"Il n'y a pas de raccourci pour aller là où ça ne vaut pas la peine d'y aller." -Beverly Sills

Dedicated to my Mom, Dad and my little sister, and my late aunt Rajshri! Proton exchange membrane fuel cells (PEMFCs) have mainly drawn the attention of the transport sector towards them as they promise a much cleaner fuel option than fossil fuels.

For the automobile industry, PEMFC operation at high current density is of particular interest; although a PEMFC can sustain the high current density operation, it heavily relies on the fuel and oxidant's uninterrupted supply to respective electrodes transported through the gas diffusion layer (GDL) to the catalytic site to perform optimally.

At high current density, the performance of PEMFCs is governed by various coupled transport processes, and it can decline because of poor transport phenomena. These limitations in the transport phenomena increase with the aging of the membrane electrode assembly (MEA) and pose problems such as increased diffusion control of oxygen due to the risk of flooding or poor water management and uneven distribution of the gases.

Various diagnostic techniques are used to evidence the various transport limitations that affect the fuel cell performance; one of the most popular among them is electrochemical impedance spectroscopy (EIS).

Electrochemical impedance spectroscopy is a frequency response analysis (FRA) technique that uses transfer functions between electrical variables to study the system's dynamics typically in the range 10 kHz to 100 mHz. EIS can be used to decouple certain performance losses such as ohmic losses, charge transfer, and kinetic losses at high and moderate frequencies to identify the source of degradation, and to some extent, mass transport limitations in the lower-frequency region.

However, the mass transport processes (such as gas transport and liquid water transport) may have time constants with a comparable order of magnitude (over one second), and using electrical variables to analyze them can lead to observation of coupled or combined processes. Therefore, spectral analysis of an EIS response can lead to poor decoupling and interpretation of transport processes causing misleading conclusions about performance limitations because of poor transport phenomena.

These ambiguities have set the wheels in motion to search for novel diagnostic techniques based on the transfer function between a non-electrical and an electrical variable to decouple and interpret transport processes. This work is dedicated to experimental development and validation of such a diagnostic technique called electrochemical pressure impedance spectroscopy (EPIS), which uses gas pressure as the non-electric variable. In this work, the transfer function between the cathode back-pressure and the cell voltage was analyzed at a constant current density to characterize the transport processes in the fuel cell.

EPIS was performed by applying fluctuations of the gas pressure at the fuel cell cathode outlet in the frequency range 1 mHz -1 Hz to gaze into transport processes.

An experimental bench was designed and set up for reliable EPIS measurements on a single 100 cm 2 UBzM ® FC. Conditions and constraints of pressure modulation in the test bench were thoroughly examined, leading to a standard operation protocol. Following that, preliminary experiments revealed the potential of EPIS in the characterization of the transport processes leading the path towards more experiments to understand various transport phenomena better. EPIS was tested in various operating conditions specifically designed to decouple the two principal transport processes in a fuel cell i.e. (1) gas transport and (2) liquid water transport and its control over gas transport.

For the investigation, the fuel cell was operated with either air or pure oxygen at the cathode while keeping the anode fed with dry hydrogen. For various experimentation, the relative humidity at the cathode inlet was varied and the corresponding EPIS response was recorded. EPIS has shown significant sensitivity towards gas transport in dry conditions, both in terms of impedance modulus and phase shift, especially over 100 mHz. Moreover, EPIS could evidence the poor water management and resulting transport limitations, with air, during experiments with an aged MEA. Whereas, in excess water conditions, most of the variations in the impedance modulus were observed in the lower frequency region, below 100 mHz at around 10 mHz. The phase shift behavior in excess water conditions (variations for frequencies less than 10 mHz) is slightly unclear and would need more investigation.

The presented thesis is a part of ANR-EPISTEL project in collaboration with the Hochschule Offenburg. While the present work is the experimental investigation of EPIS, colleagues at the Hochschule Offenburg are responsible for the modeling approach. Here, the thesis explored the potential of EPIS as a complementary tool to EIS in the low-frequency region as it can evidence the transport phenomena and can decouple them from each other. Based on the literature and observed results, it was hypothesized that the frequency domain 100 mHz to 1 Hz could evidence the gas transport, whereas the water transport limitations can be evidenced in the lower frequency domain 1 to 10 mHz.

Résumé

Les piles à combustible à membrane polymère (PEMFC) ont principalement attiré l'attention du secteur des transports car elles promettent une option de carburant beaucoup plus propre que les combustibles fossiles. Pour l'industrie automobile, le fonctionnement des PEMFC à haute densité de courant présente un intérêt particulier. Bien qu'une PEMFC puisse supporter un fonctionnement à haute densité de courant, elle dépend fortement de l'alimentation ininterrompue du carburant et de l'oxydant aux électrodes, transportés à travers la couche de diffusion gazeuse (GDL) jusqu'aux sites catalytiques, pour fonctionner de manière optimale.

À haute densité de courant, les performances des PEMFC sont régies par divers processus de transport couplés, et elles peuvent diminuer en raison de conditions pénalisantes au transport de gaz et d l'eau. Ces limitations des phénomènes de transport augmentent avec le vieillissement de l'assemblage membrane élecrodes (AME) et posent des problèmes tels qu'un contrôle accru de la diffusion de l'oxygène en raison du risque de noyage ou d'une mauvaise gestion de l'eau et une distribution non-uniforme des gaz à la surface des électrodes. Diverses techniques de diagnostic sont utilisées pour mettre en évidence les différentes limitations de transport qui affectent les performances de la pile à combustible ; l'une des plus populaires est la spectroscopie d'impédance électrochimique (SIE).

La SIE est une technique d'analyse de la réponse en fréquence qui utilise les fonctions de transfert entre les variables électriques pour étudier la dynamique du système, généralement dans la plage de 10 kHz à 100 mHz. La SIE peut être utilisée pour découpler certaines pertes de performance telles que les pertes ohmiques, le transfert de charge et les pertes cinétiques à des fréquences élevées et modérées afin d'identifier la source de la dégradation et, dans une certaine mesure, les limitations du transport de masse dans la région des basses fréquences.

Cependant, les processus de transport de masse (tels que le transport de gaz et le transport d'eau liquide) peuvent avoir des constantes de temps d'un ordre de grandeur comparable (plus d'une seconde), et l'utilisation de variables électriques pour les analyser peut conduire à l'observation de processus couplés ou combinés. Par conséquent, l'analyse spectrale d'une réponse SIE peut conduire à un mauvais découplage et à une mauvaise interprétation des processus de transport, entraînant des conclusions approximatives sur les limitations de performance dues à des phénomènes de transport médiocres.

Ces ambiguïtés ont mis en marche la recherche de nouvelles techniques de diagnostic basées sur la fonction de transfert entre une variable non électrique et une variable électrique pour découpler et interpréter les processus de transport. Ce travail est consacré au développement expérimental et à la validation d'une telle technique de diagnostic appelée la spectroscopie d'impédance électrochimique par pression (EPIS en anglais), qui utilise la pression du gaz comme variable non électrique. Dans ce travail, la fonction de transfert entre la contre-pression de la cathode et la tension de la pile a été analysée à une densité de courant constante afin de caractériser les processus de transport dans la pile à combustible. EPIS a été réalisée en appliquant des fluctuations de pression du gaz à la sortie de la cathode de la pile à combustible dans la gamme de fréquences 1 mHz -1 Hz pour étudier les processus de transport.

Un banc expérimental a été conçu et mis en place pour des mesures EPIS fiables sur une monocellule de 100 cm 2 UBzM ® . Les conditions et les contraintes de la modulation de pression dans le banc d'essai ont été minutieusement examinées, ce qui a conduit à un protocole de fonctionnement standard. Ensuite, des expériences préliminaires ont révélé le potentiel de EPIS dans la caractérisation des processus de transport, ouvrant la voie à d'autres expériences pour mieux comprendre les différents phénomènes de transport. EPIS a été testée dans diverses conditions de fonctionnement spécifiquement conçues pour découpler les deux principaux processus de transport dans une pile à combustible : (1) le transport du gaz et (2) le transport de l'eau liquide et son contrôle sur le transport du gaz.

Pour l'enquête, la pile à combustible a été exploitée avec de l'air ou de l'oxygène pur à la cathode tout en maintenant l'anode alimentée en hydrogène sec. Pour diverses expériences, l'humidité relative à l'entrée de la cathode a été modifiée et la réponse EPIS correspondante a été enregistrée. L'EPIS a montré une sensibilité significative au transport de gaz dans des conditions sèches, à la fois en termes de module d'impédance et de déphasage, en particulier sur 100 mHz. De plus, EPIS a pu mettre en évidence la mauvaise gestion de l'eau et les limitations de transport qui en résultent, avec l'air, lors des expériences avec une AME vieillie. Alors que, dans des conditions d'excès d'eau, la plupart des variations du module d'impédance ont été observées dans la région des basses fréquences, en dessous de 100 mHz à environ 10 mHz. Le comportement du déphasage dans des conditions d'excès d'eau (variations pour des fréquences inférieures à 10 mHz) est légèrement incertain et nécessiterait une étude plus approfondie.

La thèse présentée fait partie du projet ANR-EPISTEL en collaboration avec la Hochschule Offenburg. Alors que le présent travail est l'investigation expérimentale de l'EPIS, les collègues de la Hochschule Offenburg sont responsables de l'approche de modélisation.

Ici, la thèse a exploré le potentiel de EPIS comme outil complémentaire à la SIE dans la région des basses fréquences, car il peut mettre en évidence les phénomènes de transport et les découpler les uns des autres. Sur la base de la littérature et des résultats observés, il a été supposé que le domaine de fréquence de 100 mHz à 1 Hz pourrait mettre en évidence le transport de gaz, tandis que les limitations du transport d'eau peuvent être mises en évidence dans le domaine de fréquence inférieur 1 to 10 mHz.
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Background

According to the report published by the Intergovernmental Panel on Climate Change, IPCC, 2018 [1] the increased CO 2 emissions have been ultimately responsible for increasing the global temperature by an average of 1.5 °C during the last 3 decades. The fossil fuelbased energy sources are responsible for the increasing CO 2 emissions into the environment [2], and because of that, for the last 2 to 3 decades, the demand for shifting towards renewable energy has been increasing exponentially due to global warming. Therefore, numerous countries are trying to make a shift to cleaner and more efficient energy sources.

Considering a large share of the emissions come from transportation, including day to day usage of cars, trucks, ships, and airplanes, the need for a cleaner transportation system is emphasized, and one of the promising solutions is the shift towards electric vehicles or EVs or E-vehicles [3]. Automobile giants are making the shift towards battery-powered vehicles possible by investing more in R&D and mass-producing the E-vehicles. Although being a cleaner option than fossil fuel-driven vehicles, EVs also come with a handful of drawbacks such as a very high price tag, long charging time, and short lifetime [4]. For these reasons, the application of batteries is limited to personal cars for urban usage or short-distance travels [5].

Nowadays, due to some of the obvious advantages of proton exchange membrane fuel cell (PEMFC) technology over batteries such as compact structure, ease of operation, high power density, easy start-up and shutdown of the system, and non-dependency on Carnot's cycle for performance [START_REF] Pukrushpan | Control of Fuel Cell Power Systems, ser. Advances in Industrial Control[END_REF][START_REF] Janssen | Hydrogen fuel cells for cars and buses[END_REF][START_REF] Yuan | PEM fuel cell fundamentals[END_REF]; the technology is getting quite a lot of attention from the automobile sector. Especially for long-distance cargo vehicles such as lorries, ships, and airplanes, which have a huge contribution to CO 2 emission, a new alternative to fossil fuel vehicles can be seen in the form of fuel cell-powered vehicles or FC-vehicles.

However, the PEMFC is not a perfect device, and it comes with some disadvantages of its own. One of the biggest of them all is sluggish transport phenomena in the flow structure, and the gas diffusion layers (GDL) [START_REF] Ramani | Polymer electrolyte fuel cells[END_REF]. In addition, during the period of operation, the components of the fuel cell, such as the membrane electrode assembly i.e. MEA, degrade in addition to membrane and electrode aging, often resulting in lower mass transport rates causing the performance of the PEMFC to decline progressively. The degradation of the MEA causes problems such as significantly poor mass transport of the species, which leads to improper supply of reactant gases to the catalyst layer and water flooding, causing the catalyst to wash out [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF]. This is responsible for low residence time for gas reactants and low surface area for the reaction to influence fuel cell performance negatively.

Moreover, PEMFC operating at high current density is of particular interest for automobile applications. However, due to excessive water accumulation, mass transport losses contribute largely to the declined performance of the fuel cell [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF]. Therefore, the detailed study of the PEMFC during cycling and better understanding about the transport phenomena is an important tool to greatly improve the characterization of its performance.

Objectives

It is well known that PEM fuel cells heavily rely on a good, uninterrupted supply of gaseous reactants; therefore, the transport phenomena are crucial to performance. Throughout the operation, to monitor the PEMFC state of health and determine the reasons behind degradation, various diagnosis techniques can be used. Most of them are based on the dynamic relationship of electrical variables giving out precious information such as source and degree of degradation. For instance, electrochemical impedance spectroscopy (EIS) involves analysis of dynamic behavior of only electric variables i.e. current and cell voltage, and gives information on ohmic losses, charge transfer losses, and to a certain extent on mass transport losses. However, they all also fail marginally to comment on and distinguish between transport processes that play a crucial role in performance degradation at high current demand.

Therefore, to characterize and decouple the transport processes, a novel technique was highly sought after, which involves analyzing physical parameters with the electric variables offered by the fuel cell. Based on the findings and recommendations of Niroumand et al., 2010 [12], a novel diagnostic technique for the detection and understanding of the transport losses in proton exchange membrane fuel cell, called electrochemical pressure impedance spectroscopy (EPIS), was proposed by Hartmann et al., 2014 [13]. This novel frequency analysis technique (FRA) involves using a non-electric variable in addition to electric ones. In EPIS, the gas pressure is the non-electric variable used as the excitation parameter to induce fluctuations in the cell voltage at constant current discharge. When used in combination with current (J) or voltage (U) as an output variable, the gas pressure gives new definitions of impedance which afterward can be used to identify various transport processes independently [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF][START_REF] Grübl | Electrochemical Pressure Impedance Spectroscopy (EPIS) as Diagnostic Method for Electrochemical Cells with Gaseous Reactants: A Model-Based Analysis[END_REF]. The present thesis reports the steps taken towards experimental development of EPIS for application to the PEMFC and its possible validation in various operating conditions. It takes steps in the direction of applying EPIS for better identification and understanding of the transport processes inside the PEMFC. Thus, this study involves use of the dynamic relationship between the cathode backpressure and the cell voltage at a constant current density to better distinguish between various transport phenomena. The thesis aims to evidence the various transport phenomena such as control of gas mass transport and accumulation of liquid water in a PEMFC independently and their effect on the PEMFC performance. In addition, the thesis comprises the tests that were carried out for the possible validation of EPIS in different operating conditions and reports the analysis of the results obtained.

The presented

Organization of the thesis

The thesis is organized in 5 chapters and a general conclusion following the general introduction as follows: In their publication, Nicholson and Carlisle first put forth the process of using electricity to break water into hydrogen, and oxygen [START_REF] Nicholson | Account of the new Electrical or Galvanic Apparatus of Sig. Alex. Volta, and Experiments performed with the same[END_REF]. This process of using electricity to break water into anions and cations was later termed electrolysis (as "lysein" means 'to break' in ancient Greek) by Faraday in 1834 [START_REF] Eggen | Reconstructing Iconic Experiments in Electrochemistry: Experiences from a History of Science Course[END_REF][START_REF] Faraday | VI. Experimental researches in electricity.-Seventh Series[END_REF]. will not be commercially viable because of the use of platinum as a catalyst, which is an expensive and rare metal [START_REF] Bacon | Fuel cells, past, present and future[END_REF]. Until 1950-1960, fuel cell research saw moderately steady growth, but when the space exploration programs kicked off in the USA and Russia (USSR at that time), they caused an exponential growth in fuel cell development [START_REF] Warshay | The fuel cell in space: yesterday, today and tomorrow[END_REF]. Grubb and Niedrach, two scientists, working for General Electric, invented PEM fuel cell technology.

Brief history of fuel cell technology

It was compact, unlike conventional alkaline fuel cells, with the only drawback of higher cost due to high platinum requirement as the catalyst [START_REF] Larminie | Fuel Cell Systems Explained[END_REF].

The hydrogen fuel cells exhibit a few fundamental technical problems: slow oxygen reduction reaction, durability, and hydrogen availability. To overcome these issues, scientists have been developing and testing different types of fuel. The fuel cells are classified based on the operating temperature and the type of electrolyte used. Nevertheless, the use of hydrogen fuel cells is receiving much encouragement nowadays because of its benefits over conventional batteries such as; (1) high energy efficiency (some developers achieved 80% energy efficiency using co-generation), (2) high power density and compact size, (3) reliability and durability, (4)comparatively cleaner source of energy.

As previously mentioned in General Introduction, this particular work focuses more on the proton exchange membrane fuel cell and transport losses within them; the next section discusses, in brief, the working and various components of PEMFC.

Proton Exchange Membrane Fuel Cell (PEMFC)

The PEM fuel cell operates at low temperatures, and its performance is governed by reactions that take place on either of the electrodes, namely, the cathode and the anode. At the anode, hydrogen is oxidized, releasing electrons and hydrogen cation H + , meanwhile at the cathode, oxygen accepts electrons and the hydrogen cations to form water. The individual and overall electrode reactions are as denoted in reaction (i), and the free electrons constitute the current through the external load [START_REF] Spiegel | PEM Fuel Cell Modeling and Simulation Using Matlab[END_REF][START_REF] Poux | Green Process Engineering From Concepts to Industrial Application[END_REF]. As the name suggests, it is a fuel cell that uses a proton exchange membrane as both electrolyte and separator: usually, both electrodes are coated on either side of it. Figure 1.3

shows the inner structure of PEMFC, and in addition, table 1.2 lists the various components of a PEMFC, which are illustrated and described further. 

Figure 1.3: Exploded view of a proton exchange membrane fuel cell

GDL Gas diffusion layer

The PEM fuel cells are fed with hydrogen at the anode and oxygen-often in the air, at the cathode using flow plates. The flow plates, more commonly known as bipolar plates, have gas channels on one side of the plate and channels for water circulation on the otherfor temperature control of the FC. In recent years, gas flow circulation patterns in the flow plates were observed to be playing a vital role in water evacuation and better gas distribution in the fuel cell. Therefore, different types of flow configurations exist, which aids in uniformly distributing gases, and better water management [START_REF] Taira | In-situ measurements of GDL effective permeability and under-land cross-flow in a PEM fuel cell[END_REF][START_REF] Kianimanesh | Investigation of bipolar plate geometry on direct methanol fuel cell performance[END_REF][START_REF] Laoun | Gas diffusion layer development using design of experiments for the optimization of a proton exchange membrane fuel cell performance[END_REF][START_REF] Zhang | Error of Darcy's law for serpentine flow fields: An analytical approach[END_REF].

Secondly, bipolar plates provide an exoskeleton structure for PEMFC, conduct electrons from electrode surface to current collector plates, provide heat removal or supply by allowing circulation of cold or hot fluid, and last but not least, prevent gas and fluid leakage.

Graphite is the common material preferred for the fabrication of bipolar plates to facilitate all the roles mentioned above, despite its brittle nature and high fabrication cost; since graphite is a good conductor of heat & electricity and highly corrosion resistant [START_REF] Hermann | Bipolar plates for pem fuel cells: A review[END_REF][START_REF] Cunningham | Review of materials and processing methods used in the production of bipolar plates for fuel cells[END_REF].

Membrane electrode assembly

Another key component of the PEM fuel cell is the membrane electrode assembly (MEA) comprising of (i) a proton exchange membrane (PEM): coated with positive and negative electrodes on either side, (ii) catalyst layers (CL), and (iii) gas diffusion layers (GDL) sandwiched between two flow plates [START_REF] Litster | PEM fuel cell electrodes[END_REF]. In addition, in most commercially manufactured membrane electrode assemblies, the catalyst layer is usually deposited on the membrane together with electrodes. Further, these three components are briefly presented below:

(a) Proton exchange membrane (PEM)

The membrane separating the two electrodes can allow only proton transport (H + ) due to its proton exchanging properties; hence it is called proton exchange membrane (PEM) [START_REF] Poux | Green Process Engineering From Concepts to Industrial Application[END_REF].

This ability to conduct only protons from the anode to the cathode forces electrons to follow the external route to reach the cathode, which constitutes the current through the external load and creates the potential difference across the external load i.e. the cell voltage.

In the early stages of the development and usage of PEMFCs by NASA, the electrolytes used constituted polystyrene sulfonic acid (cationic ionomer). They faced some challenges like internal cell contamination and oxygen leakage through the membrane, which General Electric then rectified. However, playing safe, NASA opted for AFC for its space program [START_REF] Warshay | The fuel cell in space: yesterday, today and tomorrow[END_REF]. Subsequently in 1967, DuPont managed to introduce the world with a new and novel fluorinated polymer based on polytetrafluoroethylene (PTFE) (figure 1.4a) [START_REF] Poux | Green Process Engineering From Concepts to Industrial Application[END_REF][START_REF] Jones | Membrane materials and technology for low temperature fuel cells[END_REF]. Today, PTFE is used as the backbone in PEMs, often grafting of a side chain, then upon addition of a sulfonic group at the end of the chain. It is commonly known by its trade name Nafion ™ (figure 1.4b) [START_REF] Jones | Membrane materials and technology for low temperature fuel cells[END_REF]. The invention of Nafion ™ caused a great advancement in PEMFC development. Nafion ™ has many advantages as it is highly resistant to chemical attacks, is mechanically strong though being very thin, is acidic, can absorb large quantity of water, has very good proton conductivity under suitable hydration condition, and its hydrophobic nature. Nevertheless, it also has some shortcomings, such as, it is expensive to produce and has to be properly hydrated to function correctly; that is why it can operate only below 90-100 °C [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Jones | Membrane materials and technology for low temperature fuel cells[END_REF].

(b) Catalyst layer (CL)

Platinum (Pt) is generally and popularly used catalyst in PEMFC. The advantage of using platinum is that it has a high catalytic activity to both anodic and cathodic reactions because it is one of the most effective catalysts for hydrogen oxidation and oxygen reduction reaction, which is a very sluggish reaction. Generally, the catalyst is coated on both electrodes in slightly similar or different amounts (usually 2 to 4 times less at the anode than at the cathode) [START_REF] Peighambardoust | Review of the proton exchange membranes for fuel cell applications[END_REF].

Previously it was assumed that the Pt catalyst is one of the biggest contributors to the cost of PEMFCs together with flow plates and Nafion since platinum is a highly sought after, valuable metal and early PEMFC needed high platinum loading for acceptable energy production. In the early stages of development of PEMFC, the platinum coating needed to be as high as approximately 28 mg cm -2 of electrode surface area. For the same reason, it was believed that the PEMFC technology would never be commercially viable [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Poux | Green Process Engineering From Concepts to Industrial Application[END_REF].

However, the staggering research and development carried out in subsequent decades made a dramatic reduction in the platinum loading on the electrode surface. Modern PEMFCs require below 0.2 mg cm -2 of catalyst loading, even at the cathode. Lower platinum loadings, as low as 10 µg cm -2 have also been previously suggested and tested but found out to exhibit far lower durability [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Litster | PEM fuel cell electrodes[END_REF]. Although platinum is a widely used catalyst today, other catalysts such as platinum mixed with other metals or alternate materials are under development [START_REF] Savadogo | New palladium alloys catalyst for the oxygen reduction reaction in an acid medium[END_REF][START_REF] Yang | Electrocatalytically Active Graphene supported MMo Carbides (M[dbnd]Ni, Co) for Oxygen Reduction Reaction[END_REF].

(c) Gas diffusion Layer (GDL)

The gas diffusion layer (GDL) is the outermost part of the MEA, directly in contact with flow plates. One of the principal functions of the GDL is to act as a dispersion medium for better diffusion of the reactants and products to and from the catalyst layer. In addition, it carries the produced water away from the catalyst layer effectively and prevents the corrosion of the catalyst layer due to water flooding [START_REF] Cunningham | Review of materials and processing methods used in the production of bipolar plates for fuel cells[END_REF][START_REF] Peighambardoust | Review of the proton exchange membranes for fuel cell applications[END_REF][START_REF] Gostick | In-plane and through-plane gas permeability of carbon fiber electrode backing layers[END_REF].

Moreover, they form an electrical connection between the catalyst layer and the bipolar plate to allow the flow of electrons; besides, GDLs provide support to the MEA and protect the thin catalyst layer. They are commonly based on conductive porous materials like paper or cloth composing carbon for conductivity [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF][START_REF] Cindrella | Gas diffusion layer for proton exchange membrane fuel cells-A review[END_REF][START_REF] Park | A review of gas diffusion layer in PEM fuel cells: Materials and designs[END_REF]. Generally, a GDL consists of two layers, namely the microporous layer (MPL) and the macro-porous substrate (MPS) (figure 1.5). On average, the thickness of GDL is 200 to 350 µm out of which MPS generally is 150 to 300 µm, while MPL has a thickness of 30 to 50 µm. Generally, the MPL has a pore size 30-100 times smaller than that of MPS, but it strongly depends upon the type of GDL because sometimes the MPL is altogether absent.

Figure 1.5: Representation of cross-section view of gas diffusion layer (not to be scaled)

The MPS is usually based on carbon paper or carbon cloth and sometimes PTFE impregnation, whereas the MPL is formed by deposition of thinner carbon-based particles, fillers, and hydrophobic resins on top of the MPS; explaining its far smaller pore size and porosity [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF][START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF]. The GDL is often treated with an adequate amount of PTFE in both MPL and MPS to make it sufficiently hydrophobic while keeping the membrane sufficiently hydrated for optimal operation. Since the GDL is exposed to bipolar plates, it undergoes mechanical damage due to compression and corrosion due to water flow which affects the fuel cell performance to a great extent [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF][START_REF] Arora | Direct hybridization of pemfc and supercapacitors: Effect of excess hydrogen on a single cell fuel cell durability and its feasibility on fuel cell stack[END_REF]. Besides that, kinetic and electrochemical factors affect fuel cell performance, as discussed in the following sections.

Fuel cell performance evaluation

The ideal cell voltage of a fuel cell corresponding to thermodynamic equilibrium should be approximately equal to 1.229 V at standard temperature and pressure (STP) conditions and pure gases. However, in practice, the actual cell voltage is always less than the ideal value of cell voltage because of various resistances offered by the fuel cell and the system itself called losses-as better explained later. In due course of time, fuel cell performance may decline due to progressive degradation or aging of its components, especially the MEA [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Arora | Direct hybridization of pemfc and supercapacitors: Effect of excess hydrogen on a single cell fuel cell durability and its feasibility on fuel cell stack[END_REF] which can be detected by increased resistances offered by various fuel cell components.

A brief review of the various concepts regarding fuel cell performance evaluation, such as terminology and fuel cell performance losses, is given in subsequent sections.

Open Circuit Voltage (OCV)

In electrical systems, the calculation of the energy and the power is straightforward as given in equations (1.1b).

Energy (E) = U Jt (1.1a) Power (Pw) = U J (1.1b)
where,

U : Potential difference (V) J : Current (A) t : Time (s)
This estimate can directly be used to calculate the output and efficiency of that system.

However, when a system is composed of chemical reactants and products, the calculation of energy and power is not straightforward. In those scenarios, generally, the energy can be defined in different ways, such as enthalpy and Gibbs free enthalpy. Further, the generation of electrical energy in the fuel cell is governed by reactions expressed by reaction (i).

Therefore, for systems such as fuel cells that rely on the reactions mentioned above for performance, the maximum useful energy is expressed in the form of 'Gibbs free energy.'

∆G = ∆H -T∆S (1.2) Equation (1.
2) is called Gibbs equation, and in the case of fuel cells, the change in Gibbs free energy is responsible for the generation of electrical energy by the fuel cell, and it is given by equation (1.3).

