, water 

electrolysis, plating, surface treatment of metals, batteries, sensors, drug release, gas 

drying or humidification, and super-acid catalysis for the production of fine 

chemicals. However various applications of Nafion are considered as well, the major 

boom is to use it as the proton conductor in the PEMFCs. Until now, from the late 

1960s, among the various kinds of new polymer electrolyte membranes, Nafion is still 

being used as the benchmark membrane for PEMFC applications due to its unique 

and excellent properties such as high proton conductivity, chemical resistance and 

mechanical stability.  
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3.3 Early Developments of Nafion 

The idea of using organic cation exchange membranes as solid electrolytes 

was first described by William Thomas Grubb and Lee Niedrach in 1959. NASA’s 

interest in fuel cells as power sources for space applications gave great impetus to 

polymer fuel cell development with the testing of phenolic membranes (Kordesch and 

Simader 1996). The membranes generated power densities of 0.05 - 0.1 kW/m2 and 

lifetimes of 300 - 1,000 h, as well as low mechanical strength. General Electric (GE) 

improved the power density by developing partially sulfonated poly(styrene sulfonic 

acid) membranes, which improved power densities to 0.4 - 0.6 kW/m2.  

The first PEMFC application was reported by GE as a primary power source 

for the GEMINI series of spacecraft during the mid-1960s (Rikukawa and Sanui, 

2000). At that time, the electrolytes were based on poly(styrene sulfonic acid). 

Although, the fuel cell was a 1-kW power plant, extremely expensive materials were 

used and the fuel cells required very pure hydrogen and oxygen. Moreover, the 

membranes exhibited brittleness in dry state. Therefore they were later replaced with 

crosslinked polystyrene-divinyl benzene sulfonic acid membranes. But the 

membranes lacked stability and underwent degradation and suffered other problems. 

Consequently, the proton conductivity of this membrane was insufficient for high 

power density fuel cell applications (< 100 mW/cm2).  

In 1966, the poly(styrene sulfonic acid) membranes were replaced by the 

perfluorinated ionomer (PFI) material namely Nafion. This was a real breakthrough in 

membrane developments for PEM fuel cells. At this early stage of development the 

most improved membranes showed lifetimes of up to 3,000 h at low current densities 

and temperatures of 50ºC (Steck, 1995).  
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In fact, the Nafion membrane was discovered in the late 1960s by Walther 

Grot (DuPontTM) (Arico, Srinivasan and Antonucci, 2001). Unlike the Teflon 

structure, the sulfonic acid functional groups are attached. The acid molecules are 

fixed to the polymer and cannot leak out, but the protons of these acid groups are free 

to migrate through the membrane. The chemical structure of Nafion is shown in 

Section 2.2.2 (Figure 2.3). Nafion possessed inherent chemical, thermal, and oxidative 

stability and it displaced the unstable polystyrene sulfonic acid membranes. The 

advent of Nafion in the late 1960s gave an impetus to the PEM industry. For example, 

the second GE PEMFC unit using Nafion, powered the Biosatellite spacecraft in 

1969.  

With the commercial Nafion120, a lifetime of over 50,000h was achieved 

(Savadogo, 1998). Nafion120 has an equivalent repeat unit molecular weight of 1200 

(x = 6-10 and y = z = 1) and a dry state thickness of 260 µm, whereas Nafion117 and 

Nafion115 have equivalent repeat unit molecular weights of 1100 and thicknesses in 

the dry state of 175 and 125 µm, respectively. The Nafion family of membranes 

extended the lifetime by four orders of magnitude, and soon became standard for 

PEMFC to this today. The Dow and Asahi Chemical companies also synthesized 

advanced perfluorosulfonic acid membranes with shorter side chains. These polymer 

membranes have higher conductivity than Nafion but there is no large-scale industrial 

electrochemical system using them.  
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3.4 Nafion Morphology 

Even though the chemical structures, mechanical and chemical properties of 

Nafion have already been investigated, the exact study on the proton transport in the 

hydrated form of Nafion that directly related to the morphological changes has not 

been accomplished.  

However, there are many different structural models available for describing 

the morphological change of the hydrated state of Nafion such as the polymer-bundle 

model (Rubatat, Rollet, Gebel and Diat, 2002) and the cylindrical water-channel 

model (Klaus and Chen, 2008). But the most common structural model is the cluster-

network model or the Gierke’s model (Gierke, Munn and Wilson, 1981). Based on the 

Gierke’s model, the ionic clusters formed in the Nafion matrix, and suggested the 

formation of inverted micelles with SO3H groups forming hydrated clusters embedded 

in the fluorocarbon phase with diameters of 40-50˚A. More recently, Gebel et al. 

proposed a conceptual description for structural evolution that depends on the water 

content of Nafion as depicted in Figure 3.2. 

For dry Nafion, isolated spherical ionic clusters were calculated to have a 15 Å 

diameter and an intercluster spacing of 27 Å. This diameter is significantly smaller 

than the intercluster distance, which explains the low ionic conductivity observed at 

low water content. Absorption of water induces the formation of isolated spherical 

pools of water having a diameter of 20 Å with the ionic groups located at the 

polymer/water interface. The interaggregate distance is ~ 30 Å indicating that the 

spherical water pools are still isolated as evidenced by the low ionic conductivity of 

the membrane. 
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Figure 3.2 Structural evolution of Nafion depending on water content (Yang, Sui, 

Peckham and Holdcroft, 2008). 

 
As the water content increases, the diameter of the cluster increases up to 40 Å 

while the inter-cluster distance increases only marginally. For a water volume fraction 

Xv larger than 0.2, a large increase in ionic conductivity is observed indicating a 

percolation threshold of ionic aggregates has been reached.  

Between Xv = 0.3 and 0.5, the structure is believed to be formed of spherical 

ionic domains connected with cylinders of water dispersed in the polymer matrix. The 

ionic domain diameter increases from 40 to 50 Å, and the increase of ionic 

conductivity as water content increases suggest that both the connectivity and the 

diameter increase.  
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Figure 3.3 Schematic illustration of the cluster-network model of Nafion, 

contributed by SAXS measurements. 

 
At Xv values larger than 0.5, an inversion of the morphology occurs and the 

membranes correspond to a connected network of rod-like polymer aggregates 

surrounded by water. Despite the fact that a spherical shape would be energetically 

favorable for the polymeric domains, apparently it is not possible to obtain such 

morphology at Xv values larger than 0.5 because the polymer volume associated with 

each ionic group is too large compared to the average distance between ionic groups 

along the polymer chain. Between Xv = 0.5 and 0.9, this connected rod-like network 

swells. The conductivity measurements indicate that the structure of the highly 

swollen membrane is close to the one observed for perflurorsulfonate ionnomer 

(PFSI) solutions. 

According to the membrane researches on a small angle X-ray scattering 

(SAXS) (Page, Landis, Phillips and Moore, 2006), the morphological model of 

Nafion had been performed. The scattering profiles show that there are two complex 

separated domains within the Nafion membrane in dry and hydrated forms: crystalline 

and ionic domains.  
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The crystalline domain composed of relatively long runs hydrophobic of PTFE 

segments between side chains, while the ionic domain, indicated by the ionomer peak, 

is the ionic aggregation from the hydrophilic sulfonic acid groups as shown in Figure 

3.3. Note that the intensively details of the SAXS results, correspond to the vacuum 

ultraviolet (VUV) irradiations, have been discussed in Chapter V. 

 

3.5 Degradation Mechanism of Nafion 

In general, the Nafion membrane can undergo polymer degradation with and 

without fuel cell operation. During PEM fuel cell operation, the Nafion membrane 

degradation occurs regularly by the generation of a trace radical species (such as H• 

and OH•) especially in the present of H2, O2 and Pt (Yu, Sha, Liu, Merinov and 

Shirvanian, Article in press). The radical attack against the polymer electrolyte 

membrane is one of the severe problems in the PEMFC applications. And they are 

involved in the chemical degradation of Nafion.  

In polymer science, on the other hand, the polymers can also undergo photo-

degradation in normal conditions without the fuel cell operation. Such a condition that 

accelerates the degradation is the weather condition when expose the polymer to 

direct sun light for a long period of time in the surrounding air (i.e., the deformation 

of rubber and tire). For the Nafion membrane, the photo-degradation may be activated 

by UV radiation (Danilczuk, Perkowski and Schlick, 2010). Although the membrane 

is the one of the most chemical-resistant polymer, storing the membrane in different 

weather conditions may encounter the membrane degradation. Subsequently, a similar 

to most natural and synthetic material, the membrane reacts with some reactive 

species in air and being the organic contaminants on the membrane. 
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A good representative photo-degradation mechanism is, for example, the 

deterioration of fluorinated ethylene propylene (FEP) in the terrestrial orbit. This 

polymer is used as the thermal blankets to provide protection from direct solar heat in 

space projects. Spacecraft in low orbit, however, are usually subjected to significant 

levels of high energy radiation, including UV radiation.  

In low earth orbit region, the incident UV wavelength extends below 290 nm 

to the VUV region, where the Lyman-α emissions of atomic hydrogen occur at 121 

nm. It was reported that exposure of FEP to UV radiations resulted in the formation of 

three radical species (Rasoul, Hill, George and O’Donnell, 1998). When these species 

were exposed to oxygen in surrounding air, peroxy free radicals �POO ·� were formed.  

Because polymer is the large organic molecules, which is composed of long 

molecular chains in the polymer matrix, no wonder if these macromolecules are 

sensitive against excessive energy transfer. Thus the extremely long molecular chains 

can be broken easily receiving a quantum of energy above a certain level. The 

minimum energy to open the covalent bond of the main carbon chain is in the range of 

5-10 eV (Czvikovszky, 2004), which is also in the UV region. Furthermore, gamma 

ray or electron beams representing a high risk of degradation to all kind of polymers.  

In general, polymers may undergo photo-oxidation and subsequently photo-

degradation. These processes consist of several steps of: chain initiation, chain 

propagation, chain branching and chain termination. The initial step is the light 

absorption which leads to the polymer alkyl radical �P ·� initiation, 

P � ∆� P · �P ·    (3.1) 

where ∆ = incoming photons during irradiation, and P represents the polymers.  
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The next step is the chain propagation. The free radical reacts with oxygen to 

produce polymer peroxy radical �POO ·�, followed by the formation of polymer oxy 

radical �PO ·�  and hydroxyl radical �HO ·�  by photolysis in the photo blanching 

process: 

P · �O� � POO ·     (3.2) 

POO · �PH � POOH � P ·    (3.3) 

POOH � PO · � · OH     (3.4) 

PO ·� Chain scission reactions,   (3.5) 

where POOH = polymer hydroperoxide 

The polymer could either reach the final step of the chain termination in 

Equation (3.6) or continually undergo the polymer chain scission as described in 

Equations (3.4) and (3.5). 

xPOO · �POO ·POO · �P ·P · �P · Z � TCross-linking reactions

 to non radical products
x   (3.6) 

It is important to note that the hydroxyl radicals can react with other chains in 

the polymer. This chain reaction is known to be the reactive radicals attack in 

polymers, resulting in chemical changes and also induces the polymer degradation.  

For perfluorosulfonic acid polymer (PFSA) such as Nafion and (FEP), the 

photo-degradation takes place in both the polymer backbone (main chain) and side 

chain. Consequently, the mechanical strength and the ionic conductivity of Nafion 

have been decreased with radiation doses. In fact, the PTFE main chains of Nafion 

can undergo degradation when subjected to radiation. The possible primary event in 

the radiation damage of the main chains of Nafion could either be fluorine removal or 

chain scission as shown in Figure 3.4 (Wheeler and Pepper, 1982). 
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Figure 3.4 Free radicals formation in PTFE could either be fluorine removal (a) or 

chain scission (b). 

 
These free radicals are sensitive to surrounding active elements in air such as 

oxygen and hydrogen to form an acid fluoride ��CF�C�O�F�  and transform 

to  ��CF�COOH�  in the higher degree of humidity, as described in the chain 

propagation process in Equation (3.3). 

However, the carbon double bond formation can sometime occurred in the 

final form of the polymer, instead of the incorporation of the surrounding 

contaminants. Nevertheless, these free radicals formations cause the chemical change 

and degrade the polymer properties. 

For the vinyl group at the side chain, the polymer side chain shows additional 

decomposition effects: the concentrations of sulfur and oxygen decrease. The 

decreases in oxygen and sulfur concentrations are faster than the decomposition of the 

main chain polymer (Schulze, Lorenz, Wagner and Gülzow, 1999). The degraded 

Nafion membrane exhibits low proton conductivity and has more brittleness due to 

the decrease in the mechanical strength. Since the ability of the proton conduction of 

Nafion depends directly on the surface state, changing in the surface state resulting in 

the changes in its proton conductivity and also the performance of the PEMFCs.  
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Obviously, the surface characterization techniques play a crucial role in 

solving the membrane problems and also the development of the membranes for 

PEMFCs. The studies of the surface structural changes of the Nafion membranes can 

be performed by using various characterization techniques. The basic concepts of 

these characterizations have been described in the next chapter. 

 



 

 

 

 

 

 

 

 

CHAPTER IV 

RESEARCH METHODOLOGY 

 

Since the proton conductivity of the Nafion membrane directly depends on the 

surface state (i.e., surface roughness, catalyst distribution on the membrane-electrodes 

interface and surface active areas for the PEMFC electrochemical reaction), changing 

in the surface state inevitably affects the proton conductivity of the membrane, 

mechanical strength, chemical stability and also the PEMFCs performance. 

Obviously, the surface characterization techniques with the combination of the fuel 

cell performance tests play a crucial role for the studies of the membrane conductivity 

and durability and fuel cell performance.  

In this thesis, for the primary process, the membrane must be cleaned by 

chemicals in order to reduce the surface impurity of some precursor species which are 

assigned to be the contaminants on the polymer film. After preparations, the 

membranes have been treated by the VUV synchrotron radiations in order to modify 

the surface of the membranes and eliminate the remaining contaminants. Since the 

VUV modification causes the modification to a depth of typically 5-10 nm, the 

irradiated membranes have consequently been examined by using powerful surface 

characterization techniques of photoemission spectroscopy (PES), atomic force 

microscopy (AFM), mass spectrometry and small angle X-ray scattering (SAXS). The 

performance of the PEMFCs, using the irradiated membranes, has also been 

investigated by the PEM fuel cell performance tests. 
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4.1 Sample Preparations 

The pretreatment of the Nafion membranes was done by the chemical cleaning 

method. Due to the sturdy chemical structure of Nafion, this polymer has a strong acid 

resistance and withstand to these chemicals. The most effective cleaning method is 

therefore to boil the membrane in strong acid. More specifically, sulfuric acid 

(H2SO4) has been used for this propose. This process is sometime called 

"sulfonation". The sulfonated Nafion has an increasing in the acid groups and able to 

conduct more protons.  

After the membrane pretreatment, the sulfur concentration on the surface of 

Nafion has been increased and the organic and metallic impurities have been 

eliminated. It should be noted that there are at least four steps of the typical chemical 

cleaning processes as shown in the following steps: 

1. Boiled in 5% of hydrogenperoxide solution (H2O2) at 80ºC for 60 minutes 

to clean the membrane surface from organic contaminations. 

2. Boiled in deionized (DI) water at 80ºC for 60 minutes to remove H2O2. 

3. Membrane sulfonation by boiling Nafion in 10% of H2SO4 at 80ºC for 60 

minutes to remove metallic impurities and increase the sulfur 

concentration on the membrane surface. 

4. Boiled in deionized water again at 80ºC for 60 minutes to remove acid. 

The membranes before and after pretreatment are shown in Figure 4.1. As 

described earlier, the membranes had been stored in normal condition (exposure 

Nafion to the UV radiation in the surrounding air for a long period of time (~2 years) 

in different weather conditions) before chemically pretreated.  
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Figure 4.1 The degraded Nafion membrane before pretreatment (a) and the 

Nafion membrane after chemical pretreatment (b). 

 
According to the membrane degradation in Section 3.4, the Nafion membranes 

have undergone photo-degradation. Over time, the organic impurities were built up on 

the Nafion membrane causing the original color to gradually change from translucent 

to yellow, brown, then even black. This mechanism is typically called the yellowish 

discoloration of polymers. After chemical pretreatment, the brownish color is 

vanished and the membranes became nearly transparent. The pretreated membranes 

have then been cut into three sizes of square shape (3	3  cm2 for the fuel cell 

performance test and 0.8	0.8 cm2 for the PES, mass spectrometry and Ar+ sputtering 

and 1	2 cm2 for SAXS measurements). Before VUV irradiations, these membranes 

are dried in vacuum with the base pressure of ~10-3 mbar for 24 hour. 

