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Introduction

Proton exchange membrane fuel cells (PEMFCs) are considered as one of the most promising energy conversion systems for powering all kind of vehicles. In the recent years, the focus was put on the fuel cells applications since they promise to be a solution to the energy problems.

However, their main components (proton exchange membrane, gas diffusion electrodes, bipolar plates, etc) are still the object of intense fundamental and technological research, especially for durability and cost issues. One of the most interesting challenges to be addressed concerns the proton exchange membrane, which is the heart of the fuel cell.

The most commonly used proton exchange membranes in fuel cells are perfluorosulfonic acid (PFSA) membranes. These membranes are composed of a polytetrafluoroethylene backbone and perfluorinated pendant side chains terminated by sulfonic ionic (-RSO3-) functional groups responsible for its good proton conductivity and water sorption properties when exposed to liquid water or to a humid environment. The adsorbed water serves as a transport medium for protons and gives the membrane good ionic conductivity properties during the operation of the PEMFC. Among the PFSA membranes, the most studied and commercially successful is Nafion ® , an ionomer developed and manufactured by DuPont de Nemours & Co since 1960s.

The properties of Nafion membranes used in polymer electrolyte fuel cells are important for the performance and durability, the ionic conductivity and the mechanical response representing their most important ones.

A large quantity of research articles has been devoted to the characterization of Nafion membrane properties: water uptake, water diffusion, ionic conductivity and mechanical properties. However, the direct comparison between literature results is hardly possible because the ranges of experimental conditions (relative humidity and temperature) are often limited and differ from one author to the other. Moreover, the pre-treatments applied to the membrane are sometimes extremely different since no standardization of these protocols has been defined. Though, several studies have demonstrated that Nafion properties can be sensitive to pre-treatments, and more specifically to its thermal history.

Starting from these observations, we decided to characterize sorption, proton conductivity, water self-diffusion and the mechanical properties of Nafion using simple and reproducible experimental protocols described in Chapter 2. Our primary objective is to make available a wide range of experimental data (presented in Chapter 3) that can be used either for simulation or modelling of processes in PEMFC or with a more fundamental objective, in view of getting a deeper understanding on the thermodynamics of sorption and transport phenomena in Nafion.

The literature also shows that the Nafion properties can present certain instabilities when exposed to constant relative humidity and temperature conditions over long periods of time.

These instabilities are manifested by a decrease of the water sorption, associated with a drop of the proton conductivity and an increase of the rigidity of the polymer. This long-term exposure effect has been named "hygrothermal aging" and a mechanism based on the formation of sulfonic anhydrides (RSO2-O-SO2R) was proposed to explain it. In Chapter 4, we extend this study by exploring a wide range of aging conditions on membranes with different pretreatments.

For some fuel cell applications (e.g. automotive), the lifetime of Nafion is shorter at high temperature because of phenomena such as shrinkage and swelling induced by hydration/dehydration cycles. As a consequence, numerous attempts have been made to develop alternative membranes operating at temperatures higher than 80°C. These membranes must demonstrate good proton conductivity and thermo-mechanical stability with a limited gas humidification. The Nafion-zirconia composite (prepared by in-situ growth of inorganic nanoparticles of zirconium dioxide (ZrO2) in Nafion membrane) developed by the Functional Ceramics Group at West Virginia University, USA, is a possible candidate as an alternative proton exchange membrane. In Chapter 5, we present preliminary fuel cell tests with composite membrane carried out at high temperature and low relative humidity at West Virginia University. We observed from the results that incorporating nanoparticles does not improve the fuel cell voltage nor the conductivity of the membranes. Based on these statements, we performed systematic water sorption, proton conductivity, and stress-strain measurements on Nafion/zirconia composite membranes. Our primary objective is to understand why these Nafion composite membranes do not perform better than the original ones, especially at high temperature and low relative humidity.
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Chapter 1 3 In this chapter, an overview of fuel cells and proton exchange membrane fuel cells (PEMFCs) is presented, followed by a review of the current electrolyte membranes. The important properties of Nafion membranes are then described in relation with the morphology of the polymer. The influence of the membrane pre-treatment and aging is discussed. Finally, Nafion-based composite membranes, possible alternative to perfluorosulfonic acid (PFSA) electrolyte membranes, are presented at the end of the chapter.

Fuel cells

Fuel cells offer the promise of low-polluting, highly efficient energy conversion, with devices designed to generate power as long as fuel is supplied. In their most general form, fuel cells use hydrogen and oxygen from air to produce water and electricity. With the goal of using environmentally friendly primary energy sources that do not rely on fossil fuels, fuel cells have become the leading candidate to replace internal combustion engines. Fuel cells first came out as onboard power supplies for spaceships. After evolving for several decades, fuel cells become now available for some transport and portable applications. Nowadays, hundredth of fuel cells powered test vehicles and tenth of hydrogen fuelling stations are already in use all over the world [1,2,3,4,5].

Fuel cell powered systems have important advantages compared to other potential energy converters (e.g. electric vehicles) such as their independence from the electric grid [5,6,7].

Moreover, the hydrogen fuel has a higher energy mass density than lithium or alkaline batteries do.

Hydrogen can be produced starting from traditional fossil fuels, biomass, solar or wind power [1]. Along with all the other kinds of renewable energy sources, fuel cells can contribute to resolving the energy and global warming issues. Table 1.1 lists the type of fuel cells classified by their electrolyte and operating temperature [5,8,9]. 

Basic principles of fuel cells

Fuel cells are electrochemical cells in which the free enthalpy (Gibbs energy) of the electrochemical reaction between a fuel, such as hydrogen, and an oxidant, such as oxygen is converted into electrical energy [1,2,3,4,5,6,7,8,9]. The free enthalpy change of an electrochemical reaction f g ∆ is related to the cell thermodynamic voltage of the cell ( E ), via:

nFE g f - = ∆ Eq 1
where n is the number of electrons involved in the reaction and F is the Faraday constant. The theoretical voltage of the cell is equal to the difference between the thermodynamic equilibrium potential of the two electrochemical half reactions occurring at each electrode (cathode, c E and anode, a E ), in the absence of a current flow:

a c E E E - = Eq 2
For the case of a hydrogen/oxygen fuel cell, the anode half reaction is the direct oxidation of hydrogen and the cathode reaction is the oxygen reduction. The overall reaction is:

H2 + 1/2 O2
H2O with

0 f g ∆ = -237 kJ/mol Eq 3
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The equilibrium cell voltage in standard conditions is:

23 . 1 0 0 = ∆ - = nF g E f V Eq 4
The current work focuses on polymer electrolyte membrane fuel cells (PEMFCs). This type of fuel cell usually operates at moderate temperatures, around 80°C -90°C, and uses a polymerbased electrolyte membrane (PEM) to separate hydrogen and air and to conduct protons from the anode to the cathode. The basic principles of PEMFC are presented in the following section.

Principles of the proton exchange membrane fuel cell

PEM fuel cells are considered today as the most promising means for powering all kind of vehicles and some portable devices. Theoretically, PEM fuel cells can reach at least twice the efficiency of internal combustion engines with much less pollutant emissions [10]. Moreover, the high energy mass density of hydrogen makes PEMFCs more appealing than battery systems [3].

In addition, PEM fuel cells are suitable for the automotive industry thanks to its high power density (in term of the volume of the fuel cell). Figure 1.1 shows the main components of a PEM fuel cell. The heart of the fuel cell consists of two electrodes and an electrolyte, forming the membrane electrodes assembly (MEA). During operation, hydrogen is supplied to the anode, while the oxidant (e.g. oxygen or air) is supplied to the cathode. At the anode, hydrogen molecules are split into protons and electrons thanks to a catalyst. The electrons pass though the external circuit, while protons flow through the electrolyte and react with oxygen at the cathode. The electrochemical reactions occurring at each electrode of a PEM fuel cell are recalled below [5]: At the anode, hydrogen is oxidized to liberate two electrons and two protons: At the cathode, oxygen is reduced:

1/2 O2 + 2 H + + 2 e - H2O Eq 6

Which gives the overall reaction:

H2 + 1/2 O2 H2O Eq 7

The catalyst (usually platinum, Pt) is used under the form of carbon supported nanoparticles.

These nanoparticles must have two conducting pathways: an electronic pathway offered by the carbon support to the current collector, and a protonic pathway, offered by the ionomer (in the catalyst layer) to the electrolyte [11].

Up to now, the best polymer membranes for PEM fuel cells are perfluorosulfonic acid (PFSA) membranes because of their high ionic conductivity and chemical stability in reducing and oxidizing environments. The most currently used material is Nafion ® , commercialized by DuPont de Nemours & Co. for about 40 years. The main issue with these PFSA membranes is the need of a high hydration to obtain a good ionic conductivity: as a consequence the operation temperature of fuel cells is limited around 80 °C -90°C [12]. The structure and the properties of Nafion ® are described in Section 2.

An assemblage is required between the two conducting electrodes and the proton exchange membrane. This membrane electrode assembly (MEA) is part of the basic unit of the PEM fuel cell to maintain a good three-phase interface between the reactant gases, electrical conductivity (catalyst), and ion conductivity (ion conducting polymer).

In addition to a membrane and two electrodes, MEA also includes gas diffusion layers (GDLs), the GDLs are generally porous gas diffusion layers located between the electrodes and the bipolar plates to ensure the supply of the reactant gases to the active zones where the metal catalyst (usually platinum) is in contact with the ionic and electronic conductor. They also facilitate the residual water from the MEA and heat conduction toward the bipolar plates [12].

The bipolar plates have to collect and conduct the current from the anode to the cathode side.

These current-collector plates also serve as flow fields for the reactant gases. In addition, they often have to carry a cooling fluid through the fuel cell stack to control the fuel cell temperature Chapter 1 [9]. Generally, graphite is used to make the bipolar plates because this material is light, conductive, and not prone to corrosion in the fuel cell environment. However, graphite being extremely difficult to machine, most of the fuel cell makers develop metal or composite bipolar plates.

Sealing gaskets are placed between the bipolar plates and the MEA to prevent gas and coolant leakage. The typical sealing materials utilized in PEM fuel cells are fluorine rubber, ethylene propylene diene monomer rubber, and silicone [13].

The elements that form the PEMFC system are the object of intense fundamental and technological research, especially because of durability and low cost requirements [11,12,14]. A review of the main technical challenges is presented in the following section.

Technical challenges

Despite the fact that PEM fuel cells are very promising, they face a number of technical challenges such as hydrogen storage, water management and the need to reduce the cost and to improve the durability of their components [8,9,15,16].

Most PEM fuel cell systems use hydrogen as fuel. Therefore a large-scale production and distribution infrastructure has to be developed to supply this hydrogen to the end-users. There are delicate engineering issues concerning hydrogen storage, mostly for onboard usage. Most of the time, hydrogen is stored in pure form, either liquefied or pressurized. Several metal hydrides have shown promising properties in term of storage capacity, without the energy losses associated with high pressure on liquid storage. However, these materials are limited by the slow kinetics of adsorption or desorption of hydrogen [17,18].

To be commercially competitive, the cost of fuel cell vehicles should be comparable to that of traditional vehicles. Today, the estimated cost of a 1 kW fuel cell system is around 51 USD $ [19],

which is far more expensive than internal combustion engines or even battery-powered engines.

One of the main cost issue arises from the large amount of platinum (~ 1 mg/cm 2 ) used for catalytic reactions, in order to improve the total efficiency of the system [15]. It is difficult to reduce the Pt loading since it would cause an increase of the activation losses in the electrodes and a decrease of the cell performance. However, recent progresses have increased the surface area of Pt and decreased the loading below 0.2 mg/cm 2 [20]. On the other hand, the performance of Pt as catalyst suffers from contaminants in the hydrogen such as carbon monoxide (CO), hydrogen sulfide (H2S), and ammonia (NH3). Currently, most of the hydrogen is produced from reformed natural gas and as a consequence, contaminant gases are present in the product hydrogen if no expensive purification technologies are used. Even a small amount of contaminants can be harmful to the catalyst layer [21]. Other issues such as corrosion of the catalyst carbon support and sintering of Pt particles also affect the durability of the catalyst layers [22,23].

One of the most interesting challenges to be addressed in this research work concerns the proton exchange membrane. As mentioned before, the PEM is the heart of the fuel cell and must have a high conductivity and selectivity for proton transport, a good chemical, thermal and mechanical stability to endure the harsh acidic environment and repeated operation cycles. The most used PEM membrane is Nafion ® . Though this membrane exhibits a better stability than many alternative electrolyte polymers, Nafion ® shows gradual chemical and physical degradation over a period of operation [8,14,24]. For this type of membranes, the degree of hydration strongly influences the physical and the mechanical properties: the proton conductivity is dramatically enhanced by hydration, and the mechanical properties of the membrane are directly linked to the water sorption. As a consequence, degradation and aging phenomena occurring in the PEM membranes represent critical issues to improve the performance and lifetime of fuel cell system.

It is widely accepted that a sufficient water content is necessary to maintain a good proton conductivity of Nafion membrane [25,26,27,28]. This creates difficulties in the water management during fuel cell operation. Water management includes the control of water and gas flows in the fuel cell system, in particular in the gas diffusion layers. Multiple channels are machined into the bipolar plate to ensure sufficient distribution of fuel and oxygen (or air) to the reaction on the electrodes, and to facilitate the flow of product water. Water that accumulates at the cathode has to be removed quickly, otherwise it will block the path of oxygen, which is called "flooding" [29,30]. As a result, the current density of the fuel cell will decrease (see Figure 1.

2).

The temperature is also an important parameter that may bring difficulties for supplying water to the fuel cell. The working temperature of a PEM fuel cell is usually maintained around 80°C -90°C. At higher temperatures, the PEM membrane dehydrates, loses its conductivity properties and may suffer from mechanical damage [31]. On the other hand, higher working temperatures are favorable to the kinetics of the electrochemical reactions and may improve the tolerance of platinum (Pt) to contaminants. Various solutions to increase the membrane working temperature under low humidity conditions have been proposed and numerous studies have Chapter 1 been performed on the fabrication and characterization on new electrolyte materials [32,33,34,35,36,37,38,39,40,31,41]. The following section describes a wide selection of electrolyte materials that are suitable for PEMFC systems.

water plug water plug 

Proton exchange membranes for fuel cells

Today, the development of new membranes is the object of intense research. The synthesis of new membranes can be achieved by varying the chemistry of polymers and/or by making processes, such as extrusion, casting, impregnation, radiation grafting or plasma polymerisation [START_REF] Kidena | PFG-NMR approach to determining the water transport mechanism in polymer electrolyte membranes conditioned at different temperatures[END_REF]44,45]. Membranes are classified according to their chemical composition and working temperatures. Some of them are briefly presented in this section.

Perfluorosulfonic acid (PFSA) membranes

As mentioned above, PFSA membranes are the most used electrolytes in PEMFC. PFSA membranes such as Nafion ® are composed of a polytetrafluoroethylene (PTFE) backbone and perfluorinated pendant side chains terminated by sulfonic ionic functional groups [46]. Other PFSA based membranes from Fumatech, Dow Chemical, and Asahi Glass are also used and investigated. The main variations among the four types of membranes are in their pendant side chain lengths [32,47]. The membranes developed by Dow Chemical differ from Nafion ® by a shorter side chain carrying the sulfonic group with a lower equivalent weight (the number of grams of dry polymer per mole of sulfonic acid groups). As a result, their ionic conductivity and water holding capacity are slightly higher than that of Nafion ® but their mechanical stability is limited. Flemion ® membranes, developed by Asahi Glass, and Fumapen ® membranes, developed Literature review on the properties of Proton Exchange Membranes by Fumatech, differ from Nafion ® by a lower equivalent weight; however the three types of membranes contain a long side chain.

More details about this type of membranes (especially about Nafion) are given in Section 2.

Non-fluorinated membranes

The most important group of non-fluorinated membranes developed for fuel cell applications are based on aromatic hydrocarbons. These membranes present a promising alternative to Nafion for elevated temperature applications (150-200°C), because of their low cost, their processability, their numerous chemical formulations, and their mechanical, thermal and oxidative stability [31]. Aromatic hydrocarbons can be incorporated directly into the backbone of a hydrocarbon polymer or they can be polymers modified with large side groups in the backbone to render them suitable for conduction of protons [37]. The aromatic rings offer the possibility of electrophilic as well as nucleophilic substitution. In this category, several chemical structures are considered: sulphonated polybenzimidazoles (sPBI), sulphonated polyetheretherketones (sPEEK), sulphonated polyetherketone (sPEK), and sulphonated polyimide (sPI) are some of the membranes being developed. Their rates of sulfonation [34,35] and their reticulated-crosslinked structure [48] limit their swelling but ensure their mechanical stability.

Polymer blends membranes

The solubility of two polymers can be efficiently improved by favoring specific interactions between the polymer chains, such as ionic interaction, hydrogen bonding, or ion-dipole interactions, which also tends to crosslink the blend and modify mechanical and swelling properties. Ionically crosslinked polymer blends are prepared by associating a sulfonated polymer with a basic polymer, followed by acid washing to regenerate the protonic material [36]. Often, the blend is composed of an acid and a basic polymer and is then called acid-base polymer. The interactions between acid and base polymers, such as ionic cross-linking (electrostatic forces) and hydrogen bonding bridges, contribute to the control of membrane swelling without a decrease in flexibility. Therefore, the resulting membranes will have elevated working temperatures (120-200°C), low water sorption, reduced cross-over, high electrochemical properties, good thermal stability and high mechanical flexibility and strength [41].

Anhydrous polymer membranes

Extensive studies on polybenzimidazole (PBI) doped with phosphoric acid (H3PO4) for use in PEMFCs operating at elevated temperature (120-200°C) have been carried out [38,39]. PBI is a Chapter 1 basic polymer with excellent mechanical and chemical stability in this temperature range and H3PO4 is a weak acid that supports conductivity in anhydrous conditions by forming a hydrogenbonded network. Furthermore, the PBI-H3PO4 membrane is cheaper than Nafion. Water 

Composite membranes

Composite membranes consist in the dispersion of solid acid particles (e.g. zirconium phosphate (ZrP)) and/or of inorganic particles (e.g. hygroscopic oxides, clays, zeolites, and mineral acids) into the polymer matrix [12,40]. As an example, the solid acid particles (i.e. ZrP) provide extra proton sources into the polymer matrix due to their Brønsted acidity. Moreover, the inorganic particles (i.e. ZrO2) play a key role in holding water within the Nafion membrane (refer to Section 5).

In general, composite membranes are of great interest as possible alternative to PFSA membranes because of their ability to donate protons, their thermal stability to temperatures above 180 °C, and their hygroscopic and hydrophilic character.

Despite all the efforts in the development of alternative membranes, Nafion and PFSA are still considered as the best polymer electrolyte membranes for fuel cells thanks to their good transport properties and chemical and mechanical stability. In the next section, we present and discuss the most important properties of Nafion, based on the results of the studies published in the literature.

Generalities on Nafion ® membranes

This material was developed and commercialized as ion-exchange membranes by DuPont de

Nemours & Co in the late 1960's under the trade name of Nafion ® to be used as electrolyte polymer separator in electrochemical devices such as chlor-alkali electrolysers or hydrogen/oxygen (H2/O2) fuel cells [50]. For fuel cells applications, Nafion has a good balance of properties of interest, such as ionic conductivity, chemical stability, and mechanical endurance.

These properties are strongly related to the chemical structure and morphology of the membrane.

Chemical structure and morphology

Nafion is a Perfluorosulfonated ionomer (PFSI) composed of a polytetrafluoroethylene (PTFE) backbone with fluoro-ether pendant side chains ending in sulfonic ionic groups N115, the equivalent weight is 1100 g/equivalent and its thickness is 0.0053" (inches). NRE 212 (0.002"), N117 (0.007"), N1135 (0.0035"), and N1110 (0.010") present almost the same EW as N115. Commercially available Nafion 1100EW solutions in alcohol are used for recasting membranes and for impregnating the gas diffusion layers (GDLs) before hot-pressing. Nafion produced nowadays is considered as chemically stabilized by DuPont de Nemours & Co [START_REF] Kidena | PFG-NMR approach to determining the water transport mechanism in polymer electrolyte membranes conditioned at different temperatures[END_REF], the ends of the main PTFE chains being protected against radical attacks.

(-SO3 -H + ) which chemical structure is shown in Figure 1.3. [(CFCF 2 )(CF 2 CF 2 ) x ] OCF 2 CF OCF 2 CF 2 SO 3 -H + CF 3 [(CFCF 2 )(CF 2 CF 2 ) x ] OCF 2 CF OCF 2 CF 2 SO 3 -H + CF 3
As seen previously in Figure 1.3, the molecular structure of Nafion is characterized by two regions: the hydrophobic region, which corresponds to the polytetrafluoroethylene (PTFE) matrix, and the hydrophilic region, around the sulfonic ionic groups. These two features explain the sorption, the transport, and the mechanical properties of Nafion, once the membrane is hydrated: the hydrophilic groups make the membrane adsorb water when it is immerged in a solution or exposed to a humid environment, then the adsorbed water helps to separate the two regions in Nafion and to create the pathways in the ionic region where the protons travel. On the other hand, the hydrophobic groups confer the membrane its morphological stability and its good mechanical endurance due to the semi-crystalline and amorphous structure of PTFE [12]. When the amount of water increases in the system, these ionic clusters swell, percolate, and grow as a fusion process (Figure 1.5). In this study, we consider a simple model, similar to that proposed by Gierke et al. for the interpretation of the physical properties of Nafion N115 and NRE212 and their variations with relative humidity, temperature and time.

Pre-treatment

Before the characterization of Nafion properties, it is first important to follow a pre-treatment protocol in order to prepare the membrane in a well-defined reference state.

Several pre-treatments have been proposed in the literature. For example, the membrane prepared in the acid form (-RSO3H), may be present in several states: as-received (untreated) state typical of end product, expanded state after successive conditioning stages in boiled acids and water, shrunk state achieved by drying at temperatures close to the glass transition temperature (> 100°C), and normal or reference state (it includes conditioning and drying at low temperature). In addition, Nafion can be prepared in different ionic forms (-RSO3 -M + , where M + Chapter 1

is the exchangeable cation), by boiling in hydroxides (e.g. LiOH, NaOH and KOH) or different salt solutions (e.g. LiCl, CsCO3 and KCO3).

Conditioning

First, a cleaning treatment is applied in order to remove all organic and inorganic impurities.

Then, the membranes are chemically treated with acid solutions at high temperature to exchange the membrane in the acidic form (-RSO3H). 

Drying

The conditioning is followed by a drying treatment in order to remove must of the remaining water, and to shrink the expanded porous structure (due to the conditioning treatment). The critical parameters involved in this pre-treatment are due to:

• drying temperature (30°C to 110°C), e.g. drying at 70°C, 2 h [70],

• drying time (1 h to 24 h),

• vacuum system, e.g. vacuum drying at 110°C, 16 h [START_REF] Yoshida | Characterization of Flemion® membranes for PEFC[END_REF].

The important number of parameters used in the different pre-treatments protocols result in a dispersion of the data in the literature and it is generally difficult to find a clear explanation of the effects of those pre-treatments on Nafion properties and on structural changes.

In this study, we chose to pre-treat as-received Nafion N115 and NRE212 membranes prior to their characterization. Our protocol includes a conditioning treatment (cleaning and acidification), and a heat treatment (drying) of the membrane (see Chapter 2, Section 1).

This protocol ensures that the -3 SO groups are acidified with an H + counter-ion. Most of all, it prepares the membrane in a well-defined reference state before characterization. New (asreceived) membranes sometimes show a brown color caused by the adsorption of impurities when they are in contact with the atmospheric air and their properties might be altered. In this case, our protocol returns the membrane back to the initial state.

Physical properties

As mentioned earlier, the hydrated structure of Nafion ® membranes confer them adequate properties for fuel cell operation. The hydrophobic domain gives the membrane some mechanical strength and prevents the ionomer from dissolving, while the hydrophilic domain hydrates considerably the membrane and provides efficient water transport and a high ionic conductivity. The mechanical properties of the membrane, as well as its sorption and transport properties strongly depend on the external conditions in term of relative humidity (RH) and temperature (T). To a lesser extent, the different conditioning and heat treatments applied to the membrane samples before their characterization also play an important role. These pretreatments slightly change the membrane properties and are warily responsible for the scattering of the published data.

The objective of this section is to extract a large number of data from literature on water sorption, proton conductivity, water-self diffusion and mechanical properties of Nafion membranes. We will then compare the different results as a function of the different pretreatments. Finally, this bibliographic study will confirm how difficult it is to obtain reliable data about Nafion properties.

Water sorption

Water sorption in Nafion membranes is defined as the amount of water adsorbed by the membrane in equilibrium with vapor or liquid water at a given temperature. It is generally expressed as the number of water molecules per sulfonic acid site: λ = n[H2O] / n[ SO3 -] and it is also expressed as water uptake or water mass fraction: c = mH20/mdry Nafion .

Sorption isotherm

The 

Thermodynamic models

Several authors introduced thermodynamic parameters into the sorption models in order to better understand the sorption phenomena, explain the temperature dependence of water uptake and understand the presence of two thermodynamically stable water states when the membrane is in equilibrium with saturated vapor (RH = 1) and with liquid water (Schroeder's paradox). For example, Futerko and Hsing [START_REF] Futerko | Thermodynamics of Water Vapor Uptake in Perfluorosulfonic Acid Membranes[END_REF] added two parameters to their Flory-Huggins model: the Flory interaction parameter (χ) and the constant K. The parameter χ corresponds to the molecular interaction between the membrane and the water while the parameter K corresponds to the equilibrium constant for the proton transfer reaction:

+ - + - ⇔ + - O H SO O H H SO 3 3 2 3
. The authors express these two parameters using two temperature-dependent expressions that explain the temperature dependence of water sorption in saturated vapor and water uptake in liquid water. The model shows an increase of the liquid water uptake with temperature and a decrease of the water uptake in saturated conditions with temperature. Moreover, the authors deduced that, at low temperature, the water uptake of membranes in contact with saturated vapor is higher than with liquid water. They suggested that the structures of the hydrated membranes are different in the two cases, i.e., that they in fact represent distinct thermodynamic states.

Tsonos et al. [START_REF] Tsonos | Water sorption and dielectric relaxation spectroscopy studies in hydrated Nafion (-SO3K) membranes[END_REF] added the same Flory parameter χ to their thermodynamic model. The authors confronted the model to the experimental data and showed that the parameter χ is an increasing function of the water activity up to RH = 0.79, which means a decrease of the water-membrane interactions. χ decreases at higher water activity (RH >0.79), which traduces an increase of the water-membrane interactions.