∆G f = G f (products) -G f (reactants) (1.3)
Referring to the anode, cathode, and overall reactions in the fuel cell mentioned in reaction (i); the equation for change in the Gibbs free energy per mole can be estimated using equation (1.4);

∆G f = (G f ) H 2 O -(G f ) H 2 - 1 2 (G f ) O 2 (1.4)
In a hydrogen-oxygen fuel cell, for every mole of hydrogen used, 2 electrons pass through the external circuit and produce 1 mole of water. So the charge that flows through the external circuit can be given by equation (1.5);

-2N A e -= -2F (1.5) where, N A : Avogadro's number = 6.02214 × 10 23 (mol -1 )

e -: Charge = 1.6021 × 10 -19 (C) F : Faraday's constant = 96485 (C mol -1 )
Then the work done by the fuel cell to move the charge through the external circuit with a voltage 'U' would be:

Electrical work = chargevoltage = -2FU (1.6)
If it is to be considered that the system is thermodynamically reversible, then the work done would be equal to the change in Gibbs free energy of formation of the fuel cell reaction. In an electrochemical system, the cell voltage is defined as the difference between the anode and the cathode potentials. Hence according to the IUPAC rule in electrochemistry, the cell voltage is written as

U = E a -E c (1.7)
For fuel cells, the cell voltage is negative, but since the anodic overpotential is always in the order of a few mV and the cathode has a significant contribution, the cell voltage is considered positive in this work and not according to IUPAC recommendations. Therefore it can be expressed as equation (1.8) which is the thermodynamic equation that gives the

'reversible cell voltage'|U r |. |U r | =        -∆G f 2F E c -E a (1.8)
For hydrogen fuel cell, the reversible cell voltage at STP and for pure gases is estimated to be equal to 1.229 V, which is an ideal case [START_REF] Larminie | Fuel Cell Systems Explained[END_REF]. But in reality, the cell voltage, even at zero current, is always less than that of the reversible cell voltage due to the effect of various phenomena such as internal currents and fuel crossover. This cell voltage is also known as the 'open circuit voltage' (OCV) across the fuel cell under standard conditions and with no current flow or current discharge. The losses in reversible cell voltage are discussed in the following section.

Losses due to internal currents and fuel crossover at zero current

Due to the electrically conductive properties exhibited by the membrane, small internal currents (J in ) occur, resulting in voltage losses. In theory, the electrolytic membrane should only transport ions. However, a slight fuel crossover and even electron transport (the latter is uncommon in normal operation) can occur [START_REF] Baik | Effects of gas diffusion layer structure on the open circuit voltage and hydrogen crossover of polymer electrolyte membrane fuel cells[END_REF][START_REF] Giner-Sanz | Hydrogen crossover and internal short-circuit currents experimental characterization and modelling in a proton exchange membrane fuel cell[END_REF].

The fuel i.e. hydrogen should remain at the anode site for proper operation of the fuel cell, but hydrogen can diffuse through the membrane to the cathode and react with oxygen directly without generating any electric current. The phenomenon of diffusion of fuel through the electrolyte is known as 'fuel crossover' [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Spiegel | PEM Fuel Cell Modeling and Simulation Using Matlab[END_REF]. Moreover, nitrogen and oxygen crossover from the cathode to the anode has also been observed in some cases [START_REF] Baik | Novel technique for measuring oxygen crossover through the membrane in polymer electrolyte membrane fuel cells[END_REF]. Internal current and fuel crossover losses correspond to the electric current and fuel flow in the electrolytic membrane. The internal current is related to the fuel crossover by Faraday's law with 2 electrons per hydrogen molecule. The cell voltage at an applied current density 'j' can therefore be expressed as below [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Spiegel | PEM Fuel Cell Modeling and Simulation Using Matlab[END_REF].

U cell = U r - RT F log 10 j in j 0 (1.9)
where, j in : Internal current density (A cm -2 )

j 0 : Exchange current density (A cm -2 )
Although the internal currents and fuel crossover losses are small, they remain one of the main reasons for the actual open-circuit voltage (OCV) being lower than the ideal cell voltage in low-temperature fuel cells like PEMFC. Moreover, it is very difficult to measure internal currents and fuel crossover, but the current density is never really zero due to these losses, even if the cell is operating in an open circuit.

Activation overpotential

In the low current density (j) region, the working potential drops, mainly due to the chargetransfer kinetics. Activation potential is a representation of the finite rate of reaction at the electrode surface. A portion of the generated voltage is required to carry out the chemical reaction, which transfers electrons to and from an electrode. The activation overpotential was first observed and reported by Tafel in 1905 [START_REF] Burstein | A hundred years of Tafel's Equation: 1905-2005[END_REF]. It was observed that the overpotential at any single electrode, if plotted against the logarithm of current density, shows a linear relationship approximating a straight line on the graph, also known as 'Tafel plot' and represented by the empirical equation (1.10) [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Wang | PEM fuel cell durability handbook[END_REF].

η ct = A. log 10 j j 0 (1.10)
where, η ct : Activation overpotential of the electrode (V)

A : Proportionality constant known as Tafel slope (V/decade) This equation is usually considered for irreversible reactions, for which reversible reactions in the overall kinetics can be neglected. Further, at zero current density, one may assume that there is no reaction at the electrode surface, but it is partially true since the reaction is in a constant state of equilibrium. The exchange current density j 0 is constituted by this continuous electron flow to and from the electrode surface. The higher the value of j 0 , the higher the electrode's surface activity, meaning lower activation losses and vice versa.

Therefore, Tafel law holds only if j > j 0 ; moreover, Tafel's slope's value depends on the rate of reaction, i.e. for a slower reaction, the value of Tafel slope is higher and vice versa.

Let's consider the reactions at the anode of the PEMFC to form H + (H The value of α ct for these reactions is generally taken as 0.5 since only one electron is involved in the rate-controlling step. Hence according to the electrochemical kinetics, the value of A can be given by the following expression [START_REF] Spiegel | PEM Fuel Cell Modeling and Simulation Using Matlab[END_REF]. 

A = RT α ct F
j = j 0   exp n a αFη ct RT -exp - n a (1 -α)Fη ct RT   (1.13)
Where n a is the number of electrons transferred in the rate controlling step. In the two terms of the Butler-Volmer exponential equation, the first one relates to the direct reaction whereas the second being for the reverse reaction. Neglecting the reverse term yields an expression comparable to the empirical Tafel's law (as expressed earlier). The ability of Butler-Volmer equation to calculate the current produced by an electrochemical reaction in terms of reaction rates at each electrode makes it a very handy tool in electrochemistry, in particular for low overpotential.

The remedies for reducing activation losses include increasing cell temperature, using more effective catalysts for which the current exchange density is larger, increasing the roughness of the electrode surface to provide more active surface area to reaction, using higher reactant concentration, and lastly, increasing the gas pressure.

Ohmic losses

These losses correspond to the cell voltage drop due to the electrical resistance of the electrodes and the electrolyte, and the voltage drop obeys Ohm's law, hence named as an ohmic loss. The potential drop due to ohmic losses is expressed by equation (1.14) [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] O'hayre | Fuel cell fundamentals[END_REF].

∆U ohm = JR ohm (1.14)
The R ohm in equation (1.14) is a proportionality constant and is called 'ohmic resistance'.

This constant covers all resistances of the various cell components, which depend upon the materials used and their dimensions.In the case of fuel cells, the electrolyte (or membrane) is a major contributor to the ohmic losses. Although an argument about the contribution of materials of the connecting wires and the bipolar plate material is also made, this contribution is often very small and can be neglected in some cases because of the use of highly conducting materials.

The ways of minimizing the ohmic losses are using a material with the highest possible conductivity for the electrodes, bipolar plates, and connecting wires, making the membrane as thin as possible, and finding a membrane material with a higher conductivity than that has been in use now; all of which have their limitations and hence the ohmic losses cannot be minimized after certain limit, and the ohmic resistance is usually a few (1 to 2) mΩ for a PEMFC [START_REF] O'hayre | Fuel cell fundamentals[END_REF].

To minimize the existing contact resistance between various fuel cell components, they were tightly stacked together with bolts at a torque value recommended by the fuel cell supplier.

Mass transport or concentration losses

In the high-current density range, the working potential decreases rapidly because the transfer speed of reactants and products is slower than the overall reaction rate. The transfer of reactants and products in fuel cells is called mass transport and consists mainly of convection, diffusion of gases and liquid species, and ion migration. The fuel cell must be continuously fed with reacting gases to produce electricity, and the produced water must be constantly removed to ensure no impediment in reactant gas supply, yielding higher efficiency. Mass transport losses result from the decrease in reactant concentration at the surface of the electrodes due to fast reactant conversion at the electrode surface [START_REF] Spiegel | PEM Fuel Cell Modeling and Simulation Using Matlab[END_REF][START_REF] Wang | PEM fuel cell durability handbook[END_REF][START_REF] Orazem | Electrochemical impedance spectroscopy[END_REF].

The current density dependent on the reactant concentration at the catalyst surface can be expressed as equation (1.15).

j = n a FD e f f C cat R -C 0 R δ (1.15)
This gives rise to a limiting situation in which one might consider dropping reactant concentration to zero. In this limiting mass transport case, the fuel cell could no longer sustain operating at higher current densities than when the concentration falls to zero.

This value of current density is termed as 'limiting current density (j lim )' of the fuel cell and it can be calculated by substituting C cat R = 0 in equation (1.15) and expressed in equation (1.16) [START_REF] O'hayre | Fuel cell fundamentals[END_REF][START_REF] Wang | Electrochemical cells for medium-and large-scale energy storage: Fundamentals[END_REF][START_REF] Nagy | Basic equations of mass transport through a membrane layer[END_REF].

j lim = n a FD e f f C 0 R δ (1.16)
where, Usually, the limiting current values for a fuel cell system range from 1 to 10 A cm -2 [START_REF] O'hayre | Fuel cell fundamentals[END_REF]. It can be seen from equation (1.16) that the limiting current density strongly depends upon the fuel concentration in the flow channels. Hence, fuel cell design strategies were adopted to maximizing the values of the limiting current density, such as 1. Ensuring even distribution of reactants on the catalyst surface by ensuring good and evenly distributed flow of the reactant gases.

C
2. Optimization of fuel cell operating conditions, electrode surface morphology and minimizing thickness of gas diffusion layer as much as possible.

Further, the concentration losses due to the slow mass transport can be characterized by the concentration gradients of the reactants and products in bulk and at the electrode surface. This overpotential occurs when the fuel cell reaction is sufficiently fast while the mass transport is sluggish. Therefore, due to limitations in the mass transport, the reactants cannot reach the reaction site while products cannot evacuate, resulting in depletion of reactants and accumulation of products at the catalytic surface [START_REF] Wang | Electrochemical cells for medium-and large-scale energy storage: Fundamentals[END_REF][START_REF] Trasatti | Electrochemical Theory | Electrokinetics[END_REF][START_REF] Kuwabara | Fuel Cells -Phosphoric Acid Fuel Cells | Anodes[END_REF].

The mass transport in the fuel cell can be observed in three different modes: (1) Diffusion of the gases, (2) migration of charged species, and (3) Convection of gases. Thus the molar flux of species i due to mass transport from the bulk to the electrode surface can be expressed using the Nernst-Planck equation (equation (1.17)) [START_REF] Wang | Electrochemical cells for medium-and large-scale energy storage: Fundamentals[END_REF][START_REF] Nagy | Basic equations of mass transport through a membrane layer[END_REF][START_REF] Arribas | Novel and emerging membranes for water treatment by electric potential and concentration gradient membrane processes[END_REF][START_REF] Burheim | Electrochemical Energy Storage[END_REF].

ṅi = -D i ∇C i -ϑ i C i ∇∅ + C i u (1.17)
where, ṅi : Molar flux of species i (mol s -1 cm 2 )

ϑ : Ionic mobility = D i n i F RT (m 2 s -1 V -1 )
u : Spacial velocity (m 2 s -1 ) n i : No. of charges of the ion (dimensionless)

∇∅ : Potential gradient (V m -1 )
Thereafter, the hindrance to mass transport processes in terms of concentration overpotential can be expressed by equation (1.18) [START_REF] Nagy | Basic equations of mass transport through a membrane layer[END_REF][START_REF] Prentice | Electrochemical Engineering[END_REF].

η conc = RT nF ln (1 -j /j lim ) (1.18)
Although the limiting current density is a measure of the limit of mass transport, the concentration losses still occur at lower current densities as expressed by equation (1.18).

Then the fuel cell voltage is deduced from the reversible voltage as follows: The voltage/ performance losses due to poor mass transport (e.g., concentration overpotential) increase over time and fuel cell usage, especially the MEA, causing a loss in PEMFC performance at high polarization. These mass transport losses comprise two broadly categorized transport phenomena: limitations due to gas transport through the GDL and hindrance by liquid water transport through the GDL and across the membrane.

U cell = U r -η a,ct -η c,ct -η a,conc -η c,conc -η ohm (1.
The mass transport phenomena and the factors contributing to their corresponding voltage losses are thoroughly discussed in upcoming chapters.

PEM fuel cell diagnosis techniques

As stated previously, the PEMFC is a complex system with numerous processes occurring simultaneously, affecting its performance to a great extent. In addition, the contribution of these processes towards loss in performance increases with degradation/ aging of the various components of the MEA, and knowledge of the contributing degradation mechanisms is essential to ensure reliable working of the fuel cell. For this, various diagnosis techniques are used, which are classified as follows:

1. On-line techniques (b) Linear sweep voltammetry (LSV) is often conducted with hydrogen and an inert gas at a low scan rate to estimate the hydrogen permeation or cross-over from the anode to the cathode through the measurement of the limiting current of the hydrogen permeation [5,[START_REF] Huang | Mécanismes de vieillissement de l'Assemblage Membrane Électrodes dans une pile à combustible de type PEM par approche expérimentale[END_REF].

Among the above-mentioned techniques, EIS is one of the most popular diagnostic techniques in electrochemistry due to its potential. Electrochemical impedance spectroscopy is a frequency response analysis (FRA) technique used to study the dynamics of electrochemical systems by analyzing transfer functions between electrical variables, such as cell voltage and applied current. EIS helps in decoupling certain performance loss contributions from others allowing quantification of information about specific dynamics of the system such as ohmic losses, charge transfer, and kinetic losses by analyzing certain transfer functions [START_REF] Gabrielli | A transfer function approach for a generalized electrochemical impedance spectroscopy[END_REF][START_REF] Chang | Electrochemical impedance spectroscopy[END_REF][START_REF] Sorrentino | Polymer Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis by Frequency Response Analysis Methods: A Review[END_REF].

EIS is a very versatile technique giving out crucial information about ohmic losses at high frequency, charge transfer losses in the range of 5 Hz to 1000 Hz and can inform to some extent about losses due to transport processes at a frequency near 1 Hz or below.

Generally, with fuel cells during the application of the EIS, the applied current comprises a fluctuating part over a fixed frequency domain to observe and record the resulting cell voltage oscillations. Furthermore, the main problem of EIS is the variables it uses to stimulate and detect the processes in the fuel cell i.e. electrical variables. Using electrical variables for analyzing a complex system like a fuel cell can lead to coupling of the physical processes (especially transport processes) and/or masking of transport phenomena [START_REF] Yuan | AC impedance technique in PEM fuel cell diagnosis-A review[END_REF][START_REF] Sorrentino | Concentration-alternating frequency response: A new method for studying polymer electrolyte membrane fuel cell dynamics[END_REF].

Most of the physical processes that occur in the fuel cell have time constants with a comparable order of magnitude and are influenced by geometrical and operating conditions in the fuel cell (Chapter 3). Therefore, EIS spectral analysis can lead to misleading conclusions or insufficient decoupling of transport processes. Moreover, the chances of masking of mass transport by the charge transport, in particular for H + transfer in the catalyst vicinity, are very high, rendering the problem more acute.

Furthermore, the EIS response is usually examined by employing parameter fitting of a PEMFC model (usually electric equivalent circuit (EEC)) to the EIS spectra.

Despite obvious advantages of an EEC model, such as its simplicity and versatility to describe a wide range of phenomena, it can lead to misleading conclusions about the degradation mechanisms in addition to decreased performance because it lacks the physical interpretation of transport processes such as control of gas transport and flooding conditions [START_REF] Petrone | A review on model-based diagnosis methodologies for PEMFCs[END_REF][START_REF] Ciucci | Modeling electrochemical impedance spectroscopy[END_REF].

These ambiguities in the characterization of transport phenomena in the fuel cell using EIS have driven the search of novel techniques based upon non-electric parameters to better decouple and identify the transport processes in the fuel cell. The idea behind is just like techniques based on the analysis of electrical parameters can resolve the electrical phenomena correctly; an FRA technique using at least one non-electrical, physical variable could better diagnose performance losses due to transport phenomena [START_REF] Sorrentino | Polymer Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis by Frequency Response Analysis Methods: A Review[END_REF][START_REF] Sorrentino | Concentration-alternating frequency response: A new method for studying polymer electrolyte membrane fuel cell dynamics[END_REF]. Moreover, it could stimulate and detect specific physical dynamics making it easier to decouple and extract useful information.

Gas pressure: the non-electric parameter

The idea of using physical parameters instead of electrical ones has emerged in the last decade and is relatively new. PEMFCs offer such physical variables that can be excited/ stimulated to observe the influence on fuel cell performance, such as temperature, oxygen concentration, and gas pressure. FRA techniques based on their coupling with electrical variables have been developed and reported previously, such as concentration FRA (c-FRA)

with oxygen concentration [START_REF] Sorrentino | Polymer Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis by Frequency Response Analysis Methods: A Review[END_REF][START_REF] Sorrentino | Concentration-alternating frequency response: A new method for studying polymer electrolyte membrane fuel cell dynamics[END_REF] and electro-thermal impedance spectroscopy (ETIS)

with temperature [START_REF] Engebretsen | Electro-thermal impedance spectroscopy applied to an open-cathode polymer electrolyte fuel cell[END_REF]. However, the c-FRA combined with cell voltage prominently reveals oxygen mass transport control but needs coupling of concentrations of other species and cell voltage/ current to reveal transport phenomena linked to them such as water besides it is not easy to implement. At the same time, ETIS struggles with the response time of the system [START_REF] Sorrentino | Polymer Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis by Frequency Response Analysis Methods: A Review[END_REF].

The remaining physical parameter: the gas pressure is an asset to the PEM fuel cell's performance; also, it is relatively easier to induce fluctuations. The elevated gas pressure in PEMFC increases the current exchange density, which results in increased OCV. It also aids the fuel cell to overcome the mass transport losses at high current density and boosts the fuel cell performance. Finally, the change in OCV due to elevated pressure causes a change in Gibbs free energy, increasing the voltage of PEMFC [START_REF] Zhang | Understanding the effects of backpressure on pem fuel cell reactions and performance[END_REF]. Amirinejad et al., 2006 [67] found out that the fuel cell performance is enhanced if the cathode side is set at a higher pressure than the anode side. In addition, Zhang et al., 2013 [66] reported that increasing back-pressure in a PEMFC enhances the fuel cell performance by boosting the fuel cell thermodynamics, exchange current densities, and improving the mass transport processes. However, increasing the cathode back-pressure beyond a certain level may also cause nitrogen to diffuse across the membrane and cause mass transfer losses.

It was suggested that the fuel cell might starve at high current density even in case of enough supply of reactants due to significant nitrogen accumulation. The experiments were examined with EIS, but no precise comment could be made on transport processes on the cathode side due to insufficient data at low-frequency [START_REF] Zhang | Understanding the effects of backpressure on pem fuel cell reactions and performance[END_REF][START_REF] Amirinejad | Effects of operating parameters on performance of a proton exchange membrane fuel cell[END_REF][START_REF] Reshetenko | Systematic study of back pressure and anode stoichiometry effects on spatial pemfc performance distribution[END_REF].

The earliest hypothesis to use the cathode back-pressure as a stimulus to observe the cell voltage fluctuations was proposed by Niroumand et al., 2010 [12]. During the study, they proposed to use the transfer function between the cathode back-pressure (P out ) and the cell voltage (U) to decouple physical processes. Later, Hartmann et al., 2014 [13] used gas pressure as a possible excitation variable coupled with cell voltage (U) and applied current (J) to define new types of impedance, termed as electrochemical pressure impedances.

Particularly, the dynamic relationship between the cathode back-pressure and the cell voltage at constant current density is interesting and easier to implement. The evolution of electrochemical pressure impedance "Z U-P " (µV Pa -1 ) over a frequency range has been called electrochemical pressure impedance spectroscopy i.e. EPIS [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF][START_REF] Grübl | Electrochemical Pressure Impedance Spectroscopy (EPIS) as Diagnostic Method for Electrochemical Cells with Gaseous Reactants: A Model-Based Analysis[END_REF].

Since the aim of EPIS is to help in resolving transport processes which mainly occur in lowfrequency region (typically under 1 Hz) because of their high characteristic time constants, the typical frequency range being considered for the EPIS in this particular study varied from 1 Hz down to 1 mHz. As explained in Chapter 3, EPIS is to be a worthy candidate for resolving the transport process in the lower frequency region and can establish itself as a complementary tool for EIS in the lower frequency domain.

Not only the relatively new introduction and lack of substantial research work in EPIS, but its good reliability in the lower frequency range make it an ideal candidate for studying transport phenomena in PEMFC. In this work, the main objective is to develop EPIS for application to PEMFC to enable users to understand the various transport phenomena and distinguish between them. This new insight is expected to contribute to understanding transport phenomena, enabling the evaluation of PEMFC performance decay more accurately and reliably. The subsequent chapter, the path taken towards the development of EPIS and the work done, has been reported and discussed thoroughly. 

Preface to the chapter

This chapter describes in detail the test bench used in the whole experimental work that was conducted at LRGP in the framework of experimental validation of EPIS carried out with a 100 cm 2 UBzM ® proton exchange membrane fuel cell (PEMFC). Initially, the chapter deals with a description of all the components of the test bench and their importance in the experiments using a process diagram. Then the practical limitations of the bench were observed and examined thoroughly to ensure its proper operation. Finally, the chapter presents other electrochemical diagnosis techniques used, excluding EPIS, such as electrochemical impedance spectroscopy, cyclic voltammetry, and chronopotentiometry in the experimental part of the thesis, including their theoretical information.

Experimental Bench

The EPIS experimental bench was successfully developed and set up by the end of the The gas mass flow rates were controlled and measured by the mass flow rate controllers by BROOKS Instruments ® model no. SLA5850. The cathode was fed with air for the regular operation of the fuel cell but, on some occasions, with pure oxygen or a mixture of oxygen and air to achieve different mole fractions of oxygen for various experiments. The cathode feed gas could be changed and regulated according to desired operating conditions corresponding to the planned tests using the three-way valves installed on the feed line upstream and downstream of the air mass flow controller. There was also a provision of injecting pure nitrogen at the cathode for cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements. As shown in the flow diagram, there was only one cathode feed line, whereas two anode feed lines had been installed. This was done because the cathode side was always humidified (at different humidification conditions), irrespective of the experiments' nature.

However, hydrogen was used as dry gas during all tests and normal operation of the fuel cell except for carrying out the CV and LSV measurements, during which the hydrogen feed had to be fully humidified, similar to the air feed. The desired humidified hydrogen feed was retrieved using two three-way valves; one upstream the humidifier used to direct the hydrogen flow to or away from the humidifier and the second downstream the humidifier but upstream the fuel cell inlet, to cope up with the desired hydrogen flow direction.

For humidification of gases, they were passed through lab-made humidifiers heated using thermostatic baths. The water level in the cathode side humidifier was fixed by feeding de-mineralized water using a peristaltic pump. The gases were considered to be saturated with water vapor at 'humidifier temperature (T hum )' depending upon the relative humidity conditions, as revealed by preliminary tests carried out with various gas flow rates and temperature combinations. Both gas feed lines were heated to 60 °C downstream the humidifiers using heating coils and were wrapped with insulation to avoid any cold spot and possible condensation of water vapor after humidification and before feeding to respective electrodes. The heating coil temperature was monitored and regulated by thermocouples linked to a temperature controller while the fuel cell was kept at 55 °C (T cell ) at all time using a thermostatic bath.

The cathode side outlet had two condensers maintained at 5 °C with the help of a thermostatic bath to condensate most of the water exiting the fuel cell. During early operations, there was only one condenser at ambient temperature at the anode, but it proved to be inefficient due to low residence time; hence, another condenser was later added in series with the existing one. The reasons behind such arrangement were: 1. the quantity of water leaving the fuel cell at the anode was lower than that at the cathode and 2. a lower exit flow rate of gases at the anode would allow the required residence time for efficient water vapor condensation even at the ambient temperature. Furthermore, the provision of condensers served two purposes; 1. to keep the pressure controllers installed at each outlet safe, since they have low water tolerance and 2. to enable the measurement of condensed water at the outlet of both electrodes for the evaluation of mass balance and estimation of water permeation across the membrane.

Normal operating conditions

During the experimental studies, to test EPIS in various operating conditions, the reference operating conditions were defined as 'standard or normal operating conditions.' Under these normal operating conditions, the fuel cell was maintained at 55 °C at j= 0.4 A cm -2 with 55% inlet humidity for air and dry hydrogen. Moreover, the oxygen and hydrogen stoichiometric factors were always maintained at λ H 2 =1.2 and λ O 2 =2.5 unless specified. It was observed that when the fuel cell was running at normal conditions, the performance was satisfactory, and the fuel cell ran without being under stress. Therefore, when it was not being tested under EPIS, the fuel cell was kept running at normal operating conditions, allowing to observe the reliable operation and less significant degradation due to relatively favorable conditions. Furthermore, the important components of the bench are briefly explained in the subsequent sections.

Proton exchange membrane fuel cell

As mentioned previously, a fuel cell of 100 cm 2 area has been used to carry out the study.

The fuel cell has been supplied by UBzM ® , Germany (Model BZ 100-13). It consists of two terminal plates, two graphite flow plates, gas seals, water seals, and the membrane electrode assembly comprising of a proton exchange membrane (PEM) coated with catalyst layers and deposited electrodes on respective sides and two GDLs (supplied by Sigracet ® ) on either side of PEM. The 7-layer membrane electrode assembly (MEA) used during the study was provided by Paxitech ® , France as a 3-layer membrane electrode assembly and sigracet grade GDLs separately, which were then assembled at LRGP before installing in the fuel cell. Some brief specifications are given in table 2.2. The gas channel flow pattern was multi-serpentine with 3 passes and the channels measuring approximately 30.4 cm±5% in total length (figure 2.3). The gas channels were 23 parallel channels having width of 0.5 mm±5% with an average depth of 0.44 mm±5% which were measured by means of SEM imaging(figure 2.4).These flow plates also act as the conducting media for electrons to travel to the current collecting plate, enabling them to constitute the current through the external circuit.

Table 2.2. Specifications of the membrane electrode assembly provided by the supplier

Supplier

Pressure sensors and controllers

The pressure sensors and controllers are the most crucial elements of the EPIS experimental setup after the PEMFC. To perform EPIS, the inlet and outlet pressures of both air and hydrogen were constantly monitored using pressure sensors (Keller-® ), which have a very fast response time enabling measurement of instantaneous small changes in the pressure.

The smallest fluctuation that can be displayed using the indicators was 1 mbar, but more precise fluctuations could be recorded using the dSpace Controldesk ® software setup.

Pressure controllers by BROOKS Instruments ® model no. SLA5820-Revision B, specifically designed for the control of back-pressure at the outlet, was used during EPIS operation. The pressure controllers installed at each gas stream outlet were used to keep the cathode and the anode at a pressure of 150 mbar (or 15 kPa) above the atmospheric pressure using the dSpace Controldesk ® software; referred to as the 'reference pressure P out .'

Further, keeping the anode back-pressure constant at a reference pressure, sinusoidal pressure modulations at the cathode back-pressure were applied. The fluctuations had a pressure amplitude ∆P and were applied over the reference pressure. This enabled to carry out EPIS measurements based on the cathode back-pressure modulation and induced cell voltage variation relationship at constant current density, as per the definition of EPIS.