 

4.2 VUV Irradiations 

It has been generally accepted that that VUV radiations can be introduced for 

the structural modification of polymers and even semiconductors. Using VUV as an 

excitation source is an essential method for photolithography.  
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The development of 157 nm (7.9 eV) lithography has offered significant 

challenges with the materials involved in the technology (Lee et al., 2005).  

Because the chemical bonds in polymers can probably be broken by UV 

radiation, these chemical changes depend on the irradiation doses on the polymers, or 

the "fluence" of the UV irradiation. The UV radiation fluence is defined by the 

multiplication of the number of photons impacting to the unit area of the sample and 

the irradiation time. 

F � DT       (4.1) 

where F = radiation fluence (photons/cm2), D = photon current density = number of 

incident photons per area in 1 second (cm-2) and T = irradiation time (s). 

In addition to examine the chemical changes during VUV irradiation without 

any oxygen reactions, the experiment has been performed in an ultra high vacuum 

(UHV) chamber. This method is accomplished by connecting the pumping and 

sample load-lock systems to the irradiation chamber.  

 

4.3 Photoemission Spectroscopy 

The most straightforward method to investigate electronic properties is to 

remove the electrons from the solid, and to measure them far from the interacting 

system. This is the general idea of a photoemission spectroscopy (PES). In general, 

there are many applications implicated with the PES spectra in various fields such as 

semiconductors engineering, surface chemistry and physics. Although the 

photoemission phenomenon was discovered by Hertz since 1887, the PES technique 

is still be largely used.  
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Figure 4.2 Schematic view of the photoemission (bottom) and inverse 

photoemission (top) processes (Grioni, 2006). 

 
The versatile method of angle resolved photoemission spectroscopy (ARPES), 

for example, with the contribution of modern synchrotron technology and a new 

generation of electron analyzers reveals a two-dimensional "ARPES intensity map" of 

the measured intensity. This representation is quite appealing because it is directly 

comparable with the calculated band structure (Meevasana et al., 2011). In this 

perspective, only a very brief account of traditional aspects of PES for the Nafion 

polymer membranes is considered thereby probing the structural changes on their 

surface. In contrast, the PES is a photon in-electron out experiment.  

In Figure 4.2, the interaction of a monochromatic beam of UV or soft X-ray 

with a sample generates photoelectrons with a broad distribution of emission angles 

and kinetic energies. The target may be indifferently a solid, a liquid or a gas, but in 

the following the more common case of a solid is considered. The emitted electrons 

are then collected over a broad (PES) or a narrow (ARPES) acceptance angle.  
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The subsequent measurement of the distribution of kinetic energies, typically 

performed by an electrostatic analyzer, yields a spectrum or energy distribution curve 

(EDC). The EDC represents the number of photoelectrons measured as a function of 

kinetic energy. It is important to note that there are two available photon sources to 

perform energetic photons for the PES measurements (a laboratory source and a 

synchrotron radiation source). For the investigation of core-level states, called X-ray 

photoemission spectroscopy (XPS), the typical laboratory sources are X-ray source 

from anode materials of aluminium (Al-Kα1,2: 1486.6 eV) and magnesium (Mg-Kα1,2: 

1253.6 eV). For the investigation of valence band states, called ultraviolet 

photoemission spectroscopy (UPS), the typical laboratory VUV sources are rare gases 

like helium (He Iα: 21.23 eV and He IIα:40.82 eV).  

Presently, the use of synchrotron radiation for the PES has become 

increasingly important because it allows measurements that cannot be performed by 

usual VUV or X-ray sources in the laboratory. Many dedicated synchrotron facilities 

have been installed worldwide, e.g. BESSY in Germany (Berlin), Maxlab in Sweden 

(Lund), the Advanced Light Source in the USA (Berkeley), Australian Synchrotron in 

Melbourne, Spring-8 in Japan (Osaka) and Siam Photon Light Research Institute 

(SLRI) in Thailand, among many others appropriate for PES experiments.  

The main difference of the synchrotron compared to laboratory sources is that 

the photon energy can be selected by use of a monochromator from a continuous 

spectrum over a wide energy range. This advantage offers new technique of the 

dynamic photoemission spectroscopy. For example, the Nafion surface can 

simultaneously be characterized with the synchronized adjustable photon fluence of 

the VUV treatments.  
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Figure 4.3 A modern PES experiment. The kinetic energy E�  of the 

photoelectrons can be analyzed by use of electrostatic analyzers. The whole setup is 

evacuated to UHV, typically P ~ 10-10 mbar (Hüfner, 2003). 

 
The PES is thus a powerful tool for surface characterization in different 

scientific researches. With the concept of photon introduced by Einstein in 1905, the 

basic principle of the PES is based on one of his four famous publications, so called 

"the photoelectric effect". The principle of a modern PES is illustrated in Figure 4.3.  

When a photon is absorbed, its energy is transferred to an electron, which 

jumps from its initial state at energy El to an excited state. If the photon is sufficiently 

energetic, the final state lies above the vacuum level and the photoelectron can escape 

from the solid. Energy conservation then determines the photoelectron kinetic energy 

at the surface of the sample Ey�  

Ey� � hν � {h � El ,    (4.2) 

where hν is the photon energy and {h is the work function of the sample.  

 



 

 

 

 

 

 

 

 

 57 

Because of this energy conservation, structures in the energy distribution of 

the photoelectrons reproduce the structures in the occupied density of states (DOS). In 

fact, PES spectra are being invisible in the unoccupied states region, which can be 

measured by an absorption technique such as X-ray absorption (XAS) or by inverse 

photoemission (IPES) (Hüfner, 2003). For PES measurement, it is important to 

employ the binding energy (EI) of an energy level, which is generally referred to the 

Fermi level rather than the initial-state energy El. The energy conservation of PES is 

then expressed in term of this binding energy  

Ey� � hν � {h � |EI|.   (4.3) 

For the case of a metallic sample in a metallic spectrometer, the energy levels 

and kinetic energies are shown in Figure 4.4. Thermodynamic equilibrium between 

sample and analyzer requires that their electron chemical potentials or Fermi levels be 

equal as shown. In a metal at absolute zero, the Fermi level being the highest 

occupied level. And the work function {h  is the energy separation between the 

vacuum level and the Fermi level. When the sample is connected to the analyzer, the 

respective vacuum levels for sample and analyzer need not be equal. Thus, electrons 

that travel from the surface of the sample to the analyzer feel an accelerating or 

retarding force with the potential equal to {h � {, where {  is the analyzer work 

function. For this reason, an initial kinetic energy Ey� at the surface of the sample can 

be expressed in term of the electron kinetic energy E� in the analyzer, 

Ey� � E� � { � {h.       (4.4) 

Consequently, the binding energies in a metallic solid can be expressed in 

term of the work function of analyzer 

|EI| � hν � E� � {       (4.5) 
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Figure 4.4 Energy level diagram for a metallic sample in electrical equilibrium 

with an electron analyzer. An analogous diagram also applies to semi-conductor or 

insulating sample, with the only difference being that E� lies somewhere between the 

filled valence bands and the empty conduction bands above (Fadley, 1978). 

 
In more complex situations where semiconducting or insulating sample such 

as polymers are involved, it is not so simple to locate the Fermi level, which lies 

somewhere between the filled valence bands and the empty conduction bands. In 

order to satisfy the measured electronic structures of these materials, the PES results 

should be compared with the results of the electron density of state (DOS) calculated 

by theoretical calculation as discussed in the next Section.  

Sample e� 

hν 

hν 

{h 

EI��k� 
EIj�k� 

Ey� 

Analyzer 

E� 

{ 

{ � {h 
Vacuum level 

Fermi level, }~ 

k 



 

 

 

 

 

 

 

 

 59 

4.4 Computational Calculations 

Because the quantum n-body problem cannot be solved analytically, the 

interpretation of atomic and molecular properties is obtainable by means of computer 

approximations. This application is called the computational chemistry. For example, 

whenever the PES provides the experimental probes of the valence spectra of 

molecules, polymers and solids, theoretical electronic structure calculations are often 

compared to the PES spectra in both to understand the features observed and to test 

the calculations.  

Computational chemistry is in fact a branch of chemistry that uses principles 

of computer science to facilitate the calculations. Many powerful computational 

programs available this day are included; GAMESS (General Atomic and Molecular 

Electronic Structure), CADPAC (Cambridge Analytical Derivatives Package), 

AMBER (Assisted Model Building with Energy Refinement) and GAUSSIAN. They 

have been conducted for these objectives. For more information, recent quantum 

chemistry programs in both academic and commercial available have been proposed 

with many different algorithms. (Young, 2001). Most of the computer programs 

include the Hartree-Fock (HF), post-Hartree-Fock, density functional theory (DFT), 

molecular mechanics and semi-empirical quantum modeling methods. Recently, the 

GAUSSIAN is the one of the most significant commercial software available in the 

computational chemistry. The program containing the wide variety codes of ab initio, 

density functional theory (DFT), semiempirical and molecular mechanic (MM) 

simmulations for chemists, chemical engineers, biochemists, physicists and other 

scientists worldwide. (Atkins and Friedman, 2005).  
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In this thesis, the GAUSSIAN software has been used to calculate the 

electronic structure of Nafion via the density functional theory (DFT) calculations, in 

order to testify the calculations with their photoemission spectra from the PES 

experiments. The details of the Gaussian calculations and comparisons will be 

discussed in Chapter V. 

4.4.1 Density functional theory 

Density functional theory (DFT) is a quantum mechanical modeling method 

used in physics and chemistry to calculate the electronic structure (principally the 

ground state) of many-body systems, in particular atoms, molecules and the 

condensed phases. It has been very popular for calculation in solid state physics since 

the 1970s. However, the DFT was not considered accurate enough for calculations in 

quantum chemistry until the 1990s, when the approximations used in the theory were 

greatly refined to be a better model with the contributions of the exchange and 

correlation interactions.  

4.4.1.1 Derivation and formalism 

The popularity of the DFT calculation arose from the difficulties to solve 

the Schrodinger equation for many-body systems, where the electron-electron 

interaction energy U�r�l, r��� must be added, as shown in Equation (4.6).  

�� ��2m � �l�
�

l�� � � V�r�l� � � � U�r�l, r������
�

l��
�

l�� � ψ � Eψ ,            (4.6) 

where m is the electron mass. The three terms in the brackets define, in order, the 

kinetic energy of each electron, the interaction energy between each electron and the 

collection of atomic nuclei, and the interaction energy between different electrons.  
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The Hamiltonian ψ is set to be the electronic wave function, which is a 

function of each of the spatial coordinates for each of the N electrons, ψ �
ψ�r��, … , r��� , and E  is the ground-state energy of the electrons. The ground-state 

energy is independent of time. This is the time-independent Schrödinger equation. 

Although the electron wave function is a function of each of the coordinates 

of all N electrons, it is possible to approximate ψ as a product of individual electron 

wave functions, ψ � ψ�r���ψ�r���, … , ψ�r���. In the case of a single molecule of CO2, 

for example, the requirement of the full wave function is a 66-dimensional function (3 

dimensions for each of the 22 electrons). On the other hand, a nanocluster of 100 Pt 

atoms, the full wave function requires more the 23,000 dimensions! These numbers 

should begin to present an idea about why solving the Schrodinger equation for 

practical materials has occupied many brilliant minds for a good fraction of a century.  

In more complex systems, the wave function for any particular set of 

coordinates cannot directly be obtained. The quantity that can, in principle, be 

measured is the probability that the N electrons are at a particular set of coordinates, 

r��, … , r��. This probability is equal to ψ��r��, … , r���ψ�r��, … , r���. A further point to 

notice is that the electron labeling in the material, i.e., electron #1, electron #2,…, is 

not necessary.  

Moreover, even if the labels have been considered, it is not easy to assign 

these labels. This means that the quantity of physical interest is really the probability 

of a set of N electrons in any order with coordinates r��, … , r�� . A closely related 

quantity is the density of electrons at a particular position in space, n�r��. This can be 

written in terms of the individual electron wave functions as 
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n�r�� � 2 � ψl��r��ψl�r�� .l                                        (4.7) 

The term inside the summation is the probability that an electron in 

individual wave function ψl�r��  is located at position r� . The factor of 2 appears 

because electrons have spin and the Pauli exclusion principle states that each 

individual electron wave function can be occupied by two separate electrons with the 

different spins. The point of this discussion is that the electron density, n�r��, which is 

a function of only three coordinates, contains a great amount of the information that is 

actually physically observable from the full wave function solution to the Schrodinger 

equation, which is a function of 3N coordinates.  

The concepts of the reduction of 3N coordinates to only 3 coordinates by 

means of the electron density based on two fundamental mathematical theorems 

proved by Kohn and Hohenberg and the derivation of a set of equations by Kohn and 

Sham in the mid 1960s. The first theorem demonstrates that "the ground state energy 

from Schrodinger equation is a unique functional of the electron density". In 

particular, there exists a one-to-one mapping between the ground state wave function 

and the ground state electron density. Thus, the ground state energy E  can be 

expressed in term of the function of electron density  

E � E�n�r���  .     (4.8) 

The Schrodinger equation can be solved, for the ground state energy, by 

finding a function of three spatial variables of the electron density rather than a 

function of 3N variables of the wave function. Therefore, for one unit of molecule of 

Nafion that contains C, F, O, S and H (> 65 atoms), the theorem reduces the problem 

from 1500 dimensions to a problem with just 3 dimensions. 
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Unfortunately, although the first Hohenberg-Kohn theorem rigorously 

proves a functional of the electron density that can be used to solve the Schrodinger 

equation, the theorem states nothing about what the functional actually is. The second 

Hohenberg-Kohn theorem defines an important property of the functional states that 

"the electron density that minimizes the energy of the overall functional is the true 

electron density corresponding to the full solution of the Schrodinger equation". If the 

"true" functional form are obtained, the electron density can be varied until the energy 

from the functional is minimized, giving a prescription for finding the relevant 

electron density. This variational principle is used in practice with approximate forms 

of the functional. 

A useful way to describe the Hohenberg-Kohn theorem is to consider the 

functional in terms of the single-electron wave functions, ψl�r��. Because the wave 

functions collectively define the electron density, n�r��, as shown in Equation (4.7). 

Thus, the energy functional can be written as 

E��ψl�� � E�sg�s��ψl�� � E�i��ψl��,   (4.9) 

where the E�sg�s��ψl�� terms include four contributions: 

E�sg�s��ψl�� � � ��m � � ψl���ψldnr � � V�r��n�r��dnr � e�2 � n�r��n�r�l y�dnrdnry 
�Elgs                                                                                                       (4.10) 

The terms on the right are, in order, the electron kinetic energies, the 

Coulomb interactions between the electrons and the nuclei, the Coulomb interactions 

between pairs of electrons, and the Coulomb interactions between pairs of nuclei.  
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The term in the complete energy functional, E�i��ψl��, is the exchange-

correlation functional, and it is defined to include all the quantum mechanical effects 

that are not included in the "known" terms.  

To solve the minimum energy from this equation, the task of finding the 

corrected electron density has been expressed in terms of a set of equations that 

involves only a single electron. The Kohn-Sham equations have the form 

X� h�2m �� � V�r�� � V��r�� � V�i�r��Y ψl�r�� � εlψl�r��                   (4.11) 

By comparing with Equation (4.6), the Kohn-Sham equations are missing 

the summations because the solutions of the Kohn-Sham equations are single-electron 

wave functions that depend on only three spatial variables, ψl�r��. On the left-hand 

side of the Kohn-Sham equations there are three potentials, V, V� and V�i. The first of 

these also appeared in the full Schrodinger equation and in the "known" part of the 

total energy functional given in Equation (4.10). This potential defines the interaction 

between an electron and the collection of atomic nuclei. The second is called the 

Hartree potential and is defined by 

V��r�� � e�2 � n�r���|r� � r�y| dnr����  .                                           (4.12) 

This potential describes the Coulomb repulsion between the electron being 

considered in one of the Kohn-Sham equations and the total electron density defined 

by all electrons in the problem.  