None of the two mentioned models, however, took in consideration the elastic contributions or even the stress-relaxation process [52] inside the membrane when it is in equilibrium with water. This property is known to influence the equilibrium swelling and water sorption mechanism [START_REF] Choi | Thermodynamics and Proton Transport in Nafion I. Membrane Swelling, Sorption, and Ion-Exchange Equilibrium[END_REF][START_REF] Choi | Consideration of thermodynamic, transport, and mechanical properties in the design of polymer electrolyte membranes for higher temperature fuel cell operation[END_REF][START_REF] Satterfield | Mechanical and water sorption properties of Nafion and composite Nafion/titanium dioxide membranes for polymer electrolyte membrane fuel cells[END_REF]. Among the authors who have considered the Young modulus of the membrane in their work, we can mention the thermodynamic model proposed by Choi et al. [START_REF] Choi | Thermodynamics and Proton Transport in Nafion I. Membrane Swelling, Sorption, and Ion-Exchange Equilibrium[END_REF]. The authors considered in their work two models: the Flory-Huggins and the Freger's elastic models. They analyzed the osmotic pressure inside the membrane by the swelling pressure in the matrix of the membrane caused by the sorbed water and, in terms of Young modulus effect.

In addition, Eikerling and Berg [START_REF] Eikerling | Poroelectroelastic theory of water sorption and swelling in polymer electrolyte membranes[END_REF] proposed a more comprehensive thermodynamic model in order to interpret the ionomer architecture during water sorption and the swelling of a single pore of the membrane. The authors incorporated in the model a microscopic swelling parameter related to the charge density at the pore walls of the membrane. The authors took into consideration the effects of the capillary pressure, the osmotic pressure, the shape of the pores, the distribution of the charged groups at the pore walls, the dielectric properties of water in the pores, the proton distribution effect, and the microscopic elastic properties of the polymer matrix.

Water sorption from literature (water vapor)

Numerous data on water sorption in Nafion membranes have been presented in the literature. As seen from Table 1.3 and Table 1.4, the sorption data present certain discrepancies. These differences can be the result of changes in the Nafion microstructure caused by the different pretreatments and, in particular, the different thermal history of the membrane. They can also come from the differences in the equivalent weight EW, the synthesis method (dispersion casting or extrusion), the different thicknesses, or the effect of the external conditions (relative humidity and temperature) that can be sometimes difficult to control. These points are discussed below.
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Thermal history

As mentioned earlier, the sorption data from literature cannot be compared to each other without taking into account certain parameters such as the pre-treatment history. For example, the hydration is lower in a membrane that was dried at temperatures higher than 100°C (see Other authors showed using infrared spectroscopy that a number of water molecules remains in the membrane even after intense drying treatments [START_REF] Ostrowska | Infrared study of hydration and association of functional groups in a perfluorinated Nafion membrane. -Part 2[END_REF][START_REF] Laporta | Perfluorosulfonated membrane (Nafion): FT-IR study of the state of water with increasing humidity[END_REF][START_REF] Korzeniewski | Transmission infrared spectroscopy as a probe of nafion film structure: Analysis of spectral regions fundamental to understanding hydration effects[END_REF][START_REF] Ludvigsson | FTIR study of water in cast Nafion films[END_REF]. For example, Korzeniewski et al. [START_REF] Korzeniewski | Transmission infrared spectroscopy as a probe of nafion film structure: Analysis of spectral regions fundamental to understanding hydration effects[END_REF] estimated that 3 water molecules per sulfonic site remained after drying 24 hours at 110°C. This value is significantly different from the value given by Ludvigsson et al. [START_REF] Ludvigsson | FTIR study of water in cast Nafion films[END_REF] (λ = 1, after drying under vacuum at room temperature). These examples show that the sorption curve might start with an initial λ value different than zero, depending on the drying conditions. In addition, the shape of the sorption curves may differ according to the authors because of the different pre-treatments used [27,[START_REF] Futerko | Thermodynamics of Water Vapor Uptake in Perfluorosulfonic Acid Membranes[END_REF][START_REF] Choi | Thermodynamics and Proton Transport in Nafion I. Membrane Swelling, Sorption, and Ion-Exchange Equilibrium[END_REF].

The acidification pre-treatment also represents an important factor for the water sorption capacity. In Table 1.4, Mangiagli et al. [START_REF] Mangiagli | Dynamic water uptake of flexible polymer networks ion-containing polymer networks[END_REF] showed lower lambda values for membranes NRE212 that were not treated before the measurements (λ = 7.5 at RH = 0.88 and T = 30°C). These values are compared to those of treated N117 obtained by Zawodzinski et al. [START_REF] Zawodzinski | Determination of water diffusion coefficients in perfluorosulfonate ionomeric membranes[END_REF] (Tdry = 105°C, λ = 10), in the same conditions. As mentioned in the pre-treatment section, cleaning and acidifying the "as-received" membranes make sure that all the polluting traces left in the membranes disappear and that all the -3 SO groups are totally acidified with H + counter-ion.

The "Schroeder's paradox effect" (defined as the difference in water content between immersion in saturated water vapor and in liquid water) was reported in several studies [START_REF] Majsztrik | Water sorption, desorption and transport in Nafion membranes[END_REF][START_REF] Gates | Equilibrium and diffusion of methanol and water in a nafion 117 membrane[END_REF][START_REF] Cornet | Existence d'un paradoxe de Schroeder avec la membrane Nafion? étude par diffusion de rayons X aux petits angles[END_REF][START_REF] Choi | Sorption in proton-exchange membranes. An explanation of Schroeder's paradox[END_REF][START_REF] Vallieres | On Schroeder's paradox[END_REF][START_REF] Bass | Hydration of Nafion and Dowex in liquid and vapor environment: Schroeder's paradox and microstructure[END_REF]. Most of the authors measured a higher sorption capacity in liquid phase than in vapor phase, but a more recent study demonstrated that Schroeder's paradox may originate in Nafion from the effect of pre-drying on the morphology of the polymer, a too short equilibration time and/or a humidification air that may not have been at 100% [START_REF] Onishi | Water -Nafion Equilibria. Absence of Schroeder's Paradox[END_REF].

Synthesis of membranes

The water sorption values obtained from two different synthesized membranes such as dispersion casted NRE212 and extruded N115, with thicknesses of 0.002" and 0.005", respectively, present discrepancies. It has been observed that NRE212 present higher lambda values than that of N115 (as shown in Chapter 3).

Temperature effect

The water sorption capacity may also be influenced by temperature. For example, in Table 1. 3 Rieke and Vanderborgh [START_REF] Rieke | Temperature dependence of water content and proton conductivity in polyperfluorosulfonic acid membranes[END_REF] showed that the water sorption decreases as the temperature increases: λ = 15 (30°C), 9 (50°C), 6 (75°C), 11 (95°C), at RH = 1. Similar results were presented by Kidena et al. [START_REF] Kidena | PFG-NMR approach to determining the water transport mechanism in polymer electrolyte membranes conditioned at different temperatures[END_REF] (Table 1.4): λ = 16.5 (40°C) and 9 (80°C), at RH = 0.95. In addition, Broka

and Ekdunge [START_REF] Broka | Oxygen and hydrogen permeation properties and water uptake of Nafion® 117 membrane and recast film for PEM fuel cell[END_REF] observed a decrease of the lambda value at RH = 0.1 that was dramatic in the region 25-50°C and less pronounced above 50°C. The authors however, did not give an explanation for this behavior.

Other studies reported that the water sorption increases as the temperature increases, as shown by Morris et al. [START_REF] Morris | Water-sorption and transport properties of Nafion 117 H[END_REF]: λ = 13.5 (25°C), 16.7 (50°C), 23.1 (100°C), at RH = 1, and by Onashi et al.

[85]: λ = 15 (18°C), 16 (30°C), 18 (50°C), 20 (65°C), 21 (80°C), at RH = 1. Jalani et al. [START_REF] Jalani | The effect of equivalent weight, temperature, cationic forms, sorbates, and nanoinorganic additives on the sorption behavior of Nafion®[END_REF] also measured a lower vapor sorption capacity at 25°C than at 90°C (Table 1.4).

As shown by the literature data [START_REF] Kidena | PFG-NMR approach to determining the water transport mechanism in polymer electrolyte membranes conditioned at different temperatures[END_REF][START_REF] Takata | Adsorption properties of water vapor on sulfonated perfluoropolymer membranes[END_REF][START_REF] Rieke | Temperature dependence of water content and proton conductivity in polyperfluorosulfonic acid membranes[END_REF][START_REF] Morris | Water-sorption and transport properties of Nafion 117 H[END_REF][START_REF] Onishi | Water -Nafion Equilibria. Absence of Schroeder's Paradox[END_REF][START_REF] Broka | Oxygen and hydrogen permeation properties and water uptake of Nafion® 117 membrane and recast film for PEM fuel cell[END_REF][START_REF] Jalani | The effect of equivalent weight, temperature, cationic forms, sorbates, and nanoinorganic additives on the sorption behavior of Nafion®[END_REF], the effect of temperature on the sorption properties of Nafion is not clear and it is not possible, at the present time, to know whether the sorption capacity is a decreasing or an increasing function of T.

Water sorption from literature (liquid water)

As for water sorption in water vapor, there exist numerous data in the literature on sorption in liquid water. Table 1.5 shows some reported values.
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Thermal history

As shown in Table 1.5, the sorption data present certain discrepancies mostly due to the different applied pre-treatments. For example, Zawodzinski et al. [27] proposed to dry the cleaned Nafion at room temperature (25°C) or 105°C before immersing in water. It was observed that the samples that were dried at room temperature adsorb almost two times more water than the samples that were dried at elevated temperatures: Tdry = 25°C, λ = 21 (27°C) and Tdry = 105°C, λ = 12 (27°C).

On the other hand, Hinatsu et al. [START_REF] Hinatsu | Water uptake of perfluorosulfonic acid membranes from liquid water and water vapor[END_REF] proposed three different pre-treatments: the conditioned (cleaned and acidified) Nafion, the dried Nafion at 80°C and the shrunk Nafion at 105°C. The authors observed that the conditioned membranes adsorb significantly more water than those that were previously dried. In addition, the water content after drying at 105°C was less than that after drying at 80°C, indicating a significantly greater degree of shrinkage of the microstructure at 105°C than at 80°C. The three pre-treatment procedures define the three general forms of perfluorosulfonic acid membranes, classified by Yeo and Yeager [START_REF] Yeo | Modern Aspects of Electrochemistry N.16[END_REF] in 1985, as: "E-form" (expanded form), "N-form" (normal form), and "S-form" (shrunken form).

In general, these pre-treatment effects are thought to be related to the formation and breakup of hydrated ion clusters in the membranes. The high water content of conditioned (boiled)

membranes is thought to be the result of the development of an open structure caused by the formation of large ionic clusters. Drying membranes at elevated temperatures results in pore shrinkage and reorientation of the side chains. These phenomena are reversible: the membrane can return to its initial state after exposure to water at elevated temperatures.

Temperature effect

It is shown in Table 1.5 that the temperature at which water sorption is measured influences the sorption capacity only if treated Nafion has been dried at temperatures higher than 30°C, as shown by Zawodzinski et al. As observed, the different results on water sorption of Nafion in liquid water are consistent from one author to the other.

Water and proton transport

The mass transport in Nafion membranes plays a fundamental role during the operation of fuel cells. Transport mechanisms across the membrane are of different nature; they include electroosmosis, water diffusion, and proton transport. These mechanisms are coupled to each other and described by parameters that all depend on water content.

Water can be transported through the membrane when the fuel cell is under operation via different processes [28,[START_REF] Zawodzinski | Determination of water diffusion coefficients in perfluorosulfonate ionomeric membranes[END_REF]:
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• Electro-osmosis: the water molecules are dragged by the protons from the anode to the cathode.

• Water back-diffusion: the transport occurs because of a gradient of water concentration between the cathode and the anode.

• Thermo-osmosis: the transport occurs under the influence of a gradient of temperature [START_REF] Kim | Investigation of Temperature-Driven Water Transport in Polymer Electrolyte Fuel Cell: Phase-Change-Induced Flow[END_REF].

• Hydraulic permeation: the transport occurs because of a gradient of pressure [START_REF] Majsztrik | Water sorption, desorption and transport in Nafion membranes[END_REF].

When the membrane is characterized ex-situ, adsorbed water is at thermodynamic equilibrium.

In this study, we characterize water and protons transport by measuring the water self-diffusion coefficient (Ds) and the proton conductivity (σ), respectively.

Water diffusion

This property can be evaluated by various methods. Pulsed-field gradient nuclear magnetic resonance (PFGNMR) is used to measure the water self-diffusion in Nafion at the micrometric scale [START_REF] Perrin | Etude Expérimentale multi-échelles de la dynamique de l'eau dans les membranes ionomères utilisées en pile à combustible[END_REF][START_REF] Kreuer | On the development of proton conducting materials for technological applications[END_REF]. Water diffusion can also be evaluated from proton conductivity data, from dynamic water uptake measurements, or deduced from steady-state water permeation experiments [START_REF] Zawodzinski | Determination of water diffusion coefficients in perfluorosulfonate ionomeric membranes[END_REF][START_REF] Morris | Water-sorption and transport properties of Nafion 117 H[END_REF][START_REF] Rivin | Solubility and transport behavior of water and alcohols in Nafion®[END_REF].

It is important to highlight that the last three methods evaluate the water diffusivity averaged over large distances inside the membrane. As a consequence, they may give a diffusion coefficient that can be significantly different from the self-diffusion coefficient obtained locally by PFGNMR.

The method to choose will depend on the property of interest. For example, experiments based on water permeation and water uptake can give general information about diffusion through the membrane. These measurements will depend mostly on the equilibrium water uptake. However, the nuclear magnetic resonance (NMR) measurements performed at the micrometer scale can give some information on the evolution of the water diffusion caused by any structural changes in the Nafion after different pre-treatments or in different external conditions (RH and T).

The typical evolution of the water-self diffusion coefficient (Ds) determined by PFGNMR in Nafion membranes is displayed on Figure 1.9, as a function of λ. It must be noted that at the highest water content, the self-diffusion of water in Nafion is about 4 times slower than the diffusion of free water (Ds = 2.5x10 -5 cm 2 /s at 25°C). This effect is due to the tortuosity of the diffusion path in the membrane structure, caused by the presence of the side chains and the backbone of the polymer. We can observe from Table 1.6 and Table 1.7 that the water diffusion coefficient strongly increases as a function of water content. It is generally accepted that the water diffusion coefficient follows an Arrhenius law as a function of temperature [START_REF] Perrin | Etude Expérimentale multi-échelles de la dynamique de l'eau dans les membranes ionomères utilisées en pile à combustible[END_REF].

Proton transport

The overall proton transport mechanism first involves the dissociation of the acid groups -SO3H.

Then, the dissociated protons become mobile enough to be transported in the water medium within the membrane via various transport mechanisms. Paddison and Paul [START_REF] Paddison | The nature of proton transport in fully hydrated Nafion®[END_REF] showed that at least two or three water molecules per sulfonic acid group are required to enable the dissociation.

Zawodzinski et al. [27] proposed a simple, qualitative, description of the proton transport in Nafion as a function of water content: at low hydration (λ ~ 2-3), the proton transport is slow because there are few water molecules to help the dissociation and solvation of the sulfonic acid groups. These water molecules are strongly attached to the polymer matrix, resulting in a significant resistance to the transport of hydronium ions (H3O + ). When the hydration level increases (λ ~ 4-14), there is enough loosely bound water and the transport greatly increases.

When the hydration level further increases (λ > 14), the water behaves almost as bulk water, which helps the transport of proton.

Choi et al. [START_REF] Choi | Thermodynamics and Proton Transport in Nafion II. Proton Diffusion Mechanisms and Conductivity[END_REF] proposed a model for proton transport similar to this quantitative model and based on three transport mechanisms: the proton hopping mechanism (or surface diffusion), the Grotthuss diffusion (or structural diffusion), and the mass diffusion (or vehicular mechanism) [START_REF] Janssen | A Phenomenological Model of Water Transport in a Proton Exchange Membrane Fuel Cell[END_REF]. In the proton hopping, the mechanism of transport occurs along the pores surface of the membrane and the proton hops from one ionic cluster to the adjacent one. In the Grotthuss mechanism, the proton transport occurs in the pore filled with bulk-like water and the proton hops from one water molecule to the adjacent one. In the mass diffusion mechanism, the hydronium ions (H3O + ) are the carriers of protons, and both water and protons diffuse with a similar diffusion coefficient.

In this study, we characterize the transport of protons by measuring the proton conductivity. Proton conductivity is usually measured using AC impedance spectroscopy (see Chapter 2:

Experimental Protocols).

Proton conductivity measurements are very common in the literature about Nafion and, as for water uptake, different experimental conditions and/or membrane pre-treatments are applied before or during the measurements. As a result, a wide range of experimental values can be found for the same experimental conditions (RH, T or λ, T). Table 1.8 and Table 1.9 report some of the available literature values. As seen from the tables, there are some discrepancies in the conductivity results. These discrepancies are strongly related to the different pre-treatments (thermal history), the external conditions (RH and T), the characterization methods, and the direction along which the conductivity is measured: in-plane or through-plane.

Thermal history

Sone et al. [START_REF] Sone | Proton Conductivity of Nafion 117 as Measured by a Four-Electrode AC Impedance Method[END_REF] demonstrated changes in Nafion conductivity as a function of the drying treatment. The authors determined that conductivity in saturated vapor condition was higher when Nafion was conditioned in water and in acid, that is to say in its expanded (E) form (σ = 0.064 S/cm). Then, the proton conductivity decreased in Nafion dried at 80°C [referred to as the normal (N) form (σ = 0.040 S/cm)], at 105°C [the shrunken (S) form (σ = 0.023 S/cm)], and at 120°C [the further-shrunken (FS) form (σ = 0.018 S/cm)]. As stated by the authors, this evolution may be caused by the collapse of water channels or clusters when the membrane was dried at higher temperature. For the membrane to achieve high sorption capacity and high conductivity after such thermal effect, it is necessary to expand the collapsed channels by boiling in water.
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Temperature effect

Most of the authors agree on the fact that the proton conductivity of Nafion increases with temperature and follows an Arrhenius law [START_REF] Kreuer | On the development of proton conducting materials for technological applications[END_REF]. The activation energy (Ea) obtained from the different measurements is variable in the range 8-15 kJ/mol, depending on the hydration of the membrane [START_REF] Silva | Tangential and normal conductivities of Nafion® membranes used in polymer electrolyte fuel cells[END_REF][START_REF] Cappadonia | Conductance of Nafion 117 membranes as a function of temperature and water content[END_REF][START_REF] Halseid | Influence of Ammonium on Conductivity and Water Content of Nafion 117 Membranes[END_REF]. In heat-treated Nafion, however, Sone et al. [START_REF] Sone | Proton Conductivity of Nafion 117 as Measured by a Four-Electrode AC Impedance Method[END_REF] presented conductivity values that decreased from 20°C to 45°C (σ = 0.054 to 0.036 S/cm) and then increased up to 80°C (σ = 0.057 S/cm) at RH = 1. According to the authors, the variations of the proton conductivity with respect to temperature were explained by a change in water uptake and the effects of temperature on σ were very moderate (Ea < 2 kJ/mol for 45 < T < 80°C). On the other hand, Rieke and Vanderborgh [START_REF] Rieke | Temperature dependence of water content and proton conductivity in polyperfluorosulfonic acid membranes[END_REF] presented conductivity values that increased from room temperature to 50°C (σ = 0.06 to 0.113 S/cm), and then decreased from 50°C to 90°C (σ = 0.113 to 0.081 S/cm) at RH = 1. Again, these variations were explained by a change of water content with temperature.

Mechanical properties (Young modulus)

The mechanical properties of Nafion membranes play an important role in fuel cell operation and durability. They are directly linked to water uptake and temperature [START_REF] Kawano | Stress-Strain Curves of Nafion Membranes in Acid and Salt Forms[END_REF]. High stresses are created as the membrane swells from water adsorption and shrinks by changes in temperature and membrane water content during fuel cell operation. Moreover, these swellinginduced stresses may cause the mechanical failure of the membrane, either by formation of pin holes or delamination of the membrane from the electrode material.

In general, there exist several standard tests to measure the mechanical properties of Nafion membranes. However, the tensile test, in which a membrane is pulled to failure in a relatively short period of time, is one of the most useful. During this test, the Nafion sample is elongated in uniaxial tension at a constant rate, the load necessary to produce a given elongation being measured as a dependent variable. Then, the load-elongation (stress versus strain) curve is plotted from the results [START_REF] Hayden | Structure and Properties of Materials: Mechanical Behaviour[END_REF] and the Young modulus, E, correspond to the initial slope (Figure

1.11).
Earlier studies [START_REF] Kawano | Stress-Strain Curves of Nafion Membranes in Acid and Salt Forms[END_REF][START_REF] Satterfield | Viscoelastic properties of Nafion at elevated temperature and humidity[END_REF] have demonstrated that different pre-treatments and external conditions (RH and T) can lead to structural changes in Nafion, and therefore different stressstrain responses, as shown in Figure 1.11. These plots show that the elastic modulus of Nafion decreases strongly with the temperature and varies significantly as a function of the applied pre-treatments. This large decrease in elastic modulus may be interpreted in the framework of the model of Eisenberg [START_REF] Eisenberg | Introduction to Ionomer[END_REF]. The author provided an explanation of this effect by analyzing the critical temperature (Tc) of the membrane: as the temperature is increased above a critical temperature without water adsorbance (T ~ 90°C), the sulfonic acid clusters become miscible in the PTFE matrix, reducing the elastic modulus. On the other hand, the author observed that, by adding a small quantity of water into the clusters (λ < 3), it solvates the sulfonic acid groups and creates strong hydrogen bonds within the clusters, providing crosslinks which stiffen Nafion, increase the hydrogen binding energy and thus the elastic modulus. However, as the water content increases further (λ > 3), the remaining sulfonic acid group are solvated and they act like flexible joints giving a stronger but more flexible interaction, which decreases the elastic modulus and the yield stress.

This is what is called "Plasticization" from the literature [START_REF] Satterfield | Mechanical properties of Nafion and titania/Nafion composite membranes for polymer electrolyte membrane fuel cells[END_REF].

Other studies show that the mechanical properties of perfluorosulfonic acid (PFSA) membranes are influenced by membrane pre-treatment, hydration, and temperature. For example, Kusoglu et al. [START_REF] Kusoglu | Constitutive response and mechanical properties of PFSA membranes in liquid water[END_REF] reported a diminution of the Young modulus in Nafion N112 membranes as a function of temperature and relative humidity (Figure 1.12). In addition, Tang et al. [START_REF] Tang | An experimental investigation of humidity and temperature effects on the mechanical properties of perfluorosulfonic acid membrane[END_REF] and Solasi et al. [START_REF] Solasi | On mechanical behavior and inplane modeling of constrained PEM fuel cell membranes subjected to hydration and temperature cycles[END_REF] reported similar results with Nafion ® N111 and Nafion N112, respectively.

.12: Young modulus of Nafion N112 at different temperatures, adapted from Kusoglu et al. [START_REF] Kusoglu | Constitutive response and mechanical properties of PFSA membranes in liquid water[END_REF].

Despite the vast literature on water sorption, proton conductivity, and modeling of ionomer structure, the relationship between these properties and the mechanical properties are still not well understood. In addition, there is no comprehensive information about the viscoelastic properties of Nafion membranes, particularly in conditions relevant to fuel cell operation: elevated temperature and humidity. As seen from the tables, we can observe that the Young (elastic) modulus of Nafion membranes decreases as a function of temperature and water content.

It must also be noted that most of these mechanical values were obtained in a small range of temperatures and with little humidity control, leaving the investigator with a limited choice of external conditions (RH and T).
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Other studies related to the stress-strain and the stress-relaxation (the time-dependent decrease in stress under constant strain) behaviors in Nafion membranes were performed by Liu et al. [START_REF] Liu | Tensile behavior of Nafion and sulfonated poly(arylene ether sulfone) copolymer membranes and its morphological correlations[END_REF]. The authors studied this phenomenon in vapor equilibrated Nafion N117 membranes by examining the effects of strain rate and counter-ion type. On the other hands, Majsztrik et al.

[70] focused on the experimental and theoretical investigation of the time-temperature dependent viscoelastic response of PFSA membranes swollen in various humidity conditions.

Furthermore, Satterfield and Benziger [START_REF] Satterfield | Viscoelastic properties of Nafion at elevated temperature and humidity[END_REF] showed an improvement of the mechanical properties (i.e. an increase of the elastic modulus, traduced also as rigidity) due to changes in PFSA membrane microstructure, specifically of Nafion-based composite membranes. In general, these composite membranes exhibit higher performances in fuel cells (i.e. higher hydration, higher proton conductivity, improved mechanical and thermal stability) at temperatures higher than 100°C (see Section 4).

Aging of Nafion ® membranes

It is first important to define the terms of durability, aging and degradation:

• Durability: the ability of a PEMFC stack or individual component to resist permanent change in performance over time. Voltage decay leads to a decrease in performance that may be recoverable or reversible [22].

• Aging: the change in the properties of materials under the action of factors (e.g. heat, humidity, chemical agents, and mechanical stress) under operation or during storage and treatments.

• Degradation: the decrease of a PEMFC stack or individual component in voltage and quality. Degradation is not recoverable or reversible. For example, the formation of pinholes and cracks within a MEA (mostly due to different water content inside the cells, [START_REF] De Moor | Understanding Membrane Failure in PEMFC: Comparison of Diagnostic Tools at Different Observation Scales[END_REF]) has been detected during electrochemical characterization such as open circuit voltage (OCV).

In general, durability is one of the most important characteristics for PEMFCs [22]. For example, the performance of a PEMFC is affected by cycling voltage conditions (as shown in Figure 1.13), degradation of materials (i.e. catalyser and bipolar plates) and/or the presence of impurities.

Number of cycles

Voltage (V) In this literature review, we focus on the durability of the proton exchange membranes.

λ
PEM membranes present great physical and mechanical properties and excellent chemical stability. However, their properties can be limited, once exposed to:

In-situ

• Hydration and dehydration cycling.

• Voltage-current cycling.

• Compression and constraints cycling.

• Start/stop cycles.

• Radicals effect generated by the Fenton's reagent.

Ex-situ

• Different pre-treatments (conditioning and heat treatment).

• High temperature (> 100°C).

• Low humidity condition (RH < 0.5).