Mass flow controllers: calculation of gas feed flow rate

As illustrated earlier, all gases were fed to the fuel cell using mass flow controllers specifically calibrated for the particular gas, and the flow controllers work on the principle of thermal flow measurement. However, it was decided to use the same mass flow controller as air for oxygen, nitrogen since there is a very insignificant difference in their densities and thermal heat capacities. Moreover, the mass flow controller was still tested at LRGP for each gas by applying a fixed mass flow rate of the respective gas at the inlet and measuring the outlet flow rate using a mass flow meter to find any correction factor necessary. However, no correction factor was required because of negligible variations in flow rate; therefore, the same mass flow controller was used in further experiments with oxygen and nitrogen.

To calculate the volume flow rates of gases, it should be considered that the electron transfer by electrochemical reactions according to Faraday's law governs fuel cells. Therefore, the rate of electron transfer through the external circuit at constant applied current density j, expressed by equation (2.1), can be used to calculate the volume flow rate of the reactant gases.

ṅe -= j n a F (2.1)
where,

ṅe -: Electron transfer flux (mol s -1 cm -2 ) j : Current density (A cm -2 )
n a : Number of electrons transferred during the reaction

F : Faraday's constant (= 96485) (C mol -1 )
Every electron that has been transferred should be considered to calculate the molar flux of gases because the electron causes the current to flow in the external circuit and sets the reaction in motion. In addition, to ensure the reaction to proceed till the fuel cell outlet, it is preferred to inject gases in excess i.e. at stoichiometric factors (λ) greater than 1. Hence the modified form of Faraday's law is expressed in equations (2.2) which was then used to determine the volume flow rates of hydrogen and oxygen fed to the fuel cell.

ṅin H 2 = λ H 2 j 2F (2.2a) ṅin O 2 = λ O 2 j 4F (2.2b) Equations (2.
2) refers to molar fluxes of the pure gases, but generally, in practice, instead of using pure oxygen, the air is used. Some of the important reasons behind this are (1) pure oxygen is expensive compared to compressed air, and (2) pure oxygen is to cause faster degradation of platinum catalyst layer in particular at the cathode. In the air, which is a mixture of nitrogen and oxygen, oxygen constitutes the only 21% of the total composition.

So, the molar flux of air must be much higher than that of pure oxygen to compensate for the low oxygen content and can be determined by equation (2.3).

ṅin air = λ air y O 2 j 4F (2.3)
where, ṅin : Molar flux of the gases at the FC inlet (mol s -1 cm -2 )

y O 2 : mole fraction of oxygen in a gas mixture (=0.21 for air) Equation ( 2.3) was also useful for calculating volumetric flow rates of gas mixtures with different mole fractions of oxygen 'y O 2 ' by implementing the ideal gas law.

Humidification

The humidifier was another key element of the experimental bench since the cathode side gases must be humidified all the time to ensure the proper hydration of the membrane electrode assembly. Figure 2.5 shows a schematic of the lateral section of the humidifier.

Figure 2.5: Vertical section of the humidifier

As shown in figure 2.5, the gas at ambient temperature was fed to the bottom of the humidifier, which then bubbles into de-ionized humidification water and leaves from the top as a saturated vapor-gas mixture at humidifier temperature (T hum ). The total volume of the humidifier was measured at 1850 mL and the humidification water level was maintained at 1000 mL at all time, using the de-ionized water feed by a peristaltic pump at a constant volume flow rate equal to the rate of water leaving with the gas as vapor.

The temperature of the humidifier was maintained at desired value (T hum ) by the circulation of hot water using a thermostatic bath. To calculate the relative humidity of the vapor-gas mixture leaving the humidifier, first, the humidity of air at any temperature 'T' has to be calculated as given by the following equation.

RH = p H 2 O p sat H 2 O | T (2.4)
where, The saturation pressure of water at any temperature 'T' can be calculated using different equations like Antoine's equation, Magnus equation, and Buck's equation. Antoine's equation has been proven to be superior for temperatures greater than 75°C but performs relatively poorly in predicting the saturation pressures at lower temperatures above freezing point.

p
The equation that was used to calculate the saturation pressure of water in this work was Buck's equation, since being more accurate than Antoine's equations for '80 °C > T > 0 °C' and is expressed as equation (2.5), where T is in °C and pressure is in kPa.

p sat H 2 O | T = 0.6112 exp 18.678 - T 234.5 T 257.14 + T (2.5)
Once water vapor leaves the humidifier, the partial pressure of the water vapor corresponds to the saturation pressure at humidifier temperature up to the fuel cell inlet. Therefore, the relative humidity of the air entering the fuel cell can be determined using equation (2.6), which enabled determination of the temperature at which the humidifier has to be maintained to obtain the specified humidification level. 

RH = p sat H 2 O | T hum p sat H 2 O | T cell (2.6)

Figure 2.6: Relative humidity curve at various T hum in respect to T cell = 55 °C

The water vapor mole fraction in the air 'y H 2 O ' can be calculated using equation (2.7a).

Then the mole flux of the water vapor leaving the humidifier and entering the fuel cell can be determined using equation (2.7b)

y in H 2 O = p sat H 2 O | T hum P total (2.7a) ṅin H 2 O = ṅin air   y in H 2 O 1 -y in H 2 O   (2.7b)
where, ṅin : Inlet molar flux (mol s -1 cm -2 )

P total : Total pressure (Pa)
The next section deals with the overall mass balance over the fuel cell and also depending upon the physical state of water.

Mass balance of species

.7 shows an overall species mass balance for a PEMFC system. The inlet molar fluxes of hydrogen and oxygen calculated using equations (2.2) were then used to calculate the volume flow rates of hydrogen and oxygen, respectively. It is to be reminded that, for oxygen supply, air was used, and its molar flux was given by equation (2.3). Moreover, to ensure reliable operation and no starvation of the fuel cell outlet, the gases were supplied in excess with stoichiometric factors λ H 2 = 1.2 and λ air = 2.5.

Figure 2.7: Representation of mass balance of species

By applying the overall mass balance equation expressed below, the outlet flow rates of species in the steady-state could be estimated.

Input

+ Generation = Output + Consumption (2.8)
The generation term was zero for hydrogen and oxygen since there was no production, but only consumption, whereas nitrogen was inert. There was no consumption of water, but on the contrary, it was being produced at the cathode at the same rate as the rate of hydrogen consumption.

Therefore, the spatial mass balances of each species were calculated as follows.

Hydrogen

In the hydrogen fuel cell, as mentioned before gases were supplied in excess. Hence hydrogen mass balance:

jλ H 2 2F = Unreacted H 2 + j 2F (2.9a) Unreacted H 2 flux at the outlet = (λ H 2 -1) j 2F (2.9b)

Oxygen

Similarly for oxygen, only consumption term exists

jλ O 2 4F = Unreacted O 2 + j 4F (2.10a) Unreacted O 2 flux at the outlet = (λ O 2 -1) j 4F (2.10b)

Water in the cathode compartment (Detrimental conditions)

The anode of the fuel cell was fed with dry hydrogen, and only the cathode was fed with water through humidified air in addition to the production of water at the cathode catalytic site. But note that the water inside the fuel cell (both compartments)

does not exist only in the gaseous phase at all times, but it can also exist in liquid form. At the cathode, the problem of condensation is more pronounced because of the constant production of water. The water balance calculations were made assuming no net water transport through the membrane, which is far from reality. However, the assumption was made to treat the worst-case scenario in which all the water stays at the cathode condensing into liquid water and could create flooding conditions.

Therefore, irrespective of the physical state, the mole flux of water at the cathode outlet can be calculated as expressed below:

ṅout H 2 O | c = ṅin H 2 O | c + ṅprod H 2 O | c (2.11)
Furthermore, during the fuel cell operation, some of the vapor water can condense into a liquid state due to temperature, pressure, and degree of saturation inside the fuel cell. Therefore, the saturation pressures at humidifier temperature and cell temperature were calculated using Buck's equation expressed by equation (2.5). Then by using equation (2.12), the water mole fraction at the outlet of the cathode can be calculated, with the assumption of all the water stays at the cathode.

ṅout H 2 O | c = qin air V m P total p sat H 2 O | T hum -1 + j 2F (2.12)
In the fuel cell, water can exist either in the vapor or in liquid phase; hence estimate the liquid water content, it was imperative to determine the physical state of water.

Here, 'equivalent water vapor activity a w ' was calculated, which is a comparison parameter between the water's saturation pressure and vapor pressure at the fuel cell temperature.

a w = p vap H 2 O p sat H 2 O | T cell (2.13)
As it is well known that the water vapor activity cannot exceed unity; therefore, the maximum amount of water that can remain in the vapor phase must be at the saturation pressure. Hence based on this principle, at the cathode outlet, the theoretical molar flux of water vapor was calculated as in equation (2.14).

ṅg H 2 O | c = ṅout N 2 + ṅout O 2 P total p sat H 2 O | T cell -1 (2.14)
Hence based on the theoretical value of molar flux of water (equation (2.12)), one of two following scenarios could occur and must be treated to evaluate the extent of condensation and amount of liquid water.

3.1. ṅout H 2 O | c < ṅg H 2 O | c
In this case all the water present is in vapor state and equation (2.11) gives the molar flux of water vapor out of the fuel cell at cathode, where

y out H 2 O + y out O 2 + y out N 2 = 1 (2.15) 3.2. ṅout H 2 O | c > ṅg H 2 O | c
In this case, part of the water is in a gas state, and the rest has been condensed to liquid according to saturation equilibrium. The molar flux of the water vapor at the cathode outlet can be calculated by subtracting equation (2.14) from equation (2.12) to give the molar flux of the liquid water leaving the fuel cell.

ṅliq H 2 O | c = ṅout H 2 O | c - ṅg H 2 O | c (2.16)
As illustrated before, the outlets of both the anode and cathode were subjected to condensation by cooling, to measure the outlet molar flux of water. Therefore the theoretical data could then be compared to the experimental values of collected water at the cathode outlet. Note that water was also collected at the anode indicating the water transport through the membrane, which was neglected.

Based on the mass balance of species, the theoretical amount of liquid water at the cathode outlet of the fuel cell was calculated to determine the operating conditions (restricted or excessive presence of liquid water) at given current density and humidification condition and has been plotted in figure 2.8. Further, the subsequent section describes the electrochemical diagnosis techniques and tools used in diagnostic of the fuel cell performance.

Figure 2.8: Fraction of liquid water out of total water flow rate at the cathode outlet assuming no net water transport through the membrane

Fuel cell diagnostic and diagnosis tools

To monitor the health and performance of a fuel cell, diagnosis of the MEA at various time instants throughout the life cycle of the PEMFC is very important. The diagnosis provides information about the source of loss of performance and degree of degradation of the MEA.

For that purpose, various techniques are in use today. They help in separating the causes of voltage loss and enable the user to comment on the health of MEA.

The experimental test bench was equipped with a BioLogic ® potentiostat/ galvanostat VSP for the measurements of electric variables, in addition to a booster with a maximum current limit of 80 A. For current more than 80 A, a Kikusui ® had to be coupled in parallel with the booster. Both booster and potentiostat were controlled by a software called EClab ® , developed and provided by the potentiostat manufacturer, whereas the Kikusui was controlled using Controldesk ® software manually.

This system made it possible to conduct the electrochemical diagnosis of the fuel cell to determine the state of health of the MEA and possibly too low or excessive hydration of fuel cell components. A brief review of the working principles of these electrochemical diagnosis techniques is given in the following subsections.

Online electrochemical diagnosis techniques

Electrochemical techniques used to characterize the fuel cell performance without needing any change in gas feed and/ or relative humidity are briefly discussed hereafter.

Chronopotentiometry (CP)

Chronopotentiometry is an important tool for electrochemical characterization, allowing a quick look into overall fuel cell performance rapidly. Chronopotentiometry was carried out by measuring the steady-state cell potential response of the fuel cell under constant current density condition for at least 300 s.

CP measurement at various constant current densities yields a polarization curve that allows observing the global fuel cell performance. Figure 2.9 shows the experimental polarization curve obtained for a 100 cm 2 fuel cell at 55 % relative humidity at the cathode inlet and dry anode.

Figure 2.9: Polarization curve for a PEMFC MEA with area 100 cm 2 with air at 55 % RH at the cathode and dry anode

As it can be seen in figure 2.9, the polarization curve can be divided into three current density or polarization zones as follows.

1. Low current density: In this region, after starting at the OCV, the initial potential drop is rapid and is mainly due to the activation losses at the electrode surface, corresponding to the activation overpotential.

Medium current density:

After a rapid decrease in the first zone, this zone shows almost a linear decrease in the cell potential. The main reason behind this is the ohmic losses linked to the membrane's proton conductivity and the charge transfer losses at the electrode surface.

3. High current density: Similar to the low current density, the decline in the cell voltage is rapid in this zone. The losses are mostly due to concentration gradient and show mass transport limitations such as troublesome diffusion of oxygen, which causes the reaction limitation due to lack of oxidant at the catalytic site.

Finally, after taking into account all the above mentioned losses, the cell voltage can be calculated using equation (2.17) as follows:

U cell = U r -η a -η c -η ohm (2.17)
where,

U r : Reversible cell potential (V)

η a : Anodic overpotential (V) η c : Cathodic overpotential (V) η ohm : Ohmic potential drop (V)
The anodic and cathodic overpotential is always linked to the charge transfer 'η act ' and mass transfer 'η di f f ' losses for the two electrodes; whereas, the ohmic potential drop generally have multiple contributors like the membrane, bipolar plates, external wire connections.

Electrochemical Impedance Spectroscopy (EIS)

Impedance analysis or spectroscopy is a very popular, non-destructive measurement

technique that provides detailed diagnosis information about various physicochemical phenomena. It is widely used, especially in the field of mechanics and rheology, in addition to electrochemistry. In a fuel cell, impedance spectroscopy allows observing a wide range of electrochemical phenomena, including charge transfer reaction at the electrode/electrolyte interface, reaction mechanisms, and state of health of fuel cells [START_REF] Wang | PEM fuel cell durability handbook[END_REF].

Such a large range of physicochemical phenomena investigation was allowed by a wide range of frequency over several decades. A very popular impedance analysis technique nowadays is electrochemical impedance spectroscopy (EIS). The first-ever reported use of the EIS was by Grahame in 1947 [START_REF] Grahame | The electrical double layer and the theory of electrocapillarity[END_REF] and then in 1965 by Delahaye [START_REF] Anson | Double-layer and electrode kinetics (Delahay, Paul)[END_REF], who used it to study the double layer capacitance in fuel cells [START_REF] Wang | PEM fuel cell durability handbook[END_REF]. The first characterization of PEMFC performance using EIS was reported by Srinivasan et al., 1988 [73].

EIS uses the dynamic relationship between current and cell voltage; either of them is monitored while the other variable is excited. The EIS signal should exhibit linearity for possible use of Fourier's or Laplace's transformations for the sake of easier mathematical treatment of the data and valid impedance data. More precisely, the resultant signal must obey law of superimposition with respect to the input signal or in other words, the resulting signal should be independent of applied signal amplitude. Common electrochemical systems are not necessarily linear; however, they might be considered linear over a small potential window as shown in figure 2.10. Therefore, to ensure validity of the data, usually a signal of amplitude large enough to induce observable response, at the same time small enough to respect the linearity is used.

Figure 2.10:

Depiction of linearizing a non-linear system around a stationary function point using low amplitude signal [START_REF] Huang | Mécanismes de vieillissement de l'Assemblage Membrane Électrodes dans une pile à combustible de type PEM par approche expérimentale[END_REF][START_REF] Boillot | Validation expérimentale d'outils de modélisation d'une pile à combustible de type pem[END_REF].

The excitation variable has two components; an average component and another fluctuating with time. For instance, equation (2.18) expresses the instantaneous current at time 't' i.e.

J(t)

in the form of a excitation variable in current.

J(t) = J ± ∆J sin(ω.t) (2.18)
where,

J : Average current (A)

∆J : Amplitude of imposed current fluctuations (A)

ω : Angular frequency (rad s -1 )
These excitations in current induce variations in the cell voltage, varying with different amplitude and phase shifts with the original signal at the same frequency. The cell voltage variation can be expressed by equation (2.19).

U(t) = Ū ± ∆U sin(ω.t + Ψ) (2.19)
where,

U(t) : Instantaneous cell voltage at time 't' (V) Ū : Steady state cell voltage (V)
∆U : Amplitude of observed voltage fluctuations (V)

Ψ : Phase shift (rad)
Then the impedance modulus is defined in simple terms as given in equation (2.20).

Z U-J = ∆U ∆J (2.20)
Further, the impedance can be written in complex algebraic form as expressed in equation (2.21).

Z U-J = Z U-J exp(iΨ) = Z ′ + i Z ′′ (2.21)
where,

Z ′ : Real part of impedance (Ω) Z ′′ : Imaginary part of impedance (Ω) i : Imaginary number (= √ -1)
The user can monitor the voltage across the cell and the current through the cell using the connections made from the cell to the potentiostat [START_REF] Wu | Diagnostic tools in pem fuel cell research: Part i electrochemical techniques[END_REF]. Moreover, the typical frequency range for EIS is 10 kHz to 100 mHz, which can be applied using the potentiostat.

The most common representations of EIS are mentioned below: The ohmic resistance (R ohm ) represents the resistance offered to the proton migration in the membrane plus possible constant resistances between various fuel cell components. The anode has been modeled using a constant phase element or CPE (Q A , n A ) in parallel with the charge transfer resistance (R ct,A ). The anode mass transfer resistance has been neglected here since the hydrogen was fed dry and pure. On the other hand, the cathode was modeled using a CPE (Q C , n C ) in parallel with charge transfer resistance (R ct,C ) in series with the Warburg element. The Warburg represents the cathode oxygen mass transfer resistance

(R di f f ,C ), with time constant 'τ di f f '.
So considering all these resistances, the impedance modulus can be expressed by equation (2.22). The activation resistances R ct,A and R ct,C are related to the activation overpotentials η a,ct and η c,ct respectively as follows:

Z(ω) = R ohm + 1 Q A (iω) n A + (R ct,A ) -1 + 1 Q C (iω) n C +     R ct,C + R di f f ,C    tanh( iτ di f f ω) iτ di f f ω        -1 (2.
R ct,A = 1 S . ∂η a,ct ∂j (2.23)
Where S is the surface area of the MEA (cm 2 ), and it is similar for the cathode as well. A strategy was used and is demonstrated below to evaluate the values of various resistances.

As it is known that in the Nyquist plot, every frequency has a corresponding real Z'

and imaginary part Z" of the impedance linked to it. Hence by inputting initial guessing parameters for the components of the circuit, initial values of real and imaginary impedance could be estimated [START_REF] Boillot | Validation expérimentale d'outils de modélisation d'une pile à combustible de type pem[END_REF].

In addition, a residual factor ϖ(ω) was calculated, which represents the error between the experimental values and the estimated values and could be expressed as in equation (2.24).

ϖ(ω) = Z ′ (ω) -Z ′ est (ω) 2 + Z ′′ (ω) -Z ′′ est (ω) 2 (2.24)
The error between the measured and the model spectra was estimated by taking residuals over the considered frequency range. Besides, to achieve a better convergence, the sum was multiplied by 10 5 because the impedance modulus values are usually far below unity (few mΩ). This sum was then minimized using the Microsoft Excel solver based upon the general nonlinear reduction gradient method.

It should be taken into account that due to the insignificant anodic contribution, the modeling and estimation of the anodic parameters were difficult and fairly inaccurate. So based on the past adjustments done on the number of spectra obtained, it was preferred to fix the anodic parameters such as the exponent of CPE and the anodic charge [START_REF] Huang | Mécanismes de vieillissement de l'Assemblage Membrane Électrodes dans une pile à combustible de type PEM par approche expérimentale[END_REF][START_REF] Boillot | Validation expérimentale d'outils de modélisation d'une pile à combustible de type pem[END_REF][START_REF] Franck-Lacaze | Ageing of PEMFC's due to operation at low current density: Investigation of oxidative degradation[END_REF]. The adjustments were made in 3 main steps:

transfer resistance R ct,A = 0.1 × R ct,C
1. The high and moderate frequency loop was adjusted to obtain the values of the

parameters such as R ohm , Q A , Q C , n C , and R ct,C .
2. The parameter values obtained in step 1 were then used to adjust the low-frequency loop to estimate the values of the parameters such as R di f f ,C and τ di f f .

3. Finally, all the estimated parameters were adjusted over the whole spectrum altogether repetitively until the sum of residual values ϖ(ω) attained a constant value.

Moreover, the values of Q C of different spectra cannot be directly compared because they are linked to their exponent n C . Therefore it is recommended to estimate the equivalent capacity C C and charge transfer resistance R ct,C,eq as expressed in equations (2.25) and (2.26) [START_REF] Franck-Lacaze | Effects of Ozone on the Performance of a Polymer Electrolyte Membrane Fuel Cell[END_REF].

C C = Q C ω n C -1 sin n C π 2 1 + R ct,C Q C ω n C cos n C π 2 (2.25) R ct,C,eq = R ct,C 1 + R ct,C Q C ω n C cos n C π 2 (2.26)
The generalized equivalence does not directly relate to the generalized physics of the system but could allow the comparison of the electrochemical state of the fuel cell.

Further, the Bode plot is used when the impedance magnitude covers a large range. From the shape of the Nyquist plot, the user can distinguish between different resistances and their contributors, evaluate the deviation of the double-layer capacity from ideal behavior, change values of time involving parameters. In addition, one can deduce crucial information about the limitations in various transport processes due to degradation, which can be helpful to improve the cell performance [START_REF] Orazem | Electrochemical impedance spectroscopy[END_REF][START_REF] Wu | Diagnostic tools in pem fuel cell research: Part i electrochemical techniques[END_REF].

Therefore EIS provides crucial information about ohmic losses at high frequency, charge transfer losses in the range of 5 Hz to 1000 Hz and can inform to some extent about losses due to transport processes. But, EIS fails to a greater extent in the low-frequency region, typically below 1 Hz. It can be observed that there is very little information to be extracted for frequencies under 1 Hz in the EIS spectra (figures 2.11 and 2.11a). This inadequacy of information poses difficulties in resolving the different transport processes using EIS because of their comparable time constants and the possible masking effect of charge transfer phenomena with a slower time constant.

Offline techniques

In addition to the techniques mentioned above, other diagnostic methods such as cyclic voltammetry (CV) and linear sweep voltammetry (LSV) can provide important information on the active surface area of the catalyst and the fuel crossover significance, as discussed in brief in the following section.

Cyclic Voltammetry (CV)

Cyclic voltammetry is a direct current (DC) electrochemical technique, which records the response in a current while a voltage scan is applied to the working electrode at a constant scan rate in the forward and reverses directions once or several times. It is used to determine the rates of reduction and activation reactions occurring on the given electrode, giving information about the active surface area of a catalyst layer on an electrode [START_REF] Huang | Mécanismes de vieillissement de l'Assemblage Membrane Électrodes dans une pile à combustible de type PEM par approche expérimentale[END_REF][START_REF] Boillot | Validation expérimentale d'outils de modélisation d'une pile à combustible de type pem[END_REF].

Typically CV needs three electrodes, namely the working electrode (WE)-the one deposited with material to be investigated, the counter electrode (CE), and a reference electrode (RE)-one used as a reference for voltage measurement [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Wang | PEM fuel cell durability handbook[END_REF]. In the case of fuel cells, the anode serves as the reference electrode (RE) as well as the counter electrode (CE), and the cathode serves as the working electrode (WE) [START_REF] Larminie | Fuel Cell Systems Explained[END_REF]. This can be done because the anode potential usually varies very little with the current density for hydrogen oxidation at Pt/C electrode. The plot obtained from CV is called 'cyclic voltammogram' (figure 2.12). During testing, the fuel cell is supplied with fully humidified hydrogen and a fully humidified inert gas (usually nitrogen or argon) to the fuel cell's anode and cathode. A fixed voltage was applied using a potentiostat and scanned at a fixed rate (usually 10 to 100 mV). The activity of a catalyst can be evaluated by both the onset voltage and the peak current. Higher activity generates a lower onset voltage and a higher limiting current.

The proton adsorption takes place at different sites of the platinum surface beside the formation of hydrogen mono-layer does not take place at one fixed potential but rather between 0 to 0.4 V. Chaparro et al., 2009 [79] and Lee et al., 2012 [80] suggested that the hydrogen desorption curve is required to determine the active surface area of platinum as it is less sensitive to the other processes like mass transfer than that of hydrogen adsorption.

The electrochemical active surface area (ECSA) can be therefore calculated using the critical area under the positive plateau [START_REF] Wang | PEM fuel cell durability handbook[END_REF] and then subtracting the capacitive contribution.

Q H = J dU dU/dt (2.27)
Subsequently the electrochemical active surface area of platinum per unit area of electrode can be written by equation (2.28).

S Pt = Q H Q Pt S total (2.28)
where,

Q H : Charge for hydrogen desorption (C) Q Pt : Specific Pt charge for hydrogen sorption (2.1 × 10 -4 C cm -2 )
dU/dt : Scanning rate (V s -1 )

S Pt

: Surface area of platinum (cm 2 Pt cm -2 )

Linear Sweep Voltammetry (LSV)

Linear sweep voltammetry (LSV) is the most frequently used electrochemical technique to determine the hydrogen gas crossover through membranes in PEMFCs [START_REF] Huang | Mécanismes de vieillissement de l'Assemblage Membrane Électrodes dans une pile à combustible de type PEM par approche expérimentale[END_REF]. The principal advantage of the technique is that it can be applied directly under different, realistic fuel cell operating conditions [START_REF] Kocha | Characterization of gas crossover and its implications in pem fuel cells[END_REF]. The test can be carried out without disassembling the cell system. During testing with the same gas feed as for cyclic voltammetry, a constant and low voltage scan rate (a few mV s -1 ) was applied to the fuel cell electrode to obtain a permeation current. Thus, the gas crossover rate provided by LSV expresses realistic membrane situations under actual working conditions [START_REF] Wang | PEM fuel cell durability handbook[END_REF]. A typical LSV curve is shown in figure 2.13. During LSV, the cathode acts as the working electrode, while the anode acts as both counter and reference electrodes. The WE potential was then varied over the range of 0.05 to 0.5 V with a scanning rate of 2 mV s -1 .

Figure 2.13: Linear sweep voltammogram obtained for a PEMFC MEA with area 100 cm 2 at a scan rate of 2 mV s -1 after 750 h of operation

In the reaction, nitrogen was inert, and the potential applied was not sufficient for the oxidation of water vapor. Therefore, the oxidation current measured during LSV could only be linked to the oxidation of hydrogen that has been permeated from the anode towards the cathode [START_REF] Huang | Mécanismes de vieillissement de l'Assemblage Membrane Électrodes dans une pile à combustible de type PEM par approche expérimentale[END_REF]. The current reaches the permeation value J cross H 2 at around 0.35 to 0.4 V which is the voltage range free from the effects of the hydrogen adsorption and desorption on the catalyst surface. This permeation current yields the rate of hydrogen crossover by Faraday's law as shown in equation (2.29). For a fresh MEA, the magnitude of the permeation current

J cross H 2 is usually inferior to 1 mA cm -2 . ṅper H 2 = j cross H 2 n F (2.29)
where, However, it should be noted that the amount of hydrogen crossover given by LSV is mostly indicative principally because the local humidification conditions inside the fuel cell might differ during LSV and normal operation. Moreover, when performed at regular time intervals, the procedure allows access to the 'progression of degradation [START_REF] Huang | Mécanismes de vieillissement de l'Assemblage Membrane Électrodes dans une pile à combustible de type PEM par approche expérimentale[END_REF].'

This section concludes the materials and methodologies (except EPIS) used in this research work for validation of EPIS. In the upcoming chapters, the design and the development of the EPIS test bench are discussed in detail, followed by the results obtained in various operating conditions using EPIS. the measurement principles, data acquisition. The limits of the experimental bench were defined using the data obtained from experiments in addition to the governing equations, followed by a review of the constraints identified during preliminary experiments and the data collection. Afterward, the chapter describes the strategies adopted to resolve these constraints ensuring the reliable operation of fuel cell and EPIS. Finally, the preliminary results led the path to specifically designed experiments to attempt and resolve the various transport phenomena involved.