The last potential in the Kohn-Sham equation, V�i, defines exchange and 

correlation contributions to the single electron equations. This exchange-correlation 

potential can formally be defined as a "functional derivative" of the exchange-

correlation energy and includes all the many-particle interactions: 
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V�i�r�� � δE�i�r��δn�r��                                                    (4.13) 

Because V�, and V�i depend on n�r��, which depend on ψl�r��, which in turn 

depend on V�r��, V��r��, V�i�r�� , To solve the Kohn-Sham equations, the Hartree 

potential must be defined, and to define the Hartree potential we need to know the 

electron density. But to find the electron density, we must know the single-electron 

wave functions, and to know these wave functions we must solve the Kohn-Sham 

equations. To break this circle, the problem is usually treated in an iterative way as 

outlined in the following algorithm: 

1. Define an initial, trial electron density,  n�r��. 

2. Solve the Kohn-Sham equations defined using the trial electron 

density to find the single-particle wave functions, ψl�r��. 

3. Calculate the electron density defined by the Kohn-Sham single 

particle wave functions from step 2, n�m�r�� � 2 ∑ ψl��r��ψl�r��l  

4. Compare the calculated electron density, n�m�r�� , with the 

electron density used in solving the Kohn-Sham equations, n�r��. If the two densities 

are similar, then this is the ground-state electron density, and it can be used to 

compute the total energy. If the two densities are different, then the trial electron 

density must be updated in some way. Once this is done, the process begins again 

from step 2. This self-consistent process will be iterated and calculated by using the 

computational software. However, the most important part of this process is to define 

the sufficient exchange-correlation term that is very difficult and also known to be the 

challenging procedure in the DFT calculations where the exact functional for 

exchange and correlation are not known except for the free electron gas.  
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4.4.1.2 Exchange-correlation functional 

To solve the Kohn-Sham equations, the exchange-correlation functional 

must be satisfied. Although this model has to be of limited value in any real material, 

the uniform electron gas provides a practical way to use the Kohn-Sham equations. 

The exchange-correlation potential at each position is set to be the known exchange-

correlation potential from the uniform electron gas at the electron density observed at 

that position. This approximation uses only the local density to define the 

approximate exchange-correlation functional and it is so called the local density 

approximation (LDA). In the LDA, the local exchange-correlation potential is defined 

as the exchange potential for the spatially uniform electron gas with the same density 

as the local electron density: 

V�ir�2�r�� � V�i,-,M`Vgs �[h�n�r���    (4.14) 

The LDA results do not exactly solve the true Schrodinger equation 

because the electron density functional from the uniform electron gas model is not the 

true exchange-correlation functional. Explicitly, the development of functionals that 

more faithfully represent nature remains one of the most important areas of active 

research in the quantum chemistry community.  

Further approximation is a general gradient approximation (GGA), which is 

the one of the important known classes of functional beyond the LDA. The GGA 

functional uses information of the local electron density and the local gradient in the 

electron density. The functional is expressed in terms of the local electron density and 

the gradient in the electron density: 

V�i��2�r�� � V�i,-,M`Vgs �[h�n�r��, �n�r���   (4.15) 
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In addition, it is possible to treat the exchange part in the DFT calculations 

by using spatially localized basis functions called "hybrid" functionals. The 

functionals combine the exact results for the exchange part of the functional and the 

approximations for the correlation part. Thus, the exact exchange energy, which can 

be expressed in terms of the Kohn-Sham orbitals, is expressed as 

E,EMN[s�,�r�� � 12n�r�� � dnr�y �∑ φ��r���φ�r��gMM��l,H h`[`, �|r� � r��| .             (4.16) 

One of the most common hybrid functionals in the DFT calculation is the 

B3LYP functional. The character "B" stands for Becke, who worked on the exchange 

part of the problem, while the "LYP" stands for Lee, Yang, and Parr, who developed 

the correlation part of the functional, and the digit 3 describes the particular way that 

the results are interweave together. The B3LYP exchange-correlation functional can 

be expressed as: 

 

V�iInr ¡ � V�ir�2 � a�\E,EMN[s�, � V�r�2] � a�\V���2 � V�r�2] 

�an\Vi��2 � Vir�2],              (4.17) 

 

where a� � 0.20, a� � 0.72, an � 0.81 are the empirical parameters determined by 

fitting the predicted values to be a set of atomization energies, ionization potentials, 

proton affinities and total atomic energies; (Becke, 1993). V���2 is the generalized 

gradient approximation: the Becke 88 exchange functional (Becke, 1998), and Vi��2 is 

the correlation functional of Lee, Yang and Parr (Lee, Yang, and Parr, 1988).  
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4.4.2 Gaussian computational programs 

Since the derivation of the DFT calculations described above can be solved by 

iterations, the computer software named Gaussian03W are employed in this thesis. 

Generally, this program includes various algorithms to calculate the physical and 

chemical phenomena such as the electron ground state energy, structures and 

molecular orbitals. The DFT is also included in this software. Moreover, there is 

additional software to simplify the computer codes named GaussView. And the data 

collecting program to summarize the ground state energy in terms of the density of 

state named GaussSum. The DFT calculations will be discussed in Chapter V. 

 

4.5 Mass Spectrometry 

Mass spectrometry methods have experienced a steadily increasing use in 

polymer analyses due to their high sensitivity (<10-15 mol suffice for analysis), 

selectivity (minor components can be analyzed within a mixture), specificity (exact 

mass and fragmentation patterns serve as particularly specific compositional 

characteristics), and speed (data acquisition possible within seconds).  

Mass spectral analyses involve the formation of gaseous ions from an analyte 

(M) and subsequent measurement of the mass-to-charge ratio (m/z) of these ions. 

Depending on the ionization method used, the sample is converted to molecular or 

quasi-molecular ions and their fragments. The mass spectrometer separates the ions 

generated upon ionization according to the mass-to-charge ratio (or a related property) 

to give a graph of ion abundance of m/z. The exact m/z value of the molecular or 

quasi-molecular ion reveals the ion’s elemental composition and allows for the 

compositional analysis of the sample under study. 
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Figure 4.5 A simple quadrupole mass spectrometer consisting of an ion source, 

focusing lenses, a quadrupole mass filter, and an ion detector (Montaudo, and 

Lattimer, 2002). 

 

4.5.1 Ionization methods 

In general, there are three major preparation methods of gaseous ions. (i) 

Volatile materials are generally ionized by interaction of their vapors with electrons, 

ions, or strong electric fields. (ii) Strong electric fields can also ionize nonvolatile 

materials. In addition, ions from nonvolatile and thermally labile compounds can be 

desorbed into the gas phase via bombardment of the appropriately prepared sample 

with fast atoms, ions, or laser photons and via rapid heating. (iii) Alternatively, liquid 

solutions of the analyte may directly be converted to gas phase ions via spray 

techniques. Method (i) can be applied only to monomers and low-mass oligomers or 

in conjunction with degradation methods (principally pyrolysis). Methods (ii) and 

(iii), on the other hand, are amenable to intact polymers. For the Nafion polymer case, 

the sufficient ionization method is to use an energetic ion of an argon gas and an even 

intense synchrotron light. This technique was applied to the surface modification of 

Nafion (Ramdutt et al., 2007).  
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Figure 4.6 Stability conditions, expressed in terms of U vs. V plots, for three ions 

with masses m1 < m2 < m3. 

 

4.5.2 Quadrupole mass analyzers 

Quadrupole mass analyzers in the mass spectrometry consist of four parallel 

circular or hyperbolic rods, shown in Figure 4.5. Each pairs of opposite rods are 

electrically connected and supplied voltages of the same magnitude but different 

polarity. The voltage applied to each pair consists of a direct current (DC), U, and a 

radiofrequency (rf) component, Vcosωt. Typical values are several hundred volts for 

U, several thousand volts for V, and megahertz for ω. Since the total potential of each 

rod is +(U �  Vcosωt) or −(U �  Vcosωt), the rf field periodically alternates the rods’ 

polarity. 

Ions (e.g., Ar+) are accelerated along the z-axis before entering the space 

between the quadrupole rods where they experience the combined field resulting from 

the rod potentials. A cation is drawn toward the negative pole and vice versa; if the 

rod potential changes sign before the ion discharges, the ion changes direction, thus 

oscillating through the rods.  
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Whether an ion succeeds passing through the rods or discharges on them is 

controlled by the DC and rf voltages, as shown in Figure 4.6 for ions of three different 

masses (m1 < m2 < m3). The values of U and V leading to stable trajectories through 

the quadrupole lie within the area defined by the V axis and the solid lines (m1), 

dotted lines (m2), or bullet lines (m3). The quadrupole is scanned along the scan line, 

i.e., with the ratio U/V kept constant; the slope of this line determines the resolution. 

Gradually increasing U and V successively brings ions m1, m2, and m3 through stable 

trajectories. If U = 0, the scan line overlaps with the V axis; the resolution is zero, and 

all ions pass the quadrupole. The ion of mass m2 has a stable trajectory (i.e., it can be 

transmitted through the quadrupole) at the U and V values lying within the dotted 

curve. Any other U and V values lead to unstable trajectories (i.e., to discharge at the 

rods). 

At the end of the mass analyzer, ion detector has been connected. The detector 

converts ions of a given m/z value into a measurable electrical signal whose intensity 

is proportional to the corresponding ion current. And the mass spectra of analyzed 

materials can be collected and performed in the computer software. 

 

4.6 Small Angle X-ray Scattering 

Small angle X-ray scattering (SAXS) belongs to a family of X-ray scattering 

techniques; wide angle X-ray scattering (WAXS), middle angle X-ray scattering 

(MAXS), small angle X-ray scattering (SAXS), and ultra small angle X-ray scattering 

(USAXS), as shown in Table 4.1. This technique has extensively been used to study 

the structural features such as size and volume fraction and covering studies from 

biochemistry, biophysics and material sciences to applied and industrial research.  
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Table 4.1 Subareas of scattering as a function of the sample-detector distance R 

assuming an X-ray wavelength of λ ~ 0.15nm 

Subarea R[m] Focus 

WAXS 0.05-0.2 arrangement of chain segments 

MAXS 0.2-1 liquid-crystalline structure 

SAXS 1-3 nanostructure 3 nm - 50 nm 

USAXS 6-15 nanostructure 15 nm - 2 µm 

 

It is well known that the application of X-ray scattering for the study of 

materials, including soft matters such as polymers, plastics, foods, and 

pharmaceuticals, has a long tradition. Presently, the development of both powerful 

detectors and brilliant X-ray sources from synchrotron radiation suggest an avenue for 

the SAXS experiment.  

A basic experimental set-up of SAXS is similar to the X-ray diffraction 

experiment, where the intensity of the scattered X-ray from a sample has been 

measured with the scattered angle. The structure of the sample can be characterized 

by the scattering pattern, i.e., a graph of the scattered intensity (I) and the scattering 

vector (q) as shown in Figure 4.7. Although the SAXS experiment is simple, the 

interpretation of the SAXS scattering pattern is the complicated procedure and 

requires mathematical simulation model.  

In this thesis, however, the SAXS experiment has been conducted to examine 

only the structural change between the pristine membrane and the irradiated 

membrane. This structural change gives rough results that are sufficient for 

comparison.  
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Figure 4.7 SAXS profile of a hydraded-fresh Nafion membrane extracted from 

the data processing program SAXSIT.  

 

4.6.1 Theoretical basis 

The theoretical basis of the SAXS experiments based on the scattering theory 

as described in the following subsection. It should be notes that the SAXS in this 

thesis is performed in order to examine the structural change in the Nafion 

membranes by using basic concept of the X- ray scattering without concerning further 

theoretical modeling and intensive morphological analysis.  

4.6.1.1 Interaction between X-ray and matter 

The interaction between X-ray and matter can be described using 

electromagnetic theory. Consider the simple case, from a classical point, of the elastic 

interaction of X-ray with an electron in Figure 4.8. 

The electron has its own angular frequency ωQ � ¤k m⁄  and an X-ray 

beam propagates along the z direction with non-zero electric component EE oscillating 

in XY plane. This electric component can be written as 

EE � EQel��¥¦�§`�    (4.18) 

 

q 
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Figure 4.8 Schematic diagram of X-ray scattering with an electron.  

 
The electric field interacting on the electron at origin is EE � EQe�l§` and 

the corresponding electric force is FE � �eEE � �eEQe�l§` . Newton equation of 

motion will contain the electric force and the elastic force, 

m d�xdt� � �eEQe�l§` � mωQ�x .                                          (4.19) 

The general solutions of the equation of motions are 

x�t� � �EQe�l§` em 1�ωQ� � ω��  ,                                  (4.20) 

a�t� � EQe�l§` em ω��ωQ� � ω�� .                                       (4.21) 

According to the general expression of radiation field, an accelerated 

electron will irradiate its own electromagnetic wave. The electric component at the 

position r� and for a given time t can be expressed as 

E����r�, t� � � e4π©Qc�rn r� 	 �r� 	 a���t � r c⁄ ��.                              (4.22) 

Thus, the modulus for the electrical field at the detector’s position is 

E�r�, t� � EQe�l§` e�4π©Qmc� ω��ωQ� � ω�� sin α el�¥Vr ,             (4.23)  
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where α  is an angle between the observation direction r�  and the direction of 

acceleration x . Obviously, the scattered electric field depends on the transverse 

component of acceleration. Therefore the electric field at the direction of the observer 

is related to the transverse acceleration �ae � a sin α� , as seen in the angular 

component in Equation (4.23). The first factor rQ � e� 4π©Qmc�⁄  is called classical 

radius of the electron, rQ = 2.8179×10−15 m. The second term ω�/�ωQ� � ω��  is the 

frequency factor. Two cases can be distinguished. If the natural frequency of the 

electron is much higher than the electromagnetic field frequency �ωQ ª ω�, as occurs 

for visible light, the blue-shift phenomenon for blue sky has been presented. On the 

other hand, when ωQ « ω (as occurs essentially for X-rays), the frequency factor is 

equal to -1. This is the case of Thompson scattering, 

E�r�, t� � �EQe�l§` el�¥Vr rQ sin α                                         (4.24)  
4.6.1.2 Scattering vector 

Because an atom contains many electrons, it is convenient to define the 

average position of the electron as the arbitrary position (r�s ) and the following 

Thompson scattering equation (4.24) transforms to 

Es�r�, t� � �EQe�l§` el�¥|V���V��¬||r� � r�s| el����¥·V��rQ sin α ,                      (4.25) 

and, for unpolarized X-rays, 

Es�r�, t� � �EQe�l§` el�¥|V���V��¬||r� � r�s| el����¥·V��bE ,                               (4.26) 

where r�  represents the position of the detector with respect to the origin of the 

reference frame. 
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Figure 4.9 Scheme of the geometry for the calculation of the scattering at the 

detector in the direction of r�. 
 

Suppose that the magnitude of the distance r�s is lower than the distance r�, 
term |r� � r�s| is now simplified to be |r� � r�s|  r � r® · r�s, r® being the unit vector of r�. 
The spherical wave in Equation (4.26) becomes 

el�¥|V���V��¬||r� � r�s|  el�¥Vr e�l����·V��¬ ,                                              (4.27) 

where, k�� ¯ kQr® as shown in Figure 4.9  

The amplitude of electric field scattered by the electron in r�s becomes 

Es�r�, t� � �EQe�l§` el�¥Vr bEel°���·V��¬ ¯ E�r�, t�el°���·V��¬ ,                  (4.28) 

where q�� ¯ k��Q � k�� is the scattering vector. 

For the elastic scattering, the magnitude of the incident wave number and 

scattered wave number is equal, �k��Q� � �k�� �.  
The magnitude of the scattering vector can be expressed in the angular 

dependent form. 

                 q � |q��| � \k��Q � k��]� � kQ� � k� � 2kQk cos 2θ 

                                      � 2k��1 � cos 2θ� � 4πλ sin θ.                                           (4.29) 
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According to the Bragg’s equation describing a scattering from a crystal 

lattice λ � 2d sin θ, where d is the spacing between the planes in the atomic lattice; 

the scattering vector can be expressed in term of the size of particle q � 2π d⁄ . Note 

that the small q  value results in a large particle size. Therefore, SAXS is the 

appropriate technique to study macromolecule structures such as molecular 

distribution, domain size and conformation of the polymer as well as ionic 

aggregation in Nafion. 

4.6.1.3 Structural determination of Nafion by SAXS  

There are several SAXS models for determining the Nafion structure. But 

the exact models still a controversial topic in the polymer science. Based on the most 

common structural model of Nafion named the cluster-network model (Gierke et al., 

1981), modern computer calculations this day have been conducted to improve this 

model. Presently, the water-channel model reported by Klaus and Chen (Klaus et al., 

2008) is the applicable simulation model for given a unified view of the structure of 

Nafion. The model naturally accounts for many of the outstanding properties of 

Nafion, in particular its high proton conductivity and water permeability. The details 

of this model will be discussed in Chapter V. 