• Long-term exposure to humidity and temperature.

The durability of Nafion membranes can be evaluated by performing either in-situ or ex-situ tests. For example, several authors [14,22,[START_REF] Borup | Scientific Aspects of Polymer Electrolyte Fuel Cell Durability and Degradation[END_REF][START_REF] Chen | The effect of humidity on the degradation of Nafion® membrane[END_REF][START_REF] Yuan | Degradation of a polymer exchange membrane fuel cell stack with Nafion® membranes of different thicknesses: Part I. In situ diagnosis[END_REF][START_REF] Zhou | Chemical durability studies of ionomers and model compounds for fuel cell applications[END_REF] have investigated the chemical degradation of the Nafion membranes in-situ in presence of humidity, temperature, cyclic stress, and cyclic current, and ex-situ in presence of peroxide/hydroperoxide radicals (Fenton's test).

The authors have also used different analytical methods (IR spectroscopy, NMR, chromatography, etc) able to monitor the structural changes in the membrane, to analyse the water produced during fuel cell operation, and to elucidate the different degradation products.
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It is important to highlight that ex-situ tests are more easily performed because they allow the identification of the degradation products, the determination of their kinetics of formation, and consequently the determination of the involved aging mechanism.

Other authors have investigated ex-situ the effect of temperature and humidity on the evolution of the Nafion properties during long periods of time. This particular type of aging is called in the literature [START_REF] Collette | Hygrothermal aging of Nafion®[END_REF] "hygrothermal aging effect". When the Nafion is exposed to constant RH and T conditions, the water sorption, the water transport and the mechanical properties were shown to decay (Figure 1.14 (right)). The authors assume that during this hygrothermal aging, a reaction occurs in the Nafion membrane. This reaction was identified as the condensation of the sulfonic groups and the formation of anhydride sulphuric (Figure 1.14 (left)). Reaction of sulfonic acids condensation. The figures were reproduced from Collette et al. [START_REF] Collette | Hygrothermal aging of Nafion®[END_REF].

From an experimental point of view, the hygrothermal aging is simple to study: one only needs to expose Nafion membranes to constant temperature and relative humidity conditions for a long time. Then, the measurement of the water content, the proton conductivity and the mechanical properties as a function of time gives an access to the time evolution of the properties of the membranes.

These types of durability studies can serve as a reference guide for the development of new membranes with a higher stability of their properties.

Improved Nafion-based membranes with inorganic nanoparticles

Despite the favorable properties of perfluorosulfonic acid (Nafion-type) membranes in PEMFCs, one of the major issues remains the strong dependence of proton conductivity on water content, limiting the working temperature of the PEMFC to about 90°C. For example, temperatures above 100°C drive off the water, drying out the membrane and reducing its conductivity and the cell performance. Moreover, the lifetime of the Nafion membrane within the cell is shortened at higher temperatures because it becomes softer and can develop tears or holes [START_REF] Satterfield | Mechanical properties of Nafion and titania/Nafion composite membranes for polymer electrolyte membrane fuel cells[END_REF][START_REF] Adjemian | Investigation of PEMFC operation above 100 °C employing perfluorosulfonic acid silicon oxide composite membranes[END_REF]. Thus, a design goal for new fuel cell membrane materials is their ability to perform well at low humidity and high temperatures.

A promising approach is to modify Nafion ® membranes by adding inorganic oxide particles.

Their improved performance at low relative humidity and elevated temperature has been largely attributed to increased water retention and water management, high ion exchange capacity, high mechanical durability and robustness, and high proton conductivity [12, 122, Different inorganic oxides like silicon dioxide (SiO2), titanium dioxide (TiO2), zirconium dioxide (ZrO2) and aluminium oxide (Al2O3) have been proposed for the development of these types of composite membranes. Their hygroscopic nature permits to enhance the water uptake and the water retention of the membrane. The composite membranes can be prepared via recasting polymer solution with the inorganic particles or via in-situ growth of these particles in a Nafion membrane by sol-gel processing [START_REF] Watanabe | Self-Humidifying Polymer Electrolyte Membranes for Fuel Cells[END_REF][START_REF] Choi | Thermodynamics and Proton Transport in Nafion III. Proton Transport in Nafion/Sulfated ZrO2 Nanocomposite Membranes[END_REF][START_REF] Jalani | Synthesis and characterization of Nafion®-MO2 (M = Zr, Si, Ti) nanocomposite membranes for higher temperature PEM fuel cells[END_REF].

Today, results on composite membranes are still scattered and inconclusive. Further, the systematic comparisons of these new membranes with unmodified Nafion are made difficult by the large number of inorganic oxide materials and loading combinations, as well as different procedures for composite membrane fabrication and testing [12,[START_REF] Satterfield | Mechanical properties of Nafion and titania/Nafion composite membranes for polymer electrolyte membrane fuel cells[END_REF][START_REF] Adjemian | Investigation of PEMFC operation above 100 °C employing perfluorosulfonic acid silicon oxide composite membranes[END_REF][START_REF] Thampan | Systematic approach to design higher temperature composite PEMs[END_REF][START_REF] Sacca | Nafion-TiO2 hybrid membranes for medium temperature polymer electrolyte fuel cells (PEFCs)[END_REF][START_REF] Jones | Advances in the Development of Inorganic-Organic Membranes for Fuel Cell Applications[END_REF][START_REF] Pan | Nafion-zirconia nanocomposite membranes formed via in situ sol-gel process[END_REF][START_REF] Alvarez | Influence of silica morphology in composite Nafion membranes properties[END_REF][START_REF] Wang | Synthesis of Nafion/CeO2 hybrid for chemically durable proton exchange membrane of fuel cell[END_REF][START_REF] Jalani | Synthesis and characterization of Nafion®-MO2 (M = Zr, Si, Ti) nanocomposite membranes for higher temperature PEM fuel cells[END_REF][START_REF] Damay | Transport properties of NafionTM composite membranes for proton-exchange membranes fuel cells[END_REF][START_REF] Bauer | Zirconium phosphate Nafion® composites -a microstructure-based explanation of mechanical and conductivity properties[END_REF][START_REF] Uchida | Self-humidifying electrolyte membranes for fuel cells. Preparation of highly dispersed TiO2 particles in Nafion 112[END_REF]. 

Objectives of this work

PEMFCs are currently considered as the most promising systems for powering all kind of vehicles. However, their principal elements (proton exchange membrane, gas diffusion electrode, bipolar plate, etc) are still the object of intense fundamental and technological research especially for durability and cost issues. One of the most interesting challenges to be addressed in this research area concerns the proton exchange membrane (the heart of the fuel cell). The most used PEM membrane is Nafion ® because of its high proton conductivity (when properly hydrated), its good chemical and thermal stability, and its mechanical integrity. For these reasons, Nafion is still considered today as the reference material for polymer electrolyte membrane for fuel cells.

As seen in this chapter, there exist a large number of publications focusing on the study of the properties of Nafion membranes. The experimental conditions corresponding to these studies are however discrepant from one author to the other. Moreover, the pre-treatments applied to the membrane samples are sometimes extremely different since no standardization of the protocol was defined. Several studies have demonstrated that the Nafion material was very sensitive to these pre-treatments and, more specifically, to its thermal history. As a consequence, the data extracted from the literature are dispersed and are sometimes not consistent with each other. As a result, it remains difficult to gather a complete set of water sorption, transport and mechanical data measured on similar Nafion membranes, using a similar pre-treatment and obtained using the same experimental method and protocol.

The first objective of the present work is to collect a large number of experimental data on the most fundamental properties of Nafion membrane, on a broad range of experimental conditions in terms of temperature and relative humidity. These systematic measurements are performed by following simple and reproducible experimental protocols. The detailed protocols and the experimental techniques are described in Chapter 2.

In Chapter 3, we use the obtained results to study the effects of the thermal pre-treatment on the membrane sorption, transport and mechanical properties. Then, the data collected at different temperatures help us analyzing the ambiguity about the temperature dependence of the water sorption in vapor phase.

We have seen from the literature review that the Nafion properties can present certain instabilities when exposed to constant RH and T conditions during a long period of time. This phenomenon was defined as "hygrothermal aging".

The main objective of the Chapter 4 is to study the long-term evolution of the Nafion properties exposed to constant RH and T conditions. In this chapter we show the results of a systematic characterization of aged Nafion N115 in a wide RH range, at 60°C and 80°C and at different aging time. Our target is:

• to confirm, or not, that the Nafion properties are evolving as a function of time,

• if so, to identify which properties are affected and in which extent,

• to precise in which range of T and RH this hygrothermal aging occurs.

Furthermore, we analyze the reversibility of this phenomenon (when its properties may return to its initial state). The objective is to precise in which range of T and RH this reversibility occurs and if it occurs after immersion in water, in acid solution, or even after cycling the RH conditions.

From an operational point of view, the strong humidification requirements of Nafion membranes limit the operational temperature in PEMFCs to 80°C -90°C. This strong hydration dependency and low temperature represent critical issues for the performance and durability of 

Introduction

It is well known that the good performances of Nafion membranes in PEMFC are due to their sorption and transport properties and to their mechanical stability, which result from the particular chemical structure and morphology of the polymer. Water sorption and transport properties (e.g. proton conductivity and water diffusion) of Nafion have been extensively studied over the past few decades [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. Even though these studies have provided useful information, the direct comparison between literature results is hardly possible because the Nafion properties can depend on the various pre-treatments, to which it can be subjected while the variety of experimental procedures encountered in the literature is large. In addition, the ranges of temperature and relative humidity over which the Nafion properties were studied are generally limited.

Starting from this statement, it seemed relevant to us to perform systematic sorption, water selfdiffusion, proton conductivity, and stress-strain measurements using simple and reproducible experimental procedures.

In this Chapter, we provide detailed information about the experimental protocols that were followed and on the instruments that were used to perform the measurements. These experiments are done with prepared membranes using a simple pre-treatment [18].

Sample cleaning and conditioning

Two commercially available Nafion membranes were used for the experimental characterization: solution-cast NRE212 films with a thickness of 50.8 µm and extruded N115 films with a thickness of 127 µm, both with an equivalent weight (EW) of 1100 g.mol -1 and with an ion-exchange capacity (IEC) of 0.91 milliequivalent.g -1 . They were provided by Dupont and Ion Power, Inc. Before the measurements, the membranes were cut into strips, cleaned and conditioned according to the procedure [18] described below.

As-received membranes (lightly brown) are pre-cleaned by boiling in 3 wt% oxygen peroxide (H2O2) to eliminate organic residues. At this stage, the light brown color disappeared. The clean membranes are then rinsed with demineralized water at room temperature three times to remove H2O2. To guarantee a complete acidification, the samples are soaked consecutively into two strong acids:

• Aqueous 10M nitric acid (HNO3) at room temperature during 30 min in order to replace the metallic cations (Na, K, Ca, Mg, etc) with protons (H + ); the re-acidified membranes are then rinsed with demineralized water at room temperature three times to remove HNO3.

• Aqueous 1M sulfuric acid (H2SO4) at 100°C during 1 h; the membranes are then immersed in boiled demineralized water during 1 h to remove H2SO4.

It is important to highlight that the chosen pre-treatment was performed mostly using boiling water solutions, which expands greatly the porous structure of the membranes.

The pretreated Nafion membranes are cut into 7 -9 cm 2 pieces and dried in a heating oven at atmospheric pressure and constant temperature, Tdry = 60°C during 24 h. The drying procedure shrinks the expanded porous structure [3,19] and removes most, but not all, water molecules from the membrane [20,21,22,23]. This means that the samples are actually not completely dried, which is an important issue to consider for the accurate characterization of their properties. This point will be discussed in Section 4.

The effects of the drying temperature on Nafion properties and aging are discussed in Chapter 3 and Chapter 4 (Tdry = 60°C, 80°C, 100°C and 110°C).

Water uptake

Water uptake measurement protocols

Numerous authors studied water sorption in Nafion membranes using gravimetric methods [3,9,15,16,24,25,26,27,28]. These methods consist in measuring the change of the membrane weight as a function of its water content. The membrane mass change is typically measured using a dynamic vapor sorption analyzer (DVS). Several authors use quartz crystal microbalance (QCM) like Krtil et al. [29] for monitoring water sorption and its kinetics in Nafion thin films.

Jalani et al. [25] uses a tapered element oscillating microbalance (TEOM), where the Nafion sample, once deposited onto an oscillating body, causes a reduction of the oscillation frequency: this frequency variation make it possible to determine the mass of the sample as a function of the relative humidity and temperature. Some advantages of the DVS microbalance:

• Its high resolution.

• Its wide range of measuring conditions in term of vapor partial pressure (water activity) and temperature.

Chapter 2

• Its short equilibrium time (1 h) because of the small size of samples. However, this point may be discussed considering the (sometimes) slow dynamic of water sorption/desorption in Nafion.

Despite of these advantages, DVS microbalance may present some inconveniences:

• Only one sample can be tested at a time.

• It is not well adapted to high or very high relative humidity, because of possible water condensation inside the system.

• The water sorption kinetics may depend on the carrier gas rate.

• It is not adapted to the study of long-term or slow kinetic phenomena.

• It is not adapted to water sorption in liquid phase.

Alternative techniques to DVS, like conventional gravimetric method and the use of saturated salt solutions can give access to the membrane mass change over a wide range of temperature and relative humidity. Using saturated salt solutions and an analytical balance, we can measure accurately Nafion sorption isotherms when long equilibration times as well as good temperature homogeneity are required. Moreover, this method makes it possible to treat simultaneously a high number of samples, which allows investigating phenomena that are not considered usually, like the long-term evolution of Nafion properties at constant temperature and relative humidity.

(Chapter 4).

Control of the relative humidity with saturated salts

The relative humidity (RH) is defined as the ratio of vapor partial pressure to the saturation pressure at a given temperature:

) ( ) ( T P T P RH sat w = .
Many methods exist for controlling the relative humidity [30]. One of the most adapted to closed small volume vessels consists in using saturated salt solutions: the air surrounding a saturated salt solution will achieve the equilibrium relative humidity [30,31,32,33,34,35] however, some precautions are taken:

• Thermodynamic equilibrium between the three phases: solid (salt crystals), liquid (solution) and gas (air and water vapor mixture). • Long enough equilibrium time.

• Suitable and stable temperature (e.g. at high temperature, there would be a risk of salts crystals setting on the solution surface rather than being immersed in the solution).

For this study, the relative humidity was controlled by selecting 9 different saturated salt solutions. The saturated salt solutions were prepared from reagent grade (extra pure) salt and distilled water. The salt was then dissolved in water until saturation (i.e. crystals remaining in the solution). It must be noted that to obtain a homogeneous salt solution, the salt crystals should be added to water of a much higher temperature than that required; then the solution is cooled down. The variation of RH with respect to T is an important parameter that needs to be taken into consideration when examining the effect of temperature on water sorption. As a consequence, a great care was taken over the preparation of each saline solution and the measurement of the equilibrium RH with temperature. The vapor pressure was measured using a dew point analyzer (Vaisala HUMICAP ® , HMT series) after 24 hours.

The nature of each salt solution used and the corresponding values of RH at temperatures varying from 20°C to 80°C are reported in Table 2.1. Those noted a are taken from reference [34]. While the others noted b were measured. In this case, the reported errors include maximal variations of RH over several tens of days. At 20°C, the measured values and the literature values differ by 1-2 % percentage points, probably because of the following:

• slow equilibration time,

• temperature variations,

• or the presence of impurities.

In the following we use the values that were measured with our solutions (noted b ). Right: equilibrium sorption curve of N115 at 60°C and RH6 (RH = 0.74).

Sorption in liquid water

The membranes were immersed in distilled water at different temperatures for 1 h. This equilibrium time is necessary for the samples to reach a constant weight before the measurements [37]. The wet membranes were then surface-dried using KimWipes, and immediately weighted.

Experimental errors

The experimental errors were minimized by averaging the results over a set of three samples.

The uncertainties came from errors on the relative humidity imposed by the saline solutions, the stability of the temperature of the oven, the non-homogeneity of the different samples and, mostly, systematic weighting errors resulting from the manipulation of the samples. The precision of the balance was 0.1 mg and the typical weight of a 9 cm 2 membrane sample was about 10 mg for Nafion NRE212 and 20 mg for Nafion N115. The experimental error on λ is thus more important in NRE212 than in N115: e.g. about 17% and 7.6% at λ= 7, respectively.

Membrane swelling

The membrane water sorption results also in dimensional or volume changes (i.e. swelling). To carry out the swelling studies, several samples of approximately 2.5 cm x 2.5 cm and 3 cm x 3 cm (previously pre-treated) are measured in the three directions of space (length, 0 y ; width, 0 x ; and thickness, 0 z ). The samples are then put in contact with vapor and/or immersed in liquid water at 60°C. Once the equilibrium is reached, their dimensions are measured again (

1 1 1 , , z y x
) and the swelling is expressed as a percentage (with reference to the dry dimensions,

0 0 0 , , z y x ),
according to equations (Eq 1), (Eq 2), and (Eq 3): 

Residual water

It is important to highlight that even after a drying period of 24 hours at different temperatures (60°C, 80°C, 100°C and 110°C), N115 and NRE212 membranes still contain a certain quantity of water in their structure (see Chapter 3, Section 2.1). As a consequence, the mass of water measured using a gravimetric method does not correspond to that actually adsorbed in the membrane. It is defined as:

w dry w O H m m m - = 2 Eq 4
where m is the mass of the wet membrane and w dry m is the mass measured after the drying pretreatment. The water mass fraction with respect to the mass of the membrane measured after the drying pre-treatment ( w dry m ) should be denoted as:

w dry w O H w m m c 2 = Eq 5
The superscript ( w ) indicates that a certain quantity of residual water remains in the structure of the membrane.

The residual mass of water ( * 2 O H m ) as well as the real mass of dry Nafion ( dry m ), were determined using Nuclear Magnetic Resonance (NMR).

Nuclear Magnetic Resonance (NMR) measurement protocol

NMR was used to estimate the quantity of residual water in Nafion after the drying pretreatment. The purpose of these experiments was to determine the correction to apply to the sorption isotherms and the possible variation of this correction with temperature. Standard pulsed-field gradient (PFG) NMR was also used to measure the water self-diffusion coefficient in the membranes at the micrometric scale.

All NMR measurements were performed on a Bruker Avance spectrometer, which was operating at the proton Larmor frequency of 600 MHz. The water quantity was determined at a constant temperature of 25 ± 0.1°C by measuring directly the intensity of the hydrogen ( 1 H) nuclear magnetization following a π/2 radio frequency pulse. The accuracy of the proportionality between 1 H magnetization and the quantity of protons in the measurement probe was checked using a series of H2O + D2O mixtures with known quantities of liquids.

Measurements of the water self-diffusion coefficient (Ds) in Nafion were performed at 25 ± 0.1°C by PFGNMR, under the conventional stimulated spin-echo sequence [38]. The field gradient was applied in the z-direction, i.e. aligned with the main magnetic field, with a maximum strength of 20 G/cm. The diffusion time was set in the range 100-200 ms, depending on the hydration of the membrane.

Nafion samples were cut in 15 cm × 1 cm strips, rolled at the bottom of 10 mm diameter NMR 

Calibration curve

For NMR method, it is important to plot a calibration curve prior to the water self-diffusion coefficient (Ds) measurements in order to obtain a signal proportional to the mass of water measured. 

Proton conductivity measurements

Several groups have previously studied the conductivity of Nafion membranes [6,17,26,39,40,41,[START_REF] Xie | Discrepancies in the measurement of ionic conductivity of PEMs using two-and four-probe AC impedance spectroscopy[END_REF][START_REF] Kidena | PFG-NMR approach to determining the water transport mechanism in polymer electrolyte membranes conditioned at different temperatures[END_REF]. The main difficulty in the analysis and comparison of these works is related with the utilization of different parameters, such as: cell geometry, technique employed, type of membrane, sample preparation method, and equilibration time.

As an example, there are two kind of geometry in the literature regarding the direction of the conductivity measurements: in-plane and through-plane directions. The in-plane direction conductivity method is the most used due to the simple geometry set-up. This set-up is known to be relatively insensitive to the contact impedance at the current carrying electrodes; however, the in-plane direction does not represent the real direction of ionic motion through a fuel cell membrane. In other words, the through-plane direction conductivity method must be used when anisotropic behavior exists in membranes. Anyhow, important attention has to be paid to the complexity of its cell geometry, i.e. the pressing effect between the membrane and the two current collectors, and the low capacity of hydration of sandwiched membranes during conductivity tests.

Based on the mentioned statements, the proton conductivity measurements of Nafion N115 and NRE212 were performed in the in-plane direction by alternating current (AC) impedance spectroscopy using a home-made 4-points conductivity cell.

4-points conductivity cell

The home-made 4-points cell is mostly used for obtaining accurate measurements of resistances.

The cell is designed to give a uniform current distribution across the potential (inner)

electrodes. Also, it is designed to reduce the interfacial impedances due to the potential sensing electrodes. They do not support the current flow used to perturb the system. A schematic representation of the cell is displayed on The impedance of the sample was calculated from the measured voltage induced by a small imposed alternating current range (irms = 1 mA). The current flowed through the outer pair of strip electrodes while the voltage difference (the potential) was measured between the inner pair of wire electrodes. The impedance was measured over frequencies ranging from 10 Hz to 100 kHz at a signal amplitude of 5 mV.

Considering the cell geometry described on Figure 2.4, the membrane proton conductivity ) (σ is given by [6]:

ZS d = σ Eq 6
where d is the distance between the potential electrodes, Z is the impedance and S is the membrane cross-section.

The impedance of the membrane is a complex number, which is defined as follow:

' ' ' iZ Z Z + = Eq 7
where the real part of the impedance is the resistance, and the imaginary part is the reactance, which is close to zero and neglected (Figure 2.5).

The real part of the impedance was calculated by measuring the ratio of the voltage difference amplitude to the current amplitude.

R i U Z ≈ ∆ ∆ = Eq 8
where U is the voltage, i is the imposed alternating current, and R is the resistance of the membrane. Prior to the experiment, samples were dried at Tdry during 24 h, removed from the oven and left at ambient conditions for 5 minutes. Then, the width and thickness of the membrane and the length between the potential electrodes were precisely determined. It was assumed a 10% increase of the thickness due to swelling in each case.

To initiate the experiment, the sample was first kept at constant temperature T (60°C) and low relative humidity (RH = 0.1) for 2 hours, to ensure that most of water remaining from the preceding experiment was gone. Then, the RH was increased slowly (from RH = 0.1 to RH = 0.95) by steps of 3 percentage points every 30 min to ensure a complete equilibrium. The conductivity was registered every 450 s, which corresponds to a total time of 8h30 ( 

Experimental errors

Errors in the measurement generally arose from imperfect contacts between two electrodes or swelling of the sample inside the conductivity cell. Based on the reproducibility of the results we estimate the maximum relative error on the measurement of σ was of 3 to 5 %.

Stress-strain and young modulus

As for the other Nafion properties, tensile data are difficult to analyze and to compare with literature because of varying experimental parameters, such as: pre-treatment of the membrane, phase of external water (i.e. vapor vs. liquid), equilibration time, technique used, and tensile direction in the plane of membranes.
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Deformation device system (DDS) machine

The samples were previously pretreated (conditioned and dried) at Tdry, 24 h. To follow the influence of drying pre-treatment on Nafion tensile properties, the membranes were dried at temperatures of 30°C, 80°C, 100°C, and 110°C.

The stress-strain experiments were performed in a deformation device system (DDS) machine (Kammrath and Weiss -GmbH) with a load cell of 500 N, a measuring range control from -15.000 to 15.000 μm, and an accuracy of 0.1 %. This device is displayed on Figure 2.8. In addition, the tensile system is coupled with a DDS software for the determination of the stressstrain curves. GmbH [44].

Tensile test

We conducted several tensile tests with Nafion N115 and NRE212 of around 127 μm and 50 μm of thickness, respectively. In addition to the variation on their thicknesses, these membranes were produced differently: extrusion and solution-cast. Due to that, Nafion N115 is slightly oriented, in contrast to Nafion NRE212, which has no preferred direction (before being stretched). The effect of thickness, the method of fabrication, and as consequence, the anisotropic behavior of Nafion were not considered in this work, which must be considered as a preliminary approach.

Prior to the experiments, Nafion samples were cut into small strips following a necked form (as shown in Figure 2.9) in order to observe a longer and more stable deformation until fracture.

The sample cross-section area is of 5.08 x 10 -7 m 2 for N115 and 2.03 x 10 -7 m 2 for N212, the width and the thickness were measured using a digital caliper. Finally, the samples were stored in the ambient. T and RH were measured and controlled respectively by a thermocouple and a dew point analyzer (Vaisala HUMICAP ® , HMT series). The sample was aligned with the machine axis and clamped with two grips (at the machine extremities). The gauge length was approximately 15 mm as determined by the grip separation.

To keep the samples sandwiched between the jaws of the machine and the grips, two pieces of sandpaper were used on the sample-grips contact sides, and two pieces of rubber on the samplemachine jaw contact sides.

The dynamic experiments were performed with a strain rate of 50 μm/s and the initial static force of 0.1 N. All Nafion samples were tested at ambient atmosphere ~25°C and RH = 0.4.

The stress is defined and calculated by:

A F MPa Stress = ) ( Eq 9
where F is the measured force and A is the original cross-sectional area (load direction).

The strain is defined as the change in the length of deformed membrane ( l ∆ ) with respect to the initial non-deformed length ( 0

l ). 100 (%) 0 × ∆ = l l ε Eq 10
All the curves started at % 0 = ε . The Young modulus ( E ) was obtained from the initial slope of the stress-strain curves. The initial points of the curve were adjusted with a linear trendline. On the other hand, the plastic modulus was obtained from the final slope of the stress-strain curves, considering only the last Chapter 2 points of the curves. The error may occur since the coefficient of a trendline is quite dependent on the number of points considered in the initial curve.

Another important parameter to determine is the breaking point (or ultimate point) of the sample. However, it was not obtained often, since the membrane did not break down in the middle, but broke at the joints. In this case, the end of the tensile curve is not displayed on the graphs.

Conclusion

The experimental protocols were kept as simple as possible. Water sorption protocols were developed to allow very long equilibration times, as well as very good temperature and humidity homogeneity, this to favor the reproducibility on the measurements.