Introduction to transport phenomena in PEM fuel cell

A proton exchange membrane fuel cell is an electrochemical device that converts the chemical energy of hydrogen and oxygen into electrical energy. As explained before in Chapter 2, the fuel cell is fed with hydrogen at the anode and oxygen (often in the form of air) in excess at the cathode. The reactant gases then travel through the flow channels of the bipolar plate towards the porous medium i.e. the GDL and then diffuse through the GDL to reach the catalytic site. Therefore the transport phenomena, especially the transport of gaseous species, are crucial to the performance of the PEMFC. These transport phenomena are classified as follows and are shown in figure 3.1.

1. Convective mass transfer from channels to the GDL which is driven by the bulk motion of the gases in the flow channels.

2. Diffusive mass transfer of gases through the GDL to the catalytic site driven by the concentration gradient inside the fuel cell.

3. Liquid water transport through the GDL due to hydraulic permeation and water rejection.

4. Water transport through the membrane consists of three main phenomena listed as follows.

i. Electro-osmosis from the anode to the cathode due to ability of protons to carry water molecules.

ii. Back-diffusion due to the gradient of water vapor activity/ concentration in the electrode compartments. It is dependent on the humidification conditions inside the fuel cell and usually occurs from the cathode to the anode.

iii. Hydraulic transport due to the gradient of pressure between the two compartments and it also usually happens from the cathode to the anode due to higher flow rate at the cathode than at the anode.

Figure 3.1:

Qualitative representation of the transport processes occurring inside a PEM fuel cell (adopted from [START_REF] Hinaje | Modelling of the proton exchange membrane fuel cell in steady state[END_REF]).

As it can be seen in figure 3.1 in dry conditions, the reacting gases have to travel from the gas feed channels through convection, then have to diffuse through the porous GDL to reach the catalyst layer where the reaction and electron exchange takes place. The gases at the anode comprise principally of hydrogen and water vapor due to the humidification of hydrogen or water transport across the membrane. There is very little possibility of liquid water transport at the anode since the pressure and temperature conditions are less favorable for water vapor condensation [START_REF] Ge | Liquid water formation and transport in the pefc anode[END_REF][START_REF] Gößling | Analysis of liquid water formation in polymer electrolyte membrane (pem) fuel cell flow fields with a dry cathode supply[END_REF]. However, in extreme conditions, such as both electrodes are humidified, the formation of liquid water might occur at the anode.

Therefore, the diffusion at the anode can be treated as a binary diffusion of gases.Moreover, at the cathode compartment, many researchers perceive the diffusion of species as a binary diffusion since air is a mixture of nitrogen and oxygen. But it should be noted that it is a ternary mixture consisting of nitrogen, oxygen, and water vapor and should be treated separately with each species in relation to the other species. The gas diffusion is discussed more in detail in Chapter 4.

The water that is being transported through the membrane is a function of water sorption coefficient or membrane water content 'Λ m ' defined as the number of water molecules per every sulfonate group and has been thoroughly discussed in Chapter 5. In most cases, the net water transport in the membrane occurs from the cathode to the anode due to the gradient of water vapor activity, pressure etc. Therefore, the arrow that represents water transport from the cathode to the anode is illustrated larger to suggest that the water transport from the cathode to the anode is usually more significant than from the anode to the cathode due to concentration and pressure differences between the two compartments.

In some situations, when the liquid water is present in the system, it leads to more complex transport. In this case, some part of the FC structure could be flooded with the formation of liquid water puddles, resulting in local obstructed flow of gases. In addition, the liquid droplets could block the pores, severely limiting the diffusive mass transfer through the GDL.

All these phenomena occur simultaneously when PEMFC is operated at the standard operating conditions. This makes the transport phenomena quite complex to distinguish from one another, making their study even more difficult. Momentum and mass transports being processes with characteristic time constants in the order of a fraction of a second or more can be observed in the low-frequency region below a few Hz [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF]. Jiao et al., 2011 [11] reported the time constant for diffusive gas transport in the range of 4 to 40 ms depending upon the thickness of GDL, whereas Edwards et al., 2016 [85] in their compilation of other researchers' work, reported time constants for diffusive mass transfer around 1 ms [START_REF] Kim | The effect of stoichiometry on dynamic behavior of a proton exchange membrane fuel cell (PEMFC) during load change[END_REF][START_REF] Wang | Transient analysis of polymer electrolyte fuel cells[END_REF][START_REF] Cho | Transient response of a unit proton-exchange membrane fuel cell under various operating conditions[END_REF].

Besides, more recently, Keller et al., 2018 [89] reported the time constant for overall gas transport (convection+diffusion) in the range of 120 to 225 ms for a single cell and around 450 ms for a 90 cell stack. In the case of the convective flow of dry gases, literature reports a time constant in the range of 100 to 200 ms [START_REF] Kim | The effect of stoichiometry on dynamic behavior of a proton exchange membrane fuel cell (PEMFC) during load change[END_REF].

In addition, for the liquid water transport in the GDL, Wang et al., 2007 [90] As illustrated earlier in Chapter 1, EIS fails marginally in the low-frequency region since limited information can usually be extracted below 1 Hz. In addition, EIS may appear to struggle to differentiate between various transport phenomena because of the possible masking of mass transport phenomena by charge transfer phenomena in the catalyst layer with comparable time constants at a fraction of a second [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF][START_REF] Grübl | Electrochemical Pressure Impedance Spectroscopy (EPIS) as Diagnostic Method for Electrochemical Cells with Gaseous Reactants: A Model-Based Analysis[END_REF][START_REF] Larminie | Fuel Cell Systems Explained[END_REF]. In addition, most of the electrochemical diagnostic techniques rely on the analysis of the dynamic relationship of electrical variables to extract information. Moreover, other physical parameters influence the fuel cell performance. Therefore, a combination of a physical variable with an electrical one might be able to evidence more precise information on the intensity and the nature of the transport phenomena in the low-frequency region where other techniques struggle.

Introduction to electrochemical pressure impedance spectroscopy

The idea of investigating a dynamic relationship of any other physical parameter with respect to the electrical one to reveal the nature of physical phenomena constituting overall mass transport is relatively new. As discussed previously in Chapter 1, the two main physical variables which influence the performance of PEM fuel cells are the cell temperature and the gas pressure. The possibility of coupling the modulation of one of these two physical parameters (but preferably pressure because of the faster response time)

with electrical variables gives rise to additional impedance definitions. It had been observed

in numerous studies that increasing the gas pressure boosts the fuel cell performance by a significant amount. Therefore, this thesis focused on investigating the dynamic relationship between the cathode back-pressure and the cell voltage at constant current density.

The first investigation on the dynamic relationship between pressure and voltage was conducted by Schneider et al., 2007 [95] using forced external pressure excitation. Moreover, it was Niroumand et al., 2010 [START_REF] Niroumand | Pressure-voltage oscillations as a diagnostic tool for PEFC cathodes[END_REF] who took that approach further in their experiments and observed that oscillations of the cathode back-pressure in polymer electrolyte fuel cells in algorithm, in which they used the increase in the cathode back-pressure and the cell voltage fluctuations as a diagnostic criterion to evidence flooding at the cathode and/or starvation at the anode. In this approach, they termed sustaining voltage fluctuations, which then increased with a decrease in the cathodic gas flow rate as a flooding characteristic, whereas sudden increase in the cell voltage amplitude beyond a certain threshold value was termed cathode starvation. Furthermore, a constant decrease in the cell voltage without pressure modulation was termed as anode starvation [START_REF] Sorrentino | Polymer Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis by Frequency Response Analysis Methods: A Review[END_REF].

After that, Hartmann et al., 2014 [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF] examined various dynamic relationships between gas pressure, current, and voltage in electrochemical cells with gaseous reactants and defined a new type of impedance called electrochemical pressure impedance and its related spectroscopy EPIS. The periodic modulation of pressure was achieved through a controlled valve at the inlet while the system was maintained under galvanostatic control to record the voltage response.

Application of EPIS to sodium-oxygen batteries by monitoring the pressure amplitude of a closed oxygen reservoir in relation to electrical variables yielded vital information about hydration imbalance, changes in reactant distribution, and their effects on mass transport.

EPIS was shown to be significantly sensitive to oxygen transport properties of porous electrodes, while the phase shift plot suggested the domination of diffusion processes on the system and exhibited an impedance similar to the Warburg [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF].

A detailed theoretical analysis by Grübl et al., 2016 [14] explored the potential of EPIS for the study of electrochemical cells in general, such as fuel cells, metal batteries, and electrolyzers. Moreover, through numerical simulations, they confirmed the potential of EPIS in selectively detecting the gas transport dynamics by using a 1D reaction transport model. Additionally, during the sensitivity analysis, it was observed that EPIS was more sensitive to the transport processes and cell geometry, whereas EIS was more sensitive to electrode kinetics and double-layer capacitance. Through these observations, they could establish that EPIS can distinguish between various transport processes e.g. gas diffusion in the porous structures or water transport in the low-frequency regime, in a domain where EIS fails to access it.

Recently, Engebretsen et al., 2017 [97] applied EPIS to PEMFC by modulating the cathode outlet pressure between 10 mHz and 100 Hz using a loudspeaker assembly under galvanostatic conditions. An increase in the impedance modulus with an increase in frequency was observed, evidencing a single dynamics while the phase shift showed a continuous decrease in frequency. In addition, a steady increase in impedance modulus with an increase in current density suggests the higher mass transport control.

Despite the appreciable noise in the data acquired, they demonstrated the potential of EPIS to investigate transport processes e.g., water transport, diffusive and convective gas transports, more accurately than EIS. It should be noted that all of the above researchers suggested exploiting the potential of EPIS as a complementary tool for EIS, to be used for better resolution of low-frequency region and not as a replacement for EIS [START_REF] Sorrentino | Polymer Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis by Frequency Response Analysis Methods: A Review[END_REF].

Following the past work done in the field of electrochemical pressure impedance spectroscopy, this Ph.D. thesis aims to take the EPIS approach further in the development and validation of EPIS for proton exchange membrane fuel cells to distinguish better and isolate the various transport processes involved. The following sections describe the measurement principles used in this approach to determine the transfer function between cell voltage and the cathode back-pressure, implementation of EPIS to PEM fuel cell, and determination of the reliable operation conditions for EPIS.

Measurement principles and definitions

The current thesis work involves the development of EPIS for application to the PEMFC for the characterization of transport processes. Referring to the time constants values in the available literature, the frequency domain considered in the present research was fixed from 1 mHz to 1 Hz which gave ample amount of time to observe the different transport phenomena in addition to being compatible with the valve specifications and to avoiding hydraulic issues regarding the pressure fluctuations as discussed further in the chapter.

Moreover, the type of pressure impedance examined and studied was solely based on the dynamic relationship of the cathode gas back-pressure and cell voltage at constant applied current. This impedance was termed as 'voltage-pressure impedance' and denoted as 'Z U-P ' and the phase shift as 'ψ.'

As mentioned in Chapter 2, to carry out EPIS measurements, pressures at both the cathode and anode outlets were first fixed at a steady level 'P out ' over the atmospheric pressure (reference pressure), using the pressure controllers installed at each gas stream outlet. Then keeping the anode back-pressure constant at a reference pressure, sinusoidal pressure modulations at the cathode back-pressure were applied with amplitude '∆P out ' and frequency ' f .'

Therefore, once the steady-state was achieved, the outlet pressure modulation for time 't > 0' and the induced fluctuation of the cell voltage around its steady-state value 'U cell ' can be expressed by equations (3.1) and (3.2) respectively.

P out = P out + ∆P sin(ωt) (3.1) U cell = U cell + ∆U sin(ωt + ψ) (3.2)
where, This impedance is the transfer function describing the response of the fuel cell voltage fluctuations ' Ũ(t)' to the outlet pressure modulation ' Pout (t).' In a general manner, it can be written in Laplace domain as given by equation (3.3) in the considered frequency domain.

P
Z U-P (s) = Ũ(s) Pout (s) (3.3)
where s is the Laplace variable. Corresponding to the considered time domain, if ' Pout (t)'

is chosen as phase shift reference, to the following definitions (equation (3.4)):

Pout (t) = ∆P out sin(ωt) (3.4)
Then,

Ũ(t) = Z U-P (iω) ∆P out sin[ωt + ψ Z U-P (iω) ] (3.5)
Here, the electrochemical pressure impedance can be represented, as commonly for an harmonic impedance, through a modulus and a phase shift as shown in equations (3.6)

Z U-P (iω) = Ũ(iω) Pout (iω) (3.6a) ψ[Z U-P (iω)] = arg[ Ũ(iω)] -arg[ Pout (iω)] (3.6b)

Preliminary experiments: verification of reliable operation

After successful design and setup of the EPIS test bench and data acquisition system, some preliminary experiments were carried out to ensure reliable operation of the fuel cell, of various components of the test bench (e.g., pressure controllers) and to observe the preliminary response of the system to back-pressure modulation in terms of cell voltage response. Moreover, these tests were also useful in determining the constraints in performing EPIS tests on the laboratory test bench, which enabled the acquisition of reliable and valuable EPIS data. During preliminary tests, constraints mainly regarding the noise in the signal and selection of pressure amplitude were observed as explained below.

Noise reduction

Figure 3.2a shows the raw, untreated voltage signal as a result of back-pressure modulation.

As it can be seen, the data is for f = 400 mHz due to back-pressure oscillations with pressure amplitude of 3 mbar. In these figures the blue curve shows the observed cell voltage response compared to the first harmonic shown by the red curve. As it can be seen that the signals can be blurred by some electrical noise, especially the fuel cell voltage. This additional noise posed problems such as extensive use of computational power for the sake of accuracy; also, large data was needed to process making it a time consuming work. 

Data acquisition and processing

For the data acquisition and processing purpose, sets of a definite number of periods of certain frequency were recorded; these sets were termed 'acquisitions.' Usually, ten periods per acquisition were recorded for high frequencies: f ≥ 10 mHz, and only three to five periods for lower frequencies i.e. 1 mHz ≤ f < 10 mHz due to time constraints. In practice, signals could be distorted, in particular above a few hundred mHz, because of the dynamic limitations of the pressure controller.

Consequently, the impedance modulus and phase shift calculations were carried out on the signal's first harmonic, often referred to single ω-component, extracted from measured signals by employing Fourier analysis. For this purpose, the signal acquisition was performed at a minimum rate of 10 000 samples per period. Further, in the postprocessing procedure, all these periods were used to build averaged one-period signals, which enabled to reduce the noise level, thus, increasing the accuracy of Fourier analysis.

Once we have all the necessary data from Fourier analysis, the transfer function between the induced cell voltage fluctuations and the imposed back-pressure was taken to define the impedance modulus. Besides, the time difference between the maxima of the voltage and the pressure perturbation signals were used to calculate the phase shift.

By taking into account all the variables that would impact the EPIS spectra such as cell temperature, change in the cathode RH, and apparent distortion in signals; the error margin in the data at higher frequencies, (< 100 mHz) was estimated in the order of 10 to 15 %.

However, at the lower frequencies, due to low distortion in signals, a higher accuracy could be achieved with an error margin less than 7 to 10%. Additionally, it was observed that there were some apparent and obvious constraints to the application of EPIS to this particular test bench particularly linked to pressure amplitude as explained below.

Selection of pressure amplitude

Firstly, the system was verified to be linear irrespective of the pressure amplitude applied. In addition, it was also observed that the back-pressure modulation had effects upstream the fuel cell as well, particularly on the gas feed and the inlet pressure due to the presence of a significant gas phase volume in the humidifier. This additional effect has been thoroughly examined and discussed in the following section.

Effect of back-pressure modulation on the gas flow rate upstream to the fuel cell due to the humidifier: simple first order model

As illustrated in figure 3.3a, during back-pressure modulation, pressure variations at both the outlet and inlet of fuel cell were observed and recorded by the two pressure sensors installed both at the inlet and outlet of the fuel cell. When observed keenly and more precisely, it appeared that there was a transfer function between Pin (t) and Pout (t), which also caused the gas feed volumetric flow rate at the fuel cell inlet to oscillate. A simple model has been developed and is presented here to understand better the transient of pressures in the whole system (figure 3.5) [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy for investigation of mass transfer in polymer electrolyte membrane fuel cells[END_REF][START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF].

From this model, the (dry) air flow rate at the fuel cell inlet, qin , is to vary over time from the observations made on pressure even though the cathode inlet humidifier was fed with a constant inlet flow rate q f eed . This happened because there was significant gas phase volume in the humidifier acting as a reservoir or buffer to air, influencing the airflow rate at its outlet. As a result, it can be deduced that under back-pressure modulations, airflow rate qin at the fuel cell inlet (i.e. at humidifier outlet) is also time-dependent, therefore differing from the constant q f eed . As mentioned earlier, before starting back-pressure modulations, the input pressure and the flow rate at the fuel cell inlet are constant along with the output pressure. and outlet pressure of the fuel cell [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF].

So, considering the circuit, the initial steady-state conditions (t ≤ 0) are:

P out (t) = P out (3.7a) qin (t) = qin = q f eed (3.7b) P in (t) = P in = P out + r qin (3.7c)
"Resistance r" corresponding to the aptitude in the pressure drop in the system was caused by the air flowing across the fuel cell and was assumed to be independent of the gas flow rate. Even upon cathode back-pressure modulation, flow rate q f eed was always constant, but other variables were governed in a first-order approach by following equations (figure 3.5) for t > 0:

P out (t) = P out + ∆P sin(ωt) (3.8a) qin (t) = q f eed -C dP in (t) dt (3.8b) P in (t) = P out (t) + r qin (t) (3.8c)
where, r : Specific pressure drop between inlet and outlet (bar s NL -1 )

C : Equivalent capacitor (the gas volume in the humidifier) (NL bar -1 )

Fluctuating variables were defined by subtracting their operating steady contribution e.g., for a variable x:

x(t) = x(t) -x
Hence, resolution of the previous differential equation system shown in equations (3.8) leads to the following harmonic regime:

Pout (t) = ∆P sin(ωt) (3.9a) Pin (t) = Z P-P (iω) ∆P out sin[ωt + θ[Z P-P (iω)]] (3.9b) qin (t) = -Cω Z P-P (iω) ∆P out cos[ωt + θ[Z P-P (iω)]] (3.9c)
where, Z P-P (iω) is the harmonic transfer function between inlet and outlet pressures and was termed as 'pressure-pressure impedance,' characterized by its modulus and its phase shift θ as follows:

Z P-P (iω) = 1 1 + (τω) 2 (3.10a) θ[Z P-P (iω)] = -atan(τω) (3.10b) τ = r × C (3.10c)
Equations (3.10) above confirm the observations made earlier that the humidifier volume had a significant role in influencing the flow rate and the pressure at the fuel cell inlet. The associated capacitive parameter 'C' has been assumed to be proportional to the humidifier void (gas) volume 'V void ,' according to equation (3.11). R : Universal gas constant = 8.314 (J mol -1 K -1 ) E.g., for V void = 0.85 L and 43.1 °C (or 316.25 K) for T hum , the value of C can be estimated equal to 0.724 NL bar -1 . The pressure drop between inlet and outlet was measured at 18 mbar at steady-state therefore, at 150 mbar above the atmospheric pressure for P out , and 0.830 NL min -1 for q f eed corresponding to the air flow rate supplied for current density at 0.2 A cm -2 and 2.5 as oxygen stoichiometric factor, the "equivalent resistance r" was estimated at 1.303 bar s NL -1 by fitting the experimental data. Some more experimental measurements were carried out to compare this first-order approach with experimental data and are reported in the following section.

C ≈ V void V m R T hum ( 3 

Validation of theoretical data with experimental results

To test the validity of the simple theoretical model, experiments were carried out at different gas phase volumes in the humidifier namely at 1.35 L, 0.85 L and 0.35 L. It should be reminded that the total volume of the humidifier was 1.850 L and the void gas volume was created by filling the humidifier respectively with 0.5 L, 1 L and 1.5 L of de-ionized water.

The theoretical data deduced from the first-order model (equations (3.10)) could be successfully compared to experimental results with a good agreement as shown in figure 3.6. The theoretical data along with experimental results had also been successfully compared to simulation data obtained using a more rigorous model of our system developed by our German partners at the Hochschule Offenburg [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy for investigation of mass transfer in polymer electrolyte membrane fuel cells[END_REF] thus validating the simple first-order approach (figure 3.7).

As explained above, the equations mentioned in section 3.4.3 not only depict the effect of output pressure fluctuations on the gas inlet pressure but also highlight its effect on the gas flow rate at the fuel cell inlet qin . These effects, combined with the observations from the preliminary experiments, brought forward operating constraints of the EPIS test bench, particularly in terms of the pressure modulation amplitude i.e. ∆P out as explained below.

Equations (3.9) shows that for too large pressure modulation amplitude, the input flow rate can fall below the airflow rate required for hydrogen oxidation concerning the generation of current 'J,' which may starve the fuel cell due to lack of oxidizer.

This minimum airflow rate required for proper oxidation of hydrogen at the catalytic site and consequently ensuring reliable operation of the fuel cell was termed as qmin For very low frequencies, the system has enough time to compensate for the capacitive effect of the humidifier; therefore, variations in the airflow rate fed to the cell are negligible. On the contrary, at frequencies larger than 100 mHz, the hydraulic system has less time to react |Z P-P | and phase shift of pressure impedance θ due to the back-pressure modulation at the cathode, at OCV, at q f eed corresponding to j = 0.2 A cm -2 and ∆P in-out =18 mbar [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF].

to the pulsations, particularly with large gas-phase volumes in the humidifier, the airflow rate can go below qmin in which has to be avoided.

To avoid such non-reliable operation, pressure pulsations had to be largely reduced for frequencies larger than 100 mHz by decreasing back-pressure modulation amplitude ∆P out .

Additionally, it can be deduced that the gas phase volume in the humidifier must be kept as ) in terms of pressure impedance modulus|Z P-P | and phase shift of pressure impedance θ, at OCV, at q f eed corresponding to j = 0.2 A cm -2 against simulation data obtained by more sophisticated modeling approach made at the Hochschule Offenburg (legend-"Sim"). low as possible. However, the very low volume of the gas phase, expected to be preferable, was incompatible since it resulted in entrained water droplets in the humidified air stream, which can be detrimental to cell operation and durability. Therefore, the median gas phase 

Operating constraints of the EPIS test bench

The preliminary experiments revealed most of the constraints related to the experimental bench used. By taking into account all the observations and possible impediments like the hydraulic issues caused by the back-pressure modulation, the risk of transient oxygen starvation at high frequencies (> 100 mHz) and the mechanical limitations of the pressure controllers, a suitable protocol had to be established. The principal objective behind defining a standard protocol for the test bench was to ensure reliable operation and validation of EPIS and record EPIS data that was reliable and as precise as possible. The examined criteria for setting suitable values of pressure modulation amplitude are given below.

1. The system is a leak-proof closed-circuit; hence pressure modulation amplitude at any time 't' must not exceed the pressure difference between inlet and outlet of the cathode at steady state.

∆P(t) < (P in -P out ) (3.13)
2. Pressure modulation amplitude must be selected depending on the frequency, i.e.

with far lower amplitude over 100 mHz.

3. The pressure modulation amplitude should be sufficiently large to induce observable voltage signal variations (at least 2 mV), additionally allowing linear behavior of the system and harmonic cell voltage response.

4. Tolerance of apparent distortions in pressure and voltage responses was set at a maximum of 0.1% and 1%, respectively. The above tolerances were shown to be suitable to acquire harmonic modulations and variations. This is partly about the linearity of the hydraulic-electrochemical system considered for efficient use of Fourier analysis.

Defining standard operating protocols for EPIS

Based on all these observed constraints and the set criteria, a chart of possible combination of pressure amplitude and frequency had been drafted as shown in table 3.1. In addition, the impedance modulus and the phase shift between input and output pressure along with between cell voltage and output pressure were observed and plotted as a function of frequency for a fixed current density to reveal important information. The modulus and phase shift of pressure impedance,|Z P-P |, and θ respectively, were observed because they were sensitive to the changes in gas phase volume in the humidifier, as explained in the last section. Therefore the de-ionized water level in the humidifier could be monitored and verified more precisely, avoiding any drastic changes in gas phase volume.

Table 3.1. Suitable frequency pressure amplitude combination for EPIS using air

After these investigations, more experiments were planned and carried out to validate EPIS in different operating conditions, explained in detail in upcoming sections and chapters.

Preliminary experiments: EPIS at standard operating conditions

At first, EPIS was applied to PEMFC of 100 cm 2 at normal operating conditions, i.e. at 55 % relative humidity on the cathode side at 0.4 A cm -2 but now with the set standard values for ∆P and known constraints. These preliminary tests enabled the validation of the frequencypressure amplitude combination. The Bode representation of EPIS spectra for modulus of impedance |Z U-P | and phase shift φ as functions of frequency has been illustrated in Figure 3.9. In the case of EPIS, there is a whole spectrum for the frequencies below 1 Hz compared to EIS (shown earlier in Chapter 2), which exhibits just a few variations in the same frequency domain. These significant variations in the value of impedance modulus reveal the true mass transfer control in this frequency range with the negligible masking effect of other phenomena.

The impedance modulus values, start just below 1 µV Pa -1 for low frequency and increase up to 4.1 µV Pa -1 near 1 Hz. The impedance modulus values obtained during these preliminary experiments were qualitatively in accordance with the values obtained by Engebretsen et al., 2017 [97] at a high frequency around 1 Hz and the same current density.

But it should be noted that the trend observed by [START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF] illustrates that the impedance modulus was constant for the frequency domain 10 mHz to 1 Hz then increasing for frequencies below 10 mHz. This behavior is in contradiction with what was observed during the EPIS experimentation at LRGP as illustrated in figure 3.9.

Note that unlike EIS, the phase shift is dependent on the location of the source of modulation and the cell geometry [START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF]. However, the phase shift, starting at near zero positive values and decreasing all the way to around -200°, showed a very good qualitative and quantitative agreement with previously reported values [START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF]. These agreements showed that the preliminary results were promising and indication of right direction in detection of the mass transport control in low frequency region. and the humidification conditions inside the fuel cell, i.e. at higher current density, the mass transport control becomes very significant. As expressed, the higher the mass transport control, the higher is to be the|Z U-P |.

EPIS measurements: change in current density

In figure 3.11a, it can be seen that the increase in current density causes the impedance modulus to increase all over the frequency domain showing possible detection of mass transport control. With the exception of j = 0.2 A cm -2 , the trend was clear and logical, indicating the sensitivity of EPIS towards the changes in the current density i.e. mass transport control, just like evidenced by Engebretsen et al., 2017 [97]. The particular behavior of j = 0.2 A cm -2 is treated below. In addition, the observed trend was qualitatively similar to the previously reported trend [START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF]. Both trends showed the highest impedance modulus for highest polarization (j =1 A cm -2 in both cases); the individual trends were reversed, decreasing with the decrease in the frequency.

As illustrated earlier in figure 3.8, the transient stoichiometric factor β at the inlet of the fuel cell is a function of pulsation. This dependency might cause the slightly peculiar trend for f > 20 mHz at j = 0.2 A cm -2 due to less excess oxygen available at the catalyst site. At higher frequencies, the transient stoichiometric factor falls near minimum limiting values leading to less favorable operating conditions due to rapid pressure modulation.

Therefore, at lower current density, this effect could be amplified due to a low inlet flow rate corresponding to a lower pressure drop (P in -P out ) and thus low average pressure conditions inside the fuel cell, compared to a higher current density.

The higher impedance modulus in the high-frequency domain, at 0.2 A cm -2 , could have a combined effect of transfer and kinetics control, in addition to significant drying of the membrane resulting in more troublesome proton migration in the membrane. On the other hand, the phase shift (figure 3.11b) does not show any significant changes in the behavior induced by a change in current density. However, the trends observed were in very good agreement both qualitatively and quantitatively with the previously reported observation [START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF]; starting at a small positive value at 1 mHz and decreasing to around -200°at 1 Hz.

These observations concerning the phase shift may suggest controls from other phenomena.