4.6.2 Experimental technique 

The SAXS experiments in this thesis are carried out at the BL2 of the 

Synchrotron Light Research Institute (SLRI), shown in Figure 4.10. The main 

instrument in this beamline is double multilayer monochromator (DMM). This DMM 

has been constructed to monochromatizes, or filters, the incident polychromatic 

beams to have the energy of 8 keV.  
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Figure 4.10 Set up instrumental component of SAXS beamline for SAXS 

measurement of SLRI. The left hand side illustrates the sample holder. The right hand 

side illustrates the SAXS detector.  

 

 

Figure 4.11 SAXS experimental setup  

 
After monochromatization, the beam has been collimated by collimators and 

the beam size has been adjusted by slits. The monochromatized X-ray hits the sample 

and then scatters in the different directions. According to the scattering theory, the 

SAXS experiments generally follow the procedure as shown in Figure 4.11: 

1. Irradiate a sample with a well-collimated beam of some type of 

radiation (X-rays, neutrons or light). 

2. Measure the resulting intensity as a function of angle between the 

incoming beam and scattered beam. 

3. Determine the structure from the observed scattering pattern. 
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Figure 4.12 Example of a polarization curve showing the losses associated with 

irreversibility in a fuel cell (Yamaki, 2010). 

 

Scattering pattern is appeared from the interference of the secondary waves 

that are emitted from various structures (electrons for X-rays and light, or nuclei for 

neutrons). For the case of the Nafion, the SAXS methods have been used to study the 

membrane structure and the morphological changes upon the membrane 

modifications by VUV irradiations. Recently, two phases separation of the membrane, 

described by the SAXS profile, have been reported (Klaus et al., 2008, Page et al., 

2006, and Tsao, Chang, Jeng, Linc and Lin, 2005). 

By using the SAXS experiment, it is expected that the structural change upon 

VUV treatment to the degraded Nafion membrane can be observed. Finally, by the 

combination method of the mass spectrometry, the effects of the VUV from the 

synchrotron radiation on the Nafion membrane have been verified. 
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4.7 Fuel Cell Performance Test 

The performance of the PEMFC can be characterized by means of in situ or ex 

situ techniques. The most effective characterization techniques also indicate why a 

fuel cell performs well or poorly. One of these techniques is the current-voltage or the 

polarization measurement, as described in Chapter II. The electrochemical 

characterization technique provides an overall quantitative evaluation of fuel cell 

performance and fuel cell power density. The voltage output of the fuel cell for a 

given current density loading is obtained by connecting an electronic loader to the 

fuel cell during operation. The current-voltage curve from this measurement indicates 

the performance of the fuel cell. Figure 4.12 shows the standard J-V curve of the 

PEMFC. Explicitly, high-performance fuel cells will exhibit less loss and therefore a 

higher voltage for a given current load. The experimental of the fuel cell performance 

test will be discussed in Appendix C. 

 



 

 

 

 

 

 

 

 

CHAPTER V 

RESULTS AND DISCUSSION 

 

The initiation of the measurements in this thesis is the method of searching a 

reliable quantity of photons that affect the membrane structure based on structural 

models of Nafion reported by Gierke et al. (1981) and Klaus et al. (2008). This 

quantity plays an important role for the vacuum ultraviolet (VUV) treatments and can 

be described in terms of the "photon fluence". Generally, the photon fluence is an 

incident photon flux integrated over exposed times. Because the effects of irradiation 

depend not only on the fluence but also on the structure of the irradiated materials, the 

morphology of the degraded Nafion membranes have essentially been elucidated 

before taking the VUV treatments. These VUV effects are then compared with the 

effects of the argon ion sputtering, the zero-order synchrotron on the Nafion surface 

radiation by means of mass spectrometry, in order to determine the appropriate 

method for the membrane modification. To examine the morphological change upon 

the VUV irradiations, small angle X-ray scattering (SAXS) technique has been 

conducted. Consequently, the improvements of the PEMFC using the degraded 

Nafion membranes after VUV irradiations have been investigated by using the fuel 

cell performance test system. Finally, the evolutions of the electronic structures of the 

degraded Nafion during irradiation are characterized by the photoemission 

spectroscopy (PES) and the computational (DFT) calculations. 
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Figure 5.1 Cluster-network model for the hydrated polymer presented by Gierke 

et al. in 1981 and Kumar and Pineri in 1986. 

 
5.1 Structural Model of Nafion 

Over the last 30 years, numerous scattering and diffraction studies were 

performed and many researches on the Nafion morphology were reported. However, a 

universally accepted morphological model for the solid-state structure of Nafion has 

not been successfully discovered due to the low crystallinity and the complexity of 

co-organized crystalline and ionic domains in this polymer. The generally accepted 

picture is only an aggregation of the polar perfluoroether side chains containing 

sulfonic acid groups due to Coulombic interactions (called the ionic aggregation) 

which leads to a nanophase separated morphology. These ionic domains are 

distributed over the nonpolar PTFE matrix.  

In addition, randomly distributed crystalline domains which have a crystal 

structure similar to PTFE are detected. Based on the SAXS studies of morphological 

model of Nafion named "the cluster-network model" reported by Gierke et al. (1981), 

the clusters of sulfonate terminated side chains are organized as inverted micelles in 

the swollen form. These micelles are interconnected by a network of short and narrow 

channels which allow water and ion transport, as shown in Figure 5.1.  
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Figure 5.2 Parallel cylindrical water nanochannel model (Klaus et al., 2008). 

 
These solvent-swollen clusters are closely related to the ionic conductivity of 

Nafion. The Gierke’s model motivated numerous studies of the phase-segregated 

morphology of Nafion. However, this technique has difficulties in determining more 

than just the position of the Bragg or ionomer peak in the arrangement of the micelles. 

Thus, only information about the distance between the centers of the micelles is 

available, but not on the size of the micelles (Yang et al., 2008). Moreover, there are 

no morphological models in the past that can describe the fast diffusion of water and 

protons through Nafion and its persistence at low temperatures.  

More recently, the structure of Nafion has been studied by using NMR and 

SAXS by Klaus et al. (2008). They have offered a new model providing the best 

explanation to date for the membrane’s structure and how it functions, namely "the 

cylindrical water channel model". This model suggests that Nafion has a closely 

packed network of nanoscale cylindrical water channels running in parallel through 

the material. In contrast, hydrophobic (water-hating) backbone structures cluster 

together to form long rigid cylinders about 2.5 nanometers in diameter with the 

hydrophilic "hairs" to the inside of the water-filled tubes as shown in Figure 5.2. 
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From the water channel model, there are two phase separation in Nafion which 

is similar to the Gierke’s cluster network model except the shape of the ionic clusters. 

This model described the shape of the ionic cluster as the cylindrical water channels, 

rather than other models such as the spheroidal (Roche, Pineri, Duplessix and Levelut, 

1981; Ioselevich, Kornyshev and Steinke, 2004) or sheet-like network of water 

channels (Starkweather, 1982; Krivandin, Glagolev, Shatalova and Kotova, 2003). 

This water channel model also explain how conductivity continues even well below 

the freezing point of water, while other models in which the water clusters have the 

other shapes or connectivities did not match the measured scattering curves.  

Therefore, the cylindrical water channel is expected to be the most promising 

morphological model of Nafion presently. For this reason, the structural parameters 

from this model are introduced to be the initial parameters for calculating the photon 

fluences on the membranes in the VUV treatments. The calculated VUV fluences can 

be obtained as shown in the following steps.  

5.1.1 Nafion structural parameters of the cylindrical water channel 

model 

1. The diameters of the water channels vary from 1.8 nm to 3.5 nm up to 

the degree of the membrane humidity. And the average diameter of the 

channel is 2.4 nm at 20%Rh. 

2. The section of the channels is 0.8 nm. Therefore, the volume of each 

channel is πr2h = π�1.2�2�0.8� = 3.6 nm3. 

3. Because the density of water is equal to 1 g mm3⁄ = 33 mH2O nm3⁄ , the 

channel can gather amount of water = 33×3.6=120 mH2O. 
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Table 5.1 Morphological quantities of Nafion modeled by the cylindrical water 

channel model. 

 Ionic water channel Crystallite structure 

Dry Hydrate Average Dry Hydrate Average 

Diameter (nm) 1.8 3.5 2.4 3.0 8.0 5.5 

Section (nm) 0.8 0.8 0.8 50 50 50 

Area (nm2)       

Transverse 
plane 

2.54 10.18 4.52 7.07 50.27 23.76 

Sagittal plane 1.44 2.80 1.92 150 400 275 

Volume (nm3) 2.03 8.14 3.62 353.50 2513.50 1188.00 
 

 

Figure 5.3 Transverse and sagittal planes of Nafion membrane. 

 
4. At high degrees of membrane humidity such as λ = 7.5, the number of 

the backbone chains containing in each channel is equal to 

120 mH2O 7.5 mH2O⁄  = 16 chains per channel. 

5. At 16%Rh, the crystallites have a diameter of 3-8 nm with the length of 

50 nm  
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From these reports, the essential parameters for the photon fluence are 

summarized in Table 5.1. It is important to notes that the effect of VUV irradiations 

depend on the direction of incident photon on the membranes, which are defined by 

transverse and sagittal planes of incident photons as shown in Figure 5.3. 

5.1.2 Threshold fluence 

In polymer science and plasma physics, the effects of radiation depend on the 

total number of incident particles or ions per unit area over exposure times rather than 

only the number of incident particles or ions per unit area. For this reason, the 

definition of the radiation fluence has been applied because increasing in the fluence 

results in the increment of the irradiation effects on the materials. Furthermore, the 

VUV fluence for Nafion is directly related to the radiation dose of the membrane 

because the membrane absorbs all incident photons. Therefore, the radiation dose 

which defined as the radiation effect to the materials can be expressed in term of the 

photon fluence to the Nafion polymer.  

In this thesis, the effects of VUV irradiations are examined with the 

assumption states that there is at least one photon impacting on the smallest units of 

the Nafion membrane during irradiations. Based on the cylindrical nano-channels 

model, the smallest molecular unit is assumed to be the dried ionic channel that has 

possibly been obstructed by the contaminants in the photo-degradation mechanism 

prior to the VUV irradiations such as the oxygen-intervene molecules as described in 

Section 3.4. By using the definition of fluence, the number of the employed photons 

for irradiation can be calculated from the photon fluences as shows in the following 

calculations. 
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From Table 5.1, the irradiated area is considered to be the area in the sagittal 

direction of the dried ionic channel because the irradiations have been performed in 

an ultrahigh vacuum chamber where the membrane is completely dried. Therefore, 

the effective area of irradiation is 

A � 1.44 nm�                                                        (5.1) 

If one photon is entered in this area over the time of irradiation, the structure 

of the membrane is initially changed. The corresponding "threshold" photon fluence 

can be expressed as 

Fthreshold � 1 photon in time of irradiation 
A

�  0.694 photons nm2⁄     (5.2) 

This threshold fluence is assigned to be the initial value for the VUV 

irradiations and the photoemission spectroscopy (PES) measurements. The first PES 

measurements, performed at the beamline 4 (BL4), have been considered as the 

preliminary results of the electronic structure of the membranes during irradiations; 

while the high performance PES measurements have been performed after relocate 

the PES systems to the new beamline 3.2a (BL3.2a).  

To examine the evolutions of the electronic structure of Nafion during the 

VUV irradiations, moreover, the membranes have been irradiated by using several 

photon fluences, which cover the threshold fluence. The trial photon fluences and the 

corresponding number of incident photons for the effective irradiation areas are show 

in Table 5.2. These corresponding incident photons can easily be calculated by 

multiplying the fluence with the irradiated area as described in Equation (5.1).  
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Table 5.2 Irradiation data for VUV irradiations and PES measurements. 

Trial photon fluences 

(photons/nm2) 

Trial photon fluences 

(photons/cm2) 

Number of incident 

photons per unit cell 

0.0 0.0 0.00 

0.4 4.0	1013 0.58 

0.8 8.0	1013 1.15 

1.2 1.2	1014 1.73 

2.4 2.4	1014 3.46 

3.2 3.2	1014 4.61 

 

It is important to notes that the VUV fluences are similar to the fluences for 

the PES measurements. The insignificant difference between the trial photon fluences 

and the calculated fluence in Equation (5.2) arises from the difficulty to control these 

fluences during the PES measurements, which depends on the acquisition times of 

each PES scan. Nevertheless, these trial fluences cover the threshold fluence and can 

be used to modify the surface structure of the degraded Nafion. The calculations of 

the photon fluence are shown in the following section. 

5.1.3 Photon fluences for the VUV irradiations 

The preliminary PES measurements and the VUV irradiations are performed 

at the BL4 in order to calculate appropriated photon fluences. After moving the 

experimental system to the BL3.2a, further pragmatic PES measurements have been 

elucidated in order to clarify the effects of VUV irradiations to the membranes and 

spectra quantitatively analysis. Note that these PES measurements have been 

investigated after the fuel cell performance tests.  
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Table 5.3 The beam size for two experimental systems (PES measurement and 

VUV irradiation).  

 Beam length at BL4(1) 
(cm) 

Beam length at BL3.2a(2) 
(cm) 

ARPES chamber Irradiation 
chamber 

ARPES chamber Irradiation 
chamber 

Ver-
tical 

Hori-
zontal 

Ver-
tical 

Hori-
zontal 

Ver-
tical 

Hori-
zontal 

Ver-
tical 

Hori-
zontal 

FWHM 0.024 0.060 0.080 0.105 0.010 0.030   
Full 0.056 0.141 0.188 0.247 0.024 0.071   

 Beam area at BL4 (cm2) Beam area at BL3.2a (cm2) 

FWHM 1.44	10-3 8.40	10-3 3.00	10-4  
Full 7.952	10-3 4.64	10-2 1.66	10-3  

 Photons flux at BL4 (photons/s) Photons flux at BL3.2a (photons/s) 

ARPES chamber Irradiation 
chamber 

ARPES chamber Irradiation 
chamber 

Slit=10 
µm 

3.17	109 3.17	109 4.15	107 4.15	107 

Slit=20 
µm 

  1.38	109 1.38	109 

Slit=100 
µm 

5.14	1010 5.14	1010   

 Photon flux density at BL4 (D) 
(photons/s•cm2) 

Photon flux density at BL3.2a (D) 
(photons/s•cm2) 

ARPES chamber Irradiation 
chamber 

ARPES chamber Irradiation 
chamber 

Slit=10 
µm 

3.99	1011 3.99	1011 2.51	1010 2.51	1010 

Slit=20 
µm 

  8.36	1011 8.36	1011 

Slit=100 
µm 

1.11	1012 1.11	1012   

(1)Calculated by the Shadow VUI ray tracing program 

(2)From http:// www.slri.or.th 
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Generally, the different experimental setup between the BL4 and the BL3.2a 

cause to the difference design for the size of the photon beam, resulting in the 

difference in the photon flux density. The corresponding fluences for these two 

stations have been collaborated separately. Each of which have two experimental 

segments The PES were performed in the angle resolved photoemission spectroscopy 

(ARPES) chamber and the VUV irradiation were performed in the irradiation 

chamber. Basically, the essential parameters for the fluence calculations are the beam 

size of the photon beam and the photon flux as shown in Table 5.3. The calculations 

of the photon fluences at the BL4 are shown in the following section.  

 

5.2 VUV Irradiations of the Degraded Nafion at the BL4 

The photon flux, P (the flow of photons impacting on the membranes) at the 

BL4 is obtained by measuring the current of the incident photon beam on the 

photodiodes. This electric current is related to the photon flux by means of the 

electron-hole pairs interaction. This quantity depends on the experimental setup of 

each beamline such as the slit width (10 µm) and the photon energy (100 eV). The slit 

width is assigned to have the minimum value in order to reduce the charging effect 

during the PES measurements. And the photon energy is set to the energy of 100 eV, 

which is in the range of VUV region. Thus, the measured photon flux at the BL4 is 

P �4.59	109 photons/s                                            (5.3) 

Because the photon flux recorded from the photodiodes and the PES 

measurements are different, it must be normalized by the electron current in the 

storage ring (Ie).  
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Table 5.4 Electron currents (Ie) of the storage ring at the BL4, SLRI. The Ie is 

measured during the PES measurement (Ie,PES) and during the photodiodes 

measurement (Ie, diodes). 