The emphasis was put on the pre-treatment of the Nafion membranes. N115 and NR212 membranes are received in the acidic -RSO3H form. Our cleaning and acidification protocol aims at making sure that each -3 SO group is neutralized with an H + counter-ion. More importantly, this conditioning erases the thermal history of the membrane and prepares the membrane in a well defined reference state. This reference state is very close from the as-received state in terms of proton conductivity and water sorption. When the membrane sheet is new, but was let in the atmosphere in contact with air for a long period of time, it darkens because it adsorbs dust and its properties may be altered. In this latter case our protocol restores the membrane back to the initial state.

It is important to highlight that when the membrane samples are heat-treated at moderate temperature in the range 60°C < Tdry < 100°C, some residual water stays strongly attached to the structure of the polymer and it may cause serious modifications to its properties. This is why the amount of residual water is evaluated in Chapter 3. 

Chapter 3 Characterization of Nafion

Introduction

The properties of Nafion membranes used in polymer electrolyte fuel cells are important to the performance and durability. For instance, ionic conductivity is, in term of performance, its most important property and mechanical response is, in term of durability, its most important property, both are strongly coupled to the water quantity in the membrane. In general, water sorption, ionic conductivity, water self-diffusion, and mechanical response represent fundamental properties that are needed in every study involving water transport, water management and durability in Nafion-based PEMFCs.

A large variety of research articles have been devoted to the characterization of Nafion membrane properties (see for example the review in reference [1]). In particular, the evolutions of water sorption, ionic conductivity and mechanical properties have all been characterized as a function of relative humidity (RH) and/or temperature (T) [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. However the direct comparison between literature results is hardly possible because the membrane properties greatly depend on the membrane structure and pretreatment. Pre-treatment includes heat treatment during the drying of the membrane and chemical treatments (exchange of the membrane in the neutralized form -RSO3M where M is the exchangeable cation, or in the acidic form -RSO3H) and/or cleaning in boiling distilled water.

The reason for this strong dependence of properties to physical and chemical treatments comes from the uncrosslinked hydrophilic/hydrophobic nature of the polymeric membrane. As a result, these membranes can exhibit a wide range in water uptake, ionic conductivity, water selfdiffusion coefficient and mechanical response.

The membrane pre-treatment in terms of heating temperature influences greatly the Nafion properties. Moreover, most of the results reported in the literature correspond to a small range of experimental conditions in terms of RH and temperature. Consequently, and despite the large quantity of available data, it remains difficult to gather a complete set of properties, measured with similar Nafion samples, pre-treatment, and over wide RH and temperature ranges. Based on this observation, it seemed important to us to perform systematic sorption, water selfdiffusion, proton conductivity, and stress-strain measurements using a simple, reproducible, experimental protocol. Our primary objective is to make available experimental data that can be used either for simulation or modeling or with a more fundamental purpose, in view of getting a deeper understanding on the thermodynamics of sorption, transport and mechanical phenomena in Nafion.

Influence of heat treatment and drying protocol on Nafion ® properties

The water sorption capacity of Nafion at different relative humidity and its evolution with temperature can vary largely depending on the thermal treatment of the membrane [4,5,11,21]. It is commonly accepted that water sorption (the number of water molecules per ionic site λ

= n[H2O] / n[ SO3 -H + ]) is higher for a membrane that was not dried before the measurement. It was also shown that water sorption decreases when increasing the drying temperature.

Furthermore, what is usually called a "Schroeder's paradox" was reported in several studies when comparing water uptake at 100% RH and in liquid water [15,16,17,18,22]: most of the authors measured a higher sorption capacity in liquid phase than in vapor phase, but a more recent study demonstrated that Schroeder's paradox may originate in Nafion from the effect of pre-drying on the morphology of the polymer, a too short equilibration time and/or a humidification air that may not have been at 100% RH [19].

Quantity of residual water

The quantity of "residual water" corresponds to the quantity of water that remains in the structure of the membrane after a drying period in the range of temperature [60°C -100°C]. In order to know the number of water molecules per ionic site Let c be the water mass fraction with respect to the dry membrane, c is given by: Using these definitions, the absolute number of water molecules per ionic site -3 SO , λ, is given by:

c O H M EW SO O H ) ( ] [ ] [ 2 3 2 = = - λ Eq 5
where EW is the equivalent weight of the membrane considered. In this study we used the value g/eq 1100 = EW

for both Nafion N115 and NRE212. The total number of protons in a Nafion sample, nH , can be decomposed into two contributions.

The left part of Eq 7 represents the number of protons from water and the right part represents the number of counter-ions. 3.1. When we consider the three series separately, the values of the residual water from the best linear fit are higher than those from the theoretical fit. Moreover, they follow the order In the following sections, the number of water molecules per ionic site Note that in this study, the value of * λ was not measured in Nafion NRE212. The correction applied to the sorption curves in Nafion NRE212 is 20 . 1 * = λ at 60°C, value measured in the literature by thermo-gravimetric analysis [23]. We further assume that this value is constant in the range 60°C < Tdry < 100°C.

Water uptake

The dependence of sorption properties on drying conditions can be of importance regarding the use of Nafion in polymer electrolyte membrane fuel cells (PEMFCs). Since hot-pressing takes place at high temperature, water can be removed from the membrane during this process and an incomplete rehydration of the membrane can occur. It is thus important to have access to experimental data measured on different Nafion membranes, over a wide range of temperature, and on materials prepared in standard and easily reproducible conditions. In this section, we present results on the effect of the drying temperature on sorption in liquid water and water vapor. 3.2.

In liquid water

For a given drying temperature Tdry, the hydration number increases dramatically with temperature. As an example, λ (30°C) = 14.3 and λ (100°C) = 26.7 for NRE212 dried at Tdry = 80°C. This effect, observed here both in N115 and NRE212 membranes, and associated to the softening of the polymeric structure with temperature, is well-known and detailed in the literature [4,5,19,24,25]. As an example, Zawodzinski et al. [4] reported an increase of lambda values in N117 dried at Tdry = 105°C from λ (27°C) = 12 to λ (80°C) = 16. Without heat treatment (Tdry = 30°C), it is interesting to note that the membrane sorption capacity stays the same in both membranes when the immersion temperature increases. This λ value corresponds to the maximum amount of water that the membrane can adsorb. This behavior was also observed by Kreuer et al. in Nafion N117 and in sulfonated polyaromatic membranes [26].

Characterization of Nafion ® N115 and NRE212 membranes: influence of temperature, heat treatment and drying protocol on sorption, transport and mechanical properties 84 Moreover, we can see that the water content is reduced when the drying temperature increases.

Again, this result was already discussed in extruded Nafion N112, N115 and N117. It is worth noting that Peron et al. [25] did not observe this effect in Nafion NR-211. The authors attributed their findings to the solution casting process used to obtain the membrane NR-211, that played the role of a heat treatment (thermal annealing) and was insufficient to modify the membrane Chapter 3

properties. In our study, the influence of heat treatment on liquid sorption properties is clearly visible in the dispersion cast NRE212 film. In both types of membranes, this effect is more pronounced at low temperature: in N115, the ratio λ(Tdry = 30°C) / λ(Tdry = 100°C) decreases from 1.75 at T = 30°C to 1.05 at T = 100°C. As stated by Hinatsu et al. [5], this result reveals that the structural differences caused by pre-drying are reduced upon immersion in water at temperatures close to and above the glass-transition temperature (about 110°C). When the membrane is not dried, the polymeric structure stays expended because of the pre-treatment, and the sorption capacity stays at its maximum value, with no variation with temperature. given in Table 3.3. As in liquid phase, the water sorption in vapor decreases when the drying temperature increases. Onishi et al. [19] presented similar behaviors in N117 equilibrated with saturated water vapor: the water content measured at 30°C decreased from λ= 23 to λ = 13.7 for a as-received membrane and a membrane dried at 105°C, respectively. In addition, Hinatsu et al.

In water vapor

[5] reported values of λ ~ 13.5 and λ ~ 11.4 for Nafion N117 dried at Tdry = 80 and 105°C, respectively. In this study, this effect is clearly visible in N115 at 30°C and 60°C but less noticeable at 80°C, where all measurements are superimposed, considering the experimental error. It is interesting to note that the shape of the sorption curve changes with heat treatment as sorption is less impacted at low RH. This can be explained considering the changes in the structural properties of the membrane due to heat treatment. After the drying period, the structure of the membrane is more rigid; this limits the swelling of the polymer and reduces its sorption capacity at high RH. At low RH, the sorption properties are mainly controlled by the hydrophilicity and the porous structure of Nafion. Characterization of Nafion ® N115 and NRE212 membranes: influence of temperature, heat treatment and drying protocol on sorption, transport and mechanical properties 

Proton conductivity and water self-diffusion

The transport of water and protons in Nafion membranes plays a fundamental role in the performances of the polymer electrolyte. Transports mechanisms through the membrane are of different nature. They include water self-diffusion, water transport by electro-osmosis and proton transport. These mechanisms are coupled to each other and described by parameters that depend all on water content λ. Since water plays the role of the transport medium for protons [27], water dynamics, and its relationship with the structure of the membrane, represents a relevant parameter [28]. We have seen that sorption in Nafion is influenced by thermal history. In this section, we present the effect of drying on proton conductivity and water self-diffusion. 3.4 and Table 3.5. At low temperature (T = 30°C), the effect of drying temperature on conductivity is visible in both types of membranes (Figure 3.5a and Figure 3.6a) and σ is slightly reduced when the drying temperature increases. This variation is effective over the entire RH range. At 60°C and 80°C the effect seems to disappear, in accordance with our observations on the variations of water content (Figure 3.3 and Figure 3.4). The absolute values, as well as their variations with respect to RH are in line with literature results [6,13]. For example, Sone et al. [6] measured conductivity values in Nafion N117 at 30°C and RH =0.8 of σ ~ 0.06, 0.05, and 0.04 S/cm for a as-received membrane, a membrane dried at 80°C, and a membrane dried at 105°C, respectively. Peron et al. [25] measured a drying temperature-independent conductivity in Nafion NR-211 of σ ~ 0.07 S/cm at 25°C and σ ~ 0.18 S/cm at 100°C, once the membranes are immersed in water for 1 h. Characterization of Nafion ® N115 and NRE212 membranes: influence of temperature, heat treatment and drying protocol on sorption, transport and mechanical properties reported in the literature, Ds increases significantly with λ [27] and approximately follows the phenomenological equation [28]:

Proton conductivity

Water self-diffusion
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In Figure 3.7 the solid lines represent the best fits to the curves using Eq 11. The parameters α , β and 0 λ , as well as the experimental values, are listed in Table 3.6. When the drying temperature is increased, the diffusion is slowed down, especially in the low water content range where the observed differences can be important. As an example, Ds(Tdry = 60°C) / Ds(Tdry = 100°C) ~ 1.55 at λ=5. The difference is less pronounced at higher λ values. In these experiments, it is important to note that the hydration of the membranes was evaluated directly during the experiment by measuring the proton NMR signal. We were thus able, following the procedure described in Chapter 2 (Section 4), to determine precisely the value of λ. This is of great importance considering the steepness of the curve Ds = f(λ) at low hydration. Indeed, small Characterization of Nafion ® N115 and NRE212 membranes: influence of temperature, heat treatment and drying protocol on sorption, transport and mechanical properties 94 errors on the evaluation of λ in this region would lead to important changes in the shape of the curve and prevent us from comparing the different curves. Measurements performed at room temperature (T=25°C). The solid lines are fitted curves using equation Eq 11 with parameters α, β and λ0, listed in Table 3.6. If we consider that, at the scale of the measurement, the diffusion of water is isotropic, then the PFGNMR method probes the water dynamics at a length scale of about A more detailed study would be necessary to determine precisely where the structural modifications occur and at which time / length scale(s) water dynamics is impacted. Such measurements could be performed at the molecular scale (picosecond-nanosecond timescale) using quasi-elastic neutron scattering [29,30]. Studies on the mechanical behavior of Nafion membranes are little-known in the literature.

Mechanical properties

Moreover, the data found are often incomplete and insufficient either because the applied method, or the external condition, or the pre-treatment. The objective of this section is to study and thus to put in evidence the effect of drying pre-treatment on the mechanical properties of Nafion, in particular the Young modulus and the Plastic modulus (see Chapter 2 "Experimental Protocols").

For this experience, we dried samples of N115 and NRE212 at 30°C, 60°C, 80°C, 100°C and 110°C. To obtain a representative average, four samples were generally used for each Characterization of Nafion ® N115 and NRE212 membranes: influence of temperature, heat treatment and drying protocol on sorption, transport and mechanical properties 96 temperature. Figure 3.8 and Table 3.7 show the Young modulus and the Plastic modulus vs. the drying temperature. We observe that Young modulus, which is obtained from the initial slope of each stress-strain curve as shown in Figure 3.9, increases with the drying temperature in both cases: it seems that increasing the drying temperature stiffens the membranes. Furthermore, the Plastic modulus (Figure 3.8b) seems to have the same behavior but this effect is less marked, especially with Nafion N115. The experimental errors are ± 4 to 13 % for the Young modulus, and 0.29 to 0.83% for the Plastic modulus. Chapter 3

Characterization of Nafion ® membranes as a function of temperature and relative humidity conditions

In this section we present water vapor uptake and proton conductivity measurements in Nafion N115 and NRE212 membranes dried at 60°C for 24 h and we discuss the effects of temperature on sorption and transport properties. When possible, our experimental results are confronted to literature values. The experimental curves are fitted using empirical expressions. These continuous functions are close enough to the data to be used in numerical models. The parameters of the fits and the experimental data are listed in Table 3.8, Table 3.9 and Table 3.10.

Water uptake

Figure 3.10 shows sorption isotherms of N115 and NRE212 at different temperatures between 30°C and 80°C. The solid lines are best fits curves using Eq 12. This "linear-exponential" relation matches our data better (in the range 0.2 < RH < 0.9) than more conventional polynomial expressions used in the literature [5,31,32]. However the polynomial relations can be used advantageously if one wants to evaluate conductivity values in the range 0 < RH < 0.2.

) exp(dRH c bRH a + + = λ Eq 12
At a relative humidity close to 0.95, the variation of water uptake with temperature is very limited. For relative humidities comprised between 0.1 and 0.9 the sorption capacity decreases with temperature. This second observation, valid in this study for both Nafion N115 and NRE212, has been already made by several authors, either in Nafion [2,7,33], in Flemion ® [10],

or in other sulfonated proton conducting polymers [33]. Certain authors attributed this effect to a decrease of the number of clustered water at high temperature (80°C) [10] while others did not give any explanation. Here, the decrease in water content is approximately 45% in N115 between 30°C and 80°C at RH = 0.4. This loss of sorption capacity is moderate for 30°C < T < 60°C but more important for 60°C < T < 80°C. The same behavior is observed in NRE212, with a drop in lambda as high as 60% at RH = 0.4. (Note that the error bars are larger in NRE212 because the mass of NRE212 samples is lower than that of N115 samples).

Characterization of Nafion ® N115 and NRE212 membranes: influence of temperature, heat treatment and drying protocol on sorption, transport and mechanical properties 98 At first, this behavior and the amplitude of these variations can be surprising considering the mechanical properties of the polymer with respect to temperature. The elastic modulus (Young modulus) of Nafion has been measured in the literature as a function of temperature and water content. It was demonstrated that, as in Polytetrafluoroethylene (PTFE), the modulus decreases in Nafion immersed in water when the temperature increases [20,11]. The softening of the polymer following the increase of temperature would then lead to an increase of sorption capacity because water can invade the polymer more easily. This is observed in Nafion, but only in heat-treated samples (Figure 3.1 and ref [26]). When the membrane is not dried its structure stays in the "expended" form and consequently, its sorption capacity in liquid water is not a function of temperature. This argumentation, although valid at high water content, may be questioned when the membranes are equilibrated with water vapor at low RH. Less data are available in the literature about the mechanical properties of Nafion in these conditions because it is critical to maintain a constant hydration during a strain-stress experiment. However, several studies have shown that, at all temperatures, increasing hydration seems to decrease the elastic modulus of Nafion NRE212 [34] and N115 [35]. Other studies have demonstrated that water acts as a plasticizer in the membrane, reducing the modulus, yield stress and glass transition temperature of the polymer [20,11]. As a consequence, the mechanical behavior of the membrane cannot be responsible by itself for the changes that we observe in the sorption properties. The hydrophilicity of the polymeric matrix in the vicinity of the polymer chains and the accessibility of the porous structure to water vapor must also be considered. In the framework of the Flory-Huggins model which describes the activity of water within the membrane, the χ parameter accounts for intermolecular interactions between the polymer and the solvent. Our results play in favor of an increase of the interaction parameter χ with temperature when the membrane is exposed to water vapor. These findings are in agreement with the results of the work by Futerko et al. [36] who found a linear dependence of the Flory parameter χ on the reciprocal of temperature in the form

T b a - = χ
, where a and b are constants. However, a more detailed study of the relative variation of the hydrophilicity of Nafion and of the rigidity of the structure with respect to temperature would be required for a better understanding of the sorption phenomena as a function of temperature. 100°C and 110°C, respectively. The solid lines correspond to best fits to the experimental data using Eq 13 (Table 3.9). This expression, used by several authors in the literature [6], provides useful relations that can be used for modeling purposes. The equation perfectly fits the data for RH values higher than 0.3 at every temperature. In most cases, the fit stays satisfactory for 0.2 < RH < 0.3. We observe on the figure that the proton conductivity increases significantly with temperature.

Proton conductivity

The temperature variation of σ is represented in the right column of the figure on an Arrhenius plot at different RH. The activation energies decrease between ~15 kJ/mol and ~11kJ/mol in both N115 and NRE212 for 0.2 < RH < 0.9, which traduces a slight change in the shape of the curve as temperature increases. The values of σ conform to literature values in Nafion 1100 membranes [6,37,38], are in every case a little higher in NRE212 than in N115. The activation energies also match literature data, in the same range of temperature, and in similar membranes [12,14,19]. The variation of proton conductivity in Nafion membranes as a function of RH and T raises fewer questions than that of water content. Even if proton transport depends a lot more on RH than does water content (two orders of magnitude separate conductivity values at low and high RH), the temperature represents essentially the key parameter that controls conductivity. In other words, the acceleration of the ionic transport under the influence of temperature is more important than its decline due to a loss of water content. As a consequence, the proton conductivity stays an increasing function of temperature when the curves are plotted against water content. This is illustrated on Figure 3.12, where σ is plotted as a function of λ for different temperatures. The λ values have been calculated using the experimental sorption isotherms and their respective fits (Eq 12). The equation used to fit the conductivity data in Figure 3.12 has the same form as the one used to fit the water self-diffusion coefficient in Figure 3.7 (Eq 11). Water is indeed the transport media for protons, and vehicular transport is recognized as an efficient mechanism, especially at low water content [27]. It is thus not surprising that Ds and σ behave in the same way with respect to λ, even if other mechanisms, such as structure diffusion, play a fundamental role in the global process. In Eq 11, λ0 depicts a threshold above which proton transport is effective and proton conductivity takes measurable values. The evolution of λ0 (insets in Figure 3.12) indicates that at low water content a higher temperature is needed for the protons to be transported efficiently through the membrane. This is particularly true in Nafion NRE212 where, given the sorption properties of the membrane, a low hydration state is rarely reached during the operation of a PEMFC (Figure 3.10). 

Conclusion

We performed systematic sorption, transport, and mechanical measurements in two types of Nafion membranes, Nafion N115 and Nafion NRE212. The experimental protocols used are simple and were developed to favor reproducibility. The emphasis was put on the measurement of the effects of the drying temperature (thermal history) on the water content of the membrane, its proton conductivity, the value of the water self-diffusion coefficient, and its correlation with the Young modulus.

When the membrane samples are heat-treated at moderate temperature in the range 60°C < Tdry < 100°C some residual water stays strongly attached to the structure of the polymer. The amount of residual water, expressed as a number of water molecules per ionic site, was measured by NMR and evaluated to λ = 1.5 ± 0.5 in Nafion N115. In heat-treated membranes, the sorption capacity is reduced due to shrinkage of the polymeric structure during the drying. This effect is visible in both liquid and vapor phase, increases with the drying temperature, and decreases with the measuring temperature. Consequently, proton conductivity, water selfdiffusion coefficient and mechanical properties are also reduced in heat-treated samples due to this drop in sorption capacity. However, for transport properties these differences vanish when increasing the measuring temperature because the effects of temperature are predominant over the effects of hydration. When the samples are not heat-treated, the sorption capacity is not a function of temperature.

It is important to highlight that certain effects such as internal compression and/or constraints in Nafion may also alter its properties through morphological changes. These two effects may also be a key tool for understanding the heat pre-treatment effect on Nafion properties.

Few researchers have associated the internal compression and constraints effects with the nature of manufactured Nafion (e.g. extruded and casted) and with the swelling process, in particular with the swelling pressure (defined as the pressure applied by the polymer matrix to the water swollen domains). As an example, Kusoglu et al. [39] developed a mechanics-based model in order to study the evolution of water sorption in ionomers as a function of the swelling pressure, at a micrometer scale. In general, more studies (theoretical and experimental) on these types of effects have to be made in order to understand clearly their influences on the alteration of the Nafion properties (through morphological changes), and to correlate them with the drying temperature effect.

Rather than elucidating in details the nature of the observed behaviors, the objectives of this study are to provide an important set of experimental data, measured over a wide range of Characterization of Nafion ® N115 and NRE212 membranes: influence of temperature, heat treatment and drying protocol on sorption, transport and mechanical properties 104 experimental conditions. The measurement of sorption isotherms between 30°C and 80°C show a decrease in sorption capacity in the vapor phase with increasing temperature. The decrease of the elastic modulus of the polymer with temperature cannot explain this behavior. Other properties of the membrane, such as changes of its hydrophilicity with temperature, have then to be considered to gain a deeper understanding of sorption in this system. The proton conductivity, measured over a wide range of temperatures, follows a polynomial law when plotted as a function of relative humidity. When expressed as a function of water content, a threshold above which proton transport becomes efficient can be emphasized. Our measurements show that the water content corresponding to this threshold decreases with temperature.

The present study points out that the hygro-thermo-mechanical properties of Nafion must always be taken into account when evaluating the properties of this polymer. Thus the effects of pre-treatment and temperature should be carefully considered when comparing sorption, transport and mechanical values, since there exists controversy in the literature about these effects. As a reflection of this, several researchers found that for a certain relative humidity, water sorption decreases when temperature increases [2,7,10,40] while others reported the opposite trend in which water sorption goes up as temperature rises [3,9,41].

Chapter 3

Introduction

In the characterization work of Nafion membranes properties presented in the previous chapter, it was observed that the equilibrium water content decreased with time, as shown in Figure 4.1:

λ drops from 8.1 to 7.2 after 7 days at constant temperature and relative humidity (60°C and RH = 0.74). Of course, this opens questions about the validity of the results discussed previously. In addition, it appears necessary to identify the whole of the parameters involved in this phenomenon and its possible consequences on the other properties of Nafion. Similar observations were recently reported by Collette et al. [1], who measured a decrease of water sorption, associated with a drop in the proton conductivity of NR212 and N112. They also observed some changes in the mechanical properties of Nafion. This long-term exposure effect has been named "hygrothermal aging" and a mechanism based on the formation of sulfonic anhydrides (RSO2-O-SO2R) was proposed to explain the experimental results. The explored experimental conditions were, however, limited (aging at 80°C and at constant RH = 0.8 and RH = 0). The same authors have also shown in an another study that the hygrothermal aging was, at least to some extent, reversible: Collette et al. [2] demonstrated that the aged Nafion recovers its initial properties when immersed in an acid solution, or put in the presence of acid vapor. In these conditions, the Nafion chemical structure would return to its initial state. A possible explanation of these results could be the hydrolysis of the sulfonic anhydrides into sulfonic acid groups (RSO3H), allowing their re-hydration.

λ = f (t)

Aging

In order to complete these observations, we exposed Nafion N115 to high temperatures (60°C and 80°C) over a wide range of relative humidities (RH = 0.2 to RH = 0.95) for a long period of time, up to 800 days. Water sorption, water self-diffusion, proton conductivity and mechanical properties of the Nafion samples were frequently measured using the experimental protocol described in the Chapter 2.

As mentioned in the previous chapter, the properties of Nafion depend also on thermal pretreatments: this is the case for instance for water sorption, which is lower when Nafion is dried at high temperatures because of the shrinkage of the polymer structure. In this chapter, we choose to dry the membranes at two different temperatures: Tdry = 60°C and Tdry = 80°C.

It must be noted that the main objective of this study is to provide a set of experimental data about the long-term evolution of the Nafion properties. This will be one of the first steps toward the full understanding of the hygrothermal aging. To be more specific, our priority is to confirm the reality of the long-term evolution of Nafion properties, to establish which properties are actually affected, and to precise in which range of temperature and relative humidity this phenomenon occurs. Then, it could be considered to analyze in more details the changes induced in the chemical structure of the polymer. More generally, such studies can bring relevant information for the development of alternative membranes with more stable properties, and able to endure harsh operating conditions such as hydration/dehydration or voltage cycling.

Finally, the last part of the chapter is about the effects of Nafion long-term storage on the fuel cell operation: aged N115 membranes are tested in a cell and their performances are compared to those of pristine membranes.

Aging protocol

The Nafion N115 membranes are conditioned and heat treated as indicated in Chapter 2. Their water sorption capacity is then measured (after 7 days of equilibrium) as indicated in Chapter 3.

After this initial characterization, the membranes are exposed to constant temperature and relative humidity conditions for a long period of time. Table 4.1 shows the main parameters involved in this work: drying temperature, aging temperature, relative humidity, and exposure time.

Chapter 4 After a period of seven days, the membranes reach the equilibrium state, which we considered as the reference state. After this 7-days period, we assumed that the aging started and the membrane is then referred as "aged N115". In practice, a set of three to seven samples is considered and their water content, water-self diffusion, proton conductivity and mechanical

properties are evaluated at different aging times.

Water sorption

The water sorption of aged N115 is defined as the water mass fraction with respect to the dry mass of N115, expressed in percentage according to the procedure defined in Chapter 3 (Eq 6). Long-term evolution of the properties of Nafion ® N115 exposed to constant temperature and humidity conditions We can observe that the water content of the membrane is globally decreasing as a function of time. This observation is valid whatever the relative humidity. Moreover, the general shape of the sorption isotherm is evolving with the aging time. The Langmuir contribution, which corresponds to the initial increase of water uptake at low RH (0<RH<0.3) is vanishing and disappears completely after 800 days. Since the Langmuir contribution is associated to a strong interaction between the first water molecules and the ionic acid groups, SO3 -H + (see Chapter 1), this evolution could mean that the number of sulfonic acid sites is decreasing with time, as suggested by Collette et al. [1].