Therefore to observe variations in the phase shift, further experimentations with changes in humidification conditions were carried out and discussed in the following chapters. According to the scarcely available literature in this research area, it could be seen that EPIS is sensitive towards hydration imbalance and reactant distribution across catalytic site [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF][START_REF] Grübl | Electrochemical Pressure Impedance Spectroscopy (EPIS) as Diagnostic Method for Electrochemical Cells with Gaseous Reactants: A Model-Based Analysis[END_REF][START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF] which was observed during these first experiments with changes in often considered operating conditions. But it should be noted that the observed spectra somehow contradict the initial findings by other researchers [START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF] and allows investigating and understanding EPIS more thoroughly. All the EPIS spectra presented earlier show highly coupled nature of the transport processes in a fuel cell, which affects the impedance values over the whole spectrum. Hence, a more rigorous approach with well tailored operating conditions was necessary to decouple them.

Preliminary experiments were proven helpful in designing experimentation conditions and parameter changes that needed to be investigated in the framework of development and assessment of EPIS for PEMFC. After observing the results, it was decided to broadly investigate and attempt possible decoupling of the contributing transport phenomena.

These contributing phenomena were investigated into two broad categories, namely, 1. Gas transport: diffusion and convection collectively 2. Water transport: presence of excessive liquid water and water transport in the GDL.

The next chapters deal with introduction, governance and the experimentation carried out for possible detection of these two broad phenomena.

Conclusion to the chapter

After successful design and setup of the electrochemical pressure impedance spectroscopy test bench, preliminary tests were carried out to verify the reliable working of the test bench and the fuel cell. It was observed that there were some operating constraints to the EPIS test bench. They were treated by considering all the criteria set for reliable data acquisition and preserving the linear and harmonic voltage response to pressure modulation. A standard operating protocol with frequency-pressure amplitude combinations was set and tested.

Usual operating condition changes revealed the true potential of EPIS for characterization transport processes and gave out results that were only qualitatively in accordance with the literature. Moreover, this led the path for further experimentation to decouple and identify various transport processes independently possibly. 

Conclusion du chapitre

Preface to the chapter

Preliminary experiments reported in Chapter 3 indicated the potential of EPIS in terms of characterization of transport phenomena such as gas & water transport in the fuel cell more precisely than conventional electrochemical techniques. Moreover, previously reported trends in the literature by respective researchers could be replicated for the same operating conditions. In addition, the complex nature and coupled occurrence of the transport phenomena were observed during EPIS measurements.

This chapter is dedicated to decoupling transport phenomena from each other and possibly evidence the gas phase transport only. The chapter introduces the gas transport processes in the fuel cell, their governance, available characterization models that can further be used for their modeling. After the brief introduction, the chapter describes experiments carried out in conditions allowing a nil or limited quantity of liquid water. This is followed by a simple modeling attempt to relate the theory to the experiments to predict the EPIS measurements in the case of pure oxygen. Finally, it discusses the experiments carried out using different grades of GDL to investigate the effect of the micro-porous layer (MPL) on oxygen transport and, to some extent, on water management.

Gas transport in the fuel cell

As explained briefly in section 3.1 of the last chapter, the transport phenomena in the fuel cell are diverse in nature and have highly coupled occurrence. In this particular chapter, for simplicity, only the gas transport in dry conditions has been discussed. Besides, when there is a negligible amount of liquid water in the fuel cell, the transport processes are mainly dominated by gas transport in the bulk and at the molecular level. The flow patterns in these flow channels can be characterized using the empirical laws of fluid mechanics/ dynamics because of these well-defined geometrical structures. Hence gas transport in these domains is generally governed by the bulk motion of gases and dominated by the convective forces [START_REF] Larminie | Fuel Cell Systems Explained[END_REF]. The pressure gradient causes these convective forces due to the imposed flow rate of gases. Even though a high flow rate is desirable to achieve better gas distribution in the fuel cell, it might cause other problems related to the structural integrity of the fuel cell, and the membrane electrode assembly [START_REF] O'hayre | Fuel cell fundamentals[END_REF].

On the other hand, the porous media i.e. gas diffusion layer (GDL) consists of an anisotropic structure of the carbon fibers with variable porosity and pore diameters in the range of a few nanometer to a fraction of millimeter [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF]. This complex and tortuous geometry of the GDL shields the gas molecules from the convective forces (in most cases), and hence the gas transport here is dominated by the diffusive forces in the presence of a microporous layer (MPL) [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Jayakumar | A technical review on gas diffusion, mechanism and medium of PEM fuel cell[END_REF]. However, gas transport due to convective contribution does occur, especially in the macro-porous substrate (MPS) and to some extent in the MPL as well. This convective gas transport is driven by the pressure gradient across the fuel cell and can be characterized using permeability of the GDL [START_REF] Gostick | Capillary pressure and hydrophilic porosity in gas diffusion layers for polymer electrolyte fuel cells[END_REF][START_REF] Mukherjee | Estimation of through-plane and in-plane gas permeability across gas diffusion layers (GDLs): Comparison with equivalent permeability in bipolar plates and relation to fuel cell performance[END_REF].

Nevertheless, to produce electricity, the fuel cell constantly consumes the fuel (and the oxidizer), at high current density, the rate of consumption is very high, creating depletion of the species at the catalyst site. This depletion at the catalyst layer causes a concentration gradient which becomes the driving force for diffusive mass transfer of the respective species. In the following sections, these two domains have been treated separately and discussed thoroughly along with the equations that can be used to model these transport processes in the fuel cell.

Convective gas transport

The fuel cell requires a uniform distribution of both the fuel and the oxidizer along the 

D h = 4 × 0.44 (mm) × 0.5 (mm) 2 × (0.5 + 0.44) (mm) = 0.234 mm u = 4.148 × 10 -3 (m 3 / min) 0.22 × 10 -6 (m 2 ) × 23 × 60 (s min -1 ) = 13.66 m s -1
Then the Reynolds number can be evaluated using equation (4.2) using temperature adjusted density and viscosity values for air as follows:

Re = 1.076 (kg m -3 ) × 13.66 (m s -1 ) × 0.234 × 10 -3 (m) 19.76 × 10 -6 (Pa s) = 348.1
Re= 348 is lower than the threshold value of 2100, indicating the flow in the channels is in fact laminar.

It can be seen in figure 4.2 that the gas flows through the flow channels with an average velocity u having a pressure gradient between inlet and outlet as the driving force (xdirection). Therefore, as the pressure drop increases, this results in increased convection.

In addition to this x-directional transport, the convective mass transport occurs simultaneously in the y-direction into or out of the GDL, depending upon the localized density of the respective species. Hence, the mass flux of any species due to convection can be expressed as follows [START_REF] O'hayre | Fuel cell fundamentals[END_REF]:

ṁc,i = h m (ρ gdl,i -ρ i ) (4.3)
where, ṁc,i : Convective mass flux of species i (kg m -2 s -1 ) ρ gdl,i : Density of species i at the GDL surface (kg m -3 ) ρ i : Average bulk density of species i in the flow channel (kg m -3 )

h m : Convective mass transfer coefficient (m s -1 )
The convective mass transfer coefficient h m is a function of channel geometry, physical properties of the species involved, and the boundary conditions at the wall, and for established laminar flow, it can be estimated by using equation (4.4) [START_REF] O'hayre | Fuel cell fundamentals[END_REF][START_REF]Mass-transfer operations[END_REF].

h m = Sh D i,j D h (4.4)
where,

Sh : Sherwood number = 3δ 2πD h ReSc 1 /2 (dimensionless) δ : Channel depth (m) Sc : Schmidt number = µ ρD i,j (dimensionless) D i,j : Binary diffusion coefficient of species i & j (m 2 s -1 ) D h : Hydraulic diameter (m) Equation (4.
3) shows that the convection is responsible for not only the effective gas feeding but also the removal of water away from the catalyst layer. Due to the continuous water production at the catalytic site, the localized density of water is always higher than the bulk density in the flow channel, creating the necessary driving force i.e. density gradient for better & effective water management.

It is to be noted that the convective mass transfer is dominant in the flow channels and aids the gas transport in the GDL. Even though the gas transport in the GDL is generally considered to be governed prominently by diffusion, the contribution of the convective mass transfer due to pressure gradient is also present [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Mukherjee | Estimation of through-plane and in-plane gas permeability across gas diffusion layers (GDLs): Comparison with equivalent permeability in bipolar plates and relation to fuel cell performance[END_REF].

However, the convection mass transfer in the GDL, also known as viscous diffusion, is mainly governed by the permeability of the GDL, which is, in simple words, a measure of the degree of easiness to the passage of the fluid through a porous media. Permeability is an intrinsic property of a porous media (here, the GDL) and can be characterized by Darcy's law which states that the permeability is inversely proportional to the viscosity of the fluid, as shown in equation (4.5) [START_REF] Gostick | In-plane and through-plane gas permeability of carbon fiber electrode backing layers[END_REF][START_REF] Mukherjee | Estimation of through-plane and in-plane gas permeability across gas diffusion layers (GDLs): Comparison with equivalent permeability in bipolar plates and relation to fuel cell performance[END_REF][START_REF] Mangal | Experimental study of mass transport in pemfcs: Through plane permeability and molecular diffusivity in gdls[END_REF]. 

dP dx = - µ K v u ( 4 
dP dx = - µ K v u - ρ K i u 2 (4.6)
where,

K i : Inertial permeability (m)
Equation (4.6) helps to account for the non-linearity in the permeability-pressure gradient relationship in the turbulent or disrupted flow conditions. Moreover, much work has already been done to optimize the convection by improving the channel designs, making them smaller and the network as complex as possible. The design attempts were made to find the right way to achieve equal pressure drop across all channels, thus favoring the uniformity of the flow. The development of the GDLs accompanies the design strategy to make them optimum for gas transport. In the next section, the 2 nd important phenomena: diffusion mass transfer of gases is treated.

Diffusive gas transport

As stated earlier, the fundamental driving force for the diffusive mass transfer is the concentration gradient of the species i in the system. This concentration gradient across the GDL is created by the electrochemical reactions at the catalytic surface, causing depletion of species concentration. The GDLs are made up of randomly arranged carbon fibers on carbon paper, which are then hot-pressed together. As a result of this, the structure of GDL is highly anisotropic and has pores of various diameters [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF][START_REF] El-Kharouf | Gas diffusion media and their degradation[END_REF].

Therefore the diffusion of the gas molecules in the GDL involves molecular interactions, including collisions (1) between gas molecules (intra-molecular) and (2) between gas molecules and the pore walls [START_REF] Joshi | Lattice Boltzmann method for continuum, multi-component mass diffusion in complex 2D geometries[END_REF]. In addition, when the gas diffuses through the GDL, one of or a combination of three phenomena could occur depending upon the characteristics of the gas and the microstructure of the GDL: 1. Molecular diffusion, 2.

Knudsen diffusion and 3. Viscous diffusion due to convective forces. To estimate the predominance of the molecular or the Knudsen diffusion, the ratio of gas mean free path to the pore diameter, also known as Knudsen number, is generally used and is defined by equations (4.7) [START_REF]Mass-transfer operations[END_REF][START_REF] Berson | Determination of the effective gas diffusivity of a porous composite medium from the three-dimensional reconstruction of its microstructure[END_REF].

K n = λ mean d p (4.7a) λ mean = k B T √ 2Pπd 2 g (4.7b)
where,

K n : Knudsen number (dimensionless)
λ mean : Gas mean free path (m) The value of the Knudsen number can help to identify the nature of diffusion phenomena.

d p : pore diameter (m)
Knudsen number values less than 0.1, the interaction and collisions between gas molecules dominate the other interactions making Knudsen diffusion negligible resulting in molecular diffusion. For Knudsen number values greater than 10, the collisions between pore walls and gas molecules are more dominant than collisions between gas molecules, making Knudsen diffusion predominant compared to molecular ones. For 0.1 < K n < 10, both the Knudsen and molecular diffusion govern the gas diffusion [START_REF] Bird | Transport Phenomena[END_REF][START_REF] Webb | The use of Fick's law for modeling trace gas diffusion in porous media[END_REF].

Molecular diffusion is generally associated with the relative motion of different gas species.

In its simplest form, the popular Fick's first law of diffusion correlates the diffusive flux of gas to the concentration gradient at steady state as expressed by equation (4.8) [START_REF]Mass-transfer operations[END_REF][START_REF] Bird | Transport Phenomena[END_REF].

ṅd,i = -D i ∂C i ∂x (4.8)
where, ṅd,i : Diffusive molar flux of species i (mol m -2 s -1 )

D i : Self diffusivity of species i (m 2 s -1 ) C i : Concentration of species i (mol m -3 )
Fick's first law predicts the diffusion coefficient of species i when the flux and timely change in concentration is known. The negative sign in the equation depicts the fact that the diffusion occurs in the direction of lower concentrations [START_REF]Mass-transfer operations[END_REF][START_REF] Bird | Transport Phenomena[END_REF]. In GDLs, the porous and anisotropic structure offers additional resistance to the movement of the gas molecules hindering the diffusion.

Therefore, a modified form of Fick's first law is often used by introducing a GDL factor as shown in equation (4.9) [START_REF] Ghanbarian | Tortuosity in Porous Media: A Critical Review[END_REF].

D e f f i,j = D i,j ϵ τ GDL (4.9)
where, D e f f i,j : Effective binary diffusivity of species i and j (m 2 s -1 ) ϵ : Porosity of the GDL (0 to 1) (dimensionless)

τ GDL : Tortuosity of the GDL (dimensionless)
Tortuosity is the measure of additional resistance to the diffusion due to convoluted flow path, and both the porosity and the tortuosity can be correlated to each other using Bruggeman correlation (equation (4.10a)) and equation (4.9) can then be simplified to equation (4.10b):

τ GDL = 1 √ ϵ (4.10a) D e f f i,j = D i,j ϵ 1.5 (4.10b)
However, this simplified equation usually has a limited validity in highly anisotropic media.

Other correlations were developed and reported by researchers over the last decades to quantify the effective diffusivity in porous media. Some of them are more accurate for strongly anisotropic media such as papers or felts but are far more complex than the Bruggeman correlation, which is valid for isotropic media [START_REF] Nam | Effective diffusivity and water-saturation distribution in single-and two-layer PEMFC diffusion medium[END_REF][START_REF] Bessler | A new framework for physically based modeling of solid oxide fuel cells[END_REF][START_REF] Das | Effective transport coefficients in pem fuel cell catalyst and gas diffusion layers: Beyond bruggeman approximation[END_REF]. Thus for the Knudsen diffusion, the molar flux of the species i can be calculated by equation (4.11):

ṅK,i = -D K,i ∂C i ∂x (4.11)
where, D K,i is the Knudsen diffusivity and can be estimated using equation (4.12) [START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF].

D K,i = d m p 3 8RT πM i (4.12)
where, ṅK,i : Knudsen diffusive molar flux of species i (mol m -2 s -1 )

d m p : Mean pore diameter (m) M i : Molecular weight of species i (kg mol -1 )
In cases that the mean pore diameter is not far larger than the mean free path of the molecule; both the Knudsen and molecular diffusion exist in a binary mixture. Hence, the effective diffusivity of the species i in the mixture, D e f f i has to be considered and can be computed using equation (4.13a). In contrast, in tortuous porous materials, an approximated value of the effective equivalent diffusion shall be computed using the Bosanquet equation as expressed in equation (4.13b) [START_REF] Bessler | A new framework for physically based modeling of solid oxide fuel cells[END_REF][START_REF] Froment | Chemical reactor analysis and design[END_REF][START_REF]New Light on Some Old Problems: Revisiting the Stefan Tube, Graham's Law, and the Bosanquet Equation[END_REF][START_REF] Zalc | The effects of diffusion mechanism and void structure on transport rates and tortuosity factors in complex porous structures[END_REF].

1 D eq i = 1 D i,j + 1 D K,i (4.13a) with D e f f i = ϵ τ D eq i (4.13b)
Even though both binary and Knudsen diffusion coefficients look comparable, they are fundamentally different from each other due to their dependability on the parameters such as temperature, pressure, and presence of species j. Gas transport in the fuel cell (especially in the GDL and CL) is very complex since the pore diameters in the GDL vary greatly (figure 1.5). From the macro-porous substrate to the micro-porous layer, the pore diameter varies from 10 to 100 µm (depending upon the type of the GDL) to 2 to 200 nm with an intermediate layer between the two with poorly known pore diameter. Considering these, the Knudsen number could be estimated in the range of 0.1 to 5, and that shows the occurrence of all three (molecular+Knudsen+viscous) diffusion phenomena [START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF].

The widely used Fick's law for diffusion fails to address these issues since it only considers molecular diffusion and the linear relationship between gas flux and pressure gradient.

Although modified, Fick's law, also known as the advective-diffusion model, has been introduced, combing the molecular diffusion from Fick's law together with the viscous contrition from Darcy's law in a binary system as expressed in equation (4.14) [START_REF] Schmidt | Protonic and electronic conduction in proton conductive solid oxide fuel cells[END_REF].

ṁi = - K eq ρ i w i ∇P µ i -D i,j ρ i ∇w i (4.14)
where, ṁi : Mass flux of species i (kg m -2 s -1 )

K eq : Equivalent permeability (m 2 ) w i : Mass fraction of species i (dimensionless)

∇P : Pressure gradient across the media (Pa m -1 ) ∇w i : Mass fraction gradient of species i (m -1 )

In the equation above, equivalent permeability was considered due to the variation in pore sizes in the different layers in the compact GDL; an approximate permeability prediction is employed. Now, both Fick's law and the advective diffusion model are valid for a binary mixture where the interaction of the gas molecules is considered to be unidirectional, but they fail to account for multi-directional molecule interaction in ternary mixtures [START_REF] Kong | A modified dusty gas model in the form of a Fick's model for the prediction of multicomponent mass transport in a solid oxide fuel cell anode[END_REF].

As illustrated in the section 3.1, at the cathode of the fuel cell, the gas mixture is in fact ternary, thus Stefan-Maxwell law of diffusion has to be used to characterize such a complex ternary system. The Stefan-Maxwell equation for the diffusion of multi-species system is expressed in equation (4.15) [START_REF]Mass-transfer operations[END_REF][START_REF] Bird | Transport Phenomena[END_REF][START_REF] Bessler | A new framework for physically based modeling of solid oxide fuel cells[END_REF][START_REF] Kong | A modified dusty gas model in the form of a Fick's model for the prediction of multicomponent mass transport in a solid oxide fuel cell anode[END_REF].

∂(C i x i ) ∂y = n,j̸ =i ∑ j=1 x i ṅdi f f j -x j ṅdi f f i D e f f i,j (4.15)
where x i is the mole fraction of species i. The Stefan-Maxwell equation is widely employed for prediction of diffusion in the fuel cell due to its ability to model the diffusion in electrostatic and uniform media. However, when there is frequent collision between the gas molecules and the pore walls, the Stefan-Maxwell model falls short in the prediction and a more rigorous model called Dusty gas model is usually employed. The dusty gas model accounts for all the possible gas molecule interactions in the porous media and predicts the diffusion with high accuracy but it is very complex to model. Moreover, Stefan-Maxwell model is more often used than the dusty gas model due to its simplicity in the modeling the multi-component system despite the relatively lower degree of accuracy [START_REF] Kong | A modified dusty gas model in the form of a Fick's model for the prediction of multicomponent mass transport in a solid oxide fuel cell anode[END_REF][START_REF] Yu | Measurement of effective oxygen diffusivity in electrodes for proton exchange membrane fuel cells[END_REF].

Further, this brief review of gas transport processes that occur in the fuel cell helps in understanding the highly coupled nature and high dependability of them on one other.

Besides, the governing equations reported can be used in efficient modeling of these phenomena. In addition, these equations could be of great use to predict and interpret the EPIS spectrum to evaluate the limitations in gas transport through rigorous modeling.

Time constants of gas transport processes

For control of gas transport and transport processes in the presence of liquid water, formerly reported equations were used to estimate the time constants for respective process [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Keller | Characteristic Time Constants Derived from the Low-Frequency Arc of Impedance Spectra of Fuel Cell Stacks[END_REF].

τ ch = L ch u (4.16a) τ GDL = δ 2 GDL D e f f O 2 ,N 2 (4.16b)
where,

τ ch : Time constant (s) L ch : Channel length (m)
τ GDL : Time constant in GDL (s)

δ GDL : GDL thickness (m)
Depending upon the geometry of the gas flow plate and the nature of the GDL, the time constants for the processes involved change accordingly. In the present case, flow plates with 23 channels of an average width of 0.5 mm, average depth of 0.44 mm and 30.4 cm length were used. Considering the inlet flow rate corresponding to j = 0.2A cm -2 and the length of the channels, the time constant could be estimated around 90 ms.

On the other hand, the GDL used for the most parts was 29 BC grade SGL GDL with a thickness of 250 µm. Considering the effective binary diffusivity of oxygen-nitrogen mixture at 55 °C (D

e f f O 2 ,N 2 = 1.525 × 10 -6 m 2 s -1 )
; the time constant for oxygen diffusion is estimated approximately equal to 41 ms. Both the values are within the time constant ranges previously reported by the literature and helped in postulating the frequency domain for their occurrence. In addition, the estimation helped in postulating initially the detection of the gas transport in the high frequency region of the EPIS spectrum.

Moreover, the frequency range chosen provides sufficient time, even at the high frequencies, to detect these transport processes and might reveal control of gas transport in various operating conditions. The next sections report the results obtained during experiments carried out for evidencing gas transport limitations in the fuel cell under various operating conditions.

Strategy for detection of oxygen diffusive transport control

It was decided to operate the fuel cell in dry conditions: low RH and at low current densities to observe the control due to diffusive gas transport and minimize the control due to liquid water in the GDL and the flow channels. In this investigation, the focus was on revealing the mass transfer control of oxygen; therefore, to reveal the negative contribution of nitrogen in oxygen mass transfer limitations, experiments were carried out with pure oxygen to observe the effect of the absence of nitrogen altogether.

In addition, in most cases, the current density was kept at j = 0.2 A cm -2 , which did not encourage significant water accumulation as illustrated earlier in Chapter 2. Moreover, the calculated fraction of liquid water at the cathode outlet is reported in table 4.1, representing the worst operating conditions when all water accumulates at the cathode (section 2.1.6 and figure 2.8). Also, earlier investigations showed that completely dry conditions (≈ 5% RH) at both the anode and the cathode could be catastrophic for the MEA. Therefore a slightly dry but relatively favorable humidification condition of 20% RH was chosen at the cathode, whereas the anode was kept completely dry. In addition, while operating with pure oxygen, the standard frequency-pressure amplitude combinations used for air, reported in Chapter 3 (table 3.1), were proven to be insufficient to induce observable voltage fluctuations. Therefore, the pressure amplitude had to be increased marginally to induce observable linear voltage response as shown in Table 4.2. In addition, the pressure amplitude used while operating with oxygen cannot be used while operating with air because it induces a non-linear voltage response. Furthermore, the frequency-pressure amplitude combination seemed to be dependent on the oxygen mole fraction and had to be rectified each time if there were any changes in oxygen concentration of the cathode feed (section 4.3.3) to obtain a linear response. After these experiments with pure oxygen, a comparative study of oxygen mole fraction/concentration changes had been done and presented in the subsequent section. The variations for frequencies greater than 4 mHz indicate that the gas transport limitations such as oxygen diffusive control can be evidenced in the higher frequency domain for both impedance modulus and phase shift. Whereas for frequencies less than 10 mHz, the control due to liquid water transport in the GDL is expected to be evidenced as per the reported time constant values [START_REF] Wang | Two-Phase Transients of Polymer Electrolyte Fuel Cells[END_REF][START_REF] Hussaini | Transients of Water Distribution and Transport in PEM Fuel Cells[END_REF]. However, variations in the impedance modulus below 10 mHz (until 4 mHz) seems to assert the fact that gas transport/ proton migration limitations could have effect in the lower frequency domain for the dry conditions.

The next section discusses experiments conducted to observe the effect of change in relative humidification conditions at the cathode inlet on EPIS spectra. During these experimentations, it was expected to observe variation in gas transport limitations due to the increase in liquid water quantity (restricted amount though) in the fuel cell.

Variations in humidification conditions

While operating with pure oxygen, the diffusive mass transfer control is absent, allowing investigating other mass transfer control phenomena such as convection, control due to liquid water, and water transport. Moreover, during preliminary experiments with air, it was also observed that liquid water and water transport presence affects the whole impedance modulus spectra.

Experiments were carried out by changing the humidification conditions at the cathode inlet to evidence the effect due to the presence of liquid water (only in small amounts) at a constant current density. The current density that is shown here is:

j = 0.2 A cm -2
with change in the cathode side humidification at 20%, 55%, and 100% relative humidity while the anode was fed with dry hydrogen. Experiments presented here are at low current density only, as there is no significant amount of water production at the catalyst site. The mass balance calculations showed that with increasing humidification, the liquid water content in the fuel cell increases, as shown in table 4.3. The purpose was to examine the EPI spectra for extreme changes in conditions such as hydration imbalance i.e. apparent drying of the MEA and its effects on the impedance moduli and phase shift. Dry cathode state (with nearly 5.5% RH) was achieved by maintaining the humidifier at 5 °C, and theoretical calculations confirmed in addition that the water carried away by air was negligible in quantity; hence the air feed could be considered as completely dry.

However, operating conditions with both dry cathode and anode were revealed to be detrimental to the fuel cell performance during characterization using the electrochemical techniques presented in Chapter 2. After 700 h of operation (for all tests as mentioned earlier), characterization showed increased ohmic drop, decreased cell potential, and irreversible degradation of the state of the health of the MEA with reduced ECSA (approximately by 35%) compared to other experimentation not involving 5.5% RH conditions. Therefore, operating with the dry cathode and the anode was avoided for further experimentation to ensure reliable operation of the fuel cell during the validation study of EPIS. The humidification conditions that were often considered henceforth and for oxygen were only 20%, 55%, and 100% RH at the cathode inlet. As it can be seen in figure 4.5, there are no significant variations in the impedance modulus values for the changes in humidification levels for a given current density while operating with oxygen. On the other hand for air j = 0.2 A cm -2 , in lower frequency region, f < 10 mHz, there is no apparent trend that can be seen (figure 4.5b) for all the humidification conditions.

Furthermore, one might expect the behavior for the drier conditions (RH = 5.5%) for f > 100 mHz to be the lowest one since there could be less substantial resistance to the gas transport due to a negligible amount of water present. However, this peculiar behavior could indicate the extremely harsh conditions of the fuel cell operation. Especially when both the cathode and the anode were in nearly dry conditions, the steep increase in impedance values for f > 20 mHz could be accompanied by the eventual drying of the membrane/ electrolyte causing sluggish proton migration.

Besides, if one compares figure 4.5a with figure 4.5b, an increase in the impedance modulus in the higher frequency region (greater than 10 to 20 mHz) can be seen and can be explained by control of gas transport due to troublesome gas transport due to presence of nitrogen. This increase is more dramatic for hydration imbalance conditions that might be accompanied or masked by troublesome proton migration due to excessive membrane drying. Moreover, no changes in the impedance values for each spectrum for air and oxygen in all humidification conditions might signify that the fuel cell was not operating at an unappropriated hydration state except for 5.5% RH. This dramatic increase might suggest that control of proton migration is much more evident for lower current density in dry conditions than high current density.

On the other hand, there was no obvious trend in the phase shift with a change in humidification (figure 4.6). In any case, it showed similar behavior and values over the given frequency range. It can be seen that the phase shift might not reveal the effects of changes in humidification conditions, but it seems to be linked to different phenomena. To investigate the phase shift significance, further experimentation and analysis are needed. These investigations have shown that EPIS in the higher-frequency region can evidence the effect of the gas transport control. In relatively dry conditions, the effect of liquid water is not largely visible on either impedance moduli or phase shift. However, the masking effect of charge transport in extreme drying conditions could be evidenced by a steep increase in the impedance modulus. EPIS was previously shown to be sensitive towards change in current density at normal operating conditions, i.e. in the presence of a moderate amount of liquid water for air. The next section reports the effect of change in current density on EPIS spectra in dry conditions for oxygen and its comparison with air.

Variations in current density

The aim was to show the convection control of the oxygen in the absence of diffusive mass transfer control, the relative inlet humidity at the cathode was kept at 20% RH, and hydrogen was fed dry. The current densities that were tested were namely 0.2, 0.4, 0.8, and 1 A cm -2 while figure 4.7a shows the variation in the impedance moduli concerning change in current density with pure oxygen fed to the cathode at 20% RH.