Electron current of the PES measurement 

at the BL4 (Ie,PES) 

Electron current of photodiodes 

measurement at the BL4 (Ie, diodes) 

88.30 mA 127.72 mA 

 

Furthermore, in the SLRI synchrotron facility, the life-time of the beam results 

from the attenuation of the electron currents. The photon flux has been normalized to 

be the average photon flux at the standard electron current (100 mA). The electron 

currents recorded during the PES measurements and the photodiodes measurement are 

shown in Table 5.4. Although the average value is 108 mA due to the difficulty to 

take the experiment at the standard electron current, the average photon flux given by 

these parameters is acceptable.  

Nevertheless, the average photon flux in this thesis is  

P�¡³m,Ir´� � P 	 a I,,¡³mI,,HlgH,hb � 4.59	109 	 K 88.30127.72L                              
� 3.17	109 photons/s                      (5.4) 

To enlarge the irradiated areas of the membranes before the fuel cell 

performance tests, the VUV irradiations have been performed at the irradiation 

chamber (43 cm far away from the ARPES chamber). Table 5.2 shows that the beam 

size of this chamber is almost 6 times larger than the beam size of the ARPES. 

However, the beam has inadequate size for the requirement of the active area for the 

fuel cell performance tests (1 cm2).  
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5.2.1 Slit factor 

For this requirement, the VUV irradiations have been carried out by scanning 

the exposed membranes vertically within the length of 1 cm, and tilting the 

membranes horizontally to have the exposed length of 1 cm. The methods for the 

VUV irradiation at the BL4 have been demonstrated in Appendix A.  

Moreover, the photon flux can be increased by increasing the slit width. It is 

feasible to adjust the slit width because the charging effect is realized to be an 

insignificant parameter for the VUV irradiations. For this reason, the slit width in the 

VUV irradiation is assigned to be 100 µm. However, there is no direct information of 

the photodiodes measurement that provides the photon flux at 100 µm. In fact, the slit 

width has only been assigned to be 10 µm and 20 µm. Nevertheless, assuming that the 

photon flux linearly relates to the slit width, the photon flux for the slit width of 100 

µm can be obtained by multiplying the photon flux for 10 µm with the slit factor. 

Consequently, the slit width, the photon flux density (D) and the corresponding 

photon fluences (F) have also been calculated using this quantity as shown in the 

following procedure.  

The slit factor for the VUV irradiations can be obtained by the photon flux 

which is measured at the slit width of 10 and 20 µm as shown in Table 5.5. 

Obviously, when the slit width increases by factor = 2 (from 10 to 20 µm), the 

resulting photon flux is increased by factor = 3.24. Therefore, the relatively slit factor 

for 100 µm is equal to 3.24	5 = 16.2. Consequently, the photons flux of VUV 

irradiation at the BL4 for the 100 µm slit width is  

P �  �3.7	109� 	 16.2 � 5.14	1010  photons s⁄                    (5.5) 
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Table 5.5 Relation between the electron currents and the normalized photon flux 

measured at S = 10 and 20 µm. These quantities have been used for the slit factor 

calculations. 

Slit width = 10 µm Slit width = 20 µm 

Photon flux 

(photodiodes) 

(photons/s) 

Ie,diodes 

(mA) 

Ie,measure 

(mA) 

Normalized 

photon flux 

(photons/s) 

Photon flux 

(photodiodes) 

(photons/s) 

Ie,diodes 

(mA) 

Ie,measure 

(mA) 

Normalized 

photon flux 

(photons/s) 

4.59	109 127.72  88.30 3.17	109 1.51	1010 123.50 84.12 1.03	1010 

 

5.2.2 Photon flux density 

The photon flux expressed in Equation (5.5) is then used to calculated the 

photon flux density (D) defined as 

D � P A⁄ ,                                                              (5.6) 

where A is the exposed areas of the sample at the irradiation chamber at the BL4,  

A � �0.188	0.247� � 0.046 cm�                                (5.7) 

Thus, the photon flux density is  

 D � �5.14	1010� 0.046 � 1.11	1012 photons/s · cm�⁄              (5.8) 

5.2.3 Photon fluences 

Accordingly, the photon fluences can be calculated according to the definition 

of the fluence,  

F � DT.                                                               (5.9) 

By setting exposed times (T), the corresponding photon fluences for the VUV 

irradiation at the BL4 can be calculated as shown in Table 5.6. Note that these results 

are similar to the trial photon fluences shown in Table 5.3.  
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Table 5.6 The corresponding photon fluences for the VUV irradiations at the 

BL4.  

Irradiation time  
(second) 

Corresponding photon fluence 
(photons/cm2) 

0 0.0 
36 4.0	1013 
72 8.0	1013 
108 1.2	1014 
216 2.4	1014 
288 3.2	1014 

 

5.3 Other Surface Modification Techniques 

In order to compare the modification affects on the membrane surface with 

these VUV fluences (at 100eV), several surface modification techniques such as Ar+ 

sputtering, VUV irradiations with the variation of photon energies and the zero-order 

synchrotron radiation have been performed. The comparison of these results ascribes 

the usable techniques for the membrane modification. It is supposed that the best 

membrane modification technique shouldn’t lower the chemical and mechanical 

properties of the membrane after modification.  

5.3.1 Argon ions (Ar+) sputtering 

According to the Ar+ sputtering of Nafion provided by Cho (Cho, Cho, Oh, 

Kim and Ha, 2006), the single fuel cell performance using the ion sputtered 

membranes was increased, with the maximum power density up to 0.62 W/cm2 

(which was 2 times higher than that of the fuel cell using the untreated membrane). 

The improvement of the fuel cell performance is due to the surface roughening after 

ion bombardments. The increase in the roughness results in the increase of the surface 

active area between electrolyte and catalyst.  
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Figure 5.4 Mass spectra of the Nafion membrane excited by the 2.0 keV of Ar+. 

The major fragments are CF, CF2, CF3 and SO3H. 

 
In this thesis, the low energies Ar+ sputtering (0-3 keV) for the Nafion surface 

modification have been performed. During bombardment, the fragmentations of the 

molecular species of Nafion are characterized by mass spectrometry. This technique 

employs the residual gas analyzer (RGA) to analyze the molecular species of Nafion 

during Ar ions bombardment in vacuum chamber, with the base pressure of ~ 10-6 

mbar. The mass spectra indicate that the fragmentations of Nafion species compose of 

the CF, CF2, CF3 and SO3H fragments, which generate from the Nafion backbones 

and side chains during sputtering as well as the standard molecule (Ar, CO/N2, H2O 

and H2) in vacuum. The mass spectra of Nafion excited by the 2.0 keV Ar+, for 

example, are depicted in Figure 5.4.  

Interestingly, the mass intensities of all molecular species are increased with 

increasing the ion energy. It is concluded that the surface modification of Ar+ 

sputtering is extremely affects to the Nafion membranes. 
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Figure 5.5 Intensity (in terms of area under curve) of the Nafion molecular 

species (CF2 CF3 and SO3H) is plotted as a function of ion energy. The percentage of 

elongated C-S bond in the simulation, which corresponds to the intensity of the 

molecular species in the sputtering measurements, is increased with increasing the 

energy of argon ions.  

 

To verify the sputtering effects, The Ar+ sputtering results are also compared 

with the computational study of the Ar+ bombardment on Nafion by the molecular 

dynamic (MD) simulations (Yana et al., 2011). This research using the computational 

code named the assisted model building with energy refinement (AMBER) to 

simulate the structural changes upon various ions energies (0.5-3.0 keV). In contrast, 

the atomic level of the Nafion surface modification has been simulated using 1024 

units of the Nafion side chains. The effect of the ion bombardment was described by 

the C-S bond stretching, which is directly related to the SO3
- fragmentations of the 

experimental results. From this result, the MD calculation is in agreement with the 

Ar+ sputtering results as shown in Figure 5.5. 
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Figure 5.6 AFM images of the Nafion with no sputtering (a), after 0.50 keV (b), 

2.25 keV (c) and 3.00 keV Ar+ sputtering (d), respectively. These pictures were taken 

with the field of view of 5000 nm and also converted to the 3-Dimensional of no 

sputtering (e) and 2.25 keV sputtering (f), respectively. 

 
To display the surface Nafion after bombardments, the microscopy technique 

has been considered. Particularly, atomic force microscopy (AFM) has been 

conducted. The tapping mode of the AFM measurements with 5000 nm field of view 

reveals the change in the surface roughness of the membrane after sputtering. The 

membrane roughness is increased with increasing the ion energy as shown in Figure 

5.6. From these Ar+ sputtering technique, it is expected that the surface roughening 

results in the increment of the surface active area of Nafion.  
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Therefore, their interfacial area connection between the electrolyte membrane 

and the catalyst has been increased. And the performance of PEMFC using this 

modified membrane should consequently be enhanced. However, the surface 

modification by sputtering technique has some issues such as pores interception at the 

surface and the reduction of the hydrophobicity of the membrane after ion 

bombardments. These effects are the affectation for the decrease in the membrane 

conductivity, as reported by Ramdutt and his co-workers (Ramdutt et al., 2007). From 

this issue, it is suggested that the Ar+ sputtering technique is an inappropriate 

modification technique for the degraded Nafion.  

5.3.2 Photon bombardments 

Since the Ar+ sputtering is suggested to be an inapplicable modification 

technique for the degraded Nafion, the surface treatment with mildly conditions such 

as the subtle source of photon has been considered. With the contribution of the 

synchrotron source at SLRI, the variation of photon energies have easily been 

adjusted by the grating monochromator. The photon beam with the energy range of 

UV from synchrotron radiation is expected to be a mildly surface modification of the 

polymer rather than the Ar+ ion bombardments. Note that the UV synchrotron 

techniques are also largely used in the polymerization such as the radiation graft 

polymerization of styrene into PTFE film by UV (Asano et al., 2007). 

For this modification, the zero-order synchrotron light (the polychromatic 

photon beam that contains various photon energies) has been used as an exciting 

source. During exposure the membranes to the zero-order light, the membrane 

fragmentations are also detected by the residual gas analyzer (RGA) similar to the 

fragmentation measurements of the Ar+ sputtering.  
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Figure 5.7 Mass spectra of Nafion membrane excited by 2.0 keV of Ar+sputtering, 

zero-order synchrotron light, 100 eV VUV radiation and without excitation. 

 
Moreover, this mass spectrometry results have been compared with the photon 

bombardments exciting by the monochromatic beam at 100 eV, which is in the range 

of the VUV radiation. Figure 5.7 summarizes the comparison of the mass results 

excited by Ar+ sputtering, zero-order irradiation and VUV irradiation with the energy 

of 100 eV. These results are also compared with the mass spectra of the unexcited 

membrane (before irradiation). Explicitly, the mass results show that the Ar+ 

bombardment cause to an excessive fragmentation of the Nafion molecular species 

because of the highest mass intensity in comparison with other excitations.  
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The very large interaction with the Nafion implies that the ions bombardment 

may not suitable for the membrane surface modification due to the reduction of the 

proton conductivity, though the surface roughness is even increased with ions energy.  

On the same effect, the zero-order synchrotron irradiation generates small 

fragments compared with the ion sputtering. However, the main Nafion molecular 

species such as CF3 have always been detected by this excitation. This can be ascribed 

that the zero-order irradiation also causes to excessive change the structure of the 

Nafion at the main chains similar to the Ar+ bombardment, results in the decrease in 

the mechanical property of the membrane after surface modification.  

On the other hand, while the Ar+ sputtering and the zero-order synchrotron 

radiations have an excessive effect to the surface of Nafion, the VUV irradiation is the 

gentlest effect. Implicitly, the VUV irradiation is the preferential surface modification 

technique for this membrane.  

Note that the electron electronic structures of the Nafion characterized by the 

photoemission spectroscopy of various photon energies (40-160 eV) are demonstrated 

in Appendix B. These results show that the electronic structure of the Nafion 

membrane have been changed after irradiations with various energies of VUV 

synchrotron radiations. However, due to the low signal to noise ratio spectra 

measurements at the BL4, the results have been compared only to examine the 

changes in the PES intensity, not for quantitatively calculations such as area under 

curves. As described in Section 5.1.2, the rigorous PES measurements have been 

performed at the BL3.2a because of the higher PES intensity and resolution. The 

analysis electronic structure using the PES measurements at the BL3.2a and using 

computational calculations will be discussed in Sections 5.6 and 5.7. 
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5.4 Small Angle X-ray Scattering 

In order to study the morphological changes inside materials, small angle X-

ray scattering (SAXS) technique has been conducted. It is well known that the 

complex structure can be characterized by scattering techniques where the variation of 

nano-scale size and configuration of materials have been monitored by the selected X-

ray energy. For Nafion, there are many researches on the nanostructure of the 

membranes (Tsao et al., 2005), (Barbi, Funari, Gehrke, Scharnagl and Stribeck, 

2003). However, the complete structural implementation of the Nafion and also the 

degraded Nafion membranes has not been attained.  

According to the basis of SAXS analysis (Page et al., 2006), Nafion 

membrane has two different structures. The complex, phase-separated morphology of 

Nafion, consists of crystalline and ionic domains as described in Chapter III. Due to 

the electron density differences between the ionic domains and the PTFE matrix, a 

scattering maximum appears in small-angle X-ray scattering profiles at q~1-2 nm-1, 

which has been termed the "ionomers peak". While a very low angle peak or shoulder 

is often observed at q = 0.4 nm-1, which has been attributed to scattering from the 

locally ordered crystalline composed of relatively long runs of PTFE segments 

between side chains (teamed the "crystallites peak"). 

In this thesis, the SAXS study is performed in order to examine the irradiation 

effect to the surface of the degraded Nafion membrane. Although the surface 

morphology of the membrane provided by SAXS is very complicated, it is expected 

that the structural transfiguration of the degraded Nafion after VUV irradiations can 

be investigated. And the enhancement in the ionic domain after irradiation which 

results in the improvement of the PEMFC can be satisfied by this method. 
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Figure 5.8 SAXS images of the unirradiated membrane in the dried state (a) the 

VUV irradiated membrane in the dried state (b), the unirradiated membrane in the 

hydrated state (c), and the VUV irradiated membrane in the hydrated state (d). 

 
Figure 5.8 illustrates the SAXS patterns of the degraded membranes before 

and after VUV irradiations in dried and hydrated states. The hydrated membrane can 

be achieved by dipping the membrane in the de-ionized water for 60 minutes. The 

membranes are treated by VUV irradiation with the photon fluence of 1.2	1014 

photons/cm2. The scattering patterns appear anisotropic scattering due to the 

membrane photo-degradation prior to the VUV treatment. In particular, the two 

equatorial bands on the top and the bottom of the pattern are attributed to scattering 

arising from the oriented ionic domains at the sulfonic acid group side chain, while 

the small band near the center is attributed to the distribution of the crystalline domain 

at the polymer backbone. With the contribution of VUV treatment, the orientation of 

the ionic domain in the hydrated state is rearranged as depicted in the improvement of 

the ionic bands distribution (d) in comparison to the scattering patterns of the 

untreated membrane (c). At this point, the surface contaminants may be responsible 

for ionic channel alteration and they have possibly been eliminated by the VUV 

irradiations. However, the rearrangement of the ionic domain after VUV treatment is 

not clear and requires further studies. 
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Figure 5.9 SAXS profiles of the untreated and the treated membranes in dry and 

hydrated states integrated in the horizontal direction (a) and the untreated and the 

treated membranes in dry and hydrated states integrated in the vertical direction (b). 

 
The development of the ionic water nanochannels has also been demonstrated 

in the SAXS profiles in Figure 5.9 where the scattered intensity is plotted as a 

function of the scattering vector, q � 4π sin θ λ⁄ . There are two characteristic peaks 

relates to the phase separation of the periodic morphology structures within the 

membrane. Eventually, the measuring peak around q = 0.45 nm-1 is the crystallite 

peak of the polymer main chains. And the small peak around q = 1.6-1.8 nm-1 is the 

ionomer peak. For the dry state, no different in the scattering vector has been 

detected. However, the different in the peaks between the irradiated and the 

unirradiated membranes has been detected. The scattering peak of the hydrated 

membrane move to lower scattering vector, compared to that of the dried membrane.  
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Because the decreasing in the scattering vector q is related to the increase in 

the domain size of the materials, these scattering results indicate the extension of in 

the hydrated ionic sites upon VUV irradiations. The extension is up to 6%, compared 

to the scattering vector of the unirradiated membrane. However, this phenomenon is 

still being unclear because the VUV modifications occur at the surface, while the 

SAXS measurement probes the bulk structure of the membrane. The change of the 

ionic domain size is possibly due to either the VUV effects or an inhomogeneous 

structure of the membrane prior to the VUV irradiation. At this point, only the change 

of the bulk structure of the membrane after VUV irradiation such as the polymer 

cross-linking has been examined by the SAXS measurements.  