To better appreciate the variations of the water sorption, Figure 4.3a presents the evolution of the water mass fraction measured at each RH as a function of time. The corresponding relative variations are also given on Figure 4.3b, using the normalized values
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. The results in Figure 4.3a can be viewed as the kinetics of water desorption with aging time: this kinetics is fast until ~180 days and then it is slower. Moreover, the desorption does not seem to be finished after 800 days. In addition, the loss of water content is on the order of 20-40% after ~ 800 days (Figure 4.3b).

The water content seems to decrease more at low relative humidity (RH2 and RH3). However, the correlation between the RH and the water loss is not systematic. 

Effect of temperature

As the rate of desorption may depend on the aging temperature, we also exposed the N115 membranes to a temperature of 80°C and relative humidity of RH2, RH7, and RH9. The maximum aging time was 402 days. Figure 4.4, Table 4.4, and Table 4.5 present these results. In order to compare the losses of water content of N115 aged at 60°C and at 80°C, we gathered some of the results in Table 4.6. We observe that, even if the kinetics is faster at 80°C compared to 60°C, the total loss of water is on the same order in both cases. 

Effect of drying pre-treatment

In the previous chapter, we showed that a thermal pre-treatment can alter the membrane structure due to the shrinkage of the polymer matrix. As a consequence, it alters the Nafion properties too. In this section, we present the results obtained with N115 membranes pre-dried at 80°C before the long-term exposition at a temperature of 80°C and different RH for a maximum period of 371 days. These results are summarized in Figure 4.6, Table 4.7, and Table 4.8. The water content of N115 aged at 80°C and at different RH decreases as a function of time.

Furthermore, the kinetics of desorption seem to be faster for the samples dried at 80°C than for those dried at 60°C. As an example, samples dried at 80°C and RH2 or RH7 (Figure 4.6b) lost 64% and 19% of their water content in the first 80 days while those dried at 60°C lost only 5% and 12% (Figure 4.5).

It must be noted however that the experimental errors are important because three samples only were tested. It is thus difficult to draw a definitive conclusion based on these observations.

Despite of these difficulties it is still possible to state that the effect of the heat treatment on the evolution of the sorption capacity is on the second order, compared to the main aging phenomenon.

In liquid water

In the previous section we discussed the long-term decrease of the water sorption capacity of N115 in the presence of humid air. In this section, the sorption experiments are carried out in liquid water to see if the same phenomenon occurs. Figure 4.7, Table 4.9, and Table 4.10 present the evolution of the water content of N115 immersed in water at 60°C and 80°C as a function of time. We observe a moderate decrease of the water sorption in liquid water over time. The loss of water is on the order of 5 to 7 % after 338 days. By comparison, the loss of water sorption in vapor at 60°C and RH = 0.9 is of 26 %, after 326 days, which is much higher.

Mechanical properties

As seen in Chapter 3, the mechanical properties of Nafion are linked to its water content (λ) and depend on the drying temperature (Tdry): an increase of the drying temperature up to 110°C caused a moderate shrinkage of the structure of the membrane and resulted in a lower water uptake. This behavior was reflected by an increase of the initial slope of the stress-strain curves and thus a higher Young modulus.

The loss of water sorption in N115 exposed to constant (T, RH) conditions for a long time might be caused by changes in the Nafion microstructure, which can be confirmed (or not) by studying the stability of the mechanical properties of the aged membranes. To do so we performed uniaxial tensile tests following the experimental protocol described in Chapter 2.

Mechanical model

Without calling upon a detailed analysis of the experimental data, the general description of the shape of the stress-strain curves is generally very useful as it gives information concerning the elastic modulus (slope at the origin), the yield point (beginning of the plastic deformation), the failure point, the toughness, and others. In the case of aged membranes, however, the shape of the stress-strain response is different from that of pristine Nafion. As it will be seen in the next paragraph, this is especially true at small strains: the response to the applied stress is not linear and the curve is rounded near the origin.

Based on this observation, we have considered that aged N115 could behave as a viscoelastic material, since Nafion, in general, can exhibit elastic and viscous behaviors when undergoing deformation [3,4,5]. We have selected a mechanical model that describes the viscoelastic The SLS model is referred to as "solid", since materials could react instantaneously as elastic materials and recover completely upon unloading; the equation is represented in Eq 1. The SLS model is also referred to as "fluid", since materials could respond as viscous fluids and do not recover upon unloading (Eq 2). The resulted viscoelastic equation is obtained by a combination of these two equations with the help of Laplace transforms (Eq 3) [8]. It is then possible to estimate the apparent elastic modulus (E a ) by taking the limit of Eq 3 when ε approaches zero (Eq 4).
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The known parameters are: σ the imposed stress (Pa) ε the measured strain (% of μm/μm) ξ the strain rate (s -1 ), equal to Δε/Δt = 0.0056 (s -1 ) in our experiments
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The parameters introduced into the model (Eq 3) are: τ the ratio of viscosity of sample to elastic modulus (s) i E the instantaneous elastic modulus response of the sample (Pa)

r E is equal to i a i a E E E E + . (Pa)
The indirect parameters from (Eq 1) and (Eq 2) are:

E the elastic modulus (Pa)
η the viscosity of the material (N s/m 2 )

Stress-strain curves of aged N115

The tensile tests were performed at 23°C and ambient humidity conditions (RH = 0.38 Three to five tensile tests were performed in order to minimize the experimental errors. The average of the stress-strain curves is represented in the graphics as the "mean" and was fitted against the SLS model (Eq 3). The corresponding curve is represented on the plots as the "model".

The stress-strain curves of N115 exposed to 60°C and RH7 over 256 and 714 days are showed in The model fits well the stress-strain data of aged N115, it also provides homogeneous information about the elastic region (0-50%) up to the plastic region (>50%) of the curves.

The stress-strain curves of N115 exposed to the temperature of 80°C and RH7 over 277 and 324 days are shown in Figure 4.10. Note that, for clarity, we only show here the averaged values of the experimental data.

Long-term evolution of the properties of Nafion ® N115 exposed to constant temperature and humidity conditions As noted previously, we observe that aged N115 do not behave similarly as the reference. Aged N115 requires higher stresses to be elongated at the imposed strain rate of 0.0056 s -1 . These high stresses may be interpreted as higher resistances of the membrane to unidirectional deformation, resulting in a more rigid aged N115. This is reflected in the previous Table by an increase of the (apparent) Young modulus.

The failure point of aged N115 is reached at a slightly higher stress than the reference. This

shows that the aged membrane does not become brittle upon aging. We can also note that the yield point, which corresponds to the beginning of the plastic deformation (strain < 50%) is visible on the reference curve, but seems to disappear on the aged N115 curves (Figure 4.11).

The transition between elastic and plastic deformation in (pristine) Nafion is generally considered difficult to observe [3]. In our case, this transition is also observed in composite membranes (Chapter 5). However, we did not vary the strain rate (0.0056 s -1 ) nor the temperature or the relative humidity during the tests to check if these results were reproducible in other conditions.

The stress-strain response of N115 immersed in liquid water at 60°C and 80°C over 338 days is shown on Figure 4.12 and compared to the fully-hydrated (24 h in water) reference sample. Long-term evolution of the properties of Nafion ® N115 exposed to constant temperature and humidity conditions 128 Table 4.12 presents the corresponding mechanical parameters. As described in the literature, fully hydrated samples display a much lower Young modulus (~20 MPa for the reference N115 soaked in water compared to 67 MPa for N115 equilibrated at RH = 0.38 at the same temperature) which traduces the fact that water acts in the hydrated membranes as a plasticizer [3,5].

In the water-aged membranes, the apparent Young modulus increases by comparison with the reference sample, showing an increase of the rigidity of the polymer. Moreover, the failure point of aged N115 was reached at higher stress than that of the reference.

Interpretation of the stress-strain curves of aged N115

As seen in the previous section of this chapter, the water sorption capacity of aged Nafion N115 is reduced compared to that of pristine membranes. The stress-strain curves being measured at constant RH conditions, the quantity of adsorbed water in aged membranes was therefore lower in aged membranes than in new membranes. Two effects have thus to be taken into account when analyzing the mechanical tests: the water content effect and the effect of aging at constant (T, RH) conditions. The water content effect is significant as the Young modulus can be reduced by a 5 factor when the membrane is equilibrated between RH=0.4 and RH=1 [3]. The analysis and the interpretation of the stress-strain curves are thus challenging since the results depend on several, coupled, parameters.

In this study, the effect of aging seems to correspond to an increase of the Young modulus and thus an increase of the stiffness of the membrane. Without any aging effect, a decrease of the quantity of adsorbed water would also correspond to an increase of the Young modulus. It is thus not possible at this stage to discriminate the effect of water content and a potential effect of aging on the microstructure of the membrane. The full knowledge of the effect of time on the We can observe that the water self-diffusion coefficient does not vary at all in aged Nafion, compared to pristine Nafion equilibrated at the same water content. Similar results were presented by Collette [9] in Nafion 212. We can conclude from these results, that the structure of water channels (at the micrometer scale) is probably not affected by aging. We can see on Figure 4.14 that the ionic conductivity is not varying with time. This observation is valid for the different RH conditions and for the two temperatures considered. These results seem to lead to the conclusion that the ionic conductivity is not impacted by the aging at 60°C or 80°C.

Proton conductivity

We also measured the proton conductivity of N115 aged at 80°C and RH2, RH4, RH7 and RH9 over 370 days and previously heat-dried at 80°C. Figure 4.15 shows the results obtained at 60°C. In order to understand these results, we considered reviewing certain specifications of our experimental protocol. As described in Chapter 2, the proton conductivity is measured in the inplane direction of the membrane by impedance spectroscopy using a home-made 4-points conductivity cell. When designing this cell, we assumed that the mobility of the charges in the inplane direction of the membrane was representative of the mobility of the charges through the membrane without taking any anisotropic behavior into consideration.

Our experimental results could then be interpreted by considering that the aging phenomenon at the origin of the decrease in sorption capacity is non-homogeneous. For example, it may impact only the volume properties of the membrane, leaving the surface properties unchanged.

Since it is mostly the surface properties that are probed by the in-plane measurement of the conductivity, the conductivity remains unchanged.

To test this hypothesis, we decided to perform a test of the measurement of the proton conductivity of aged N115 in the through-plane direction using the equipment owned by the SPrAM laboratory (UMR 5819), at CEA Grenoble. The measurements were performed in saturated conditions (23°C) on two samples aged at 60°C, RH4 (RH = 0.5) during 484 days. The samples were equilibrated in deionized water for three days and placed in a home made conductivity cell. This cell consists of two electrodes placed on both side of the sample and containing gold wires regularly spaced (5 mm). The measurements were performed between 5

MHz and 100 Hz with an amplitude of 0.005V. The results are shown below. Long-term evolution of the properties of Nafion ® N115 exposed to constant temperature and humidity conditions 134

We observe that the conductivity of the aged samples decreases from 0.050 S/cm to 0.034 S/cm, which represents a drop of 32%. This is not surprising since there is a considerable decrease of their water content (~20-30%) in the same aging conditions. Therefore, there are two possible reasons which can explain the divergence with our results:

• The aging phenomenon impacts only the volume properties of the membrane leaving the surface properties unchanged. Since our conductivity cell measures the proton conductivity in the plane direction, we are not able to detect the differences induced by aging.

• A certain reversibility of the aging phenomenon occurs before or during the measurement of the proton conductivity. In this hypothesis, aging is not observed because the hydration state of the membrane during the conductivity measurements does not correspond to that measured in the sorption experiments. Indeed, our protocol implies a complete desorption phase before starting the conductivity measurements.

Then, the membrane is gradually rehydrated up to a state identical or very close to what it was before aging.

Fuel cell test

After a long-term exposure at high T and constant RH, the lower water sorption capacity of N115 may limit the fuel cell performance. In this section, we present results obtained with Membrane Electrodes Assemblies (MEAs) built from aged N115. The N115 was previously maintained at 80°C and RH7 (RH = O.76) during 160 days. At this aging time, the membrane loses 13 % of its initial water content.

Conditioning step

The aged and the reference membrane are hot-pressed between two 25 cm 2 Gas Diffusion Electrodes (GDEs). These electrodes are based on graphitized carbon paper (Sigracet ® GDL 10BC) with a thickness of 420 µm and a load of platinum (Pt) of 1 mg/cm 2 . They were provided by BalticFuelCells GmbH. Then, the membrane electrodes assemblies went through a conditioning stage in order to reach their best performance. For this, the fuel cell was operated at a constant current density of 7A (0.28 A/cm 2 ) during 24 hours. It was supplied with air and hydrogen (H2), both humidified at RH = 1 and its temperature was set to 65°C. The Figure 4.16

shows the evolution of the voltage of both MEAs. At the beginning of the conditioning stage, from 0 h to 3 h, the performance of the aged MEA seems less stable than that of the reference MEA; however it improves over time and even exceeds the reference after 24 h. The final voltage reached by the aged N115 was ~ 0.67 V, and 0.65 V for the reference membrane. However, this small variation in voltage was not observed again when we compared the polarization curves showed in Figure 4.17a. It must be noted that the polarization curves correspond to the average of three measurements, contrary to the conditioning stage which was performed only once.

Polarization curves

The polarization curves where measured using 100% humidified air and H2 with a stoichiometry of 3 and 1.4, respectively. These curves are displayed on Figure 4.17.

Long-term evolution of the properties of Nafion ® N115 exposed to constant temperature and humidity conditions We see on Figure 4.17a, that at low current density the polarization curve of the aged N115, does not seem to be altered, when compared with the reference membrane. This result is consistent with the absence of modification of the membrane conductivity during aging, despite of the drop of water sorption. However, at high current density the polarization curve of the aged N115 falls below that of the reference membrane. This decrease occurs in the high current density region where losses due to the limited oxygen diffusion become significant, possible because of electrode flooding and/or gas channel clogging. The difference observed between both membranes could be linked to the decrease of water sorption observed with the aged N115, which would lead to an excess of liquid water in the rest of the MEA. at 25°C for 1 h, then rinsed three times in DI water at 25°C. They were then soaked in nitric acid HNO3-10M at 25°C for 3 h and rinsed three more times in DI water. The membranes were boiled in DI water for 1 h and dried in the oven at 60°C for 24 h. Finally, the re-acidified membranes were equilibrated in water vapor (RH5, RH6, RH8 and RH9) at 60°C during 7 days. Table 4.14

shows the water contents of unaltered, aged, and re-acidified N115. It was observed that the water concentrations of re-acidified samples approached their initial values: some of them are a little lower such as RH6-1 ( (%) c = 8.5) and RH8-1 ( (%) c = 14.9), and some others are a little higher such as RH5-1 ( (%) c = 9.6) and RH9-1 ( (%) c = 20.4). In general, the water sorption properties returned close enough to their initial states so that we can consider the regeneration as complete.

In water

We selected seven N115 samples aged at 60°C with different relative humidities and aging times: RH2 (RH = 0.29) over 120 days, RH7 (RH = 0.8) over 806 days, and RH9 (RH = 0.95) over 1072 days. The aged membranes were soaked in DI water at 60°C for 1 h, and then dried at 60°C for 24 h. Then, the membranes were equilibrated in water vapor (RH2, RH7, and RH9) at 60°C during 7 days. Table 4.15 shows their water contents. It can be seen that, the water concentration of re-hydrated N115 membranes at 60°C also reaches similar level than their initial values: some of them are a little lower such as RH9-1 ( (%) c = 19.7), however, some others are a little higher such as RH2-1 ( (%) c = 6). In summary, the water sorption properties return to their initial states once the membrane is immersed in water at 60°C, 1 h.

Infrared Spectroscopy (IR)

IR spectroscopy was used by Collette et al. [1] to characterize the hygrothermal aging effect in Nafion. The authors were able to identify the changes of the Nafion N112 chemical structure during hygrothermal aging such as sulfonic anhydride formations (RSO2-O-SO2R). In addition, this technique permitted to analyse the state of water in the structure of aged N112. The authors observed the appearance of a new absorbance band at 1440cm -1 . This new band was attributed to the formation of anhydride species. The absorbance band at 1710 cm -1 corresponds to the hydronium H30 + , the counter ion of sulfonate groups: the authors observed a considerable decrease of this band, indicating that the sulfonic groups of the N112 membrane were affected by 393 days of aging. A possible explanation of this could be the decrease of the number of water molecules able to ionize and to solvate the ionic groups.

Based on these results, we decided to apply IR spectroscopy to an aged N115 (60°C, RH = 0.5, 484 days) and to a N115 reference sample. The measurements were performed at the SPrAM Laboratory in CEA, Grenoble. The membranes were dried before the IR measurements.

Anhydride species H3O + peak Despite the complexity of the interpretation of these IR spectra, it is possible to consider the two absorbance regions studied previously by Collette et al. [1]: * At 1440cm -1 , we did not observe any new absorbance band; this means that no anhydride species were formed. * At 1710 cm -1 , we did not observe an important decrease of the H3O + band.

Discussion and conclusion

We studied the long-term evolution of water sorption, water transport and mechanical properties of Nafion N115 membranes exposed to constant temperature and humidity conditions.

The results obtained from the water sorption measurements show a continuous decrease of the sorption capacity of the membrane aged in vapor. However, in liquid water the loss of water sorption capacity seems to be moderate. As indicated by the IR spectra, the change in the sorption properties is not linked to a decrease of the number of H3O + groups.

The tensile tests show that there is a small change in the mechanical properties of aged membranes: hydration losses in Nafion can be associated with a small increase of the rigidity of the polymer. This effect is moderate since the aging does not weaken the membrane and the structural reorganization (caused by aging) does not influence the water transport properties at the microscale. Furthermore, the evolution of the water sorption properties is not coupled to any change in the in-plane proton conductivity; on the other hand, the test performed in the through-plane direction indicates that the conductivity could be impacted. These two different results are understandable whenever we consider that the aging is heterogeneous and does not change the surface properties of the membrane. In this case, the aging phenomena cannot be the same as the one described by Colette et al. since no absorption band related to the formation of anhydride species is observed on our IR spectra.

The proton conductivity results can also be clarified if we consider that a complete regeneration of the membrane properties occurred before the measurement, when cycling the humidity conditions. Moreover, we observe that the drop in water uptake of the aged samples was completely reversible after immersion in water and/or in acid solution.

In order to go further with the comparison between our results and those of Collette et al. [1] (see Table 4.16) we must take into account the differences between the pre-treatments applied since the impurities in the "as-received" membrane (ions and organic residues) play a role in the Chapter 4 141 aging phenomena. In our study we prepared all of our samples by strictly following the pretreatment procedure described in Chapter 2. The main goal was to always dispose of membranes in the same reference state. This pre-treatment eliminates all (or the majority of) the impurities present in the structure after the synthesis and the casting of the membrane. In this case, the condensation of sulfonic acids and the formation of sulfonic anhydride are not catalyzed anymore, being the main reason why we do not observe any anhydride band on the IR spectra of the aged samples. This could also explain why the decline of the sorption capacity is more moderate in our study, compared to that of Collette et al. [1]: as we have seen in Chapter 3, not drying the membrane prior to characterization may lead to high initial values of water content and thus, to a more significant relative decrease over time. At the end of this work, it is still difficult to understand the different experimental results as an assembly and to draw clear and definitive conclusions. Nevertheless, we can conclude the following:

• The pre-treated N115 samples may not be subjected to the so-called "hygrothermal aging" since there is not evidence about the formation of sulfonic anhydride in the membrane.

• The decrease of the sorption properties and the small changes in the mechanical properties are not coupled with any variation of the self-diffusion coefficient of water or the proton conductivity in the in-plane direction. These effects are similar in some extent to those observed when the polymer is dried at elevated temperature (Chapter 3).

• The aging phenomena that we observed were fully reversible and the membranes properties were completely recovered after immersing in hot water or in acid solution, or even after cycling the RH conditions.

• The measured changes in Nafion properties do not affect substantially the properties of MEA during fuel cell operation.

• This work shows the impact of the long-term storage of Nafion membranes and reveals the importance of following a pre-treatment procedure to avoid any degradation due to hygrothermal aging.

Remarks and future works

More measurements of the proton conductivity in the through-plane direction should be made in order to confirm (or invalidate) the hypothesis that the observed aging is affecting only the volume properties of the membrane.

Further characterization of untreated Nafion membranes is needed in order to confirm that the presence of impurities may act as catalysers of the hydrolysis reaction of sulfonic acid into sulfonic anhydride. In a more general way, the study of the effect of the pre-treatment on the hygrothermal aging is important in order to confirm that the pretreatments may prevent the membrane from aging.

Chapter 4

Chapter 5

Characterization of Nafion ® N115 and NRE212/zirconia composite membranes 

Introduction

Despite the favorable properties of Nafion N115 and NRE212 membranes for fuel cell applications, as illustrated in Chapter 3, one of the major issues is the strong dependence of water sorption and proton conductivity on water content, limiting the working temperature to about 80°C. In the last years, the ability to operate fuel cells at temperatures higher than 120°C has been a goal for many fuel cell developers. At higher temperatures, the catalyst is less sensitive to carbon monoxide poisoning. In addition, working at elevated temperatures also increases the reaction kinetics and the membrane conductivity. However, this increase of membrane conductivity is observed at constant relative humidity (RH) and it is more difficult to hydrate the membrane properly at high temperature. As an example, Table 5.1 shows the molar water fractions required to reach an ionic conductivity of the order of 0.01 S/cm in a fuel cell which operates at high temperature (120°C) and/or at moderated temperature (80°C). It must be noted that the ionic conductivity values of Nafion were obtained at 120°C and RH = 0.3 (from Figure 5.1a) and at 80°C and RH = 0.3 (from Chapter 3). 
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To illustrate this result, Figure 5.1b shows the decrease in conductivity of a Nafion membrane at temperatures between 97°C and 143°C (Navarra et al. [1]). Moreover, for certain fuel cell applications (e.g. automotive), the lifetime of Nafion is shorter at high temperatures because of phenomena like shrinkage and swelling induced by hydration/dehydration cycles. As a consequence, numerous attempts have been made to develop alternative membranes operating at temperatures higher than 80°C. These membranes must demonstrate good proton conductivity, and thermo-mechanical stability, over a wide range of humidity [3,4,5].

Based on these considerations, we present in the first section of this chapter a survey of the literature with a special interest on water sorption, proton conductivity, mechanical properties Chapter 5 and fuel cell performance. Then, we characterize some properties of Nafion-zirconia composite membranes developed by the Functional Ceramics Group at West Virginia University. This laboratory had previously modified Nafion N115 and NRE212 by incorporating inorganic nanoparticles of zirconium dioxide (ZrO2), or zirconia, improving water retention as well as providing additional acidic sites [2,6].

The parameters selected for the previous property studies are used as reference for the characterization of Nafion-zirconia composite: temperature ranging from 30°C to 110°C and relative humidity from RH = 0.29 to RH = 0.95. It must be noted that temperatures higher than 110°C were not considered because of several experimental limitations such as difficulties to maintain high RH while avoiding condensation of water at the surface of the membrane.

Furthermore, the materials used in the conductivity cell were not well adapted to pressures above 1 bar and temperatures above 110°C.

Literature survey

According to the literature [2,3,4,5,7,8,9,10,11,12,13,14,15,16], one of the promising ways to develop new membranes consists in modifying Nafion ® or similar materials by incorporating nanoparticles in order to enhance water retention at high operating temperature (>90°C) and low relative humidity. For a better understanding of this section, certain points are classified below.

Materials

Various materials such as inorganic oxides have been considered for the development of Nafionbased composite membranes: silicon dioxide (SiO2), titanium dioxide (TiO2) and zirconium dioxide (ZrO2). These oxides exhibit high surface areas, hydrophilic natures, and a high degree of acidity (presence of Lewis acid sites), permitting to increase the water retention [2,1]. Superacidic sulphated zirconia (S-ZrO2) displays both Lewis (electron pair acceptor) and Brönsted (proton donor) acid sites, which should permit to increase both the water sorption and the proton transport [17], as seen in Figure 5.2. [17].

Other examples of Nafion-based inorganic composite membranes include Nafion ® /Aluminum oxide (Al2O3), Nafion ® /Zeolite, etc [5]. Most of these oxides are present in the Nafion matrix as nano-or micro-particles, and they are apparently dispersed either into the hydrophilic channels of Nafion [18] or uniformly through the nanoporous structure of Nafion [7].

Characterization studies from the literature

Water retention

The studies presented by Hara and Miyayama [17] and Navarra et al. [1], suggested that the incorporation of ZrO2 or superacid ZrO2 (S-ZrOx) nanoparticles within the Nafion membranes provide increased water retention, acidity and thermal stability at 140-150°C. In addition, Satterfield et al. [4] suggested that TiO2 within Nafion membranes enhance the water sorption at 80°C.

Performance

In 1996, Watanabe et al. [19] demonstrated that by introducing catalyst and oxide materials in the Nafion matrix, PEMFCs could operate at 80°C under dry conditions. More recent studies [1,2,3,4,7,20,21,22,23] have shown that modified Nafion membranes could have the ability to improve the PEMFC performances (i.e. proton conduction, water management and thermal stability) at temperatures above 100°C and under low RH conditions. For example, Yu et al. [21] suggested that the incorporation of SiO2 nanoparticles within the Nafion ® membrane increases its proton conductivity and consequently the fuel cell potential at 110°C. In addition, Nicotera et al. [22] suggested that the incorporation of SiO2 or TiO2 to Nafion provides increased fuel cell potential at 90°C and 120°C at low relative humidity. Table 5.2 reports some of the most important properties such as water uptake, proton conductivity, mechanical properties, and fuel cell potential. 

Fabrication method

As an example, Nafion/silicon dioxide membranes were synthesized by Deng et al. from Deng et al. [24].
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According to these authors, inserting silica (silicon dioxide) should not alter the morphological structure of Nafion. Furthermore, these particles should improve the water retention (hydration) and the proton transport in Nafion membranes thanks to the following effects:

• Water retention: inserted silica may enhance the hydrophilicity of clusters groups (SO3H) in Nafion. This effect was attributed to the presence of numerous groups (≡Si-OH), due to the strong hydrogen bond of H2O molecules on the surface of the silica particles. However, some studies suggested that the physically sorbed water (i.e. H2O molecules bound to the surface ≡SiOH groups) should be driven off at a higher temperature, around 170°C, as compared to H2O molecules bounded to the SO3H groups [24,25] . • Proton transport: the improvement was attributed to the proton hopping mechanism along the large hydrative silica surface. Consequently, these experimental findings suggested that proton conductivity in a Nafion/silica composite membrane will be higher that in plain Nafion, especially at high temperature when the water content is low.