It can be seen in figure 4.7a that the impedance modulus increases with an increase in the current density; however, the variations in the impedance modulus were not limited in the higher frequency region but are significant all over the spectra. In the frequency region 100 mHz to 1 Hz, although overall values of impedance moduli were low, the variation can be observed. However, the changes are not as dramatic as in the case of diffusion control with air (figure 4.3b) since the diffusive control mostly dominates the gas transport limitations. Besides that, the variation in the higher frequency domain can be an indicator of higher concentration overpotential due to increased oxygen consumption with an increase in current density.

In addition, it is well known that the increasing current density increases the water production at the cathodic catalytic site, and the convection mostly governs the water transport due to density gradient in the channels and at the catalytic surface. Therefore, the major changes in the lower frequencies might depict this increased water transport and its control. For the highest current density i.e. at 1 A cm -2 , the quantity of water would allow the water vapor to condense into liquid (approximately 16% of the total water flow rate)

or could cause excessive drying of the electrolyte due to insufficient inlet humidity. One of these might be the reason for the overall higher impedance due to either limited oxygen access to the catalytic site or sluggish proton migration. increase in impedance modulus with an increase in current density, which might evidence increase in the presence of liquid water.

Moreover, this increasing trend continues till 100 mHz for all current densities except for j = 0.2 A cm -2 , while after that, the trend seems to be tangled. However, the impedance modulus for j = 0.2 A cm -2 remains highest among them for frequencies greater than 40 mHz, this might be added effect of sluggish proton transport in addition to gas transport limitations due to the presence of nitrogen. Anyhow, in any case, the impedance modulus trend is inverted for air in comparison with oxygen; this increased impedance modulus might signal the increased concentration overpotential due to troublesome oxygen diffusion in the presence of nitrogen. Furthermore, no apparent changes in the phase shift could be observed in any case (figure 4.8), which can suggest that the phase shift is not sensitive towards hydration imbalance in the fuel cell. The change in humidification conditions results reported in the last subsection and a change in current density in this subsection suggest that their effect on transport processes could be observed on whole spectra. It was previously expected to observe the phenomena such as gas transport and water transport separately isolated.

Although there is separation to a certain extent, and one might expect gas transport limitations in the higher frequency domain and water transport limitations in the lower frequency domain, there is no complete and true separation in these phenomena. The observed results suggest the highly coupled nature of transport processes and difficulties in isolating them effectively.

Further experiments were conducted to evidence the oxygen mass transport limitations due to nitrogen by varying the oxygen concentration at a constant volumetric flow rate. These experiments are reported and discussed in the next section.

Variations in oxygen concentration

Rho, 1994 [START_REF] Rho | Mass Transport Phenomena in Proton Exchange Membrane Fuel Cells Using O 2 /He, O 2 /Ar, and O 2 /N 2 Mixtures[END_REF], suggested in their study involving the operation of PEMFC with different inert gases mixed with various oxygen mole fractions that one might examine significant diffusion control of the reacting gas in a mixture with inert gas by comparing its phase shift with that of pure oxygen. Experiments were designed using a similar approach with a variation of oxygen mole fraction in a mixture with nitrogen.

Experiments were carried out by varying the oxygen mole fraction from 0.21 (air) to 1 (pure oxygen) and j = 0.2 A cm -2 with the cathode inlet relative humidity at 20%; however, conditions at the anode were unchanged. To remind, the fuel cell was operated at a constant flow rate and not at constant stoichiometry. Therefore the desired flow rate for each mole fraction was achieved by mixing pure oxygen with air in a mixing chamber upstream of the cathode side humidifier. Moreover, the air was used to mix with pure oxygen (instead of using pure nitrogen) because air already contain 21% oxygen, hence minimizing pure oxygen consumption. Although experiments were performed for every 10% increase in oxygen concentration, there were negligible variations for y O 2 = 0.3 & 0.4 compared to air, and y O 2 = 0.7 & 0.9 which were same as that y O 2 = 0.8 and pure oxygen respectively (data not shown). Also, note that the only significant changes observed in the impedance modulus were in the frequency range 10 mHz to 1 Hz, in particular for frequencies over 40 mHz: the range was revealed as sufficient because of the limited changes in impedance modulus and phase shift below 10 mHz.

As it can be seen in figure 4.9, the impedance modulus follows the expected trend of decreasing strongly with increasing oxygen mole fraction. Rho, 1994 [121] suggested a threshold value of y O 2 = 0.4 for oxygen mole fraction; below which the electrochemical impedance modulus exhibits greater variations compared to pure oxygen.

The experimental results shown in figure 4.9 seem to be per their observations. Moreover, differences in the impedance modulus between pure oxygen and mixtures with lower molar fraction of oxygen increase with the frequency, which may indicate that the control of oxygen diffusion in nitrogen is more visible for f > 0.01 Hz. These observations might suggest the limitations in the diffusive mass transfer of oxygen and the high contribution of nitrogen, present even at moderate quantity, in mass transport losses. Besides, the phase shift observed with pure oxygen was always larger than -20°, with a minimum at 200 mHz (figures 4.10 and 4.14b), with a striking difference from the phase shift observed with air or even with 50 or 80% oxygen in the cathode gas. Also, unlike impedance modulus, it was previously observed and reported in the last sections that the phase shift does not significantly react to the humidification level changes, so the sensitivity of phase shift to the oxygen concentration changes at higher oxygen mole fractions might therefore be linked to the detection of diffusion of oxygen in nitrogen.

Additionally, for y O 2 = 0.8, the phase shift behavior for the higher frequency domain was confirmed by replicating the experiments. The behavior might be of significance but could not be interpreted and explained for the moment. Also, it can be observed that there It was observed by Hartmann et al., 2014 [13] that EPIS is incredibly sensitive to the oxygen transport for which the phase shift could reveal the domination of diffusive processes. Following it, oxygen diffusion limitations due to nitrogen presence and resulting concentration overpotential effects can be evidenced by EPIS (figures 4.9 and 4.10).

Furthermore, for the sake of confirmation of EPIS data and elementary attempts in predicting the impedance modulus and phase shift of EPIS, only the simple case with pure oxygen was considered. In this manner, the diffusion control contribution of nitrogen could be disregarded to see if experimental EPIS data could be compared to the predictions of an elementary model only for pure oxygen.

Model for prediction of EPIS for oxygen

The approach presented hereafter to predict voltage fluctuations induced by the cathode back-pressure variation relies upon the work developed by Talj et al., 2011 [122] and was developed with the help of Dr. François LAPICQUE . This first approach has its limitations:

in particular, the actual pressure in the gas diffusion layer and near the catalytic sites was considered to be that in the gas bulk phase, i.e. the existing (time-dependent) pressure gradients in the GDL and in the catalytic layers, with their dynamics, were neglected.

Electrochemical characterization of the fuel cell

Firstly, chronopotentiometry data obtained for both air and pure oxygen, in the form of the steady-state cell voltage vs. current density, were fitted to a theoretical law described by Talj et al., 2011 [122], as the sum of charge transfer and diffusion overpotential. The exchange current density, the charge transfer coefficient, and the diffusion-controlled current density are related to the cathode for oxygen reduction.

η c = RT α c F sinh -1 1 2 j /j 0 1 -j /j L (4.17)
where,

j 0 : Exchange current density (A m -2 ) j L : Diffusion controlled limiting current density (A m -2 )
As a matter of fact, both exchange and diffusion current densities were considered as proportional to the partial pressure of oxygen, p cell O 2 in the fuel cell as follows:

j 0 = j 0,0 .p cell O 2 (4.18a) j L = j L,0 .p cell O 2 (4.18b)
where, j 0,0 : Standard exchange current density (A m -2 atm -1 ) j L,0 : Standard limiting current density (A m -2 atm -1 )

For operation with pure oxygen, the partial pressure of oxygen is equal to the difference of overall pressure and water vapor pressure. Besides, the mole fraction of oxygen at the cell inlet was taken equal to almost unity since the mole fraction of vapor can be neglected.

In this case, not only the partial pressure of oxygen varies in the cell from P in to P out , but also the mole fraction varies from the inlet to the outlet due to oxygen consumption. For the sake of simplicity, the behavior of the cell was calculated with variables defined in the middle of the cell, as illustrated by figure 4.11. .

y cell O 2 = y in O 2 λ O 2 -0.5 λ O 2 (4.19)
Where, the oxygen partial pressure was calculated as:

p cell O 2 = y cell O 2 P in + P out 2 (4.20)
After rearrangement, equation (4.17) can be written as:

η c = RT α c F sinh -1      1 2    j.j L,0 j 0,0 j L,0 p cell O 2 -1         (4.21)
The theoretical cell voltage was then calculated from the usual expression:

U cell = U r + U nernst -R cell I -η c -η a (4.22)
where U r is the thermodynamic equilibrium cell voltage approximately equal to 1.18 V; R cell is the ohmic resistance of the cell and η a is the anode overpotential, which was neglected here and in addition, the Nernst term, U nernst , is given by equation (4.23). The chronopotentiometry data for oxygen was then fitted to the equations as mentioned earlier. The physicochemical parameters that were used for the purpose are listed below in table 4.4, and as shown in figure 4.12, they allow a good prediction of the cell voltage at a given current density.

U nernst = RT 2F ln   p H 2 p cell O 2 0.5 p H 2 o   (4.

Table 4.4. Parameters used for fitting of chronopotentiometry data for pure oxygen

α c 0.5 R cell (EIS) 2.2 mΩ j 0,0 0.0013 A cm -2 atm -1 j L,0 5.3 A cm -2 atm -1

Prediction of impedance modulus and its phase shift

Now, after electrochemical characterization, it was clear that the set of physicochemical parameters used in combination with the set of equations [START_REF] Talj | Parameter analysis of PEM fuel cell hysteresis effects for transient load use[END_REF] allow a good prediction of cell voltage. Hence these parameters were then used to predict the impedance modulus using changes in Nernst contribution, which is directly linked to the concentration of oxygen at a given current density. Furthermore, the modulus and the phase shift of the voltage-pressure impedance were estimated analytically, as follows:

1. The modulus was calculated from the mid difference between the largest and the smallest values of the voltage:

|Z U-P | = DU max -DU min 2∆P (4.24)
2. The phase shift was estimated from the fraction of period (one cycle) corresponding to the maximum of the global voltage. The phase shift of the voltage/pressure impedance was then calculated as:

φ (Z U-P ) = t DU max -t P max out 180 π (4.25)
Based on these equations, impedance modulus and phase shift for operation with pure oxygen were theoretically calculated using Microsoft Excel ® therefore, it should be noted that they have a finite accuracy. These theoretical data obtained were compared with the experimental data obtained using EPIS in figures 4.14a and 4.14b.

As it can be seen figure 4.14a, the experimental and predicted theoretical data are in good agreement despite the elementary nature of the presented model. In the case of the impedance modulus, the similar decrease with increase in frequency in theoretical predictions can be explained by the lack of "gas side mass transfer limitations" with pure oxygen, i.e. oxygen diffusion in nitrogen is not required for possible access to the catalytic layer (although oxygen needs to self diffuse through porous media). Moreover, a fair qualitative agreement between predicted and theoretical values of phase shift can be observed as shown in figure 4.14b. Nevertheless, this highlights the absence of nitrogen contribution to the mass transfer control in the higher frequency domain.

Besides, the equations used in the model (equations Furthermore, it can be observed that EPIS is extremely sensitive to the gas transport properties of the electrode, such as permeability and porosity by Hartmann et al., 2014 [13] during their studies with O 2 -Na batteries. Therefore, experiments were carried out with a different grade of SGL gas diffusion layer to verify if EPIS could evidence the same in PEMFCs. The following section discusses the results obtained during these experimentations.

EPIS sensitivity to GDL morphology: gas transport in 34 BA GDL

To investigate the effect of change in gas transport properties of the GDL, the cathode side GDL was replaced by 34 BA grade GDL: an older generation GDL without MPL but with hydrophobic treatment. However, the anode side GDL was kept the same i.e. Note that the permeability values reported are the equivalent viscous permeability values in the 100 cm 2 fuel cell experimentally measured and deduced by one of the doctoral students in the team [START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF]. The chosen GDL i.e. 34 BA is treated with the same level of hydrophobic treatment as 29 BC grade GDL, so it can be assumed that the water transport conditions could be nearly the same as that with 29 BC, to a certain extent. However, a lack of MPL could affect the transport processes to a significant extent.

In addition, 34 BA has a very large porosity and lacks an MPL, which results in high permeability but considerably poor water management, thus yielding moderate performance at higher current densities. However, 29 BC is an improved grade of GDL with more uniform morphology and an MPL, which grants comparable permeability but has very good water management, yielding better performance at higher current densities. This difference can be seen in the polarization curve obtained with fresh MEAs in dry conditions as shown in figure 4.15, with lesser cell voltage for high current density for 34 BA than 29 BC. Moreover, the MPL present in the 29 BC grade GDLs helps in uniform distribution of the reactants [START_REF] Park | A review of gas diffusion layer in PEM fuel cells: Materials and designs[END_REF], and the absence of an MPL makes 34 BA grade GDLs more vulnerable to the improper distribution of reactants which contributes to the concentration overpotential even more due to poor supply of oxygen to the catalytic site [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF][START_REF] Mukherjee | Estimation of through-plane and in-plane gas permeability across gas diffusion layers (GDLs): Comparison with equivalent permeability in bipolar plates and relation to fuel cell performance[END_REF]. The next sections discuss the EPIS results obtained for the fuel cell operation with 34 BA grade GDL on the cathode side in different operating conditions and compare them with previously reported EPIS spectra with 29 BC.

Experiments with oxygen and air in dry conditions

Firstly, the old MEA (with two 29 BC GDLs) was replaced by a fresh MEA with 29 BC at the anode and 34 BA on the cathode side. The MEA was then subjected to 48 hours of maturation at j = 1 A cm -2 with fully humidified air, before carrying out further experiments. Further, the fuel cell was operated with air and experiments corresponding to change in current density and humidification were carried out. Then it was subjected to pure oxygen for certain planned experiments and finally the same MEA and GDL combinations were later used for water transport investigations as well (Chapter 5).

Throughout the experimentation, the electrochemical performance of the fuel cell was carefully monitored in order to ensure reliability of EPIS data.

Experiments with oxygen

Similar to experimentation with 29 BC at both electrodes, the operating conditions that were first tested were dry conditions i.e. j = 0.2 A cm -2 and inlet cathode RH = 20%. Figure 4.16

shows a comparison of EPIS spectra between 29 BC and 34 BA grade GDLs mounted at the cathode of the fuel cell.

As it can be seen in figure 4.16a, the impedance modulus for 34 BA exhibits similar behavior as 29 BC, decreasing with an increase in frequency. In the higher frequency domain, the response is comparable and lower, suggesting negligible diffusive control due to pure oxygen. However, for frequencies less than 100 mHz, an increase in the impedance modulus could correspond to the poorer water management in the fuel cell, which might suggest EPIS' ability to evidence the effect of transport properties of electrode material on the transport phenomena.

In 34 BA, the Knudsen diffusion which aides the mass transfer and better distribution of gases, is mostly absent because the pore diameters are far larger than the characteristic mean path length. So, gases must rely on molecular diffusion and the convective contribution to reach the catalytic site.

On the other hand, the presence of an MPL in 29 BC makes the Knudsen diffusion possible.

In addition, it was observed by one of our colleagues [START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF] that the transition region of contact between MPL and MPS could accommodate both molecular and Knudsen diffusion.

Both these arrangements favor the gas to be distributed more evenly throughout the GDL and to the catalytic surface, minimizing mass transport losses to a certain extent.

Moreover, the phase shift shows an interesting behavior (figure 4.16b) because, in previously observed results, the phase shift was only responding to the changes in oxygen transport, particularly in the higher frequency domain. But in this case, the phase shift shows small variations in the lower frequency region as well. However, the phase shift shows decreased values in the higher frequency domain and can be suggesting concentration losses (even to a smaller extent) despite using pure oxygen. This might be deduced that the phase shift response could be linked to other mass transport phenomena regarding gases i.e. uneven/ poor distribution of oxygen. Furthermore, the larger pore diameter of 34 BA grade GDL (table 4.5) can facilitate the formation of liquid water droplets in the pores due to surface tension forces, consequently blocking the pores. These droplets can be stuck in the pores and the flow channels, resulting in less available gas transport space, making the diffusion and convection of gases harder.

This phenomenon could occur even at low humidification conditions because of the absence of an MPL layer, making it difficult to evacuate water and ending up in the accumulation of liquid water in the fuel cell compartments.

Experiments with air

Further, electrochemical pressure impedance spectroscopy was performed at dry conditions at j = 0.2 A cm -2 and 20% RH at the cathode inlet. The fraction of liquid water was estimated approximately equal to 22% from water mass balance for the given operating conditions (listed in table 4.3), and figure 4.17 shows the obtained EPIS spectra.

As it can be seen in figure 4.17a, the impedance modulus follows the previously observed trend, increasing with an increase in frequency; however, it is approximately 2.5 times larger in the higher frequency region. At the same time, the phase shift starts at a small positive value and decreases up to -220°. Compared to the spectra obtained during operations with 29 BC grade GDL on both sides, it can be seen that the mass transport limitations and resulting concentration losses are higher in the case of 34 BA grade GDL (figure 4.17a).

For the values of impedance modulus, while operating with 34 BA grade GDL, the evolution is very significant and prominent for frequencies between 100 mHz and 1 Hz.

The frequency region from 100 mHz to 1 Hz has been postulated previously as the region for detecting gas transport limitations dominated by control of oxygen diffusion.

In addition, it was observed that the membrane was not adequately hydrated for dry conditions causing sluggish proton transfer. As mentioned before, 34 BA grade GDL is vulnerable to hydration imbalance than 29 BC since it lacks an MPL. Therefore in the case of 34 BA, a high impedance modulus in the higher frequency region might depict the significant effect of sluggish proton migration in addition to the concentration overpotential.

Moreover, looking at the EPIS response in the case of 34 BA, it could be said that the EPIS could evidence uneven reactant distribution in 100 mHz to 1 Hz range, which contributes to the limitations of oxygen mass transport influencing the fuel cell performance. The increased mass transport limitations and concentration losses with 34 BA could be seen in figure 4.17b, with more than 2 times larger diameter of the Nyquist plot compared to 29 BC.

Further, the diagnosis with electrochemical spectroscopy also depicts the increased mass transport losses compared to 29 BC (figure 4.18) and increased ohmic losses for 34 BA The observed results might suggest that the gas transport limitations could be separately evidenced using EPIS (figure 4.17b) rather than conventional spectroscopy, which reveals overall mass transport control (figure 4.18b). It can also be deduced that the electrochemical pressure impedance spectroscopy is significantly sensitive towards the changes in transport properties of electrode material (porosity and permeability) as observed in previous experimental and simulation studies [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF][START_REF] Grübl | Electrochemical Pressure Impedance Spectroscopy (EPIS) as Diagnostic Method for Electrochemical Cells with Gaseous Reactants: A Model-Based Analysis[END_REF]. These experimentations with 34 BA (air and pure oxygen) could evidence the sensitivity of EPIS towards hydration imbalance as well, but it needs further investigation.

Moreover, an attempt was made to observe the effect of a moderate amount of liquid water in the fuel cell on EPIS spectra while operating with 34 BA grade GDL fed with air. The results obtained during these experimentations are reported in the following section.

Experiments at normal operating conditions with air

Following the experiments carried out in dry conditions, further experiments were conducted at normal operating conditions i.e. at j = 0.4 A cm -2 with 55% cathode inlet relative humidity. Water balance calculations estimated the fraction of liquid water to be approximately equal to 39% of total water flux for these operating conditions. These experiments were aimed at analyzing the effect of a moderate amount of liquid water on transport processes. As it can be seen in figure 4.19a, the impedance modulus starts somewhat higher than in dry conditions, whereas, for 34 BA, it increases steeply and is almost 4 to 5 times larger than for 29 BC. The dramatically increased impedance modulus might be accompanied by the increased gas transport limitations due to liquid water, even in moderate amounts. Liquid water would form droplets in the porous structure of 34 BA GDL since it has a larger pore diameter and porosity, causing the pores to block.

This blockage might be why the inadequate supply of oxygen to the catalytic site causing the concentration overpotential to increase dramatically. Moreover, the phase shift shows a similar behavior with slightly decreased values over the whole spectrum. However, at the lowest frequency (1 mHz), the phase shift for 34 BA is 5 times higher than 29 BC. It might have some significance but could not be understood for the moment, and it needs further investigation.

Further, the Nyquist plot shows a significant increase in gas transport limitations 

EPIS applied to aged 29 BC-MEA

It is well known that increased degradation of GDL greatly reduces the fuel cell's performance, influencing the fuel cell response prominently at high current density. The degradation of GDL can pose problems such as excessive accumulation of liquid water in the fuel cell compartments, limitations in gas transport due to (1) poor water management, and (2) degraded morphology of the GDLs. These phenomena contribute towards mass transfer losses to a great extent and cause the fuel cell performance to decline [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Cai | Effect of water transport properties on a PEM fuel cell operating with dry hydrogen[END_REF][START_REF] Yan | Investigation of water transport through membrane in a PEM fuel cell by water balance experiments[END_REF][START_REF] Nanadegani | Effects of an MPL on water and thermal management in a PEMFC[END_REF].

Experiments were conducted with the old MEA from the preliminary and later experimentations (gas transport experiments reported earlier) to test EPIS in evidencing the decline of the fuel cell performance due to increased mass transfer limitations. The total operation time was added up to approximately equal to 1200 h of EPIS and normal operations, although it should be noted that the fuel cell was not subjected to any standard cycling process. Table 4.6 shows the data obtained with various diagnosis techniques to characterize the performance loss of the aged MEA. 

LSV H 2 crossover ×10 2 (NL min -1 cm -2 ) 1.19 1.23 EIS j = 0.2 A cm -2 j = 1 A cm -2 j = 0.2 A cm -2 j = 1 A cm -2 RH= 20%
Ohmic resistance R ohm (mΩ) 1.88 1.9 

21: Chronopotentiometry data comparison of performance between the fresh (50 h of operation) and the aged (approximately 1200 h of operation) MEA at 20% inlet RH

The loss in the performance could be observed by decrease in ECSA, as shown above.

Besides, it also can be seen by a significant drop in the cell potential for high current density, as can be seen in figure 4. [START_REF] Wisniak | Historical Notes: Electrochemistry and Fuel Cells: The Contribution of William Robert Grove[END_REF].

The experiments that could be carried out were limited in numbers due to the high possibility of total collapse of the fuel cell operation; therefore, a few chosen operating conditions were tested. Figure 4.22 shows a comparison between EPIS response for an old 29 BC grade GDL (at both electrodes) and a fresh GDL of same grade (at both electrodes)

operating with air at j = 0.2 A cm -2 . As can be seen in figure 4.22a, there is an increase in impedance modulus all over the spectra for an aged GDL, especially in the higher frequency domain, the impedance modulus values are almost double and resemble the completely dry conditions at both the electrodes, as shown in figure 4.5b. The increased impedance modulus might depict the troublesome gas transport accompanied by uneven reactant distribution due to degraded GDL.

Further, the spectrum might show a cumulative contribution of sluggish proton transfer due to eventual hydration imbalance due to poor water management capacity of a degraded GDL. This contribution might create a pseudo masking effect increasing the impedance modulus dramatically and be visible over the whole spectrum. Contrary to impedance modulus, the phase shift exhibits no significant changes (figure 4.22c), again due to the high contribution of nitrogen and its saturation effect, as illustrated earlier.

On the other hand, at high current density i.e.j = 1 A cm -2 , the significant increase in the impedance modulus, is not limited to higher frequency but covers the whole frequency domain investigated (figure 4.23a). This might come from the poor water management capacity of the aged GDL and possible evidence of flooding scenario in the lower frequency.

Even at low inlet relative humidity, the cathode compartment houses more water at high current density due to the high water production rate; besides, due to temperature and pressure conditions, most of the water stays in liquid form. The increased impedance in EIS spectra (figures 4.22b and 4.22d) for f < 10 mHz indicate the troublesome mass transport with the aged 29 BC GDL.

In addition, for an aged GDL, there is a reduction in GDL hydrophobicity [5,[START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF] which renders problematic water rejection. Besides, the main role of GDLs in water evacuation is to help water rejection through convection due to density gradient. Instead, in an aged GDL, the increased pore size fails to reject water and makes it easier for water droplets to form and accumulate within GDL and flow channels. This accumulation of water puddles causes very troublesome convection and diffusion of the gases resulting in increased mass transport losses, and it could justify the overall increase in the impedance modulus.

In addition, there is negligible change in the phase shift; however, upon observing carefully, a trend seems to emerge for lower frequencies. As it can be seen in figure 4.23c, the phase shift values for f ≤ 10 mHz are from 2 to 5 times the values for the fresh GDL. This could be linked to the significant liquid water transport in the GDL and its accumulation in the cathode compartment. Moreover, EIS spectra (figures 4.23b and 4.23d) also suggest the increased transport losses (charge+mass). However, the extent of transport limitation (especially mass transport) can not be deduced due to high charge transport losses. These experiments with aged GDL allowed probing the possibility of excess water accumulation in the fuel cell despite the operating conditions only allowed a limited amount of liquid water to be accumulated. This concludes the investigation of gas transport in dry conditions; further, the flooding conditions and water transport are discussed in detail in the next chapter, followed by gas transport at near flooding conditions.

Conclusion to the chapter

In this chapter, the investigation of gas transport control in the 100 cm 2 proton exchange membrane fuel cell was carried out using electrochemical pressure impedance spectroscopy and at some instances using traditional diagnostic techniques such as electrochemical impedance spectroscopy and chronopotentiometry. It was first discovered from the reported and calculated values of time constants corresponding to the contributing phenomena to the gas transport that the possibility of the control of gas transport could be evidenced in the higher frequency domain.

As reported in the previous chapter, the experiments with air in relatively dry conditions built a reference point for evidencing the gas transport. Later performed experiments with pure oxygen for the same operating conditions could evidence the negligible gas transport control due to the complete absence of nitrogen. In addition, a step-by-step approach of change in oxygen mole fraction proved helpful towards evidencing the diffusive mass transfer control of oxygen due to nitrogen. It was observed that the impedance modulus increased from around 0.2 µV Pa -1 to 6 µV Pa -1 and the phase shift decreased from near zero negative values to -200°in the higher frequency domain 100 mHz to 1 Hz with decrease in oxygen mole fraction.1

It was previously observed that the phase shift is not affected by the changes in humidification conditions. Hence the significant changes i.e. (decrease from -15°to -200°, in the phase shift values for f > 20 mHz in response to changes in oxygen mole fraction could directly be linked to evidence of diffusive mass transfer control of oxygen as postulated by previous studies [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF][START_REF] Rho | Mass Transport Phenomena in Proton Exchange Membrane Fuel Cells Using O 2 /He, O 2 /Ar, and O 2 /N 2 Mixtures[END_REF].

Moreover, it could be observed that EPIS is incredibly sensitive towards the diffusive mass transfer control of oxygen both in terms of impedance modulus (almost 10 to 30 times increase for air than pure oxygen) and the phase shift (almost 6 to 12 times increase for air than pure oxygen). However, the impedance modulus exhibited a slight sensitivity towards the convective control during the experiments with changes in current densities for pure oxygen, increasing from 0.2 µV Pa -1 for j = 0.2 A cm -2 to 0.4 µV Pa -1 for j = 1 A cm -2 at f = 1 Hz. On the other hand, phase shift only exhibited the sensitivity towards diffusive mass transfer control.

It was also proposed by Hartmann et al., 2014 [13] that EPIS is sensitive towards changes in transport properties of electrode material and to evidence that experiments with different grades of GDL and an aged GDL were performed. In dry conditions, the impedance modulus showed an increased value of 8 to 12 µV Pa -1 for f > 100 mHz while operating with air and 34 BA GDL or an aged 29 BC GDL compared to a fresh 29 BC GDL exhibiting 5 to 7 µV Pa -1 for the same frequency domain. In addition, upon changing humidification and current density for 34 BA and the aged 29 BC GDL, impedance modulus values increased by two folds, mostly because of poor water management creating troublesome gas transport conditions. Based on the results it can be said that the transport properties of electrode material contribute towards mass transfer control and result in concentration losses.