According to the SAXS results using gamma ray irradiations reported by Tsao 

(Tsao et al., 2005), the Nafion membrane has undergo polymer cross-linking after the 

irradiation. This formation caused to the reduction of the inter-lamellar distance 

between the crystalline domains and decreasing in the ionic cluster domain size.  

In this thesis, however, no significant changes in the crystallite peaks from the 

intensity integration of both the horizontal and the vertical direction have been 

observed after irradiation. Obviously, the crystallinity of the degraded membrane with 

and without the VUV irradiation has not been changed. This result indicates that the 

Nafion membranes do not undergo the polymer cross-linking. On the other hand, the 

VUV irradiations have an effect only on the surface which is occupied by the 

membrane contaminations in the photo-degradation mechanism.  

For this reason, with gentle VUV fluences performing in this thesis, the SAXS 

results confirm that the VUV irradiation is the appropriate method for the membrane. 

These results are also in agreement with the results from mass spectrometry.  
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Figure 5.10 Schematic diagram of single PEMFC operation.  

 

5.5 Fuel Cell Performance Test 

To examine the PEMFC performance, the PEMFC testing system has been 

conducted. As illustrated in Figure 5.10, this system consists of H2 and O2 supplies, 

electronic load device, single PEM fuel cell and the computer controlling system. The 

operation of the fuel cell test system is similar to the PEM fuel cell operation. The 

system has been connected with a tunable electronic load device, where the voltage 

(V) has simultaneously been recorded with the fuel cell current density (J). The 

performance of the PEMFC is demonstrated by the graph of the fuel cell current 

density and the cell voltage (J-V or the polarization curve).  

Before performance test, the membrane electrode assembly (MEA) using the 

irradiated Nafion has been constructed by hot-pressing as described in Section 2.4. In 

this PEMFC operation, the inlet gases have been humidified before entering to this 

fuel cell in order to optimize the electrochemical reactions and the proton 

transportation through the membrane. 
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Figure 5.11 Polarization curves and the fuel cell power density of the single fuel 

cell using the irradiated Nafion membranes with one-side and two-side irradiations. 
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Figure 5. 12 The improvement of the maximum power density of the PEMFC as a 

function of the photon fluences.  
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During PEM fuel cell operation, the single PEMFC is connected with an 

electronic load device to control the fuel cell current density. Figure 5.11 shows the 

polarization curves of the fuel cell using the VUV irradiated Nafion with the different 

fluences (0-3.2	1014 photons/cm2), which cover the threshold fluence (6.94	1013 

photons/cm2) as described in Section 5.2 and also shows the corresponding fuel cell 

power density.  

According to the relation between the fuel cell potential and efficiency given 

by Equation (2.60), the performance of the PEMFC using the irradiated Nafion 

membranes explicitly increases with increasing the photon fluences in the VUV 

irradiations. The maximum current density at 0.6 V is 0.4 A/cm2. The maximum 

power density of a fuel cell is up to 0.28 W/cm2 for the VUV irradiation with the 

fluences ~ 2.4	1014 photons/cm2 (two-side irradiation at 0.6 A/cm2).  

However, the maximum power density of the PEMFC using these modified 

membranes in one-side and two-side of VUV irradiations have been demonstrated in 

Figure 5.12. These quantities are obtained by multiplying the cell current density with 

the cell potential.  

Although the performance of the PEMFC using the irradiated membranes are 

lower than that using the fresh membrane (Tian, Gao, Zhang, Luo and Shan, 2008), 

the VUV modification exhibits the improvement of the performance with increasing 

the photon fluences and even compared to the pristine degraded membrane. It is 

expected that this improvement is occurred on the surface of the irradiated 

membranes. The surface effects of VUV irradiations have been investigated as 

indicated in the comparison of the current density at 0.6V for one and two-side 

irradiations in Figure 5.13.   
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Figure 5.13 Current density at 0.6 V of the fuel cell using VUV irradiated 

membranes. 

 
The higher performance of the two-side irradiation compared with the one-side 

irradiation certainly results from the surface modification effect by VUV irradiations. 

This result confirms the surface effect, which is already investigated by the PES and 

the SAXS measurements. 

 

5.6 Photoemission Measurements 

The rigorous PES measurements have been performed at the BL3.2a, where 

the PES system has been upgraded. Many powerful devices such as U60 undulator 

and the new grating monochromators have been upgraded to support the efficacious 

measurements. This combination serves the improvement of the signal-to-noise ratios, 

resulting in the better PES intensity. Specially, the PES measurement of the insulating 

materials such as the Nafion polymer electrolyte membrane requires higher intensity 

to specify the PES peaks. 
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5.6.1 The photon fluence calculation for the BL3.2a 

Before PES measurements, it is important to notes that the photon flux in the 

BL3.2a can be obtained by the different manner from the calculation in Sections 5.2. 

In contrast, this quantity can be calculated from the photodiode’s current (Is). 

Furthermore, the gold mesh has been installed between the sample’s position and the 

monochromator in order to recording the photon current (Ip) simultaneously with the 

measurement of the Is for the photon fluence calculations and also recording the Ip 

during the PES measurements. While the Is is used to calculate the photon fluences, 

the Ip is also used to normalize the PES intensities for each scan. Because the photon 

beams cannot pass through the photodiodes to the sample, it should be suitable to 

normalize the PES intensity by the photon current detected by the gold mesh rather 

than the photodiodes. The details of the normalization of the PES spectra will be 

described in the next section.  

The photon flux is defined as the photoelectrons per unit time per the quantum 

efficiency of the photodiodes. 

P �  IheQh  ,                                                            �5.10) 

where e is the electric charges (1.6	10-19 C) and Qh is the quantum efficiency of the 

photodiodes at a given photon energy (100 eV). The average photodiodes current 

have been performed within 50 Is records. The average photodiodes current and the 

average photon current at the measuring electron current are shown in Table 5.7.  

The measured quantum efficiency of the photodiodes (Qs) at the photon 

energy of 100 eV is  

Qh � 7.287   .                                                   (5.11) 
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Table 5.7 The average photodiodes and gold mesh currents for number of photon 

calculation.  

Average electron current 

at the BL3.2a  

Average photodiodes 

current (Is) 

Average photon current 

(Ip) 

122.08 mA 4.84	10-11 A 1.42	10-11 A 

 

The following photon flux is expressed as  

P �  IheQh �  4.84	10‐11

�7.287	1.6 	 10��¶�
� 4.15	107  photons s⁄ .           (5.12) 

Notes that this photodiodes’s current in the PES system is lower than the 

expected value of the BL3.2a due to the problem of the cylindrical focusing mirror 

(M2Cy), which is placed before the PES chamber at that time. However, the photon 

current at the chamber that placed before this mirror can be measured. The photon 

current with the silt width of 50 µm is equal to 1.02	10-5 A. Explicitly, the current 

will be decreased when decreasing the slit width down to 10 µm. According to the 

linearly relation of the photon flux and the slit width in Table 5.4, the photon flux at 

that chamber should be equal to 4.4	1010 photons/s. This value is really higher than 

the photon flux at the BL4 (3.17	109 photons/s). It is guarantee that the photon flux 

at the BL3.2a is higher than the photon flux at the BL4. The problem in the lowering 

current is due to the alignment of the M2Cy. At the time of measurement, the photon 

flux at anywhere of the BL3.2a after the M2Cy was reduced. The resulting currents 

measured at the PES system were then reduced and the photon flux at the PES system 

had been decreased. Nevertheless, the PES measurements were performed at the PES 

system so the calculation demonstrated in Equation (5.12) is acceptable.  
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Thus this photon flux has been used to calculate the photon flux density  and 

also the photon fluences for the PES measurements, which can subsequently be used 

to determine the measuring time of the PES and the corresponding PES spectra for a 

given photon fluence. Additionally, before analysis the PES spectra have been 

normalized to be the comparable spectra.  

5.6.2 Normalization of the PES intensity 

Because the number of photons attenuates simultaneously with the electron 

current in the storage synchrotron ring at SLRI after injection, the intensity of the 

photoelectron has also been reduced with the measuring times. For this reason, the 

PES spectra of Nafion should be normalized by the photon current (Ip) of each 

individual scan.  

Because the photon currents have been recorded by the program that collect 

the data from the gold mesh (at the XPS chamber), which differs from the PES data 

acquisitions program (at the ARPES chamber), the recorded number of scan of Ip also 

differ from the number of scan of the PES measurements. Thus, the measured Ip that 

correspond to the number of the PES scans must be selected through the overall data. 

It should be noted that the PES measurements are related to the Ip measurements 

because the Ip and the PES measurement have the same measuring time as shown in 

Table 5.8. Thus, the relatively Ip for each PES scan can be obtained by the following 

calculations. 

The scanning time interval in one complete scan for the Ip and the PES 

measurement can easily be calculated by dividing the PES measuring time with the 

corresponding number of scans. And the Ip for each the PES scan can be obtained by 

linear fit of Ip within entirely scans as shown in Figure 5.14.  
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Table 5.8 The correspondence between the time of the PES measurements at the 

ARPES chamber and the time of the Ip measurements at the XPS chamber. 

Measuring 
times (min.) 

PES measurements 

(at the ARPES chamber) 

Ip measurements 

(at the XPS chamber) 
 Number of 

scans 
Scanning time of 
each scan (min.) 

Number of 
scans 

Scanning time of 
each scan (min.)  

164 200 0.82 9896 0.01657 
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Figure 5.14 Linear fit of Ip with the number of PES scans. Slope as well as vertical 

intercept has been used to calculate the corresponding Ip for the PES normalization.  

 

Consequently, the corresponding photon currents for each PES measurement 

can be obtained by this relation, 

calculated I� � vertical intercept � slopetime of PES measurement    .     (5.13) 
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Table 5.9 The corresponding photon currents for the PES intensity 

normalization. 

Number of scan Time interval in 1 scan Photon current (A) 

1 0.00 1.00	10-10 

2 0.82 1.00	10-10 

3 1.64 1.00	10-10 

4 2.46 1.00	10-10 

5 3.28 9.99	10-11 

6 4.10 9.98	10-11 

7 4.92 9.97	10-11 

8 5.74 9.96	10-11 

9 6.56 9.95	10-11 

10 7.83 9.94	10-11 

 

For example, the Ip for the first 10 PES scans are shown in Table 5.9. 

Obviously, the Ip for each scan is approximately closed to each others. These 

quantities are used as the normalization factor for each corresponding PES recorded. 

5.6.3 PES spectra and binding energy adjustments 

It is well known that binding energy of insulating materials tends to move 

toward higher binding energy during the PES measurement because of the sample 

charging effect. This uncontrollable phenomenon originates from the photoelectron 

accumulation on the surface of insulators and is ascribed to be one of major for the 

peak identification in the PES measurement.  



 

 

 

 

 

 

 

 

 114 

The practicable method to reduce the charging effect, as described in Section 

5.2, is to reduce the incident photon flux by narrowing the slit width that placed in 

front of the PES sample position. However, this adjustment causes to the decrease in 

the PES signal-to-noise ratio and also results in the difficulty to identify the PES 

peaks of the membranes. In addition to correct the charging, the peak positions have 

been adjusted with respected to the referent position. According to the ultraviolet 

photoelectron spectroscopy of polytetrafluoroethylene (PTFE) (Ono et al., 2005) and 

polyvinylidene fluoride (PVDF) (Morikawa et al., 2000), the binding energy of the 

fluorine 2p state (F2p) appears around 10 eV. However, the binding of F2p in the 

Nafion membrane can shift from this position. Additionally, the position of F2p 

depends on the bonding types and the covalent atoms.  

For the degraded Nafion, the PES valence band spectra of the membrane, 

including the F2p and C-O/C-H contaminations, have not been reported. The standard 

binding energy of F2p is obtained by referring any F2p peaks of each the PES scans to 

the F2p peaks position of the first PES scan. In this measurement, the resulting first 

PES scan indicates that the binding energy of the F2p is equal to 10.4 eV. This peak 

position is in agreement with the results of F2p calculations reported by Bittencourt, 

Lier, Ke and Suarez-Martinez (2009). After the binding energy adjustments, the 

corrected peak positions are shown in Figure 5.15.  

Because the photon fluences for the VUV irradiations and the PES 

measurements are similar, the changes of the electronic structures of the degraded 

Nafion during irradiations can simultaneously be characterized by the PES 

measurements. As a matter of fact, these changes have been investigated by the PES 

method.  
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Figure 5.15 PES spectra of the degraded Nafion of the different fluences of VUV 

irradiations, compared to the DOS result from the DFT calculations. Peak A is 

assigned to the F2s state, peak B is the C-F band, peak C is the mixing band of the F2p, 

C-O and C-H, peak D is the C-C band of the Nafion main chain and peak E is the 

conjugated C=C bond. 

 

 

Figure 5.16 Schematic Gaussian fit formula in OriginLab8.5. 

 
Figure 5.15 shows the evolution of the PES spectra of the degraded Nafion 

membrane. Explicitly, the PES spectra are dramatically changed with the VUV 

irradiation fluences. The details of the PES peak analysis and the electronic structure 

calculations of the membrane will be discussed in the next section. 
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Figure 5.17 The 1st measurement PES spectra of the degraded Nafion. 

 

5.6.4 PES peak analysis 

By using the Gaussian fitting method from the peak analyzer module in the 

OriginLab8.5 computational software, the peaks position of the PES of Nafion can be 

identified by using the formula of Gaussian fitting is expressed as 

y � yQ � Ae�´ -s����E�E»����
w½ π4 ln 2

,                                                  (5.14) 

where A is the peak altitude, xM is the peak center position, and w is the peak width as 

depicted in Figure 5.16. 

Figure 5.17 shows the curve fitting of the 1st scan of the PES measurement, 

which is assigned to be the PES spectra of the pristine (unirradiated) membrane. 

There are six resonant peaks presented in the PES spectra. According to the valence 

band spectra of Nafion reported recently, (Ono et al., 2005), (Morikawa et al., 2000) 

and (Choi, Manohara, Morikawa and Sprunger, 2000), the peak appears at highest 

binding (~ 33eV) is originated from F2s.  
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Figure 5.18 PES spectra of the degraded Nafion irradiated with the fluence of 

2.4	1014 photons/cm2. The new peak appears at the lowest occupied state (labeled 

"X"). 

 
The next peak around 28 eV is the C2s orbital from the main chain. The peak at 

17 eV is originated from the bonding orbital of C2s-F. The following peak is the C-F 

bonding interaction. The peak appears at ~ 9-12 eV is the mixing bands of the F2p, C-

F, C-C and/or C-H bonds, with the contributions of S and O. It is expected that 

expected that this mixing band is originated from the remaining surface contaminants 

by the photo-degradation. And the lone pair of fluorine atom (F2p) and the peak 

appearing at the lowest binding energy is the bonding orbital of C-C bonds of the 

main chain and the antibonding orbtals of the C-F bonds.  

Additionally, the PES measurements also reveal that upon a subsequent 

exposure the degraded Nafion membrane to the VUV radiation, a new feature near the 

Fermi level (labeled "X") is generated as shown in Figure 5.18. 
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The new peak appears at the lowest binding region of the PES spectra 

indicates that the chemical structure of Nafion has been changed during the VUV 

irradiations. This peak is assigned to be the carbon double bonds (C=C). More 

generally, it is well known in the polymer science that breaking of the C-F and/or C-H 

bonds may have the generation of carbon-carbon double bonds in polymers.  

This structural change also indicates the increment of metallicity of the 

membrane surface as can be seen in the other photo-excited materials (Ohtomo, 

Muller, Grazul and Hwang, 2002; Yoshimatsu, Yasuhara, Kumigashira and Oshima, 

2008 and Sing et al., 2009). 

The generation of C=C bonds provides evidence of a π-bonding band 

formation in the polymer chain due to the fluorine and or hydrogen removal during 

the VUV irradiations in vacuum. It is also indicated that with increasing the 

irradiations fluences, the C=C bond peak exhibits shift to the lower binding energy 

region and consequently seemed to come across the Fermi level at higher fluences as 

shown in Figure 5.19.  