Nafion N115 and NRE212/zirconia membranes fabrication (West Virginia University)

These composite membranes are prepared using sol-gel method, that is to say by in-situ growth of inorganic oxide particles in membranes [2,26], at the Ceramic Centre at West Virginia University.

Nafion ® N115 and NRE-212 membranes are:

• boiled in 3 wt% H2O2 for 1h,

• heated in 1 M sodium hydroxide (NaOH) for 6 h,

• dried for 12 h in a vacuum oven,

• immersed in ethanol (EtOH) for 1 h, for swelling the pores of the membrane to maximize absorption of the precursor solution, • removed and immersed in 0.15/0.3M 70wt% zirconia(IV) n-propoxide (C12H28O4Zr) solution for 6 h,

• rinsed in acetone (C3H6O).

The membranes are then heated in vacuum for 24 h to complete condensation reactions and some of them are autoclaved (<150°C) in order to crystallize the formed Zr(OH)4 to nano ZrO2.

After this, they are boiled in 50 % in volume of sulfuric acid (H2SO4) for re-acidification. 

Fuel cell test at West Virginia University

Once the inorganic oxide nanoparticles were incorporated in the Nafion ® membranes, their performances were tested at high temperature and low relative humidity conditions.

• Electrodes were attached to modified membranes (3-7% weight when immersed in a 0.15/0.3M solution of Zr(OH)2) by hot-pressing. • The active layer had been brushed with 5% Nafion ® solution before pressing.

• The fuel cell was setup and connected to a humidifier. Hydrogen and oxygen were supplied using mass flow controllers and the cell was controlled by the electronic load. These preliminary results show that incorporating nanoparticles of zirconia (ZrO2) does not improve the fuel cell voltage nor the conductivity of the membranes. The modified membrane seems to present high resistance even if their water contents were (presumably) higher than those of plain Nafion.

Based on these statements, we performed systematic water sorption, proton conductivity, and stress-strain measurements on Nafion/zirconia composite membranes. Our primary objective is to understand why these Nafion composite membranes do not perform much better than the original ones, especially at high temperature and low relative humidity.

Characterization of Nafion ® N115 and NRE212/zirconia composite membranes

The composite membranes were classified in accordance with their fabrication conditions (at West Virginia University) as described in the following table: It must be noted that N115-I and N212-I were not autoclaved, thus the final reactants were a mixture of oxides and hydroxides.

Water sorption

In vapor

The water sorption of Nafion composites were measured at 30°C, 60°C and 80°C over a wide relative humidity range (RH2 -RH9). Figure 5.6 shows the isotherms. We did not observe any increase of the water sorption of composite membranes compared to the original Nafion. We can observe from Figure 5.8 that the ionic conductivity of the composite membranes did not vary. This observation is valid for the different RH conditions and for the temperatures considered. As shown in Figure 5.9, the Young modulus (the slope of the stress-strain curve at small strains) of the composite membrane is higher than that of the reference membrane; however, the plastic modulus (the slope of the stress-strain curve beyond the yield point) is similar for both. Table 5.5 shows the mechanical properties of the N115 composite and the N115 deduced from the experimental stress-strain curves. 

In liquid

Strain-stress and Young modulus

Conclusion

The composite membranes present higher water sorption in liquid water and better mechanical property in term of toughness, with respect to plain Nafion. However, no difference was observed in term of water sorption in vapor and proton conductivity. These results are not surprising since the fuel cell characterization realized in West Virginia University demonstrated a decrease in the fuel cell performance compared to plain Nafion. A possible explanation to this can come from composite membrane fabrication process: because of a possible non-uniform dispersion of nanoparticles within Nafion, the samples used for characterization could be non representative in term of zirconia concentration. Insufficient or saturated concentration of zirconia nanoparticles in the membrane could limit their performance.

On the other hand, the low performance of the fuel cells tested at West Virginia University could be due to the MEA fabrication process: difficulties in the preparation of the active layers or a possible weak contact between the electrodes.

Although the results are disappointing in term of membrane performance, the characterization of the physical properties of composite membranes helped us to interpret their performance during fuel cell operation.

Finally, the results presented in this study illustrated the difficulty to elaborate better membranes than Nafion or PFSA for new generations of PEMFC systems able to work at high temperature and under low humidity conditions.

opposite trend [5,6,7]. Our study allows to separate the pre-treatment effects from the effective effect of temperature. We come with the following conclusions:

• The measurement of sorption isotherms between 30°C and 80°C showed a decrease in sorption capacity in the vapor phase with the temperature. The decrease of the Young modulus of the polymer with temperature cannot explain this behavior. Other properties of the membrane, such as changes of its hydrophilicity with temperature, have then to be considered to gain a deeper understanding of sorption in this system.

• The proton conductivity, measured over a wide range of temperatures, followed a polynomial law when plotted as a function of relative humidity. When expressed as a function of water content, a threshold above which proton transport becomes efficient was put forward. Our measurements showed that the water content corresponding to this threshold decreased with temperature.

The characterization of the properties of Nafion exposed to constant temperature and relative humidity for long periods of time was needed to evaluate their stability. We studied the longterm evolution of water sorption, water transport and mechanical properties of Nafion N115 membranes exposed to constant temperatures (60°C and 80°C) and relative humidity (from RH = 0.2 to RH = 0.9) conditions. We obtained the following results:

• The water sorption decreased continuously for membranes aged in vapor. In liquid water, the loss of water sorption capacity was, much more moderate. As indicated by the IR spectra, the change in the sorption properties was not linked to a decrease of the number of hydronium (H3O + ) groups. The tensile tests showed that this was rather due to a small increase of the rigidity of the polymer. This effect was very moderate since the aging did not weaken the membrane and the structural reorganization did not influence the water transport properties at the micrometer scale.

• The evolution of the water sorption properties was not coupled to any change in the inplane proton conductivity; on the other hand, a test performed in the normal direction indicated that the normal conductivity could be impacted.

In summary, we observed a decrease of certain Nafion properties with time. The results were relatively unstable and less pronounced than those of Collette et al. [8]. Furthermore, the observed aging phenomena were fully reversible: the membranes properties were completely recovered when immersed in hot water, in acid, or even after cycling the RH conditions. Our aging protocols, however, were different from those described by Collette et al. since there existed differences in the applied pre-treatments. Indeed, the impurities (ions and inorganic residues) that are always present in the "as-received" membranes may play the role of a catalyst of the aging phenomena. In our study, we prepared all of our samples by following a pre-
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 11 Figure 1.1: Principle of the proton exchange membrane fuel cell.

Figure 1 . 2 :

 12 Figure 1.2: Top: formation and evolution of water plug in the air channel (cathode side) of a segmented fuel cell. Bottom: the corresponding local current densities [42].

  molecules favor proton conductivity by enhancing the dissociation of the acid and increasing the number of charge carriers. This result can be achieved without external humidification through diffusion of water produced at the cathode. Several challenges associated with the development of reliable PBI-based PEMFCs have been identified, such as adsorption of phosphate anions on the catalyst, high corrosion rate of the amorphous carbon catalyst support, dissolution and sintering of catalyst particles at high temperature and accelerated degradation of the MEA due to open circuit voltage in the no-load state [49].
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 13 Figure 1.3: Chemical structure of Nafion ® 1100 EW, X=6.6 [46].
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 114 Figure 1.4: Phase separation in Nafion ® from Yeager and Steck [51].
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 15 Structure of Nafion ® from Gierke et al.[START_REF] Gierke | The morphology in nafion perfluorinated membrane products, as determined by wide-and small-angle x-ray studies[END_REF].The structure of Nafion may vary significantly depending on the hydration level. Another structural model was suggested by Gebel [50]. The author describes the changes in the morphology of Nafion at different hydration stages up to dissolution. The dry membranes consist in isolated ionic clusters, which grow as a function of the hydration following three successive stages: first, water stays into isolated clusters. The second phase consists in the interconnection of these clusters at a medium hydration level. Finally, an inversion of the structure happens for a water volume fraction of approximately 0.6. The membrane is then hydration level as a network of connected fluorocarbon polymeric aggregates dispersed in water. More recently, improved models suggest the presence of elongated structures within the Nafion formed by fluorocarbon polymer chains aggregates. In Figure 1.6, the structure proposed by Rubatat et al. [57] is composed of an assembly of elongated polymer packets of about 800Å (80nm) in length and 10Å in diameter resulting from the aggregation of the polymer PTFE chains.
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 16 Structure of Nafion ® at different length scales from Rubatat et al.[START_REF] Rubatat | Evidence of Elongated Polymeric Aggregates in Nafion[END_REF].However, several difficulties still exists in defining the right morphological model of Nafion membranes over a large range of water fraction and at different length scales. This is due mostly to the random structure of the ionomer, the complexity of co-organized semi-crystalline matrix and ionic domains, dependence on the fabrication process, thermal history, and the large number of morphological variations with water swelling[46].

  sorption isotherms of Nafion membrane in the acidic form exhibit different behaviors as shown in Figure 1.7. The shape of the sorption isotherm is generally associated with three sorption mechanisms: the dissociation of the acid group SO3H (λ ~2-3) is called the Langmuir contribution, the adsorption of tightly bound water (~4 < λ < ~10) corresponds to Henry's law Chapter 1 and the aggregation of water molecules (clustering, λ > ~10) can be described by the Flory-Huggins theory [71].

Figure 1 . 7 :

 17 Figure 1.7: Sorption isotherm of Nafion NRE212 at 40°C, adapted from Kidena et al. [71]. The curve can be decomposed into three contributions: Henry, Langmuir and Clustering.

  [27]: Tdry > 30°C, λ = 12 (27°C), 14 (65°C) and 16 (80°C). When Nafion is dried at Tdry < 30°C, the water sorption capacity is almost constant as a function of temperature: λ = 21 (27°C) and λ = 21 (94°C). Similar results have been presented by Hinatsu et al. [82]: Tdry = 105°C, λ = 11(30°C), 15 (60°C), 18 (80°C) and 22 (100°C) (see Figure 1.8).
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 18 Figure 1.8: Water sorption of treated Nafion as a function of the measuring temperature and for different drying temperatures.
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 19 Figure 1.9: Water self-diffusion coefficient in Nafion N112 at 25°C, adapted from Perrin [104].

  This macro property governs proton mobility trough a membrane, and adequate connections throughout the water domain lead to high proton conductivity because of the high diffusivity of water. The typical proton conductivity (σ) of a fully hydrated Nafion membrane is about 0.1 Siemens/cm (S/cm) at room temperature, and about 0.15 S/cm at 80°C. The increase in conductivity with water content is represented in Figure1.10.

Figure 1 . 10 :

 110 Figure 1.10: Evolution of the proton conductivity of Nafion N117 at 30°C as a function of water content, adapted from Sone et al. [110].
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 111 Figure 1.11: Left: experimental conditions effect on Nafion N117 strain-stress curves: (A) asreceived, (B) soaked in water -24 h, and (C) soaked in boiling water -1 h. Right: temperature effect on as-received N117: (A) 25°C, (B) 60°C, (C) 120°C, (D) 150°C, (E) 180°C. Figures reproduced from Kawano et al. [118].

  drying; b: boiling; vd: vacuum drying; s: storing; DIw: distilled water; RT: room temperature; M: mol/litre; * read from published curves.
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 113 Figure 1.13: Evolution of the polarization curves in a fuel cell system as a function of cycling voltages, reproduced from Lamibrac et al. [131].

Figure 1 . 14 :

 114 Figure 1.14: Left: Water uptake of Nafion N112 aged at 80°C, RH = 0 and at 80°C, RH = 0.8. Right:

Figure 1 .

 1 Figure 1.15 shows the increased water retention, the current-voltage and the proton conductivity curves on different Nafion composite membranes when compared to unmodified Nafion membrane.
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 1 Figure 1.15: Left: Water uptake of Nafion and Nafion/titania composite membranes in saturated water vapor at different temperatures, reprinted from Satterfield et al. [122]. Right (top): currentvoltage curve of fully hydrated fuel cells at 80°C with Nafion N115 and Nafion N115/TiO2 (3 wt % and 21-nm particle) composite membranes, reprinted from Satterfield et al. [122]. Right (bottom): Proton conductivity of Nafion and Nafion/CeO2 composite membrane as a function of relative humidity, reprinted from Wang et al. [144].
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 1121 Figure 2.1: Left: schematic representation of the humidity controlled cell using a salt solution.

Figure 2 .

 2 Figure 2.2 shows the swelling in percentage of volume, surface area, and the three directions of space for a Nafion 115 membrane in equilibrium with vapor at 60°C. The experimental errors were minimized by averaging the results over a set of three samples.
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 22 Figure 2.2: Swelling (%) of N115 membranes at 60°C.

  tubes, and hydrated by adding a known quantity of water on the inside walls of the tubes. The time necessary for the membrane to adsorb all water was in the range of 10-15 days. The typical weight of a Nafion N115 strip was about 350 mg. Three series of Nafion samples, dried 24 h at a drying temperature Tdry = 60°C, 80°C, 100°C or 110°C, were measured. Each series contained 10 samples, hydrated in the range of water mass fraction of

Figure 2 .

 2 3 shows this calibration curve. The curve was determined in the range of the amount of water usually adsorbed in Nafion membranes, starting with the non-zero signal of the empty tube. The maximal systematic error in the measurement was estimated to ±5%.

Figure 2 . 3 :

 23 Figure 2.3: Calibration curve at 25°C.

Figure 2 . 4 .Figure 2 . 4 :

 2424 Figure 2.4: Schematic representation of the 4 probes conductivity cell designed for this study.

Figure 2 . 5 :

 25 Figure 2.5: Nyquist plot of membrane impedance (N115) in the frequency range 10 Hz to 100 kHz.

Figure 2 .Figure 2 . 6 :

 226 Figure2.6 shows the whole of the conductivity cell. This system is coupled to a potentiostat/galvanostat (AUTOLAB-PGSTAT 302N). As seen in the scheme, a humidifier was used in order to control the humidity into the vessel (RH = 0.1 to RH = 0.95). In addition, a heating circuit was inserted in the vessel walls (Lauda Ecoline Staredition RE 306) to homogenize the temperature. Once the cell was closed, temperature and relative humidity were measured respectively by a thermocouple and a dew point analyzer (Vaisala HUMICAP ® , HMT series), and by then recorded using a LabView.

Figure 2 . 7 (

 27 left)). These experiments were also done by decreasing the relative humidity to check the reproducibility of the results. Moreover, the stability of the results was tested by keeping a sample at RH = 0.8 during 3h30 (Figure 2.7 (right)).

Figure 2 . 7 :

 27 Figure 2.7: Evolution of the conductivity of N115 at 60°C and from RH = 0.1 to RH = 0.93 (left), and RH = 0.8 (right).

Figure 2 . 8 :

 28 Figure 2.8: Scheme of the deformation device system -500 N, reprinted from Kammrath & Weiss

Figure 2 . 9 :

 29 Figure 2.9: Scheme of the machined cutting die.

- 3 SO

 3 , it is important to determine first the number of residual water molecules and its possible dependence with the drying temperature.The quantity of protons ( nH ) was determined by Nuclear Magnetic Resonance (NMR) in each sample and plotted as a function of w c (as shown in Figure3.1), where w c is defined as the water mass fraction with respect to the mass of the membrane after drying at Tdry during 24 h.The superscript ( w ) indicates that a certain quantity of residual water remains in the structure of the membrane.

2 is

 2 the total mass of water in the membrane and dry m is the mass of the dry membrane.If we note *2 O H m the mass of residual water after drying at Tdry during 24 h, we have:

c

  the residual water mass fraction, with respect to the mass of the membrane after drying:

3 SO

 3 number of residual water molecules per ionic site -

7 In 1 .Figure 3 .

 713 Figure 3.1 are reported in Table3.1. When we consider the three series separately, the values of

Figure 3 . 1 :

 31 Figure 3.1: Quantity of protons nH measured by NMR in Nafion N115 as a function of the water mass fraction determined by weighing w c . Membranes dried at Tdry = 60°C, 80°C and 100°C during

Figure 3 .

 3 Figure 3.2 displays hydration values measured at 30°C, 60°C, 80°C and 100°C in Nafion N115 and NRE212 samples heat-treated at different temperatures. The λ values are listed in Table3.2.

Figure 3 . 2 :

 32 Figure 3.2: Influence of drying temperature Tdry on sorption in liquid water measured at different temperatures. (a) Nafion N115. (b) Nafion NRE212.

Figure 3 . 3 and

 33 Figure 3.3 and Figure 3.4 present the influence of drying temperature on sorption isotherms of Nafion N115 and NRE212 measured in the range 30°C < T < 80°C. The experimental values are

Figure 3 . 3 and

 33 Figure 3.4 lambda values in liquid water are displayed at the right of each plot for comparison. Since our measurements in vapor phase were not performed at RH values close enough to 100 %, and because the sorption isotherms are very steep in the high relative humidity domain, we are not able to discuss any differences between sorption in liquid and in vapor at 100 % RH (what is called the "Schroeder's paradox" in the literature). We can notice, however, that the ratio λ(liquid phase) / λ(RH~0.95) is more important in Nafion NRE212 than in N115 (1.60 and 1.35 respectively at T=60°C and Tdry=60°C).

Figure 3 . 3 : 3 Figure 3 . 4 :

 33334 Figure 3.3: Influence of drying temperature Tdry on water vapor sorption in Nafion N115 measured at (a) 30°C, (b) 60°C and (c) 80°C. The liquid water sorption is plotted as a guide for the eye at the right of each figure.

Figure 3 .

 3 Figure 3.5 and Figure 3.6 present measurements of proton conductivity respectively in Nafion N115 and NRE212 as a function of RH. The membranes were dried at Tdry during 24 h before the measurements. The experimental values are in Table3.4 and Table3.5. At low temperature (T =

Figure 3 . 5 :

 35 Figure 3.5: Influence of drying temperature Tdry on proton conductivity in Nafion N115 measured at (a) 30°C, (b) 60°C and (c) 80°C.

Figure 3 . 6 :

 36 Figure 3.6: Influence of drying temperature Tdry on proton conductivity in Nafion NRE212 measured at (a) 30°C, (b) 60°C and (c) 80°C.

Figure 3 .

 3 Figure 3.7 shows the evolution of the water self-diffusion coefficient Ds measured by PFGNMR at 25°C as a function of water content λ in Nafion N115 dried at different temperatures. As

Figure 3 . 7 :

 37 Figure 3.7: Influence of drying temperature Tdry on water self-diffusion coefficient in Nafion N115.

  acquisition parameter that was varied as a function of the hydration of the membrane. In our experiments, considering the two extreme values of Ds, l falls within the range 10 3 < < l μm. Thus, the results of the measurements indicate that the changes induced by the heat-treatment on the structural organization of Nafion are effective on the transport properties at a length scale shorter than 1 μm. These changes then impact on proton Chapter 3 95 conductivity at a much larger scale, proton conductivity being a measure of the mobility of protons over the entire thickness of the membrane (~ 125 μm in Nafion N115).

Figure 3 . 8 :

 38 Figure 3.8: Evolution of (a) Young modulus and (b) Plastic modulus of Nafion N115 and NRE212 at 25°C , as a function of drying temperature.

Figure 3 . 9 :

 39 Figure 3.9: Evolution of the stress-strain curves of (a) Nafion N115 and (b) Nafion NRE212 at 25°C as a function of drying temperature.

Figure 3 . 10 :

 310 Figure 3.10: Sorption isotherms of (a) Nafion N115 and (b) Nafion NRE212 as a function of temperature. The membranes were dried prior to experiment at Tdry = 60°C during 24 hours. The solid lines are fitted curves using equation Eq 12. Parameters a, b, c and d are listed in Table 3.8.

Figure 3 .

 3 Figure 3.11 presents proton conductivity measurements on Nafion N115 and NRE212 in equilibrium with water vapor at different temperatures in the range 30°C < T < 110°C. At high temperature, it becomes difficult to maintain high RH in the measurement chamber while avoiding the condensation of water at the surface of the membrane: thus, the measurements

Figure 3 . 11 : 3 Figure 3 . 12 :

 3113312 Figure 3.11: Left column: Proton conductivity of Nafion N115 and Nafion NRE212 as a function of temperature. The membranes were dried prior to experiment at Tdry = 60°C during 24 hours. The solid lines are fitted curves using equation Eq 13. Parameters e, f, g and h are listed in Table 3.9. Right column: Arrhenius plot of the proton conductivity in Nafion N115 and Nafion NRE212 collected at RH=0.2, 0.6 and 0.9, and values of the corresponding activation energies.

Figure 4 . 1 :

 41 Figure 4.1: Water sorption of N115 at 60°C and RH6 (RH = 0.74) as function of time.

Figure 4 .

 4 Figure 4.2 presents the evolution of the sorption isotherm of N115, measured at 60°C, as a function of the aging time. The corresponding experimental values are gathered inTable 4.2 and Table 4.3.

Figure 4 . 2 :

 42 Figure 4.2: Sorption isotherm of N115 at 60°C, measured at different aging times. * c is the residual

Figure 4 . 3 :

 43 Figure 4.3: (a) Evolution of the water mass fraction in N115 as a function of the aging time. (b) Normalized values.

Figure 4 . 4 :

 44 Figure 4.4: Sorption isotherm of N115 at 80°C and different aging times.

Figure 4 . 5 :

 45 Figure 4.5: Water mass fraction in N115 at 80°C as a function of time.

Table 4 .

 4 4 and Table4.5 present the water content and the % loss of water in N115 at 80°C. The experimental errors were minimized by averaging the measurements over a set of seven samples. Uncertainties also resulted from water mass fluctuations observed for samples equilibrated at high RH (these fluctuations being probably caused by the formation of liquid droplets at the surface of the samples).Chapter 4

Figure 4 . 6 :

 46 Figure 4.6: (a) Sorption isotherm of N115 at 80°C, measured at different aging times. (b) Evolution of the water mass fraction in N115 as a function of time.

Figure 4 . 7 :

 47 Figure 4.7: Evolution of the water sorption of N115 immersed in liquid water at 60°C and 80°C.

  a combination of the elastic spring and the viscous dash-pot[6, 7]. This model, named standard linear solid model (SLS), is represented on Figure4.8b.

Figure 4 . 8 :

 48 Figure 4.8: Left column: scheme of the tensile force applied on Nafion. Right column: standard linear solid (SLS) model.

Figure 4 Figure 4 . 9 :

 449 Figure 4.9.

Figure 4 . 125 Figure 4 . 11 :

 4125411 Figure 4.10: Stress-strain curves at 23°C and RH = 0.38 of (a) aged N115 (3), and (b) aged N115 (4).

Figure 4 .

 4 Figure 4.12: Stress-strain curves at 23°C and RH = 0.6 of (a) aged N115 at 60°C, and (b) aged N115 at 80°C, in liquid water during 338 days.

Figure 4 . 13 :

 413 Figure 4.13: Water self-diffusion curves of aged N115 at 25°C. Aging at 80 °C, RH4 (left column) and RH7 (right column).

Figure 4 . 4 131Figure 4 . 14 :

 44414 Figure 4.14 shows the proton conductivity curves of N115 exposed to a constant temperature of 60°C (left column) and 80°C (right column) and different relative humidity conditions (RH2, RH7, and RH9) for different durations. All measurements were performed at 60°C. The reference curve (thick black line "N115-ref") corresponds to the average of data collected over five tests carried out before aging. This curve thus incorporates the experimental errors. On the other hand, the curve of each aged sample corresponds to the data of one test. The plots at the bottom of the Figure represent the evolution of the ionic conductivity as a function of the aging time.

Figure 4 . 16 :

 416 Figure 4.16: Fuel cell voltage as a function of time, measured at 65°C and 7A.

Figure 4 .

 4 Figure 4.17: (a) Polarization curves obtained with aged N115 and as received N115, at 65°C with 100% humidified air and H2 stoichiometry of 3 and 1.4, respectively. (b) Power density vs. current density.

  In this section, we consider the possible regeneration of aged N115 by ex-situ re-acidification step. For this, we selected eight N115 aged at 60°C with different relative humidities and durations: RH6 (RH = 0.74) over 393 days, RH5 (RH = 0.63) and RH8 (RH = 0.93) over 806 days, and RH9 (RH = 0.95) over 861 days. The aged membranes were soaked in chloride acid HCl-1M

Figure 4 . 18 shows 4 139Figure 4 . 18 :

 4184418 Figure 4.18: IR spectra of aged N112 (80°C and RH = 0.8 over 393 days) at 23°C, reprinted from Collette et al. [1].

Figure 4 .

 4 19 displays the results.

Figure 4 . 19 :

 419 Figure 4.19: IR spectra of aged N115 (60°C and RH = 0.5 over 484 days) and the reference at 23°C.

  treated: cleaned, acid washed, and dried at 60°C and 80°C; d: days.

Figure 5 . 1 :

 51 Figure 5.1: Evolution of the conductivity of (a) Nafion and modified Nafion (oxide composite) membranes at 120°C, adapted from Jalani et al. [2]; (b) Nafion and modified Nafion (ZrO2-N and superacid ZrOx-S) membranes as a function of temperature, adapted from Navarra et al. [1].

Figure 5 . 2 :

 52 Figure 5.2: Surface model of superacidic sulphated zirconia (S-ZrO2(p)) in the presence of water molecules, adapted from Hara and Miyayama [17].

  Chapter 5

[ 24 ]Figure 5 . 3 :

 2453 Figure 5.3: Diagram of Nafion/silica composite membrane preparation via sol-gel, adapted

Figure 5 .

 5 Figure 5.4 shows a transmission electron microscopy image for Nafion/ZrO2 membrane, this image was reprinted from Pan et al. [11].

Figure 5 . 4 :

 54 Figure 5.4: TEM image of hybrid dispersion of in-situ formed zirconia nanoparticles in 2 wt%Nafion solution, reprinted from Pan et al.[11].

Figure 5 . 5 155Figure 5 . 5 :

 5555 Figure 5.5 shows the polarization curves.

Figure 5 . 6 :

 56 Figure 5.6: Water sorption in modified Nafion at 30°C, 60°C and 80°C. Left column: composite N115. Right column: composite NRE212.

Figure 5 .

 5 Figure 5.7 displays sorption in Nafion N115-and NRE212-zirconia composite membranes, measured at 30°C, 60°C and 80°C. The λ values are listed in Table 5.4.

Figure 5 .

 5 Figure 5.9 shows the stress-strain curves of Nafion N115-zirconia composite membranes measured at 23°C and RH = O.38. An average of four tests was made in order to minimize the experimental errors; the graphic shows the mean values.