The experiments presented in this chapter could help in evidencing the gas transport control, especially the diffusive mass transfer of oxygen in the higher frequency domain 100 mHz to 1 Hz. Moreover, it could be hypothesized that the increased impedance values that start to appear immediately after 10 mHz might exhibit overlapping effect of gas and water transport. Further, the impedance modulus and phase shift were observed to be incredibly sensitive towards oxygen diffusive transport, whereas the impedance modulus was observed to exhibit control of other phenomena.

Although the sensitivity of the phase shift was observed mainly due to diffusive control, in some cases, sensitivity towards hydration imbalance (flooding or excessive liquid water) could be seen in the low-frequency domain 1 mHz to 10 mHz. [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF][START_REF] Rho | Mass Transport Phenomena in Proton Exchange Membrane Fuel Cells Using O 2 /He, O 2 /Ar, and O 2 /N 2 Mixtures[END_REF]. De plus, on a pu observer que l'EPIS est incroyablement sensible au contrôle du transfert de masse diffusif de l'oxygène à la fois en termes de module d'impédance (presque 10 à 30 fois plus pour l'air que pour l'oxygène pur) et de déphasage (presque 6 à 12 fois plus pour l'air que pour l'oxygène pur). Cependant, le module d'impédance a montré une légère sensibilité au contrôle convectif pendant les expériences avec des changements de densités de courant pour l'oxygène pur, augmentant de 0,2 µV Pa -1 pour j = 0.2 A cm -2 à 0,4 µV Pa -1 pour j = 1 A cm -2 à f = 

Conclusion du chapitre

Initial hypothesis

Preface to the chapter

After investigating the gas transport in the PEM fuel cells in dry conditions, this chapter deals with the characterization of the water transport in the GDL, within the membrane, and the control of mass transport due to liquid water or hydration imbalance. This chapter briefly introduces the various modes of water transport within the fuel cell and their governing equations. Following that, it discusses the results obtained while operating at higher humidity and higher current density with air, leading the path to specifically designed experiments with pure oxygen and various types of GDLs to observe the effects of hydration imbalance particularly.

Introduction to water transport in the fuel cell

One of the major challenges that fuel cell technology faces is mass transport limitations due to various factors. As mentioned earlier, hydrogen fuel cells constantly consume hydrogen and oxygen to produce electricity and water as a byproduct. In its liquid state, the byproduct is one of the key factors affecting the fuel cell performance to a great extent by imposing mass transport limitations by blocking the flow channels and/or GDL pores by puddle formation at the MPL MPS interface and accumulation of water droplets in the gas flow channel. At high current density, it often becomes problematic to remove the product water from the cathodic catalytic site due to constant production and external supply of water by humidification resulting in limited oxygen mass transfer.

In addition, the liquid water could submerge the catalytic site, making it unavailable for the reaction. Then in some extreme cases, it can significantly wash off the catalyst affecting the fuel cell performance. This condition of excess water is called water flooding in the fuel cell, afterward causes the improper distribution of the gases on the catalytic site contributing to increased mass transport hindrances in the fuel cell performance [START_REF] Li | A review of water flooding issues in the proton exchange membrane fuel cell[END_REF][START_REF] Colinart | Experimental study on water transport coefficient in Proton Exchange Membrane Fuel Cell[END_REF].

It is well known that the ionic conductivity of the proton exchange membranes used in PEMFCs strongly depends upon their water content. Therefore any hydration imbalance such as excessive drying of the membrane results in a drop in the performance of the fuel cell due to increased ohmic losses combined with an inefficient proton transfer to and from catalytic site affecting the kinetic parameters [START_REF] Maranzana | A multi-instrumented polymer exchange membrane fuel cell: Observation of the in-plane non-homogeneities[END_REF]. Gas diffusion layers are responsible for properly evacuating the water from the catalytic site and avoiding the formation of water puddles. Moreover, in recent years the water management issue (especially flooding) was addressed to a far greater extent by research in the better hydrophobic treatment of GDLs, the addition of a micro-porous layer of various pore sizes on top of the macroporous substrate along with better designed flow patterns of fuel cells to maintain a balance between water retention and evacuation. Despite all this promising research, control of transport phenomena due to poor water management is still one of the main challenges in improving fuel cell performance [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF][START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Li | A review of water flooding issues in the proton exchange membrane fuel cell[END_REF]. Generally, at least four different water transport mechanisms occur in the fuel cell while operating at 'before flooding conditions,' as listed below.

1. Diffusion and convection of water vapor through the GDL, to and away from the catalytic layer.

2. Water back-diffusion through the membrane from the cathode to the anode due to the concentration gradient between the two compartments.

3. Water electro-osmosis through the membrane from the anode to the cathode due to water molecules carried by proton migration.

4. Hydraulic permeation in the GDL and through the membrane due to the pressure gradient between the two compartments.

Furthermore in case of two-phase flow conditions i.e. in the presence of liquid water, additional phenomena take place as listed below [START_REF] Colinart | Experimental study on water transport coefficient in Proton Exchange Membrane Fuel Cell[END_REF].

1. Capillary flow/ diffusion of liquid water through the GDL.

2. Water droplets formation and detachment at the GDL-flow channel interface.

3. Liquid water accumulation in the gas flow channels leading to slug flow with sudden flush upon too high pressure.

As conclusively evidenced in numerous research papers, poor water management has a significant impact (mostly negative) on fuel cell performance. As mentioned above, to achieve a proper water balance in the fuel cell system, it needs to balance two opposite phenomena: 1. water retention to keep the membrane and the ionomer attached to the platinum catalyst adequately hydrated, and 2. water evacuation/rejection to avoid water flooding in the fuel cell (especially at the cathode compartment). Besides, depending upon the mode and nature of the operation, and the properties of the fuel cell components, the anode and/or cathode inlet gas is fully or partially humidified to aid the hydration of the membrane. However, at certain operating conditions (especially high humidification and high current density), the gases might become saturated with the water vapor resulting in possible condensation and eventual hampering of the fuel cell performance due to flooding.

Therefore it is essential to understand the dynamics of water transport and identify the mechanisms contributing towards water transport in the fuel cell to avoid such degenerative operation of the fuel cell. The following sections deal with these abovementioned water transport phenomena in brief.

Water transport through the membrane

Nowadays, Nafion is one of the most popular and commonly used polymer electrolyte membranes, which consists of the sulfonic acid groups SO - 3 H + in its polymer i.e. highly fluorinated structure (figure 1.4b). Moreover, in the presence of water, the protons (H + ) form hydronium complex (H 3 O + ), and other hydrated protons then separate themselves from the sulfonic group; upon sufficient hydration, these ions can transport in the aqueous phase. This phenomenon causes the Nafion membrane to behave as a liquid electrolyte, which exhibits nearly comparable conductivity [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Jones | Membrane materials and technology for low temperature fuel cells[END_REF].

However, to maintain this conductivity, the membrane needs to be fully hydrated with liquid water, which is achieved by external humidification of the fuel cell by supplied gases.

The structure of Nafion allows it to accumulate a significant amount of water inside itself. It has been observed that the Nafion water uptake can increase its volume by 22% when fully hydrated [START_REF] O'hayre | Fuel cell fundamentals[END_REF]. Determination of the membrane's exact water content is crucial to determine its conductivity and the water transport it accommodates.

As mentioned in Chapter 3, the water content in the membrane denoted by Λ m is defined as the number of water molecules per sulfonate group. In other words, it can be expressed using the equivalent weight of the membrane, dry density of the membrane, and water concentration in the membrane as shown in equation (5.1) [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Hinaje | Modelling of the proton exchange membrane fuel cell in steady state[END_REF][START_REF] Springer | Characterization of Polymer Electrolyte Fuel Cells Using AC Impedance Spectroscopy[END_REF]. Generally, two different phenomena dominate this water transport. The first one is the transport due to protons' ability to drag one or more water molecules with themselves.

Λ m = EW ρ dry C w ( 5 
This phenomenon is called electro-osmosis, and the degree of water transport due to proton migration could be quantified by the electro-osmotic drag coefficient η drag . It is a measure of the number of water molecules dragged per proton migration, which depends upon the membrane water content linearly as shown in equation (5.3) [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Hinaje | Modelling of the proton exchange membrane fuel cell in steady state[END_REF][START_REF] Jiao | Effects of various operating and initial conditions on cold start performance of polymer electrolyte membrane fuel cells[END_REF].

η drag = η sat drag Λ m 22 = 2.5 22 Λ m (5.3)
Where η sat drag (≈ 2.5) is the drag coefficient when the membrane is fully hydrated. By implementing the electro-osmotic drag coefficient, one can deduce the water transport flux from the anode to the cathode due to proton migration for a given applied current density by using equation (5.4) [START_REF] Springer | Polymer Electrolyte Fuel Cell Model[END_REF].

ṅeo w = 2η drag j 2F (5.4)
where, ṅeo w : Molar flux of water due to electro-osmotic drag (mol s -1 cm -2 )

η drag : Electro-osmotic drag coefficient (dimensionless)
Water transport due to electro-osmosis is countered by the second phenomenon called backdiffusion of water which usually occurs from the cathode to the anode due to a high water concentration gradient between the two compartments. The water concentration at the cathode keeps building up due to external humidification, water production at the catalyst site, and water transfer from the anode, creating a concentration gradient that drives the back-diffusion, in most cases, from the cathode to the anode. Springer et al., 1991 [133] proposed a model to characterize the water transport across the membrane, and the water back-diffusion can be estimated using the proposed model fairly accurately by using equation (5.5).

ṅbd w = -ρ dry EW D m w dΛ m dδ (5.5)
Where, ṅbd w is the molar flux of water due to back-diffusion (mol s -1 cm -2 ) and D m w is the water diffusivity in the membrane (m 2 s -1 ) which can be calculated using Fuller and Newman equation expressed below [START_REF] Hinaje | Modelling of the proton exchange membrane fuel cell in steady state[END_REF][START_REF] Fuller | Water and Thermal Management in Solid-Polymer-Electrolyte Fuel Cells[END_REF].

D m w = 0.21Λ m exp - 2436 T(K) (5.6) 
Equation (5.6) expresses the strong dependency of the diffusivity coefficient on the membrane water content. Hence the local water content at each catalyst site plays a role in the water transport through the membrane. Finally, the total water transport rate across the membrane can be deduced using equation (5.4) and equation (5.5) as an addition of the two contributions [START_REF] Nanadegani | Effects of an MPL on water and thermal management in a PEMFC[END_REF][START_REF] Rahman | Development of 1-d multiphysics pemfc model with dry limiting current experimental validation[END_REF].

ṅm w = η drag j F -D m w ρ dry EW dΛ m dδ (5.7)
Where ṅm w is the molar flux of the net water transport in the membrane (mol s -1 cm -2 ). In most cases where the cathode is fed with air at a certain humidification level, and the anode is fed with dry hydrogen, the net water transport through the membrane occurs from the cathode to the anode.

The hydraulic permeation also aids the water transport if the cathode is at relatively higher pressure; however, a majority of researchers have not reported rigorously on this aspect [START_REF] Colinart | Experimental study on water transport coefficient in Proton Exchange Membrane Fuel Cell[END_REF]. However, Yan et al., 2006 [124] observed that the net drag coefficient tends to reduce to a certain extent while the cathode is maintained at a higher pressure than the anode. Moreover, they could suggest that the water transport in the membrane due to hydraulic permeation is infinitesimally small compared to electro-osmosis and back diffusion. Nevertheless, the water transport due to hydraulic permeation can be estimated using equation (5.8) [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF]. As illustrated previously, during experimentation water was collected at both the electrode outlets by means of condensers in order to evaluate the water transport from the cathode to the anode. To quantify this phenomena, a water transport coefficient 'α' is often defined as the molar flux of water collected at the anode outlet over the molar flux of water produced at the cathode catalytic site and is expressed in equation (5.9). α = ṅa,out w ṅprod w (5.9)

Literature reports a substantial increase in the water transport coefficient value with increasing current density when operated with dry hydrogen, and humidified air [START_REF] Cai | Effect of water transport properties on a PEM fuel cell operating with dry hydrogen[END_REF][START_REF] Jeong | A study on cathode structure and water transport in air-breathing PEM fuel cells[END_REF]. In their study, Cai et al., 2006 [123] measured the net water transfer coefficient for a 128 cm 2 fuel cell with Nafion 112 membrane and in-house GDLs with MPL. The fuel cell was operated at 60 °C and fed with dry hydrogen and air with 56% inlet relative humidity.

They observed that the water transport coefficient increased from 0.12 to 0.37 as the current density increased from 0.1 to 0.6 A cm -2 .

Based on this, one might argue that the possibility of flooding decreases with an increase in current density, but it should be noted that the residence time of liquid can differ significantly from that of the gases. The liquid flow rate is lower at high current density because of high residence time, and large water accumulates, resulting in flooding.

Figure 5.2 shows the experimentally observed evolution of water transport coefficient with increasing current density, and similar behavior can be observed for comparable operating conditions. While the water transport coefficient shows a very slight variation at relatively dry conditions, which is in accordance with previously reported results [START_REF] Büchi | Operating Proton Exchange Membrane Fuel Cells Without External Humidification of the Reactant Gases: Fundamental Aspects[END_REF]. Besides, the water transport in the GDL has a two-phase flow situation; the next section addresses the water transport in the GDL of water vapor as well as in the case of liquid water. 

Water transport in the gas diffusion layer

PEMFC can sustain the high current density operation as long as it is provided with enough fuel and oxidant, which is transported through the GDL [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF]. However, as soon as the local concentration of water increases, the water vapor condenses into liquid according to phase equilibrium then the concentration/ mass transport limitations increase largely.

To remind, the excessive build-up of liquid water in the GDL and at the catalyst layer results in the formation of the liquid droplet and blocks the pores of the GDL, causing troublesome oxygen transport. This phenomenon is called flooding and usually occurs at high current density and afterward can be aggravated by ineffective water management in the fuel cell.

Flooding is considered a leading phenomenon, causing limiting current behavior in the PEM fuel cells.

To avoid such detrimental operating conditions, the GDLs are usually treated with sufficient hydrophobic treatment to balance the water retention and the water rejection.

The water transport mechanism in the GDL is dominated by diffusion and convection of water (vapor or liquid) and the capillary effect caused by surface forces. In relatively dry conditions, the water vapor transport in the GDL can be regarded as gas phase diffusion and characterized by using Maxwell-Stefan law for multi-component diffusion. However, in the presence of liquid water, the blockage of the pores has to be taken into account; the relevant literature suggests a similar effect as a solid wall [START_REF] Jiao | Effects of various operating and initial conditions on cold start performance of polymer electrolyte membrane fuel cells[END_REF][START_REF] Jiao | Three-dimensional multiphase modeling of cold start processes in polymer electrolyte membrane fuel cells[END_REF] to modify the equation for evaluation of effective diffusivity of a gaseous species as in equation (5.10) [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF].

D e f f i,j = D i,j ϵ 1.5 1 -ζ liq 1.5
(5.10)

Where ζ liq is the liquid volume fraction in the GDL; the higher the value of ζ liq , the more troublesome it becomes for the gases to diffuse through the GDL. Moreover, the convective mass transport in the GDL is driven by the pressure gradient and is affected by the permeability of the GDL. When some of the pores are blocked by the accumulation of water, the permeability value decreases dramatically, limiting convective transport of gases to the catalytic site, equations (5.11) can be used to estimate the permeability values in the presence of liquid water [START_REF] Jiao | Effects of various operating and initial conditions on cold start performance of polymer electrolyte membrane fuel cells[END_REF][START_REF] Jiao | Three-dimensional multiphase modeling of cold start processes in polymer electrolyte membrane fuel cells[END_REF].

K g = K GDL (1 -ζ liq ) 4
(5.11a)

K l = K GDL (ζ liq ) 4 (5.11b)
where, K g : Gas phase permeability (m 2 )

K l : Liquid phase permeability (m 2 )
K GDL : Intrinsic permeability of the GDL (m 2 )

Besides, using equations (5.11), pressure gradients for both gas and liquid phase can be calculated as expressed by equation (5.12) [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF]:

∇P g,l = -µ g,l u g,l K g,l (5.12)

While evaluating the liquid water transport in the GDL, it is important to know that the surface tension-force acts only at the interface. In GDLs, the pore sizes are very small: 8 to 10 µm for MPS and 2 to 200 nm for MPL [START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF]; hence, the pore walls affect the liquid water transport due to the wall adhesion effect. This wall adhesion effect might cause the surface wettability to vary, causing the angle of contact 'θ w ' to reduce in hydrophilic material, resulting in the formation of droplets in the pores following an eventual blockage.

On the other hand, in the case of a hydrophobic material, the wall adhesion effect is usually less significant, making the liquid water removal easier due to minimal contact between pore walls and the liquid water [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Nanadegani | Effects of an MPL on water and thermal management in a PEMFC[END_REF].

Furthermore, the pressure difference at the gas-liquid phase interface drives the liquid into small pores of the GDL, and this phenomenon is termed the capillary effect. It is a combined effect of the surface tension, and wall adhesion in small pores [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Nanadegani | Effects of an MPL on water and thermal management in a PEMFC[END_REF][START_REF] Jiao | Effects of various operating and initial conditions on cold start performance of polymer electrolyte membrane fuel cells[END_REF]. The pressure at the interface, otherwise termed as the capillary pressure, can be estimated using equation (5.13).

P cap = P g -P l = 4σ liq cos(θ w ) d p (5.13) where,

P cap : Capillary pressure (Pa)
σ liq : Surface tension coefficient of liquid water (N m -1 )

d p : Pore diameter (m) θ w : Contact angle (°)
In addition, the capillary pressure is a crucial parameter that affects the liquid water transport to a great extent. It is also a function of the GDL pore structure and the liquid water volume fraction. This relationship can be evaluated by using Leverett function [START_REF] Udell | Heat transfer in porous media considering phase change and capillarity-the heat pipe effect[END_REF][START_REF] Dullien | Porous media: fluid transport and pore structure[END_REF] given in equation (5.14).

P cap =              σ liq cosθ w ( ϵ /K 0 ) 0.5 1.42(1 -ζ liq ) -2.12(1 -ζ liq ) 2 +1.26(1 -ζ liq ) 3 i f θ w < 90°σ liq cosθ w ( ϵ /K 0 ) 0.5 1.42ζ liq -2.12ζ 2 liq + 1.26ζ 3 liq i f θ w > 90°( 5.14)
In the case of hydrophobic materials, researchers have observed the capillary pressure to be negative i.e. liquid pressure higher than the gas pressure making it easier for liquid water to evacuate away from the catalytic layer, thus improving water management in the fuel cell [START_REF] Gostick | Capillary pressure and hydrophilic porosity in gas diffusion layers for polymer electrolyte fuel cells[END_REF][START_REF] Kumbur | Validated Leverett Approach for Multiphase Flow in PEFC Diffusion Media[END_REF][START_REF] Ye | Three-dimensional simulation of liquid water distribution in a pemfc with experimentally measured capillary functions[END_REF]. Moreover, for more efficient modeling of water transport in the fuel cell, equation (5.14) can be used to estimate the diffusion coefficient of the liquid water by using equation (5.15) [START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] He | Two-phase flow model of the cathode of PEM fuel cells using interdigitated flow fields[END_REF].

D liq = - K g µ liq
dP cap dζ liq (5.15) In conclusion, water transport in the fuel cell is one of the most crucial phenomena; therefore, effective water management is the key to achieve the best possible performance from a PEMFC. Further, poor water management causes excess buildup of liquid water, which degrades the fuel cell performance over time and compromises the durability of the fuel cell. However, water buildup occurs at the catalytic site and also in the gas flow channels in the form of liquid puddles. Besides, the cathode is more prone to flooding due to constant production at the catalytic site and water transport across the membrane.

As mentioned in Chapter 4, the reported time constant values for the water transport put its occurrence in the lower frequency domain of EPIS. Based on that, it can be hypothesized that the water transport through membrane and GDL could be evidenced in between 1 mHz and 80 mHz whereas the near flooding conditions could be evidenced in the range from 4 to 10 mHz. However, presence of liquid water seems to affect the impedance values over whole spectra. Experiments with varied operating conditions were carried out to characterize the water transport using EPIS, then the effect of GDL morphology on water management was observed by using different GDL grades in the fuel cell.

Experiments with pure oxygen: evidencing water transport

At first, it was intended to observe the water transport and limitations due to excessive accumulation of liquid water in the fuel cell without (or with the negligible presence of) any other competing phenomena, e.g., diffusion limitations due to nitrogen. Therefore experiments were carried with pure oxygen with various operating conditions. These experiments allowed evidence of poor water management in the fuel cell in the relatively simple scenario, such as in the absence of nitrogen contribution to the mass transfer control.

The following sections deal with the experiments conducted to evidence water transport, excess water accumulation, and control by poor water management in different conditions.

The estimated amount of liquid water at the fuel cell outlet during operation with high current density and 100% humidification was around 56% at the cathode, which is significant considering the high rate of water production and injection. Therefore the investigation presented in this subsection is divided into 2 parts: (1) experiments carried out at high inlet humidification with varied current density and (2) upon variation of humidification at j = 0.2 A cm -2 and j = 1 A cm -2 . From this subsection ahead, the presented results were mostly obtained at high current density because the fuel cell is more prone to flooding conditions due to the high water production.

Changes in current density and relative humidity

In order to continue delivering optimum performance, fuel cells must maintain a delicate water balance. It was previously observed that the flooding conditions are more apparent at high current density. Hence the fuel cell was operated under near-flooding conditions that were intentionally simulated to observe the EPIS response. Figure 5.3a shows a comparison between the impedance modulus obtained at low and high current density with high inlet humidification at the cathode. As it can be seen, even for the fresh MEA with better transport properties, the impedance modulus varies to some extent with the increased water transport. At high current density, the increased water transport rate in the fuel cell and more hindrance to the gas transport due to a large quantity of liquid water in the system can be seen in the EPIS spectra compared to the situation at low current density.

As far as the phase shift is concerned, it shows some interesting behavior as shown in figure 5.3b. The phase shift is less negative for high current density with flooding conditions than at low current density, which is a relatively less harsh operating condition.

Nevertheless, to better understand the behavior and the role of phase shift in the characterization of excess water accumulation or water transport, further investigations and a careful modeling approach are needed.

From these results, it might be deduced that EPIS might not significantly sensitive towards slight changes in the water conditions in the fuel cell or the GDL has very good water management capacity avoiding detrimental operating conditions. In addition, at high current density, the water evacuation might be better irrespective of humidification conditions, making it almost impossible to cause blockage of the pores due to bubble formation or to form the water puddles in the flow channels.

Nevertheless, the increased amount of liquid water at the high current density and high humidification conditions causes troublesome transport phenomena. In addition, it can be stated that the 29 BC-the MPL based GDL, when fresh, is very efficient in water management. Therefore to observe and identify the added resistance to the species transport, experiments with more harsh flooding conditions were executed and reported in the upcoming section. 

Variation of stoichiometry: detection of near-flooding conditions

EPIS was performed with pure oxygen at different oxygen stoichiometry to examine the oxygen diffusion in the presence of water inside the fuel cell. With a view of observing significant trends, the presence of a large amount of liquid water during the experiments was compelling. Normally, while operating the test bench with pure oxygen, λ O 2 was kept at 11.9 to match the water management conditions here with air at λ air = 2.5.

As confirmed by water management investigations with an account of experimental water transport coefficient, higher current densities at reduced oxygen stoichiometry favor the presence of liquid water with increased water back-diffusion flux. To significantly favor this situation, operating conditions like low oxygen stoichiometry, high current density

(1 A cm -2 ), and high humidification levels (100% RH) were used. Table 5.1 shows the different stoichiometric factors considered and the amount of liquid water at the fuel cell outlet for these operating conditions at a steady state. The presence of liquid water was verified via water activity and mass balance calculations, and the water transport coefficient was calculated experimentally by measuring the amount of water condensed at both the anode and cathode outlet condensers. Note that it represents the fraction of water flow rate that condenses to liquid water, which may differ from the volume fraction of the liquid water in the cell structure depending on the surface forces.

Figure 5.4 shows EPIS response with the variation of oxygen stoichiometry. A clear trend for f < 80 mHz was observed for the impedance modulus: the higher the amount of liquid water present, the higher was the impedance modulus. This observation is per the hypothesis of occurrence of water transport in the low-frequency region and might signify that the presence and transport of liquid water can be diagnosed by EPIS along for frequency below 40 mHz. At high frequency, the impedance modulus seems to change to a lesser extent, but the changes indicate sluggish gas transport due to pore blockage and water accumulation in the flow channels. On the other hand, there is no significant change in phase shift until f ≥ 100 mHz. A trend seems to appear for higher frequencies for phase shift, but further investigations should be carried out to understand better the link between water presence and the moderate phase shift variations for frequency larger than 100 mHz. 

Experiments with aged 29 BC grade GDL

It is well known that aged MEAs can be prone to troublesome water management and eventual flooding; hence experiments with the aged MEA were carried out. The MEA was operated under various operating conditions for possible characterization of gas transport using EPIS as reported in previous chapters. In addition, the cumulative operation time was approximately equal to 1200 h without cycling experiments.

Experiments were carried out to observe the effect of aging on the water management capabilities of the MEA, with the fuel cell fed with dry hydrogen at the anode and pure oxygen at the cathode. Table 5.2 shows the collected water molar flux at the fuel cell's outlets during EPIS experiments [START_REF] Šnajdr | Transient state model of water transport in a PEMFC: Preliminary tests on steady-state and integrating pressure fluctuations imposed by electrochemical pressure impedance spectroscopy[END_REF]; it is pretty clear that the fresh membrane rejects the water more efficiently, avoiding flooding conditions. Moreover, it can be deduced that for prolonged operation at high humidity and high current density, the flooding in the aged MEA would worsen due to inefficient water rejection. At first, the relative inlet humidity was kept at 20%, and the current density was varied.

The cathode flow rate was kept corresponding to λ O 2 = 11.91 (instead of λ air = 2.5 for air) to emulate the same humidification conditions as that operation with air; whereas, the hydrogen was fed at λ H 2 = 1.2 in all conditions. Figure 5.5 shows the impedance modulus and the phase shift of the aged MEA at different applied current densities and 20% humidification level.

In figure 5.5a, the increase in the impedance modulus with increasing current density depicts the control of transport phenomena due to increased liquid water presence. If observed keenly, the difference is substantial in the lower frequency domain and is at its highest for the highest current density (an operating condition more prone to liquid water accumulation).

The spectra express the increased water and gas transport control due to poor water management conditions in the aged MEA. Furthermore, it was observed that for the fresh MEA, the impedance and phase shift values do not change significantly for changes in current density. The yellow-colored area in figures 5.5a and 5.5b shows the approximate values of impedance modulus and the phase shift for the fresh MEA, including all the current densities. In comparison, for a relatively dry condition at low current density and low inlet humidity, the increase in impedance modulus in the lower frequency region depicts the troublesome water transport in the fuel cell due to the aging of the MEA.

As mentioned earlier in Chapter 4, the fraction of liquid water present at the cathode accounts for 11% out of the total water flow rate for the 20% RH condition. Considering the low current density, this is not incredibly large, however as per experimental observation (table 5.2), the water retention is comparatively higher. Therefore, the increase in the impedance values over the whole spectra and especially in the lower frequency range can be evidence of the limitations in transport phenomena by water accumulation in the fuel cell and ineffective water rejection from the catalyst surface.

As observed previously during gas transport investigation, the impedance modulus tends to decrease in the higher frequency region in the absence of diffusion control. The same trend can be observed in both cases, for the fresh and the aged MEA, whereas significant changes can be observed in mostly the lower frequency domain. Moreover, at high current density but same humidification conditions, the difference between the two impedance modulus spectra is huge, approximately 5 times that with the fresh MEA in lower frequency region (figure 5.5a). Even though the increased impedance modulus seems to decrease in the higher frequency region, the difference still is very significant.

Even at low humidity, the amount of liquid water in the fuel cell is significant due to the high rate of water production at the cathode, in addition to improper water evacuation.

This accumulated water offers additional resistance to the transport processes resulting in decreased performance due to flooding conditions.