The generation of the C=C double bonds during irradiations of the degraded 

Nafion is considered to have the different result from which of the irradiation results 

of the polytretrafluoroethylene (PTFE) (Ono et al., 2005). Although the backbone 

chains of Nafion compose of the PTFE chains, PES results shown that the C=C 

formation is an insignificant degradation mechanism in the PTFE films during the 

irradiation.  

On the other hand, PES results of polyvinylidenefluoride (PVDF) excited with 

the 75 eV VUV irradiation, reported by E. Morikawa (Morikawa et al., 2000), 

demonstrated the presence of C=C bonds formation in this polymer.  
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Figure 5.19 The PES spectra of the degraded Nafion induced by VUV irradiations 

of 0.0, 6.2	1014 and 8.2	1015 photons/cm2. The C=C bonds (peak X) exhibits move 

toward lower binding energy region with increasing the fluences.  

 
This double offered a way to introduce the formation of fully conjugated 

double bonds after loss of hydrogen and/or fluorine atoms. Consequently, the 

reduction of the unit-cell volume of the irradiated polymer was discovered.  

In general, the degree of double bond conjugation strongly influences the 

position of the highest occupied molecular orbital (HOMO) in PES spectra. The 

higher the degree of conjugation has led to the shift of the HOMO band (thus the 

threshold energy in PES) toward a lower binding energy. Thus, the PVDF results are 

almost similar to the PES results in this thesis.  
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Figure 5.20 Plot the PES peak positions of F2s, C-F, F2p and C=C bonds with the 

irradiation fluences. The C=C bonds moves toward lower binding energy, while other 

peaks move toward higher binding energy due to sample charging.. 

 
To clarify the shift of the C=C bond upon the VUV fluences, the position of 

the binding energy of the different components of Nafion (F2p, C-F, F2p and C=C) are 

plotted as a function of photon fluences, shown in Figure 5.20. Obviously, all peaks 

except the peak of the C=C bond move toward higher binding energy regions because 

of the sample charging with increasing in the VUV fluences. On the other hand, the 

C=C peak moves with the different direction. This indicates that the C=C bond can be 

used as the indicator for the surface modification without any troubles of the charging 

effect. Therefore, the shift of the C=C bonds indicates the chemical changes of the 

Nafion surface during irradiations. This phenomenon is consistent with the other PES 

reports (Morikawa et al., 2000 and Choi et al., 2000). 
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Figure 5.21 Area under curves of the PES measurements of the degraded Nafion. 

The dramatic decrease in the fluorine peaks indicates the fluorine removal during 

VUV irradiations.  

 

Moreover, the quantitative analysis (in terms of area under curves) of the 

peaks can be obtained by using the integrate peak calculation in the OriginLab8.5 

computer software. As shown in Figure 5.21, all PES intensities involving the fluorine 

atoms (F2s, C-F and F2p peaks) are decreased. This indicates the decrease in the 

fluorine atom with increasing the VUV fluences. Note that the fluorine removal is in 

agreement with the PES of the PVDF, (Morikawa et al., 2000 and Choi et al., 2000), 

and also the PES of PTFE (Wheeler et al., 1982). The combined effects of the fluorine 

and/or contaminants removal and the generation of C=C double bonds with an 

increasing in the photon fluences demonstrate the chemical changes of the membrane. 

Since the PES measurement is known to be the surface-sensitive technique, these 

membrane irradiations are therefore expected to have an effect especially on their 

surface. 
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In conclusion, the Nafion surface state evolution excited by the VUV 

irradiations has been characterized by the PES measurement. It is also suggested that 

the modifications take responsibility for the PEMFC improvement in terms of the 

increase in the metallicity, which may increase in the Pt catalyst on the surface, and of 

the eliminating of the surface contaminants. To observe these structural changes, the 

fluorine removals have been compared with the results from the theoretical 

calculations as described in the next section.  

 

5.7 Theoretical Calculation of the Electronic Structure of Nafion 

In order to verify the electronic structure of Nafion in the PES measurements, 

theoretical calculation of the electronic structure have been investigated. As described 

in Section 4.4, the calculation based on the DFT calculation, which is a quantum 

mechanical modeling method used in physics and chemistry to study the electronic 

structure (principally the ground state) of many body systems. For Nafion, the 

determination of the chemical structure plays an important role for the DFT 

calculation where the chemical bonds and chain structures serve as the input 

parameters for this calculation.  

As described in Section 3.1, the molecular structure of Nafion consists of the 

Teflon backbone chains and the sulfonic group terminated at the side chain. The 

Nafion molecule is illustrated in Figure 2.3. The backbones of the Nafion membranes 

contain 5-13 groups of the CF2, which represent the different peak positions in the 

DFT calculations. On the other hand, the side chain of Nafion is fixed to have double 

ether perfluoro side chains as shown in Figure 5.22.  
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Figure 5.22 Nafion chemical structure for m = 5 (left) and m = 10 (right) after 

optimization. 

 
In the DFT calculations, the Gaussian03W computational calculation employs 

the B3LYP exchange-correlation functional and 6-31G basis set. Two different 

Nafion backbones structure have been considered in order to examine the electron 

density of state (DOS) of each molecule. The membrane geometry optimization have 

been taken with the parameter m = 5 and 10. It is important to notes that the 

optimization is one of the jobs providing in the Gaussian. Optimization means that the 

calculation will be repeated for different locations of the atomic nuclei until no force 

acts on the atoms, that is the optimal, minimum energy configuration of the atoms is 

found. Once calculation, the nuclei are moved according to the forces acting on them. 

Such an optimization needs to be carried out to determine the optimal bond lengths 

(and angles in larger molecules).  

After the DFT geometry optimization, the DOS of Nafion is extracted by 

using the Gausssum2.0 computer integration program. The results indicate the 

different in the DOS of these two different backbones of Nafion, as shown in Figure 

5.23.  



 

 

 

 

 

 

 

 

 124 

40 30 20 10 0

 

 

In
te

ns
ity

 (
a.

 u
.)

Binding energy (eV)

m = 5

m = 10

 

Figure 5.23 The electron density of state (DOS) of the two different chemical 

structure (m = 5 and 10).  

 
Obviously, there are also two different peak positions between them. The 

binding energy of F2p of the long chain appears at 10.58 eV which closes to the F2p 

binding energy in the PES measurements, while the shot chain appears at 12.0 eV. 

This calculation implies that the binding energy depends on the concentration of 

atoms in the membrane (or in term of the number of m).  

Moreover, there is an additional difficulty for determining the reference peak 

position from the DFT calculation. Since the calculations have been accomplished 

within only one unit of the Nafion molecules due to the limitation of the memory 

requirement of the program, only one unit of molecular calculation in this thesis 

differs from the actual units of molecule of Nafion (n ~1000). It is also evident that 

the difficulty of finding the referent peak position arises from the discrepancies of the 

DFT calculations. In fact, the degraded Nafion membranes have the surface 

contamination. The remaining contaminants can adversely affect the valence band 

structure by altering the PES peak positions.  
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Figure 5.24 The chemical structure of Nafion (m = 5) provided by the DFT 

calculation with, (a) side-view and (b) front-view of Nafion before optimization, (c) 

side-view and (d) front-view of Nafion after optimization. 

 
Thus, the right referent peak position should be obtained from the PES 

measurement at the first scan rather than using the DFT calculation because the exact 

number of atoms in the degraded Nafion molecules is still ambiguous. For this 

purpose, the DFT calculations have only been used to verify the changes in the 

chemical structure with the irradiation fluences in term of the density of state of the 

Nafion membranes.  
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Figure 5.25 The DOS spectra extracted from the DFT calculation of the Nafion 

membrane. The DOS result is similar to that result shown in Figure 5.23. 

 
5.7.1 DFT analysis 

To investigate the electronic structure of Nafion during irradiation, the PES 

results have been compared with the results from the theoretical calculations. As 

described in the DFT calculation, the calculation has been accomplished by using 

modern computational software simulation named Gaussian03W. It provides the 

powerful tools for chemistry, engineering, physics and material science such as 

molecular geometry and electronic structure optimization. Figure 5.24 shows the 

molecular structures of Nafion before and after optimizations.  

It is clearly that the Nafion structures have been changed after optimization. 

While the DOS result is shown in Figure 5.25. Furthermore, the changes of the 

electron density of state of Nafion after VUV irradiation can be examined by the DFT 

calculations. By removing the fluorine atoms from the Nafion membrane, the DOS 

spectra have been changed. 
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Figure 5.26 The DOS spectra of the Nafion membranes. The calculations are 

performed by removing the fluorine atoms from 0 to 40% of a single Nafion 

molecule. 

 

 

Figure 5.27 DOS spectra of Nafion near HOMO region and the integrated peak 

intensity near HOMO, which contained the C=C bands. The area under peak is 

linearly increased with the degree of the fluorine removal. 
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Figure 5.28 Comparisons between DOS spectra of the different degree of the 

fluorine removal (0-30%) and the PES spectra of Nafion during VUV irradiations. 

 

More specifically, the intensity of the DOS of the C=C bands is increased with 

the degree of the fluorine removals. Figure 5.26 illustrates the DOS spectra of the 

Nafion membrane upon the degree of the fluorine removal from the backbone and the 

side chains using the ground state calculations. And the changes of the electronic 

structure near the HOMO region of Nafion have been summarized in terms of the 

peak intensity as shown in Figure 5.27. These calculations show that the C=C bands 

formation arises from the loss of the fluorine atoms without any reactions of the 

surrounding reactive species as occurred in the polymer photo-degradation.  
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It is suggested that the Nafion molecules have been rearranged to a new stable 

form containing the C=C bonds after the fluorine removal. Figure 5.28 shows the 

electronic structural changes of the calculated DOS of Nafion, in comparison with the 

PES spectra of the irradiated Nafion membranes. When the fluorine atoms have been 

removed from Nafion surface (10-30%), the calculated DOS spectra indicates the 

reliable decrease in the fluorine peaks (in both F2s and F2p). Interestingly, DOS spectra 

of the fluorine removal also show the generation of new peak near the HOMO. This 

new peak during irradiation is indeed the C=C double bonds formation.  

In this comparison, because the VUV irradiations are performed in the UHV 

system where the reaction of the surrounding reactive species is inconsequential to the 

rearrangement of the irradiated membrane, the molecular system of Nafion are then 

reorganized to have the minimum energy when they loss the fluorine atoms. 

Therefore, the C=C band is arisen after the fluorine removal in the PES measurement 

and also the VUV irradiations.  

Explicitly, the DOS calculations agree very well with the PES results and also 

correspond to the similar set of the photon fluences of the VUV irradiations as 

described in the previous section. Consequently, the surface of the degraded Nafion 

membranes has been modified by the VUV irradiations. The followed fuel cell 

performance test of the modified membrane is considered to exhibit better power 

density than the fuel cell using the degraded membrane.  

 



 

 

 

 

 

 

 

 

CHAPTER VI 

SUMMARY 

 

This thesis focuses on the surface modification of the degraded Nafion 

membrane, which undergoes the photo-oxidation of air under UV and visible light 

activation. The reaction is known to be the major reaction in the photo-degradation of 

many polymer materials. For Nafion, the degradation causes to the reduction of the 

membrane conductivity and durability and subsequently lowering the PEMFCs 

performance. Although the degraded or contaminated parts of the membrane can 

generally be removed by the chemical cleaning methods, it is difficult to remove some 

permanent species such as the oxygen containing species. Furthermore, the disposal 

of the degraded membrane has an environmental issue because the main component 

of Nafion is the fluorine compound. Spreading this element without chemical 

managements has led to the environment impacts. For example, fluoride in drinking 

water is known for both beneficial and detrimental effects on health. Fluorosis - a 

disease caused by ingestion of fluoride in excess through water, food and air and is a 

serious health problem (Nagendra Rao, 2003). For these reasons, recovering of the 

degraded Nafion membrane plays an essential role for the membrane managements in 

order to solve the environment problems by reducing the replacement of the new 

membrane. Moreover, the modified membrane may improve the fuel cell 

performance, resulting in the reduction of the cost of the fuel cell materials.  
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Although UV radiation amounts to only 3% of the total radiations that 

reaching on earth, it’s energetic enough to introduce chemical reactions and 

weathering of polymers (Massey, 2007). Therefore, the exposure of the degraded 

membrane to UV radiation in an ultrahigh vacuum without oxygen reaction is an 

interesting method for the membrane surface modification. This UV process is 

supposed to be the same process of the photo-degradation and being the suitable 

surface modification technique. More specifically, the degraded membranes are 

exposed to various photon fluences (0.0-3.2	 10�´  photons/cm2) (100 eV) of the 

vacuum ultraviolet (VUV) from the synchrotron radiation. The consequences of the 

VUV irradiations have also been satisfied by several characterization techniques 

(PES, SAXS, AFM and mass spectrometry) and the PEMFC performance has been 

verified by a single PEMFC performance test system. Moreover, the surface 

modification effects of VUV irradiations have been compared with the surface 

modification effects excited by various Ar+ energies (0.0-3.0 keV) and the zero-order 

synchrotron radiation.  

The topic initiation is the establishment of the degraded Nafion membrane by 

the photo-oxidation reaction. More specifically, the membranes were degraded in 

different weather conditions for a long period of time (2 years). In essence, 

weathering is the natural tendency of materials to return (corrode, oxidize, chalk, 

permeate, delaminate, depolymerize, flex crack, discolor, etc.) to their elemental 

forms. Thus, the membranes have undergone photo-degradation, as observe in the 

yellowish discoloration and the membrane brittleness.  
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It is expected that this photo-degradation can occur on the membrane surface, 

which directly affects the interfacial area of the electrolyte membrane and the catalyst 

and subsequently the lowering in the PEMFC performance. The next step is the 

membrane treatments by chemical cleans and VUV irradiations. The photon fluences 

for the VUV irradiations are assigned to have a set of the fluences which cover the 

threshold fluence. The threshold fluence is calculated from the cylindrical water 

channels model of Nafion presented by Klaus et al. (2008).  

In addition to verify the surface alteration after irradiations, mass spectrometry 

has been used to display the molecular fragmentation upon the VUV irradiation, zero-

order synchrotron irradiation and Ar+ sputtering. The surface effect of Ar+ sputtering 

and VUV irradiation are compared with the mass spectrometry results. The mass 

spectra show that the Ar+ sputtering has an excessive effect on the membrane surface 

compared to each other. In contrast, the ions interaction with the membrane is very 

large. This means that the ion beam induces an extremely high-density excitation as 

shown in the AFM images and the mass spectrometry.  

The molecular fragmentations induced by Ar+ sputtering contain the CF, CF2 

and CF3 fragments, which are extracted from the main components of the Nafion 

backbones and also contain SO3H from the Nafion side chains. Consequently, the 

membranes suffer from the chain scission and the reduction of the mechanical 

strength. Thus, using Ar+ bombardment is an inappropriate technique for the surface 

modification of the degraded Nafion. On the other hand, the mass spectra induced by 

the VUV irradiation show the different surface effect. Unlike the Ar+ sputtering, the 

VUV irradiation behaves a mildly surface modification for the Nafion.  
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Only minute Nafion fragments have been detected during the VUV 

irradiations, implying that the backbone chains of Nafion have not been cleaved after 

irradiations. For this reason, the mechanical structure of the membrane has not been 

reduced in this irradiation. Moreover, the surface of Nafion has only been modified by 

VUV irradiations without any chain scission in the polymer. The effective effect of 

the VUV irradiations is supposed to be the structural modification in the membrane 

surface. This effect involves the change of the electrochemical reaction rate at the 

interface between the electrolyte membrane and the catalyst. However, the bulk 

structure of Nafion should be verified before the surface characterization. 

Interestingly, the shift of the ionomer peak of the hydrated membrane toward 

lower scattering vector indicates that the ionic aggregation of the irradiated membrane 

is expanded. The degree of expansion of the irradiated membrane eventually is higher 

than that of the non-irradiated membrane. The expansion offers the possibility to build 

up the interconnecting water channels. This phenomenon is a significant factor for 

understanding the PEMFC improvement because the ionic expansion strongly 

depends on the ability to swollen water and increase in the water channel connection 

in the membrane, resulting in the increase in the proton conductivity of the 

membrane.  