Figure 5 . 9 :

 59 Figure 5.9: Stress-strain curves of composite N115 measured at 23°C and RH = 0.38.

Table 1 .

 1 

1: Different types of fuel cells.

Table 1 .

 1 2 describes four conditioning protocols from the literature. It must be noted that there is no standardization of these different pre-treatments.

Table 1 . 2

 12 

: Different conditioning treatments from literature.

Table 1 .

 1 3 and Table 1.4 report the water sorption values (λ) and as well as the different membrane pre-treatment procedures used by the different authors.

	Chapter 1

Table 1 . 3 :

 13 Reported water sorption in Nafion membranes from literature.

	Author	Nafion	Pre-treatments	Method	T(°C)	RH	λ
			HNO3. 3M, b, 1 h			1	15
	Rieke and	1100	DIw, b, 1 h	Gravimetric method		1	9
	Vanderborgh	EW	DIw, a, 20 psi, 123°C, 2 h			1	6
	1987[79]					1	11
			H2O2, b/DIw, r	Gravimetric method		0.37	*3
	Zawodzinski et	N117	H2SO4, b	membranes equilibrated with		0.51	*3.8
	al. 1991[80]		DIw, r	solutions of lithium chloride		0.8	*7
			vd, 105°C			0.97	*13.2
			HNO3, b	Cahn microbalance		1	13.5
	Morris and	N117	DIw, b	Solutions of lithium chloride		1	16.7
	Sun1993[81]		vd, 0.01-1Pa, 150°C, 24 h	Immersion in water	100	1	23.1
			H2O2, b			0.1	*1
	Hinatsu et al.		DIw, r			0.3	*2.5
	1994[82]	N117	H2SO4. 1M, b/DIw, r	Gravimetric method		0.6	*4
			vd, 105°C, 2-3 h			0.8	*6
						1	*9.6
			H2O2. 3wt%, b, 1 h			P (x10 2 Pa)	
	Gates and		DIw, b, 1			50	*3.1
	Newman	N117	H2SO4. 0.5M, b, 1 h	Gravimetric method		80	*4
	2000[83]		DIw, b, 1 h			100	*4.5
			vd, 105°C, 1 h			200	*8.3
	Tsonos et al.	(SO3 -K + )		Gravimetric method		0.32	*1
	2000[73]	1190	Not reported	membranes equilibrated with		0.8	*2
		EW		saturated salt solutions		1	*8
						0.1	*1.9
						0.3	*3.0
	Choi et al.	1100	Not reported	Tapered element oscillating		0.75	*6
	2005[75]	EW		microbalance (TEOM)		0.8	*7
						1	*14

Table 1 .

 1 4: Reported water sorption in Nafion membranes from literature (continued).

	Author	Nafion	Pre-treatments	Method	T(°C)	RH	λ
			H2O2. 3wt%, b, 1 h, DIw, b, 1 h			1	25.3
			H2SO4. 0.5M, b, 1 h			1	24.6
			DIw, b, 1 h			1	23.8
			d, 30°C			1	22.2
	Onishi et al.	N117		Gravimetric method	5	1	*15
	2007[85]		Idem, with	and conductivity equations		1	*15
			h, 108°C, RH = 0.2, 30 min			1	*16
			d, 30°C			1	*18
						1	*20
						1	*21
			H2O2. 3wt%, b, 1 h			0.99	11.5
	Alberti et al.	N117	H2SO4. 0.5M, b, 1 h			0.99	14
	2009[86]		DIw, b, 1 h	Gravimetric method	100	0.99	20
			d, 120°C, 15 h		120	0.99	28
					140	0.99	57

Table 1

 1 

	.3), as shown by Zawodzinski et al. (Tdry = 105°C, λ = 13.2) and by Morris and Sun (Tdry =
	150°C, λ = 13.5) at RH = 1 and at 30°C. Other authors such as Hinatsu et al. [82], Alberti et al. [86,
	88] and Evans et al. [89] confirmed these statements. In addition to that, we observe that the
	hydration is higher for a membrane that was not dried, as shown by Onishi et al. (λ = 25.3) in the
	same conditions.

Table 1 .

 1 5: Water sorption of Nafion membranes in liquid water from literature.

	Author	Nafion	Pre-treatments	T(°C)	λ
	Springer et al.	N117	d, 30°C	30	22
	1991 [100]		N-form (normal -d, 80°C)	30	17
			vd, 25°C, P2O5	27 to 94	21
	Zawodzinski et	N117		27	12
	al. 1993 [27]		vd, 105°C, 1 h	65	14
				80	16
			E-form (expanded -b)	25	22
	Hinatsu et al.	N117	N-form (normal -d, 80°C)	25	13
	1994[82]		S-form (shrunken -d, 105°C)	25	11
			E-form (expanded -b)	30	23
	Onishi et al.	N117	S-form (shrunken -d, 105°C)	30	13
	2007[85]		h, 108°C, RH = 0.2, c, 30°C	30	16
			As received (untreated)	25	*12
	Peron et al.	NR211		100	*28
	2010[101]		vd, 80°C, 15 h	25	*12
				100	*28
	d: dry; vd: vacuum dry; h: heating; c: cooling; P2O5: phosphorus pentoxide (desiccant); * values read from published curves.

Table 1 .

 1 6 and Table 1.7 show reported water diffusion coefficients in Nafion from NMR, conductivity and dynamic water uptake measurements.

Table 1 .

 1 6: Water diffusion coefficients in Nafion membranes from literature.

	Author	Nafion	Method	T (°C)	λ	RH	Ds (

10 -6 cm 2 /s)

  

				30	2	-	0.6
				30	3	-	1.2
			PFGNMR	30	4	-	2.1
				30	6	-	3.7
				30	9	-	4.4
	Zawodzinski et	N117		30	14	-	5.8
	al. 1991[80]			30	22	-	*7
				30	3	-	*2
			Proton	30	6	-	*6
			Conductivity	30	9	-	*8
				30	14	-	*12
				30	22	-	*18
	Kreuer	N117	PFGNMR	60	5	-	* 0.1
	1997[105]			60	10	-	*1
				25	2	-	*0.05
	Morris and Sun	N117	Dynamic water uptake	50	2	-	*0.15
	1993[81]			100	1	-	*0.05
			Dynamic water uptake	32	-	0.05	0.007
				32		0.4	0.67
	Rivin et al.			32		0.6	1.4
	[106]2001	N117	Permeation	32		0.8	1.9
				32		1	2.3
				32		liquid	3.1
			* values read from published curves.		

Table 1 .

 1 7. Water diffusion coefficients in Nafion membranes from literature (continued).

	Author	Nafion	Method	T (°C)	λ	RH	Ds (

10 -6 cm 2 /s)

  

				25	2.8	-	0.1
	Perrin	N112	PFGNMR	25	3.7	-	0.3
	2006[104]			25	7.8	-	2.5
				25	16.5	-	5.9
				40	-	0.4	*2
				40	-	0.6	*3.5
				40	-	0.8	*5.5
	Kidena et al.	NR-212	PFGNMR	80	-	0.4	*3.25
	2010[71]			80	-	0.6	*6.4
				80	-	0.8	*10.4
			Proton Conductivity	40	-	0.4	*3.6
				80	-	0.4	*7.5
			* values read from published curves.		

Table 1 .

 1 8: Reported proton conductivity of Nafion membranes from literature.

	Author	Nafion	Pre-treatments	Method	T(°C)	RH	σ (S/cm)	σ (S/cm)
							vapor	water
			E form		30	1	**0.064 IP	-
	Sone et al.	N117	N form	4-p, AC-i	30	1	**0.040 IP	-
	1996[110]		S form	10Hz-100kHz	30	1	**0.023 IP	-
			FS form		30	1	**0.018 IP	-
		N117	H2O2. 2wt%, h, 80°C, 2 h	4-p, DC-i	25	-	-	*0.16 TP
		N115	DIw, r	hy, H2SO4	25	-	-	*0.134 TP
	Slade et al.	N112	H2SO4. 0.5M, s', 48 h		25	-	-	*0.08 TP
	2002[111]	MEA-N117	DIw, r	in-situ	25	-	-	*0.113 TP
		MEA-N115	H2SO4. 0.02M, b, 1 h	PEMFC	25	-	-	*0.107 TP
		MEA-N112	DIw, r		25	-	-	*0.073 TP
		N117			25	λ=13	0.048±1 TP	-
		N115	H2O2. 3wt%, b/DIw, r	AC-DC-i	25	λ=13	0.033±2 TP	-
	Silva et al.	N112	HNO3. 20wt%, b	100-1kHz	25	λ=13	0.023±1 TP	-
	2004[112]	N117	DIw, r, 1 h	hy, H2SO4	65	λ=13	0.079±1 TP	-
		N115			65	λ=13	0.045±2 TP	-
		N112			65	λ=13	0.031±1 TP	-
			untreated		120	0.9	*0.18 IP/0.10 TP	-
	Casciola et	N117	h, 120°C, RH = 0.95		120	0.9	0.075 TP	-
	al.		h, 120°C, RH = 0.3, P,	4-p, i, 100kHz	120	0.9	*0.16 IP/0.079 TP	-
	2006[113]		60kg/cm 2					
			h, 120°C, RH = 0.95, P,		120	0.9	*0.061 IP/0.013 TP	-
			97kg/cm 2					
				AC-i, 100-				
	Xie et al.		not	10MHz				
	2006[114]	N115	reported	4-p wire	22	-	-	0.086 IP
				4-p strip	22	-	-	0.088 IP
				2-p strip	22	-	-	0.092 IP
					5	-	-	0.085 IP
					20	-	-	0.111 IP
			E-form	4-p, AC-i	30	-	-	0.121 IP
				1Hz-65kHz	50	-	-	0.160 IP
	Onishi et al.	N117			65	-	-	0.199 IP
	2007[85]				80	-	-	0.223 IP
					5	-	-	0.050 IP
					18	-	-	0.059 IP
			d, 108°C, RH = 0.2, 30min		30	-	-	0.078 IP
					50	-	-	0.108 IP
					65	-	-	0.159 IP
					80	-	-	0.185 IP

b: boiling ; r: rinsing ; h: heating; d: drying; hy: hydrated; DIw: distilled water; P: pressure; p: probe; i: impedance; IP: in-plane measurement; TP: through-plane measurement; s': soaked; M: mol/litre; * read from published curves; ** calculated from phenomenological equations.

Table 1 .

 1 9: Reported proton conductivity of Nafion membranes from literature (continued).

	Author	Nafion	Pre-treatments	Method	T(°C)	RH	σ (S/cm)	σ (S/cm)
							vapor	water
	Alvarez-		H2O2. 3wt%, b/DIw, b		0	-	-	*0.044 IP
	Gallego and	N117	H2SO4. 0.5M, b/DIw, s, 24	4-p, AC-i	25	-	-	*0.076 IP
	de Heer		h					
	2009[115]	NR-212	As-received	1Hz-1MHz	0	-	-	*0.047 IP
			DIw, s, 24 h		25	-	-	*0.077 IP
			As-received		25	-	-	*0.070 IP
					60	-	-	*0.125 IP
	Peron et al.	NR-211			100	-	-	*0.180 IP
	2010[101]		vd, 80°C, 15 h		25	-	-	*0.070 IP
					60	-	-	*0.140 IP
					100	-	-	*0.180 IP
					40	0.6	*0.025 IP	-
					40	0.9	*0.125 IP	-
	Kidena et al.	NR-212	H2SO4. 2M, h, 80°C, 2 h	4-p, AC-i	60	0.6	*0.05 IP	-
	2010[71]		DIw, h, 80°C, 2 h	10Hz-100kHz	60	0.9	*0.14 IP	-
			d, 80°C, 1 h		80	0.6	*0.065 IP	-
					80	0.9	*0.17 IP	-

b: boiling ; r: rinsing ; h: heating; d: drying; vd: vacuum dry; DIw: distilled water; p: probe; i: impedance; IP: in-plane measurement; M: mol/litre; * read from published curves.

Table 1

 1 

	Authors	Membrane	Method	Membrane	T(°C)	E (MPa)
				condition		
	Werner et al.	N117	Strain rate: 0.20/min in	d, 200°C	25	**100
	1996[126]		machine direction	Humidified	25	**50
					27	islope= 2
					60	islope= 1.47
				As-received	90	islope= 0.44
				(untreated)	120	islope= 0.05
					150	islope= 0.03
			Preload force: 0.005N		180	islope= 0.02
	Kawano et al.	N117	Soak time: 1 min		27	islope= 2.10
	2002[118]		Force ramp rate:		60	islope= 1.76
			0.500N/min	d, 70°C, 24 h	90	islope= 0.80
			Upper force: 18.00 N		120	islope= 0.13
					150	islope= 0.04
					180	islope= 0.02
	Kundu et al.	Solution cast N117	Preload force: 0.1N	Water soaked	80	*45
	2005[127]	Solution cast N112	Strain rate: 0.001/min Strain: 0.015-0.024	Water soaked	80	*35

.10 and Table 1.11 report a summary of the Young modulus of Nafion taken from the literature. Table 1.10. Reported Young modulus of Nafion membranes from literature. d: drying; ** slope calculated from published curves; islope: initial slope (MPa/strain); * read from published curves.

Table 1 .

 1 11: Reported Young modulus of Nafion membranes from literature (continued).

	Authors	Membrane	Method	Membrane	T(°C)	E (MPa)
				condition		
	Fujimoto et al.			Ambient		200
	2005[128]	N117	Strain rate: 0.17/min	Water soaked		52
			Strain rate: 0.7/min	RH = 0.4		270 ± 4
			Strain rate: 0.3/min	RH = 0.4		253 ± 7
	Liu et al.		Strain rate: 0.12/min	RH = 0.4		256 ± 18
	2006[129]					
			Strain rate: 0.07/min	RH = 0.4		263 ± 10

  Chapter 1 the fuel cell system. The main objective of the last part of this thesis is to characterize alternative membranes as Nafion/zirconia (ZrO2) composite membranes developed by the Functional Ceramics Group at West Virginia University, USA. The working cooperation between the two laboratories emerged from an assembled research work with Dr. Edward Sabolsky around five years on the processing of new piezoelectric materials for spacecrafts and new ceramic materials for solid oxide fuel cell (SOFC) at NexTech Materials, Ohio, USA.This study is proposed in Chapter 5. Then, the results will be compared with those of unmodified Nafion in terms of water sorption, proton conductivity and tensile-stress tests. This study will serve as a reference for designing new membranes and/or new PEMFC systems able to work at high temperature and low humidity conditions.[41] Ahmad, H., Kamarudin, S. K., Hasran, U. A., and Daud, W. R. W., Overview of hybrid membranes for direct-methanol fuel-cell applications, International Journal of Hydrogen Energy, Vol. 35, No. 5, 2010, pp. 2160-2175.[42] Dillet, J., Lottin, O., Maranzana, G., Didierjean, S., Conteau, D., and Bonnet, C., Direct observation of the two-phase flow in the air channel of a proton exchange membrane fuel cell and of the effects of a clogging/unclogging sequence on the current density distribution, Journal
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Table 2 . 1 :

 21 Saturated saline solutions and corresponding equilibrium relative humidity (RH) as a function of temperature.

	Salt	LiCl	MgCl2		KCO3		NaBr
	T(°C)	RH1	RH2		RH3		RH4
	20	0.113±0.003 a	0.330±0.002 a	0.432±0.003 a	0.591±0.004 a
	20	0.094±0.010 b	0.315±0.002 b	0.434±0.002 b	0.563±0.002 b
	30	0.113±0.002 a	0.324±0.001 a	0.431±0.005 a	0.560±0.004 a
	40	0.112±0.002 a	0.316±0.001 a	0.403±0.002 b	0.532±0.004 a
	50	0.111±0.002 a	0.305±0.001 a	0.403±0.002 b	0.509±0.006 a
	60	0.110±0.003 a	0.293±0.002 a	0.403±0.002 b	0.497±0.008 a
	70	0.108±0.003 a	0.278±0.003 a	0.403±0.002 b	0.497±0.011 a
	80	0.105±0.004 a	0.261±0.003 a	0.390±0.007 b	0.514±0.015 a
	Salt	KI	NaCl	KCl	Ca(H2PO4)2•H2O	K2SO4
	T(°C)	RH5	RH6	RH7	RH8		RH9
	20	0.700±0.003 a 0.755±0.001 a 0.851±0.003 a	0.936±0.003 b		0.980±0.005 a
	20	0.673±0.011 b 0.740±0.001 b 0.833±0.004 b	0.921±0.002 b		0.968±0.004 b
	30	0.679±0.002 a 0.751±0.001 a 0.836±0.003 a	0.936±0.003 b		0.970±0.004 a
	40	0.661±0.002 a 0.747±0.001 a 0.823±0.003 a	0.936±0.003 b		0.964±0.004 a
	50	0.645±0.003 a 0.744±0.002 a 0.812±0.003 a	-		0.958±0.005 a
	60	0.631±0.003 a 0.745±0.003 a 0.803±0.004 a	-		0.953±0.008 b
	70	0.619±0.004 a 0.751±0.005 a 0.795±0.006 a	-		0.953±0.008 b
	80	0.610±0.005 a 0.763±0.007 a 0.789±0.008 a	-		0.915±0.003 b

Table 3 .

 3 

	1: Measured values of c* and λ* for Nafion N115 dried at Tdry = 60°C, 80°C and 100°C during
	24 hours.								
			best linear fit			1/9 slope fit	
	Tdry (°C)	c	*	λ	*	c	*	λ	*
	60	0.037	2.36	0.016	0.97
	80	0.033	2.09	0.014	0.89
	100	0.028	1.79	0.015	0.92

Table 3 . 2

 32 

				T = 30°C	T = 60°C	T = 80°C	T = 100°C
		T dry	C °= 30	21.87±0.60 22.52±0.60 22.70±0.61 22.44±0.60
	N115	T dry T dry	C °= 60 C 80 °=	18.59±0.53 21.20±0.54 23.15±0.55 24.04±0.55 14.04±0.57 18.32±0.60 21.06±0.61 22.79±0.62
		T dry	C °= 100	12.74±0.60 16.17±0.61 18.98±0.63 21.36±0.64
				T = 30°C	T = 60°C	T = 80°C	T = 100°C
		T dry	C °= 30	27.35±1.30 28.47±1.32 28.94±1.32 28.62±1.32
	NRE212	T dry T dry	C °= 60 C 80 °=	22.96±1.23 26.52±1.26 28.37±1.28 29.92±1.30 14.34±1.21 19.91±1.27 24.90±1.33 26.71±1.35
		T dry	C °= 100	13.86±1.14 19.73±1.20 23.78±1.29 24.71±1.31

: Water sorption (λ) as a function of temperature T and drying conditions Tdry.

Table 3 .

 3 3: Water sorption (λ) as a function of relative humidity RH, temperature T and drying conditions Tdry (The values of RHi are given in chapter 2 as a function of temperature T).

				N115 T = 30°C						NRE212 T = 30°C
		T dry	C °= 60	T dry	C °= 80	T dry	C °= 100		T dry	C °= 60	T dry	C °= 80	T dry	C °= 100
	RH1	3.32±0.45	3.20±0.49	2.47±0.48	RH1	6.32±1.73	7.31±1.38	5.91±1.37
	RH2 4.69 ±0.43	4.47±0.47	3.99±0.46	RH2	8.04±1.40	7.66±1.17	7.19±1.21
	RH3	5.41±0.42	5.36±0.47	4.41±0.43	RH3	8.10±1.39	8.17±1.21	8.14±1.27
	RH4	6.40±0.44	6.13±0.47	5.20±0.43	RH4	9.02±1.43	8.82±1.21	9.06±1.17
	RH5	7.43±0.44	6.98±0.47	5.92±0.45	RH5	8.71±1.09	9.30±1.26	9.40±1.22
	RH6	8.43±0.43	7.63±0.46	6.62±0.45	RH6	8.58±1.13	10.23±1.19	10.22±1.20
	RH7	9.64±0.41	8.73±0.44	7.63±0.44	RH7 10.74±1.24 12.15±1.18	11.41±1.17
	RH8 14.33±0.62 10.81±0.46	8.38±0.44	RH8 11.87±1.24 12.16±1.06	12.93±1.29
	RH9 16.44±0.42 13.00±0.43	11.48±0.45	RH9 19.76±1.45 16.65±1.09	17.13±1.19
				N115 T = 60°C						NRE212 T = 60°C
		T dry	C °= 60	T dry	C °= 80	T dry	C °= 100		T dry	C °= 60	T dry	C °= 80	T dry	C °= 100
	RH1	2.72±0.66	1.92±0.48	1.65±0.47	RH1	4.02±1.69	3.76±1.32	0.95±1.38
	RH2	3.25±0.63	2.42±0.48	2.41±0.45	RH2	6.12±1.40	3.66±1.17	2.75±1.21
	RH3	4.44±0.65	3.78±0.46	2.97±0.43	RH3	6.16±1.39	3.75±1.21	3.24±1.25
	RH4	4.74±0.71	3.98±0.47	3.29±0.43	RH4	6.77±1.42	4.11±1.21	4.52±1.17
	RH5	6.21±0.60	4.90±0.47	4.93±0.45	RH5	5.36±1.05	3.78±1.25	5.24±1.22
	RH6	7.67±0.43	6.45±0.46	6.10±0.45	RH6	8.97±1.06	4.60±1.20	6.14±1.20
	RH7	8.25±0.41	6.51±0.43	6.94±0.44	RH7	9.71±1.24	6.84±1.19	6.30±1.17
	RH9 15.71±0.43 11.91±0.43	11.37±0.45	RH9 16.91±1.45	9.54±1.08	12.03±1.19
		T dry	C °= 60	N115 T = 80°C C 80 T dry °=	T dry	C °= 100		T dry	C °= 60	NRE212 T = 80°C C 80 T dry °= T dry	C °= 100
	RH1	1.10±0.43	1.06±0.48	1.85±0.53	RH1	2.08±1.67	2.39±1.32	-0.47±1.24
	RH2	2.03±0.42	1.80±0.48	2.55±0.45	RH2	4.24±1.40	2.51±1.17	0.21±1.21
	RH3	2.88±0.42	2.94±0.46	2.96±0.43	RH3	3.33±1.39	2.58±1.21	0.19±1.24
	RH4	3.66±0.44	3.33±0.47	3.14±0.43	RH4	3.71±1.43	3.86±1.21	1.81±1.18
	RH5	3.96±0.44	3.47±0.46	4.17±0.45	RH5	3.95±1.07	3.36±1.26	1.73±1.21
	RH6	5.46±0.43	5.97±0.46	5.48±0.45	RH6	5.98±1.07	4.22±1.19	3.10±1.21
	RH7	6.46±0.41	5.36±0.43	5.73±0.44	RH7	5.43±1.24	4.85±1.18	2.94±1.16
	RH9 12.94±0.43 11.42±0.43	11.13±0.45	RH9 10.22±1.45	7.92±1.09	6.77±1.18
				N115							
				T dry	C °= 60							
		T = 40°C	T = 50°C	T = 70°C					
	RH1 2.81±0.44	2.58±0.44	1.12±0.43					
	RH2 4.10±0.43	3.89±0.42	2.26±0.43					
	RH3 4.86±0.42	4.64±0.42	3.10±0.42					
	RH4 5.55±0.44	5.11±0.44	3.68±0.44					
	RH5 6.79±0.44	6.11±0.44	5.07±0.44					
	RH6 7.79±0.43	7.52±0.43	6.58±0.43					
	RH7 8.99±0.42	8.45±0.42	7.30±0.42					
	RH8 14.22±0.62									
	RH9 16.00±0.42 15.78±0.42 13.11±0.43					

Table 3 . 4 :

 34 Proton conductivity σ (S/cm) as a function of relative humidity RH, temperature T and drying conditions Tdry.

			N115 T = 30°C					NRE212 T = 30°C		
	T dry	C °= 60	T dry	C °= 80	T dry	C °= 100	T dry	C °= 60	T dry	C °= 80	T dry	C °= 100
	RH	σ	RH	σ	RH	σ	RH	σ	RH	σ	RH	σ
	0.20 0.002 0.24 0.002 0.22 0.001	0.20 0.003 0.21 0.001 0.23 0.002
	0.30 0.005 0.36 0.006 0.34 0.004	0.30 0.006 0.30 0.003 0.33 0.005
	0.40 0.009 0.41 0.008 0.39 0.006	0.40 0.010 0.39 0.006 0.41 0.008
	0.50 0.013 0.48 0.010 0.50 0.009	0.50 0.016 0.48 0.010 0.50 0.013
	0.60 0.019 0.56 0.014 0.59 0.014	0.60 0.023 0.55 0.014 0.58 0.017
	0.70 0.027 0.65 0.019 0.68 0.019	0.70 0.032 0.64 0.020 0.65 0.022
	0.80 0.038 0.73 0.025 0.77 0.025	0.80 0.045 0.72 0.027 0.73 0.028
	0.90 0.053 0.76 0.028 0.80 0.028	0.90 0.062 0.75 0.031 0.76 0.032
	0.950 0.063					0.95 0.073				
			N115 T = 60°C					NRE212 T = 60°C		
	T dry	C °= 60	T dry	C °= 80	T dry	C °= 100	T dry	C °= 60	T dry	C °= 80	T dry	C °= 100
	RH	σ	RH	σ	RH	σ	RH	σ	RH	σ	RH	σ
	0.19 0.003 0.19 0.002 0.20 0.003	0.20 0.004 0.19 0.003 0.20 0.003
	0.29 0.007 0.29 0.005 0.29 0.006	0.30 0.008 0.30 0.007 0.30 0.007
	0.39 0.013 0.39 0.010 0.40 0.011	0.40 0.015 0.40 0.014 0.40 0.013
	0.49 0.020 0.50 0.016 0.50 0.018	0.50 0.024 0.50 0.024 0.50 0.020
	0.59 0.029 0.60 0.025 0.60 0.027	0.60 0.035 0.61 0.035 0.60 0.030
	0.70 0.040 0.70 0.035 0.71 0.038	0.70 0.049 0.71 0.049 0.71 0.044
	0.80 0.056 0.79 0.048 0.80 0.051	0.80 0.066 0.80 0.068 0.81 0.061
	0.89 0.073 0.89 0.065 0.89 0.068	0.90 0.094 0.90 0.094 0.89 0.084
	0.92 0.082 0.91 0.072 0.91 0.076	0.95 0.123 0.91 0.104 0.91 0.093
			N115 T = 80°C					NRE212 T = 80°C		
	T dry	C °= 60	T dry	C °= 80	T dry	C °= 100	T dry	C °= 60	T dry	C °= 80	T dry	C °= 100
	RH	σ	RH	σ	RH	σ	RH	σ	RH	σ	RH	σ
	0.20 0.004 0.20 0.004 0.20 0.004	0.20 0.006 0.21 0.005 0.20 0.005
	0.30 0.010 0.32 0.010 0.32 0.010	0.30 0.012 0.32 0.013 0.31 0.012
	0.40 0.017 0.42 0.018 0.43 0.018	0.40 0.021 0.43 0.022 0.42 0.021
	0.50 0.026 0.54 0.029 0.53 0.028	0.50 0.031 0.54 0.036 0.53 0.035
	0.60 0.038 0.64 0.042 0.64 0.041	0.60 0.045 0.65 0.052 0.63 0.051
	0.70 0.051 0.74 0.058 0.75 0.057	0.70 0.063 0.76 0.074 0.74 0.072
	0.80 0.071 0.85 0.081 0.85 0.077	0.80 0.083 0.85 0.098 0.84 0.099
	0.90 0.109 0.92 0.100 0.92 0.097	0.90 0.121 0.89 0.116 0.89 0.120
	0.95 0.131 0.93 0.100 0.92 0.103	0.95 0.146 0.93 0.150 0.92 0.146