Although the proton conductivity depends on the nanochanels ionic 

aggregation inside the membrane, the modification of the surface structure bears high 

PEMFC performance because the fuel cell electrochemical reactions take place at the 

surface boundary of the electrolyte membrane and the catalyst electrodes. Therefore 

this thesis focuses on the surface changes of the Nafion membranes after irradiations 

rather than the bulk membranes. 
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In order to examine the membranes ability after irradiations, the PEMFC 

performance test station has been conducted. The PEMFC performance, which is 

expressed in terms of the fuel cell polarization curve (J-V), shows that both one-side 

and two-side VUV irradiations exhibit high current density with the irradiation 

fluences. This result also shows the enhancement of the PEMFC performance when 

using the irradiated membranes.  

By using the two-side irradiated membrane taken with the fluence of 2.4	1014 

photons/cm2, the PEMFC possesses the maximum power density (0.28 W/cm2). By 

comparing with the non-irradiated and the one-side irradiated membranes at the same 

current density (0.2 A/cm2), the power density of the two-side irradiated membrane 

increases ~ 47% compared to the power density of the non-irradiated membrane and 

13% higher than that of the one-side irradiation. Therefore, the higher power density 

of the two-side irradiated membrane confirms that the surface of the degraded 

membrane has been modified by the VUV irradiations.  

The possible effects in the surface modification are the fluorine removal 

and/or the elimination of the surface contaminants such as C=O and C-H bonds, 

which may deposit on the membrane in the photo-oxidation reaction. Eliminating the 

surface degraded components has led to the enhancement of the proton conductivity. 

This process is possibly called the VUV surface cleaning process. Although the UV 

irradiations have been largely applied in the radiation chemistry, the membrane 

surface modification by VUV irradiations in UHV systems is an unprecedented 

method. Alternatively, the mass spectrometry and SAXS studies have been confirmed 

the gently surface effects to the membrane after irradiations.  
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As of now, the surface electronic structures of the irradiated membrane have 

been characterized by means of the PES. From an adjustable synchrotron source, the 

evolution of the surface state in the valence band electronic structure of the degraded 

membranes during VUV irradiations can be characterized. The PES results show the 

dramatic decrease of the F2p spectra and the generation of the new peak near the 

Fermi level with higher fluences irradiations.  

This peak is assigned to be the carbon double bond formation (C=C). The 

appearance of the C=C bond indicates the reduction of the fluorine concentration in 

the Nafion backbones during VUV irradiations. Additionally, it is suggested that the 

C-C bond in the membrane transforms to the C=C double bond without any chain 

scissions as occur in other severe modifications technique such as the ion 

bombardments, gamma and the zero-order synchrotron irradiations. In vacuum, on the 

other hand, no reactive atoms such as oxygen or hydrogen associate the fluorine 

vacancy sites after fluorine removal. Therefore, the main chains of the polymer have 

not been broken after the VUV irradiations. The main structural change in the 

irradiated membrane is indeed the fluorine removal, the elimination of the surface 

contaminants and the C=C double bonds. These results are compared with the DFT 

calculations. 

Moreover, the subsequently modification is the side effect of the chain 

transformation from the C-C bonds to the C=C bonds, which is the stable bonds 

formation and the reactive species cannot activate to this stable form. This mean the 

polymer have the stable form after VUV irradiations and directly results in the 

improvement of the membrane mechanical stability. 
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Interestingly, the binding energy of the double bonds formation shifts toward 

lower binding energy region with the irradiation fluences. This structural change 

indicates the increment of the membrane metallicity (Diat and Gebel, 2008 and Choi 

et al., 2000). Due to the high surface metallicity of the modified membranes, it turn 

out that increasing in the metallicity results in the capability to contain more the Pt 

catalyst on the membrane surface. However, this phenomenon still not being clear and 

needs some further researches.  

Consequently, the VUV irradiation of the degraded membranes is an 

appropriated method for the improvement of the surface of the membrane. Because 

the hydrogen oxidation reaction and the oxygen reduction reaction in the fuel cell 

operation take place at the interface between an electrode and an electrolyte, the 

improvement in the membrane-electrodes interface, via the membrane surface 

modifications, plays a crucial rule for increasing the electrochemical reaction and also 

improves the performance in PEMFC.  

For the degraded Nafion membrane, the VUV irradiations have an effect to the 

surface by changing the surface state and consequently result in the elimination of the 

membrane contaminants from the photo-degradation mechanisms. Finally, this thesis 

summarize that the degraded Nafion surface can be modified by the VUV synchrotron 

irradiations in the UHV system. This synchrotron irradiation technique suggests an 

avenue for the improvement of the performance of the PEMFC and also for the future 

energy developments. 
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APPENDIX A 

EXPERIMENTAL SETUP FOR VUV IRRADIATIONS AT 

THE BEAMLINE 4 
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Figure A.1 VUV irradiation chamber (center): The system is constructed 

separately at 43 cm far from the main ARPES chamber (left hand side). Due to the 

water remaining in the Nafion membranes, loading the membrane into the irradiation 

chamber cause to increase in the pressure. Thus many vacuum pumps (two turbo 

molecular pumps, one ion pump and one scroll pump) are connected to the irradiation 

chamber in order to increase pumping speed. The base pressure of the chamber which 

contains one Nafion membrane is down to ~ 10-7 mbar. 

 

At the Beamline-4 (BL4), the VUV irradiations are performed at the 

irradiation chamber which placed at the distance 43 cm away from the center of the 

ARPES chamber as shown in Figure A.1. At this position, the synchrotron beam size 

is larger than the beam size at the ARPES chamber.  

 

 



 

 

 

 

 

 

 

 

Table A.1. The beam sizes at the BL4. 

 

Horizontal

FWHM 0.060

Full-size 0.141

 

Figure A.2 The irradiated area expansion in horizontal direction at the irradiation 

chamber. 

 

The beam sizes at these two chambers are calculated using the ray tracing 

program named ShadowVUI. The resulting beam sizes are summarized in Table A.1. 

Because the active area of the MEAs is equal to 1

is not enough to cover the aspiring active area. However, the irradiated area can be 

expanded by tilting the sample horizontally as depicted in Figure A.2, and scanning 

the sample vertically all over the range of 1 cm. 

From this Figure, the tilt

 

 

. The beam sizes at the BL4.  

ARPES chamber Irradiation chamber

Horizontal Vertical Horizontal 

0.060 0.024 0.105 

0.141 0.056 0.247 

The irradiated area expansion in horizontal direction at the irradiation 

The beam sizes at these two chambers are calculated using the ray tracing 

program named ShadowVUI. The resulting beam sizes are summarized in Table A.1. 

Because the active area of the MEAs is equal to 1	1 cm2, these irradiated area 

is not enough to cover the aspiring active area. However, the irradiated area can be 

expanded by tilting the sample horizontally as depicted in Figure A.2, and scanning 

the sample vertically all over the range of 1 cm.  

gure, the tilted angle can easily be obtain via the basic geometry,

θ � sin�� K1.05×2.35

1
L � 14.4°  .  
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Irradiation chamber 

Vertical 

0.080 

0.188 

 

The irradiated area expansion in horizontal direction at the irradiation 

The beam sizes at these two chambers are calculated using the ray tracing 

program named ShadowVUI. The resulting beam sizes are summarized in Table A.1.  

, these irradiated area 

is not enough to cover the aspiring active area. However, the irradiated area can be 

expanded by tilting the sample horizontally as depicted in Figure A.2, and scanning 

angle can easily be obtain via the basic geometry, 

                          (A.1) 
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Figure A.2 Photon probe for the beam position specification: The top of this 

device connected with the tiny tungsten wire. By scanning the wire vertically (up and 

down), the current output intensity responds to the photoelectrons can be used to 

specify the initial beam position for the Nafion VUV irradiations. 

 

Note that the multiplying quantity 2.35 is necessary to transform the beam size 

representation from the full width at half maximum (FWHM) to the full size of the 

beam. Additionally, because the irradiation is performed in the UV radiation, the 

beam exhibits invisible to observe by the human eyes. This problem results in the 

difficulty to trace the beam during irradiation for the vertical scan.  

Therefore, the photon probe is constructed to specify the initial scanning 

position of the VUV irradiations. This device is shown in Figure A.2.  
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Figure A.3 The photoelectron current obtained by the photon probe within the 

irradiation chamber. 

 

 

Figure A.4 VUV sample holder: To reduce the vacuum preparations, the holder is 

designed to be capable to holding three samples in once loading time. Moreover, the 

holder can rotate around its vertical axis to provide the two-side irradiations. 
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This initial position is obtained by checking the photoelectron current of the 

probe as shown in Figure A.3. The high photoelectron current causes to the high 

irradiation effect. And subsequently, the initial scanning position of the membrane 

can be specified. 

After the initial irradiation position has been specified, the photon probe is 

moved down to the lower part of the chamber. And the sample holder (shown in 

Figure A.4) at the top of the chamber is moved down to the initial position. The 

holder made from two aluminum sheets that can rotate 360º around its vertical axis. 

The rotatable holder is design for two-side irradiations. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 

PHOTOEMISSION SPECTROSCOPY OF NAFION 

EXCITED BY VARIOUS PHOTON ENERGIES 
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Due to the adjustable photon energy of the synchrotron light, the electronic 

structural changes of the Nafion with different photon energies can easily be 

examined. Although the PES experiments were taken in the BL4 which have low 

photoelectron intensity, these PES results have been used relatively to examine the 

relative surface chemical evolution of the degraded Nafion membranes with various 

photon energies. Since the grating #1 at the BL4 provides the energy range from 40 to 

200 eV. However, due to low intensity at high photon energy of the monochromator 

system in the BL4 the PES spectra at the photon energy beyond 160 eV are 

unobtainable. Thus, the PES spectra of Nafion excited by the photon energies (at the 

1st, 10th and 20th scans) of 40, 80, 120 and 160 eV are shown in Figures B.1a., B.1b., 

B.1c., B.1d., and B.1e., respectively. Note that the PES results are demonstrated after 

the sample charging correction.  
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Figure B.1a PES spectra of Nafion excited by the photon energy of 40 eV: At 

higher fluences (in terms of the number of scan), the spectra is broadened due to the 

generation of the new C=C peak as observe in the PES spectra of 100 eV.  
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Figure B.1b PES spectra of Nafion excited by the photon energy of 80 eV: The 

major change of thes spectra is the decrease of the fluorine-containing peaks.  
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Figure B.1c PES spectra of Nafion excited by the photon energy of 120 eV: The 

peak intensity decrease faster than the PES peak of 80 eV.  
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Figure B.1d PES spectra of Nafion excited by the photon energy of 160 eV: The 

signal to noise ratio is higher than the results observed in lower excitation energies.  

 

These PES results conclude that the fluorine intensity decrease rapidly with 

increase the irradiation times (and also related to the photon fluence). Although the 

photon fluence depends on the photon flux (which implicitly depends on the photon 

energy), the PES spectra of all excited energies show the dramatic decrease in the 

fluorine and the contaminant species such as C-H and C-O, which have the binding 

energy near the F2p. as shown in Figure B.2.  

Consequently, whatever photon energy use in the PES measurement and the 

VUV irradiations, the surface state changes of the membrane have significantly been 

observed.  



 

 

 

 

 

 

 

 

 159 

30 20 10 0

160 eV

120 eV

80 eV  

 

N
or

m
al

iz
ed

 in
te

ns
ity

 (
a.

 u
.)

Binding energy (eV)

 PES of Nafion with the different excitation energies

40 eV

 

Figure B.2 Comparison of the PES spectra using 40, 80, 120 and 160 photon 

energy at the BL4: The spectra are taken at the 20th scan. Note that although the 

irradiation time of these spectra are similar, their photon fluences are different. These 

results indicate the decrease only in the intensity upon various photon energies in the 

range of VUV radiation. The structural evolution of the membrane should be 

described in term of the photon fluence as shown in the PES experiments in Chapter 

V. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

METHOD OF THE SINGLE PROTON EXCHANBE 

MEMBRANE FUEL CELL PERFORMANCE TESTS 
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After VUV irradiations, the membranes are then subjected to the single 

PEMFC performance test station. The methods of the performance test are shown in 

the following Figures  

 

Figure C.1 Fuel cell gas diffusion electrodes (GDEs): The GDE composes of 

0.4mg/cm2 of Pt catalyst depositing on the carbon cloth. The GDEs are cut to have the 

area of 1	1 cm2.  

 

 

Figure C.2 Membrane electrode assembly preparations: (a) and (b) To increase the 

electrochemical reaction at the interface of the membrane and the electrodes, the 

GDEs have been coated with 5% wt of Nafion solution. (c) The coated GDEs are 

heated with 70ºC for 1hr. within the oven. (d) The membranes and electrodes are then 

subjected into the membrane electrode assembly by hot-pressing apparatus.  
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Figure C.3 Completed MEA after hot-pressing process with the temperature 

130ºC for 90 sec and the pressure of 1000 psig. This pressure is approximately in the 

range of the pressure in the natural gas pipelines (800-1000 psig.).  

 

 

Figure C.4 The MEAs are then installed in the single PEM fuel cell system as 

shown. The MEA is placed at the middle of the fuel cell. (a) and (b). A single unit of 

the fuel cell consists of two graphite flow-field plates conducting plates which 

covered by the current collector plates. Moreover, the silicone gaskets have been 

placed between the MEA and the conducting plates in order to electrically separate 

the fuel cell cathode and anode. The H2 and O2 pass through the gases channel in the 

conducting plate to the carbon cloth of the MEA and build up the electrochemical 

reactions at the membrane-catalyst-gas interface.  
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Figure C.5 (a) and (b) the single fuel cell has been brought into the test system. 

The system contains an electronic loader, gas flow controller, humidifier and 

computer control unit. The controls unit has function to control the gas flow-rate and 

also controls the fuel cell electric loader. (c) When connected, the first fuel cell 

exhibits the open circuit voltage (OCV) without any electric loads. (d) In-house 

computer software provided by Thailand Center of Excellence in Physics (ThEP) 

displays the PEM fuel cell during the bake-in operation at the current load of 0.06 A. 

This method is used for warm-up the fuel cell to reach to the steady state before 

measurement. For 1 cm2 fuel cell active area, it requires the baking time 1-2 h. The 

steady state of the fuel cell is supposed to be the state that the voltage output of the 

fuel cell does not change significantly with the baking time.  
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CLASSIFICATION OF NAFION MEMBRANES 
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Table D.1 Nafion properties, all values taken with membrane conditioned at 23°C, 

50% relative humidity (RH). (MD - machine direction; TD - transverse direction 

(Odgaard, 2007). 

Membrane types Typical thickness (µm) 

N-111 25 

N-112 51 

NE-1135 89 

N-115 127 

N-117 183 

Other properties 

Conductivity (S/cm) 0.083 

Acid Capacity (meq/g) 0.89 

Specific Gravity 1.98 

Tensile Strength, max. (Mpa) 43 in MD, 32 in TD 

Tear Resistance - Initial (g/mm) 6000 in MD, TD 

 

According to the classification of the perfluoropolymer membranes provided 

by DuPontTM, Nafion was prepared by an extrusion-cast membrane manufacturing 

process. Since then DuPont has been active in developing the membrane’s 

performance by varying the equivalent weight (EW) and thickness. Note that the 

equivalent weight is a term which has been used in several contexts in chemistry. In 

polymer chemistry the EW of a reactive polymer is the mass of polymer which has 

one equivalent of reactivity (the mass of polymer which corresponds to one mole of 

reactive side-chain groups or grams polymer/mole sulfonic acid). The EW of the 

Nafion membrane is directly related to the ion-exchange capacity (IEC) and is defined 

as the molar mass of the polymer per sulfonic acid group.  
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EW � 1IEC                                                            (D1) 

To date, the Nafion membranes are manufactured and are available in different 

EW in the range between 1500 and 800, corresponding to ion-exchange capacities in 

the range 0.6-1.25 meq/g; the thickness is in the range 25-250 µm.  

The coding in this type of polymers is determined by the first two digits, 

which give the equivalent weight divided by 100, and the last digit giving its 

thickness in ml (1 mil = 25.4 µm) in the dry state. Nafion 117 membrane, for 

example, employs the polymer with equivalent weight of 1100 and has a thickness of 

7 mils (= 183 µm). Nafion membranes employing polymer with EW = 1100 are lised 

in Table D.1. 1100 equivalent weight Nafion is by far the most commonly used, and 

unless otherwise specified the use of the term Nafion will refer to 1100 equivalent 

weight Nafion. These membranes are widely used in PEMFCs due to their high 

proton conductivity and moderate swelling in water (Mauritz and Moore, 2004). 

Table D.1 also show their physical properties. The most common membranes 

used today in H2 PEMFC is the thinnest Nafion 112 and 111, and Nafion 117 is most 

preferred for membrane DMFC. 
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