Table 3 . 5 :

 35 Proton conductivity σ (S/cm) as a function of RH and T of N115 (top) and NRE212(bottom) dried at 60°C.

		N115
		T dry	C °= 60
	RH	40°C 50°C 70°C 100°C RH 110°C
	0.20 0.002 0.003 0.004 0.005 0.30 0.013
	0.30 0.006 0.007 0.009 0.011 0.39 0.022
	0.40 0.010 0.012 0.016 0.018 0.49 0.035
	0.50 0.016 0.019 0.024 0.028 0.53 0.039
	0.60 0.024 0.028 0.035 0.041 0.58 0.046
	0.70 0.033 0.039 0.047 0.056 0.60 0.049
	0.80 0.046 0.054 0.063 0.074 0.63 0.053
	0.90 0.063 0.075 0.095 0.103 0.68 0.061
	0.95 0.076 0.084 0.111 0.126 0.74 0.068
		NRE212
		T dry	C °= 60
	RH	40°C 50°C 70°C	RH 100°C RH 110°C
	0.20 0.003 0.003 0.004 0.20 0.006 0.20 0.007
	0.30 0.007 0.007 0.010 0.25 0.008 0.25 0.010
	0.40 0.012 0.013 0.018 0.30 0.012 0.30 0.014
	0.50 0.019 0.020 0.027 0.35 0.016 0.35 0.018
	0.60 0.028 0.029 0.040 0.40 0.023 0.40 0.023
	0.70 0.039 0.041 0.054 0.45 0.028 0.45 0.029
	0.80 0.053 0.057 0.076 0.50 0.034 0.50 0.036
	0.90 0.074 0.085 0.118 0.55 0.041 0.54 0.040
	0.95 0.088 0.107 0.144 0.60 0.048
			0.70 0.063

Table 3 . 6

 36 The maximal systematic error in the measurement of Ds is estimated to ±5%.

	T dry	C °= 60		T dry	C °= 80		T dry	C °= 100	
	λ	Ds		λ	Ds		λ	Ds	
	14.20	4.614		13.23	3.992		11.73	3.500	
	12.99	4.201		12.68	3.868		11.00	3.253	
	10.31	3.333		11.68	3.457		10.66	3.120	
	9.27	2.972		10.95	3.375		9.51	2.768	
	8.33	2.629		10.28	3.017		8.72	2.377	
	7.35	2.103		9.65	2.847		7.53	1.803	
	6.18	1.618		8.98	2.643		7.07	1.669	
	5.14	1.053		7.76	2.090		6.21	1.227	
	3.58	0.442		6.61	1.731		5.47	0.893	
	2.90	0.195		5.58	1.084		5.06	0.682	
				4.46	0.623				
				Fitting parameters (Eq 11)			
	α	β	λ0	α	β	λ0	α	β	λ0
	0.330 0.440 2.515 0.305 0.530 3.386 0.312 0.411 3.700

: Water self-diffusion coefficient in Nafion N115 at 25°C (10 -6 cm 2 /s). *

Table 3 .
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	7: Mechanical parameters of N115 and NRE212 at 25°C, as a function of drying
	temperature.					
			N115	NRE212
			Young modulus	Plastic modulus	Young modulus	Plastic modulus
			E (MPa)	(MPa)	E (MPa)	(MPa)
	T dry	C °= 60	98±4	5.6±0.4	127±8	4.3±0.4
	T dry	C °= 80	117±10	5.7±0.4	131±21	5±0.4
	T dry	C °= 100	118±8	6.1±0.7	146±6	5.1±0.3
	T dry	C °= 110	134±14	6.4±0.8	155±11	5.8±0.3

Table 3 . 8 :

 38 Water sorption in Nafion. Fitting parameters for 0.2<RH<0.95 (Eq 12).

			N115					NRE212	
			T dry	C °= 60				T dry	C °= 60	
	T(°C)	a	b	c	d	T(°C)	a	b	c	d
	30	3.074	4.402	0.0124	6.7795	30	7.122	1.440	0.00015 11.3832
	40	2.627	4.196	0.0130	6.7970	60	4.291	3.533 0.002007 8.8565
	50	2.366	4.550	0.0052	7.7760	80	2.416	2.753 0.000135 11.5490
	60	1.966	5.528	0.0019	8.8045					
	70 80	0.769 0.759	4.376 4.944 0.00016 11.7430 0.0453 5.4310	30	6.831	T dry 2.884	C °= 80 0.004	7.7150
			T dry	C °= 80		60 80	3.355 2.451	0.750 0.850	0.0073 0.0030	6.9680 8.0448
	30	2.723	5.483	0.0020	7.9452					
	60 80	1.1076 5.887 0.00015 10.9637 0.653 4.872 0.00012 11.8375	30	5.852	T dry 3.999	C °= 100 0.008	6.8519
			T dry	C °= 100		60 80	1.897 0.015	3.594 1.524	0.0075 0.0074	7.1050 7.1830
	30	2.053	5.429 0.00011 10.6731					
	60	1.300	5.121	0.0003 10.3002					
	80	1.616	3.180	0.0006 10.1036					

Table 3 .

 3 9: Proton conductivity of Nafion as a function of RH. Fitting parameters for 0.2<RH<0.95 (Eq 13).

			N115					NRE212	
			T dry	C °= 60				T dry	C °= 60	
	T (°C)	e	f	g	h	T (°C)	e	f	g	h
	30	-0.0111	0.0860	-0.1477	0.1464	30	-0.0080	0.0670	-0.1018	0.1266
	40	-0.0107	0.0850	-0.1390	0.1519	40	-0.0119	0.0948	-0.1535	0.1725
	50	-0.0052	0.0474	-0.0512	0.1065	50	-0.0258	0.2043	-0.4026	0.3498
	60	-0.0088	0.0730	-0.1007	0.1407	60	-0.0285	0.2223	-0.4217	0.3690
	70	-0.0204	0.1645	-0.2947	0.2808	70	-0.0347	0.2800	-0.5586	0.4846
	80	-0.0291	0.2361	-0.4609	0.4098	80	-0.0271	0.2232	-0.4031	0.3766
	100 -0.0230	0.1841	-0.3150	0.3000	100	0.0061	-0.0552	0.2958	-0.1455
	110 -0.0223	0.2100	-0.3982	0.3985	110 -0.0033	0.0549	-0.0492	0.1875
			T dry	C °= 80				T dry	C °= 80	
	30	-0.0067	0.0482	-0.0647	0.0800	30	-0.0042	0.0286	-0.0368	0.0803
	60	-0.0067	0.0568	-0.0840	0.1262	60	-0.0154	0.1272	-0.2294	0.2524
	80	-0.0061	0.0523	-0.0394	0.1166	80	-0.0462	0.3589	-0.6981	0.5699
			T dry	C °= 100				T dry	C °= 100	
	30	-0.0048	0.0346	-0.0464	0.0681	30	-0.0074	0.0494	-0.0629	0.0857
	60	-0.0085	0.0701	-0.1078	0.1429	60	-0.0150	0.1234	-0.2309	0.2445
	80	-0.0132	0.1079	-0.1623	0.1932	80	-0.0330	0.2657	-0.5073	0.4579

Table 3 .

 3 

		N115					NRE212	
		T dry	C °= 60			T dry	C °= 60
	T (°C)	α		β	λ0	T(°C)	α		β	λ0
	30	0.00426	0.476	3.856	30	0.0047	1.273	7.396
	40	0.00514	0.595	3.385	60	0.0073	0.632	4.950
	50	0.00590	0.736	3.204	80	0.0134	1.200	2.923
	60	0.00644	0.606	2.947			
	70	0.0083	0.724	1.430			
	80	0.0112	0.748	1.546			

10: Proton conductivity of Nafion as a function of λ. Fitting parameters (Eq 11).

Table 4 .

 4 1: Aging conditions applied on N115. The relative humidity corresponding to each salt solution (RH2-RH9) slightly depends on temperature.

	Pre-treatment				Aging parameters		
	Drying	T		Relative humidity		In	Maximal
	T (°C)	(°C) RH2 RH3 RH4 RH5 RH6 RH7 RH8 RH9	water	exposure (days)
	60	60	0.29 0.40 0.50 0.63 0.74 0.80 0.93 0.95	√	800
	60	80	0.28		0.79	0.91	√	400
	80	80	0.28	0.51	0.79	0.91		400

Table 4 .

 4 2: Water content of N115 at 60°C and different RH at different times.

	c	(%)	of N115 at T = 60°C

Table 4 .

 4 3: Normalized loss of water content in N115.

						% loss of c at T = 60°C			
	day	0	21	42	81	120	172	248	326	393	806
	RH2	0	5	14	14	14	14	20	34	29	62
	RH3	0	-	-	-	-	3	4	16	23	44
	RH5	0	-	-	-	-	11	9	14	8	29
	RH6	0	-	-	-	-	26	29	31	28	-
	RH7	0	13	16	17	20	25	27	33	28	28
	RH8	0	-	-	-	-	24	25	34	19	29
	RH9	0	3	3	6	11	22	22	26	19	25

Table 4 . 4 :

 44 Water content of N115 at 80°C and different RH at different times.

	c	(%)	of N115 at T = 80°C

Table 4 .

 4 5: Normalized loss of water content in N115.

				% loss of c at T = 80°C		
	day 0	30	50	80	100	120	277	402
	RH2 0	10	17	5	20	10	12	42
	RH7 0	-5	12	12	14	14	10	26
	RH9 0	-2	1	1	3	2	0	8

Table 4 .

 4 

	6: Comparison of the values of	c	0 ( c / ) t	of N115 aged at 60°C and 80°C.
	Aging time	c	0 ( c / ) t	at 60°C	c	0 ( c / ) t	at 80°C
	(days)	RH2		RH7	RH2	RH7
	80	0.86		0.83	0.95	0.88
	120	0.86		0.80	0.90	0.86
	393-400	0.71		0.72	0.58	0.74

Table 4 . 7 :

 47 Water content of N115 at 80°C and different RH at different times.

				c	(%)	of N115-Tdry80°C at T = 80°C
	day	0		30			40	80	142	371
	RH2	2.9±0.5	1.1±0.5		1±0.5	1±0.5	0.8±1.4	0.2±1.4
	RH4	5.2±0.5	3.9±0.5		3.4±0.5	3.1±0.5	3.2±1.5	2.7±1.4
	RH7	8.1±0.5	5.4±0.4		6.5±0.5	6.5±0.5	7.2±1.3	5.7±1.4
		Table 4.8: Normalized loss of water content in N115.
				% loss of c at T = 80°C (Tdry80°C )
		day		0	30	40	80	142	371
		RH2	0	61	67	64	73	93
		RH4	0	24	35	40	37	48
		RH7	0	33	19	19	10	29

Table 4 .

 4 10: Normalized loss of water content in N115.

		% loss of c at T = 60°C
	day	0	36	114	338
		~0	0	3	5
		% loss of c at T = 80°C
	day	0	36	114	338
		~0	0	10	7

Table 4 .

 4 

	11: Mechanical parameters of N115 exposed at 60°C and 80°C and RH7 for a long period of
	time.						
		Mechanical parameters of N115 at T = 23°C, RH = 0.38	
	Aging conditions N115 T°C, RH	Time (days)	Strain to failure (%)	Stress to failure (MPa)	E (MPa) curve	E a (MPa) Eq 3
	N115 -ref	-	0	433±27	26±2	67±3	-
	N115 (1)	60, 0.8	256	342±20	30±1	-	121±20
	N115 (2)	60, 0.8	714	407±43	31±2	-	93±8
	Aging conditions N115 T°C, RH	Time (days)	Strain to failure (%)	Stress to failure (MPa)	E (MPa) curve	E a (MPa) Eq 3
	N115 -ref	-	0	433±27	26±2	67±3	-
	N115 (3)	80, 0.8	277	445±25	27±1	-	88±7
	N115 (4)	80, 0.8	324	349±73	28±5	-	70±6

Table 4 .

 4 12: Mechanical values of N115 exposed at 60°C and 80°C in liquid water for a long period of time.

	Mechanical parameters of saturated N115 at T = 23°C, RH = 0.38
	N115	Aging conditions T°C	Time (days)	Strain to failure (%)	Stress to failure (MPa)	E a (MPa) Eq 3
	N115 -ref	60, in water	0	213±33	21±1	25±5
	N115 (5)		60, in water	338	147±57	19±6	51±16
	N115	Aging conditions T°C	Time (days)	Strain to failure (%)	Stress to failure (MPa)	E a (MPa) Eq 3
	N115 -ref	80, in water	0	173±29	19±5	20±2
	N115 (6)		80, in water	338	126±58	19±6	43±25

Table 4 .

 4 13: Losses (%) of water sorption and proton conductivity of Nafion N115 at 60°C, caused by drying pre-treatment and by hygrothermal aging effects.

		% of losses due to drying effect				% of losses due to aging effect	
	Measurements	(Tdry = 80°C and 100°C)		(60°C, RH = 0.29, RH = 0.8, 393 aging days)
	parameters	λ / ∆	λ	σ / ∆	σ	∆	λ /	λ	∆	σ /	σ	measured	∆	σ /	σ	expected
	60°C, RH = 0.29	26		21			29			no variation			~23
	60°C, RH = 0.8	19		12			28			no variation			~18

Table 4 .

 4 14: Evolution of water content at 60°C of regenerated N115 in acid solution.

				-unaltered	c	(%)	-393 aging days	c	(%)	re-acidified
	RH6-1		9.4 ±0.5			7.7±0.5		8.5±0.5
	RH6-2			9.8±0.4			8±0.4		8.8±0.4
	RH	c	(%)	-unaltered	c	(%)	-806 aging days	c	(%)	re-acidified
	RH5-1			9.4±0.7			6.5±0.6		9.6±0.5
	RH5-2			9.3±0.6			6.6±0.6		9.8±0.5
	RH8-1		18.4±0.7			12.9±0.7		14.9±0.7
	RH8-2		18.6±0.7			14.1±0.7		15.9±0.7
	RH	c	(%)	-unaltered	c	(%)	-861 aging days	c	(%)	re-acidified
	RH9-1		19.9±0.4			14.8±0.4		20.4±0.4
	RH9-2		19.8±0.5			14.8±0.5		20.9±0.5

RH

(%) c

Table 4 .

 4 15: Evolution of water content of regenerated N115 in water.

	RH	c	(%)	-unaltered	c	(%)	-120 aging days	c	(%)	re-hydrated
	RH2 -1			5.1±0.4				3.7±0.4			6±0.4
	RH2 -2			5.2±0.4				3.9±0.4		5.4±0.4
	RH	c	(%)	-unaltered	c	(%)	-806 aging days	c	(%)	re-hydrated
	RH7-1		11.9±0.5				8.6±0.5		11.8±0.5
	RH7-2		11.4±0.5				9.2±0.5		11.6±0.5
	RH	c	(%)	-unaltered	c	(%)	-1072 aging days	c	(%)	re-hydrated
	RH9-1		20.3±0.5				10.9±0.5		19.7±0.5
	RH9-2		21.4±0.5				11.8±0.5		19.9±0.5
	RH9-3		19.6±0.5				11.8±0.5		20.3±0.5

Table 4 .

 4 16: Results of hygrothermal aging in Nafion membranes from this study, compared to results obtained by Collette et al.[1].

Table 5 . 1 :

 51 Saturated water vapor pressure and molar water fraction required at 120°Cand 80°C to reach an ionic conductivity in Nafion of the order of 0.01 S/cm.

		Temperature	Conductivity		Saturated water vapor pressure	Molar water fraction
		(°C)		(S/cm) at RH = 0.3	(bars) -Eq 1	(mol/mol) -Eq 2
		120			0.01			2	0.2
		80			0.01			0.46	0.04
	These results show that an important increase of Nafion hydration is necessary if fuel cells
	operated at 120°C to avoid significant losses in Nafion proton conductivity.
	2	exp	13	669 .	5096	.	23	*	0

Table 5 .

 5 2: Properties of Nafion-oxide composite membranes according to the literature. EW: equivalent weight; d: drying; fh: fully humidified; * values read from published curves.

	Experimental conditions	Results

Table 5 .

 5 3: Properties of Nafion-oxide composite membranes according to the literature (continued).

	Experimental conditions	Results

CD: current density; u: unknown; h: humidified; IEC: ion exchange capacity; wd: water drops; TP: through-plane direction; * values read from published curves.

Table 5 .

 5 5: Mechanical parameters of N115 and N115 composite.

	Mechanical parameters of N115 at T = 23°C, RH = 0.38
	Nafion	Strain to failure (%)	Stress to failure (MPa)	E (MPa) curve
	N115-ref	433±27	26±2	67±3
	N115-ZrO2	415±21	27±1	98±9
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Nevertheless our study clearly shows that the aging effect is not predominant over the water content effect since the observed increase of the Young modulus is moderate: the membrane does not become brittle during the aging process.

Water and protons transport

The ionic conductivity of the Nafion membrane represents its most important property for the fuel cell application. We have already seen in the first chapter of this manuscript that the proton transport is strongly coupled to the quantity of water adsorbed in the structure of the polymer.

In the last sections of the present chapter, we have measured a substantial decrease of the water sorption capacity of N115 exposed to constant (T, RH) conditions for a long time. The mechanical properties are also impacted by the aging, but the observed differences between aged samples and the references are not much significant. In this section, we study the impact of aging on the transport properties of N115 membranes. For this purpose, we performed multiple measurements of the water self-diffusion coefficient and the ionic conductivity following the experimental protocols described in Chapter 2.

Water-self diffusion

Pulsed Field Gradient Nuclear Magnetic Resonance (PFGNMR) is a technique able to probe the mobility of water molecules in the membrane at a scale of a few microns. Because the water selfdiffusion coefficient is reduced in the membrane (compared to bulk water) due to the tortuosity of the diffusion path, any change of the microstructure of the polymer due to aging could then be detected by a variation of this parameter. Figure 4.13 shows the water self-diffusion coefficient measured by PFGNMR at 25°C as a function of the imposed water concentration in pristine N115 and in aged N115 (80°C, RH4 and RH7), for different aging times.

The reference curve (black line "N115-Tdry = 80°C") and the data on the aged samples correspond to one test. Again, we do not observe any significant variation of the conductivity with the aging time, except for the sample aged at RH7 (RH = O.8) over 142 days of exposure. Its decrease in proton conductivity may result from a defect in the sample.

All these measurements tend to show that the decrease of the sorption capacity of N115 is not causing any effect on the ionic conductivity. This result is very surprising considering the fact that the ionic conductivity is strongly dependent on the water content. In Chapter 3 for example, we measured a loss of 26% in λ in a N115 membrane dried at 80°C and 100°C, compared to a reference dried at 60°C (the measurement was performed at 60°C, RH = 0.29, see Table 4.13).

The corresponding drop in proton conductivity was 21%. At RH = 0.8, λ was decreased by 19% and σ by 12%. Here, the aging in the same conditions leads to a decrease of 29% and 28% in λ, respectively, after 393 days but no corresponding drop in σ is detected. We observed an increase of the water content of composite membranes. The sorption is higher in NRE212 composite membranes, as shown in the table below. 

Proton conductivity

RH

Conclusions and perspectives

We performed systematic sorption, transport and mechanical measurements in commercial Nafion N115 and NRE212 membranes. Simple and reproducible experimental protocols allowed us to measure these membrane properties over a wide range of conditions. The primary emphasis was put on the measurement of the effects of the drying temperature (thermal history) on the water content of the membrane, its proton conductivity, the value of the water self-diffusion coefficient, and its correlation with the Young modulus.

We have found from literature that Nafion membranes are treated differently prior to their use in sorption, transport and mechanical studies. Consequently the results showed discrepancies.

The most commonly used pre-treatment consists in boiling the membrane in aqueous solutions and drying from room temperature to very high temperatures. These pre-treatments can alter the physical structure of the membrane and consequently the manner in which the ionic groups are ordered, which can lead to variation in water sorption and other properties.

In order to understand the effect of such pre-treatments and the heterogeneity of results in the literature, Nafion N115 and NRE212 membranes were heat-treated (in term of drying) at different temperatures. We come with the following conclusions:

• When the membrane samples were heat-treated at moderate temperature (60°C < Tdry < 100°C) some residual water stayed strongly attached to the structure of the polymer (λ = 1.5 ± 0.5 in Nafion N115).

• In heat-treated membranes, the sorption capacity was reduced due to the shrinkage of the polymeric structure. This effect was visible in both liquid and vapor phase, increases with the drying temperature, and decreases with the measuring temperature.

Consequently, proton conductivity, water self-diffusion coefficient and mechanical properties were also altered in heat-treated samples due to this drop in sorption capacity. For transport properties these differences vanished when increasing the temperature. When the samples were not heat-treated, the sorption capacity was not a function of temperature.

The effects of the temperature at which the measurements are performed are also sometimes not well documented and understood. Thus, the effects of temperature should be carefully considered when comparing sorption, transport and mechanical properties. For instance, we have seem from the literature review that there exists controversy in the literature about these effects: several researchers found that for a certain relative humidity, water uptake decreases when temperature increases [1,2,3,4] while others reported the treatment procedure that removes a good proportion of the impurities and therefore can slow down or limit the aging.

Finally, this study showed the impact of the long-term storage of Nafion membranes at constant T and RH, and reveals that it is important to follow a pre-treatment procedure in order to avoid any degradation due to hygrothermal aging.

At the end of this thesis work, we characterized Nafion/zirconia (ZrO2) composite membranes developed by the Functional Ceramics Group at West Virginia University, USA. The conclusions of this study were the following:

• The composite membranes present higher water sorption in liquid water and better mechanical property in term of toughness, with respect to unmodified Nafion. However, no difference was observed in term of water sorption in vapor and proton conductivity.

These results are not surprising since the fuel cell characterization realized in West Virginia University demonstrated a decrease in the fuel cell performance compared to unmodified Nafion.

• A possible explanation to this can come from the fabrication process: because of a possible non-uniform dispersion of nanoparticles within Nafion, the samples used for characterization could be non representative in term of zirconia concentration.

Insufficient or saturated concentration of zirconia nanoparticles in the membrane could limit their performance.

• On the other hand, the low performance of the fuel cells tested at West Virginia University could be due to the MEA fabrication process: difficulties in the preparation of the active layers or a possible weak contact between the electrodes.

Although the results are disappointing in term of membrane performance, the characterization of the physical properties of composite membranes helped us to interpret their performance during fuel cell operation.

The results presented in this study illustrated the difficulty to elaborate better membranes than Nafion or PFSA for new generations of PEMFC systems able to work at high temperature and under low humidity conditions.

Finally, the experimental results presented during this thesis work can be used in studies involving water transport, water management and durability, especially for numerical simulation or modelling. More fundamentally, they can help understanding the thermodynamics of sorption and transport phenomena in PFSA membranes
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The overall aim of this PhD thesis was to characterize the properties of commercial Nafion N115 and Nafion NRE212 membranes in term of water sorption, transport, and mechanical properties over a wide range of experimental conditions. Because of the high dispersion of the data in the literature, our primary objective was to gather a comprehensive set of experimental measurements and to compare them with published results. Simple and reproducible protocols allowed us to measure the membrane properties over a wide range of experimental conditions and to study the influence of certain parameters on their evolution. For example, the samples were heat-treated at different temperatures and the effect of thermal history on water sorption, transport and mechanical properties was investigated. Nafion membranes were also exposed to moderate temperature (60°C -80°C) and constant relative humidity (RH = 0.3 to 0.95) for long periods of time, which is known to cause a so-called "hygrothermal aging" resulting in a decrease in their sorption capacity and proton conductivity. Such effects were observed but they appeared to be reversible and without noticeable consequences in term of fuel cell performance.

Our experimental results can be used in studies involving water transport, water management and durability of fuel cells, especially for numerical simulation or modelling. More fundamentally, they can help understanding the thermodynamics of sorption and transport phenomena in PFSA membranes.
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Résumé

L'objectif général de cette thèse de doctorat est de caractériser les propriétés de membranes PFSA de type Nafion N115 et Nafion NRE212 en termes de sorption d'eau, de propriétés de transport et de propriétés mécaniques, sur une large gamme de conditions expérimentales. Nous avons réalisé de très nombreuses mesures afin de comparer les résultats avec les données de la littérature, souvent dispersées. Des protocoles simples et reproductibles nous ont permis de mesurer les propriétés des membranes et d'étudier l'influence de certains paramètres sur leur variation. Les échantillons ont par exemple été séchés à différentes températures et nous avons étudié l'effet de ce prétraitement thermique sur la capacité de sorption, les propriétés de transport et les propriétés mécaniques. Les membranes Nafion ont également été exposées à une température modérée (60°C -80°C) et à une humidité relative constante (RH = 0.3 à 0.95) pendant plusieurs semaines, conditions à l'origine d'un phénomène dit de "vieillissement hygrothermique" qui affecte leur capacité de sorption et leur conductivité protonique. De tels effets ont été observés mais ils se sont révélés réversibles et sans conséquences notables en terme de performances une fois les membranes utilisées en pile à combustible. Nos résultats peuvent être utilisés dans des études impliquant le transport et la gestion de l'eau dans les piles à combustible ainsi que leur durabilité, en particulier pour de la simulation numérique ou de la modélisation. Plus fondamentalement, ils peuvent aider à comprendre la thermodynamique de sorption et les phénomènes de transport dans les membranes PFSA.
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