With pure oxygen i.e. in the absence of diffusion control, these changes in impedance modulus could only be linked to the control caused by the poor water management with the aged MEA. Nevertheless, it also can be seen at both current densities i.e.j =0.8 A cm -2 and 1 A cm -2 (figure 5.5a) that the control of transport phenomena is visible all over the spectra, suggesting troublesome water transport along with sluggish gas transport due to improper water evacuation. However, the phase shift does not show any noticeable changes globally, which was expected since the phase shift had never shown any noticeable sensitivity towards hydration imbalance in previous experiments. However, in the high-frequency region (figure 5.5b), a slightly less negative values of the phase shift could be seen for the fresh MEA, possibly because of better gas transport in addition to less significant liquid water presence, needing further investigation. Moreover, in the lower frequency region, a trend seems to emerge for fresh MEA compared to aged MEA showing a higher phase shift. On the other hand, it might be possible that the phase shift would be sensitive towards the hydration imbalance and would need significantly high liquid water in the fuel cell to reveal any useful information.

Supporting previously made hypothesis, these experiments, even in relatively dry conditions, also helped confirm the frequency regions in which the control of gas transport and water transport can be observed. It is now clear that the gas transport can be identified in the higher frequency of the spectra i.e. f > 100 mHz whereas, control due to the presence of liquid water and poor water management can be identified in the lower frequency region of the spectra around 1 to 20 mHz with a transition region in between with overlapping of various phenomena.

More experiments with the aged MEA were planned with conditions encouraging significant flooding in the fuel cell i.e. high humidification at high current density, but could not be carried out due to total collapse of performance of the MEA. Nevertheless, the experiments mentioned above were a milestone in the characterization of transport phenomena, especially water transport, and could enhance the understanding of the EPIS spectra.

Effect of change in GDL morphology

Background

In all the results presented up to now, to investigate the effect of excess water buildup in the fuel cell on the transport processes, the GDL used was 29 BC grade GDL. This GDL is the latest generation of the GDLs, which are treated with hydrophobic treatment and have a microporous layer (MPL) coated on top of the macro-porous substrate for better water management. In their experimental study of single-cell performance with and without MPL, Qi et al., 2002 [145] reported that the MPL helps to improve the fuel cell performance employing effective water management.

In addition, Nam et al., 2003 [112] and Pasaogullari et al., 2004 [146] showed through half cell simulations that the MPL helps to reduce local saturation of water, contributing to water rejection from the catalytic site. Moreover, Weber et al., 2005 [147] conclusively reported using a two-phase 2D model that the MPL acts as a valve forcing the cathode side water to the anode side and making the fuel cell less prone to the flooding conditions.

Furthermore, Ferreira et al., 2017 [148] observed experimentally that the MPL creates a pressure barrier at the cathode forcing the water back-diffusion. This back-diffusion improves the hydration state of the MEA, then resulting in decreased ohmic losses.

Moreover, Mahnama et al., 2017 [149] studied a 3D non-isothermal multi-physics model to observe that the MPL wettability affects the water transport, and while decreasing it improves water management.

Zhang et al., 2018 [START_REF] Zhang | Error of Darcy's law for serpentine flow fields: An analytical approach[END_REF] showed that the presence of MPL helps in the reduction of liquid water at the catalytic sites and improves the cell performance at high current density through a 2D lattice-Boltzmann model of a PEMFC.

In an experimental study carried out in almost similar operating conditions: 100% RH, λ air /λ H 2 = 2.5/1.2, Shimpalee et al., 2007 [START_REF] Shimpalee | Analysis of GDL flooding effects on PEMFC performance[END_REF] reported performance breakdown at around j = 0.6 A cm -2 for a non-PTFE treated GDL due to severe flooding in the fuel cell. Moreover, they reported a significantly improved performance in PTFE-treated GDL, withstanding up to nearly j = 1.5 A cm -2 . In addition, by implementing a 3D steadystate multi-phase model developed to predict the fuel cell performance by correlating the effective diffusivity with the degree of water flooding, they could find good accordance between experimental data and the simulation results [START_REF] Shimpalee | Analysis of GDL flooding effects on PEMFC performance[END_REF]. Nanadegani et al., 2019 [125] found out that the addition of an MPL with different properties than the MPS causes a discontinuity in the liquid water saturation levels increasing the water rejection. In addition, they could demonstrate that an MPL with a higher hydrophobic treatment (higher contact angle) rejects water more efficiently and boosts the PEM fuel cell performance through 3D multi-phase modeling. Finally, they suggested using the MPL with relatively higher porosity but reduced permeability to improve water management.

More recently, a similar observation could be made during the experimental performance testing of various GDLs carried out by Mukherjee, 2020 [START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF] at LRGP, Nancy. In experiments, BA grade GDLs (non-MPL, PTFE treated) showed better performance at higher current density than their AA counterparts which lack both the MPL and the PTFE hydrophobic treatment, but of course, below the BC grade GDLs (MPL + PTFE treated).

Nevertheless, following these studies, it can be deduced that while operating with a GDL coated with MPL, one can barely allow the formation of liquid water and observe significant flooding conditions in the fuel cell. However, other grades of GDLs either lack the MPL or altogether hydrophobic treatment, which makes them extremely vulnerable to the eventual water flooding due to surface forces favoring retention of water in the GDL structure. It was deemed very favorable to test these GDLs in extreme flooding conditions to exploit the true potential of EPIS in the detection of flooding conditions and control of water transport.

The following sections discuss these experiments and the effect of lack of hydrophobic treatment and an MPL on the water management and its detection using EPIS in detail.

Experiments with 29 AA, 34 BA and 29 BC grade GDL

As mentioned earlier, hydrophobic treatment aids the non-MPL GDL in better water management, which is still worse than that observed with MPL based GDLs. Therefore, to simulate the harsh flooding conditions, experiments were carried out with an MEA comprised of a 34 BA grade GDL, which is a non-MPL GDL but with PTFE treatment and a 29 AA grade GDL: non-MPL non-hydrophobic treatment GDL (detailed specifications are reported in Chapter 2).

Note that only the GDL on the cathode side was replaced while the GDL on the anode side was kept the same not to alter humidification and transport conditions at the anode, and the EPIS responses could then be associated with the changes in the operating conditions at the cathode alone. The impedance moduli show a similar trend as seen with λ O 2 = 4 but note that the maxima achieved with 29 AA is at 8 mHz is approximately 1.2 µV Pa -1 instead of 1. As it can be seen, the impedance modulus also follows the same trend here, with 29 AA having the highest impedance modulus. The difference between all of them is quite visible even in relatively favorable conditions than previously presented in figure 5.6. Also, there is no sharp drop in impedance modulus for 29 AA at 10 mHz, but it is present for 34 BA; this requires an additional assessment to determine its significance whether it can be linked to less significant flooding or not.

However, the increase in modulus in the lower frequency domain ( f < 10 mHz) in the case of 29 AA for all three stoichiometry evidence the added resistance due to accumulation of liquid water or, in other words, insufficient water rejection causing flooding. In addition, for the frequency range 10 to 100 mHz the impedance modulus could evidence the increased water transport rate through the membrane due to higher concentration of liquid water at the cathode, and finally, sluggish gas transport could be observed in the higher frequency region i.e. f < 100 mHz.

Furthermore, the phase shift response is not very clear in the lower frequency region (figure 5.8b); however, in the higher frequency domain, the trend is quite clear: decrease in phase shift with an increase in gas transport control due to poor water management. These newfound results could mean that the EPIS spectra, especially impedance modulus in the lower frequency region, could exhibit a sort of saturation effect of water flooding in the fuel cell when there is a huge amount of liquid water accumulated in the system, just like the phase shift shows for nitrogen contribution. In these extreme conditions, the phase shift seems to be sensitive towards flooding conditions but only in the higher frequency region, corresponding to control of gas transport phenomena by flooding. Therefore, we could observe clear trends in relatively favorable conditions for impedance modulus, whereas the phase shift shows sensitivity only in extremely pronounced flooding conditions to reveal useful information (figure 5.6b). The results obtained with the 29 AA grade GDL in comparison with 34 BA and 29 BC seems to confirm that the EPIS can evidence water transport and flooding conditions in the PEM fuel cell. Moreover, it could evidence hindered gas transport because of the liquid water accumulation in the cathode compartment leading to degraded fuel cell performance.

The reported experiments represented the simple scenario in which we could observe the gas transport and water flooding almost independently due to precisely developed and implemented operating conditions. In practice, this is far from reality; the fuel cell undergoes all these processes simultaneously, which are interdependent. Therefore to emulate more realistic conditions, the fuel cell was operated with air and high current density, and high humidification. The following section deals with the experiments carried out in the presence of both control due to nitrogen and liquid water.

Experiments with air and excessive water at the cathode

In this section, the results are presented for operating with air i.e. in the presence of diffusion control due to nitrogen in near-flooding conditions. The results presented are for 34 BA grade GDL (without MPL) and 29 BC (with MPL) at j = 1 A cm -2 and 100%

RH. Experiments with 29 AA (without MPL and PTFE treatment) GDL could not be carried out for the same operating conditions because of the total collapse of the fuel cell performance for the given operating conditions. Figure 5.9 shows the comparison of the EPIS data obtained with both 34 BA GDL at 100 % RH and 20 % RH and 29 BC GDL at 100% RH.

As it can be seen in figure 5.9a, the modulus impedance shows almost similar behavior in the lower frequency region, whereas for f > 10 mHz a rapid increase in the response can be seen in the higher frequency region, where the impedance modulus is as much as 11 times higher for a 34 BA grade GDL than a 29 BC grade GDL. It was observed previously that in lower frequency, one can evidence the control of water transport with possible flooding conditions; whereas, the trend in this region (figure 5.9a) seems to be intertangled. However, the consequences of severe liquid water accumulation on gas transport phenomena such as convection and diffusion can be observed clearly for frequencies above 20 to 30 mHz.

This observed trend depicts the superimposition of two control phenomena, oxygen diffusion control due to nitrogen and gas mass transport control in near-flooding conditions.

In case of flooding, the gas transport is limited to a great extent which causes the fuel cell performance to plummet rapidly due to low limiting current density. On the other hand, the phase shift reveals great insight into the flooding conditions in the lower frequency region, as can be seen in figure 5.9b. As observed and reported previously in the last chapters, the phase shift usually starts near zero positive value at f = 1 mHz and decreases to -200°in the case of 29 BC, which can be seen here as well. The same behavior could be observed for 34 BA and 29 AA in dry conditions (data not shown). However, in flooding condition, for 34 BA, the phase shift starts at a much higher positive value (≈ 170°)and decreases to approximately -250°for the higher frequency with an intercept for φ = 0 at 30 mHz.

This dramatic increase in the phase shift in the lower frequency domain indicates the sensitivity of phase shift towards harsh flooding conditions. Moreover, the decrease in phase shift beyond -200°in the higher frequency region depicts the gas transport control.

Conclusion to the chapter

After investigation of the control of gas transport due to nitrogen in the previous chapter, in this chapter, detection of near-flooding in the fuel cell and subsequent investigation of gas transport limitations due to the presence of liquid water was carried out. From the reported values of time constants, it was hypothesized that the possible detection of liquid water transport and eventual flooding could be seen in the lower frequency domain i.e.

f < 80 mHz for the impedance modulus and f < 40 mHz for the phase shift. Moreover, to investigate the water transport and flooding independently, the experimentation was carried out using pure oxygen. The investigation included tests at various current densities in relatively dry conditions and compared experimental results with the fresh MEA.

The aged MEA from the gas transport investigations was deemed perfect for investigating near-flooding conditions or the presence of excess liquid water. The poor water management of the aged MEA could be observed in terms of increased impedance modulus values even in relatively dry conditions. For pure oxygen, the variations in impedance modulus were especially rigorous in the lower frequency region showing values over 2

µV Pa -1 compared to a fresh one at 0.4 µV Pa -1 . The spectra also exhibited noticeable variations in the higher frequency range with 6 times increase in the impedance modulus values, depicting the control of poor water management on the transport processes.

These experiments paved the path towards testing the EPIS in more rigorous and harsh flooding conditions. Therefore, experiments with GDLs exhibiting poorer water management qualities were carried out. In addition, the operating conditions were used for these experiments were designed specifically to encourage the accumulation of liquid water in the fuel cell i.e. 100 % RH at 1 A cm -2 with lower flow rates. It was seen that the impedance modulus in the lower frequency domain (1 to 20 mHz) is sensitive towards the liquid water accumulation in the fuel cell, whereas the phase shift could reveal the gas transport limitations due to severe conditions in the fuel cell for frequencies above 80 mHz.

Nevertheless, a saturation effect of excessive flooding on the impedance modulus could be seen.

Moreover, in complex conditions such as with air injection, in which both controls from transport phenomena occur, EPIS could detect the superimposition of the two control phenomena for frequencies greater than 80 mHz. This signals the highly coupled nature of the transport phenomena and also could depict that the additional restriction to gas transport caused by the liquid water accumulation could be characterized in the higher frequency domain. In addition, the phase shift was also observed to be sensitive only towards the extreme liquid water buildup in the lower frequency region (less than 30 mHz), as hypothesized before, showing values over 150°. Moreover, the reported experiments could help to reveal and explore the true potential of EPIS for the detection and characterization of gas transport, limitations of gas transport, water transport, and nearflooding conditions. The presented thesis is dedicated to the development of EPIS for the characterization of transport processes in a PEMFC by applying cathode backpressure fluctuations to observe the cell voltage response at constant current density. After literature survey on EPIS, an experimental bench has been designed and tested. Further, the limitations or constraints of the experimental bench were identified and treated to ensure stress-free working of the fuel cell upon application of EPIS, in addition to reliable EPIS data acquisition. The frequency domain considered,1 mHz to 1 Hz, was deemed suitable for the study, since the transport processes have characteristic time constants of the order of a second or more.

Conclusion du chapitre

During the preliminary experiments using air and an MEA comprising fresh MPL based GDLs at normal operating conditions, the observed impedance modulus started around 0.45 µV Pa -1 at 1 mHz, and increasing with frequency, gained a flat maximum of 5.5 µV Pa -1 at 800 mHz before decreasing to 4 µV Pa -1 at 1 Hz. Moreover, the phase shift started at near zero positive values at 1 mHz and showed a monotonous decrease with increase in frequency down to -200°at 1 Hz. Even though the phase shift matches the reported results by Engebretsen et al., 2017 [97] both qualitatively and quantitatively, however, the impedance modulus was one magnitude lower.

It was also observed that the impedance modulus reacts to the changes in applied current density, especially in the lower-frequency region. For a change in current density from 0.2 to 1 A cm -2 , at same relative humidity conditions (55% RH), the impedance modulus showed approximately a 4 times increase in the lower-frequency domain (below 10 mHz) and approximately a 1.5 times in the higher frequency domain (above 100 mHz) with a progression with increasing current density except for 0.2 A cm -2 . This is clearly linked to the increased water production at the cathodic catalytic site with increase in current density.

In addition, the effect on increased water presence in the fuel cell could be seen over whole frequency range in addition to the diffusion control of oxygen. However, the peculiarly high impedance modulus at higher frequencies for j =0.2 A cm -2 can be an indication of sluggish proton transport due to the insufficiently hydrated membrane. Besides, unlike the impedance modulus, the phase shift could not reveal substantial information and exhibit the same monotonous decrease in the values irrespective of the current density.

Nevertheless, these experiments could reveal the highly coupled nature of transport phenomena. In addition, they could help planning experiments to separately evidence transport limitations either in the limited presence of water or in the presence of excess water. Therefore, to evidence limitations in oxygen diffusion because of nitrogen, experiments with pure oxygen in relatively dry conditions at low current density (0.2 A cm -2 ) were performed. Compared to air, the changes in both impedance modulus and phase shift for oxygen were dramatic. During these experimentations, the impedance modulus showed inverse nature for frequencies greater than 10 mHz; it started at almost a similar value of 0.4 µV Pa -1 at the low frequency then decreasing with increase in the frequency to less than 0.2 µV Pa -1 at 1 Hz. Contrary to air, the phase shift showed increased values for oxygen; starting at near zero positive value it attained minima of around -15°at 200 mHz before increasing again. These substantial changes in both impedance modulus and phase shift in the higher frequency region, especially over 80 mHz, clearly evidence the absence of limitations in oxygen diffusion due to nitrogen. These observations were confirmed by the results obtained using the simple model that was developed to predict the EPIS spectra with pure oxygen since it neglects the concentration overpotential due to diffusion of oxygen in nitrogen.

Moreover, the experiments with variation of the oxygen mole fractions enabled to observe the trend of increase in gas transport limitations. An increase in impedance modulus values (0.2 µV Pa -1 for pure oxygen compared to over 6 µV Pa -1 for air) in the higher frequency domain with a decrease in oxygen mole fraction was observed. In addition, a similar but inverse evolution could be observed for the phase shift i.e. decrease in the phase shift with decreasing oxygen concentration. However, the phase shift seemed to be non-reactive beyond y O 2 ≤ 0.6, which might suggest a saturation effect of nitrogen content on the phase shift. These finding suggest that EPIS is very sensitive toward oxygen diffusive mass transport both in terms of the impedance modulus and phase shift.

Furthermore, EPIS was performed with an MEA comprised with an MPL-free SGL GDL at the cathode to evidence the effect of changes in physical properties of the GDL on transport processes. EPIS impedance modulus showed a high sensitivity (approximately 2 times increase at high frequencies) towards the changes in transport properties of electrodes while operating with air, unlike the phase shift which showed monotonous decrease from 0°to -200°. Whereas for oxygen, variations in the impedance modulus (1.5 times increase)

were limited to low to moderate frequency domain (< 80 mHz) and was almost similar for frequencies above 100 mHz.

On the other hand, the phase shift showed initial increase in the values, attaining maxima at 10 mHz before decreasing to the minima of -30°at 100 mHz and then increasing again in the higher frequencies. These results indicate that even in relatively dry conditions, EPIS could detect the gas transport limitations due to the absence of the MPL layer revealing poor access and distribution of oxygen to the catalytic site. In addition, the increase in both impedance modulus and phase shift in the lower frequency domain could signal the troublesome water transport.

These observations were further confirmed by the experiments carried out with an aged MEA comprised with aged MPL based SGL GDLSs. For low current density in dry conditions, the impedance modulus values were increased by two times the values for a fresh MEA, reaching just under 12 µV Pa -1 at 1 Hz, unlike the phase shift showing no changed variations. However, while operating with the aged MEA at high current density, the variations in the impedance modulus were more pronounced over whole spectra whereas for the phase shift (5 times increase) they were limited to frequencies less than 10 mHz. As an aged MEA exhibits poorer water management capabilities, the substantial increase in both phase shift and impedance modulus in the lower frequency domain could be linked to troublesome water transport and resulting limitations in the gas transport in the higher frequency domain.

Furthermore, the fuel cell was operated to favor excess liquid water accumulation in the compartments simulating near-flooding conditions. During experiments with pure oxygen in excess water presence, EPIS showed good sensitivity towards the hydration imbalance, especially in the lower-frequency region < 20 mHz. An increase in the impedance modulus with increase in liquid water accumulation was observed. Although the increase in the impedance modulus was pronounced for frequencies lower than 20 mHz, it could be seen over the whole spectra indicating limitation in gas transport due to excess water blocking GDL pores and forming droplets in flow channels. On the other hand, the phase shift did not substantially react to the hydration imbalance.

These experimentations were followed by experiments using oxygen with GDLs exhibiting poorer water management capabilities, an MPL-free SGL GDL; an MPL and PTFE-free SGL GDL, and an aged MPL based GDL. The impedance modulus showed greater variations for all of them in the lower frequency region than a fresh MPL based, PTFE treated GDL.

Moreover, the phase shift showed slight variations at very low frequency < 2 mHz. The MPL and PTFE free GDL, even in fresh condition, showed almost 3 times increase in the impedance modulus values for frequencies less than 20 mHz compared to a fresh MPL based GDL. Whereas, the aged MPL based GDL showed 5 times increase than its fresh counterpart. These observations clearly indicate EPIS's ability to evidence the troublesome transport processes in the presence of excess water.

In addition, experiments with air in excess liquid water showed a significant increase in the phase shift below 10 mHz for an MPL-free GDL. The phase shift started at over 150°a t 1 mHz instead of near zero values, as observed earlier, before decreasing to -250°at

1 Hz. This increase might be linked to the degradative operating conditions such as nearflooding conditions. Also, the impedance modulus showed up to 11 times increase in the values throughout the spectra depicting the highly coupled nature and superimposition of limitations to the gas transport. Therefore it can stated that the MPL based GDL performs a lot better than their non-MPL counterparts when it comes to water management.

Based on all the experimentations, at normal operating conditions with air, the frequency domains in which different transport processes in the fuel cell can be evidenced with the help of the impedance modulus were identified as tabulated below:

Frequency domain Observed phenomena 1 mHz to 20 mHz Water transport limitations 10 mHz to 100 mHz Superimposition of limitations in water and gas transport 80 mHz to 1 Hz

Gas transport limitations such as diffusion and convection control with possible additional effect from liquid water blocking macroprous layer and channels

In addition, the phase shift exhibits sensitivity towards oxygen diffusion control and it showed a high sensitivity toward extreme hydration imbalance conditions but limited to the lower-frequency domain. On the contrary, it was observed that the presence of nitrogen has a saturation effect on the phase shift; for that reason, it cannot reveal any useful information in most cases. Therefore, to understand the significance of the phase shift further investigation is required.

It was expected that the EPIS could evidence the various transport phenomena separately and independently, although it did a better job than EIS, it could not separate them completely. In addition, further analysis is required to understand the significance of the phase shift behavior to exploit the technique's potential. Despite its potential, the technique struggles with a prolonged time of operation to acquire reliable data; taking approximately 7 to 10 h to acquire a whole spectrum with 13 different frequencies.

Nevertheless it can be concluded that EPIS is incredibly sensitive toward transport phenomena in the fuel cell below 1 Hz with minimum masking effect of other kinetic phenomena. Finally, this work strongly put forward the candidature of EPIS as a complementary tool to EIS to be used in the low-frequency domain by confirming all the hypotheses made earlier, in addition to revealing precious information about transport processes in a PEM fuel cell.

Recommendations

From the conclusion drawn, a few recommendations can be made to characterize better and determine impediments to individual transport processes more independently.

• The phase shift of the EPI spectra is of particular interest as it showed significant sensitivity towards the oxygen diffusion control (in the higher frequency domain) in addition to near-flooding conditions (in the lower-frequency domain). However, in most cases, it showed a monotonous decrease from near zero positive values to more than -180°indicating higher order derivative of the cell potential (-90°corresponds

to first-order derivative). Therefore, it would be of atmost interest to investigate the physical meaning of the phase shift behavior by searching for suitable physical laws.

Moreover, this attempt would lay the foundation to design an electrical equivalent circuit (an EEC) or an equivalent analogy for EPIS, similar to EIS, making the characterization of transport processes much easier and accurate, besides allowing a clear understanding on the time relationship between pressure and the other variables.

• The system used in this particular work relies upon manual controls for changing frequencies after finishing acquisitions, unlike EIS. This manual control also poses other problems such as prolonged data acquisitions. Therefore automizing the data acquisition process can be a viable option to exploit EPIS as a day-to-day diagnostic technique, in complement to EIS.

• There are some simulation studies (similar study is under investigation at the partner university) that have explored EPIS spectra beyond 1 Hz and suggested qualitatively the same behavior as observed in this work (until 1 Hz). One of the fundamental drawbacks of the system used in this thesis work was its upper limit of frequency (1 Hz). Although an attempt with a loud-speaker assembly was made formerly by Engebretsen et al., 2017 [97], to obtain spectra up to 100 Hz, it had an appreciable amount of noise. Therefore, the experimental setup used, with capabilities to investigate the EPIS spectra up to at least 10 Hz would be interesting to evidence the convection control effectively and for further development of this novel technique. This can be achieved by using a loudspeaker assembly similar to Engebretsen et al., 2017 [97] coupled with the accurate data acquisition system used in this work.

• In addition, it would be interesting to investigate the effect of change in binary diffusivity of the mixture by swapping the nitrogen with similar inert gases such as argon and/or helium. Further, experiments with increased or decreased stoichiometric for air would help gaining insight on convection variations and its effect on the impedance modulus and/ or the phase shift.

Observed phenomena or final hypothesis

La thèse présentée est dédiée au développement de la spectroscopie d'impédance électrochimique par pression (EPIS) pour la caractérisation des processus de transport dans une PEMFC en appliquant des fluctuations de contre-pression cathodique pour observer la réponse en tension de la cellule à densité de courant constante. Après une étude bibliographique sur EPIS, un banc expérimental a été conçu et testé. De plus, les limitations ou contraintes du banc expérimental ont été identifiées et traitées afin de garantir un fonctionnement sans contrainte de la pile à combustible lors de l'application de l'EPIS, ainsi qu'une acquisition fiable des données EPIS. Le domaine de fréquence considéré, de 1 mHz à 1 Hz, a été jugé approprié pour l'étude, puisque les processus de transport ont des constantes de temps caractéristiques de l'ordre de la seconde ou plus. 

Recommandations

Le travail présenté a étudié le processus de transport dans une plie à combustible de 100 cm 2 UBzM ™ en utilisant la spectroscopie d'impédance électrochimique par pression. 
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 12345111 State of the art This chapter deals with introducing fuel cell technology, especially PEM fuel cells, and their advancement in the last couple of decades. The introduction briefly discusses the factors affecting fuel cell performance and the diagnosis techniques used to identify those factors. Moreover, it discusses the shortcomings of EIS in the characterization GENERAL INTRODUCTION of transport phenomena paving the need for novel diagnostic techniques based on physical variables associated with an electrical parameter such as EPIS. Further, it introduces the gas pressure as a new excitation parameter to develop the novel technique called electrochemical pressure impedance spectroscopy, which is then introduced briefly. Experimental bench: Materials and methodology This chapter describes the design, the setup, and the components of the EPIS test bench. In addition, it describes the gas feed, humidification conditions, and mass balance of species to evaluate the physical state of water. Moreover, the chapter deals with the various fuel cell performance losses in detail, and following that, it describes various conventional diagnostic techniques used in addition to EPIS for monitoring the state of the health of the membrane. Electrochemical pressure impedance spectroscopy: Introduction and working principleThis chapter introduces the various transport phenomena and processes that occur in the PEMFC in brief. Then it introduces EPIS and traces back the origins of this novel technique in detail. Following that, the chapter presents the advances in EPIS made in the application to electrochemical cells during the last decade. After this detailed bibliography, a thorough report of the measurement principles and definition of impedance used in this thesis has been made. Followed by a description of the data acquisition system, determination of operating constraints of the test bench, and finally setting up standard operating protocol to acquire reliable EPIS data, the chapter presents the preliminary results obtained during experimentation. Results and discussion-I: Characterization of gas transport control in relatively dry conditions Following the last chapter's preliminary results and this chapter presents the experimentation carried out during the characterization of control from gas transport in the presence of a nil or limited amount of liquid water. Before that, it gives an in-depth review of gas transport processes and their transfer modes in the fuel cell components. To characterize the diffusive control of oxygen, the results obtained with change in oxygen mole fraction in dry conditions are reported and discussed. Finally, the chapter explores the effect of change of GDL morphology on gas transport control, followed by results obtained with a moderate amount of liquid water in the fuel cell, paving the path for the next chapter.Results and discussions-II: Characterization of water transport and limitations in presence of excessive liquid waterThis final chapter starts with an introduction to water transport and modes of transfer depending upon the physical state of the water in different components of the fuel cell.Then it describes experiments that were carried out to evidence the water transport in the fuel cell accompanied by more troublesome conditions such as near-flooding or accumulation of excessive liquid water-following that the effects of change in water management properties of GDLs on transport processes are presented, together with complex scenarios such as gas transport control in near-flooding conditions i.e. in the presence of excess liquid water and nitrogen. 4 Scientific publications and communications Publications Brief history of fuel cell technology . . . . . . . . . . . . . . . . . . . . . . 1.2 Proton Exchange Membrane Fuel Cell (PEMFC) . . . . . . . . . . . . . . . 1.2.1 Membrane electrode assembly . . . . . . . . . . . . . . . . . . . . (a) Proton exchange membrane . . . . . . . . . . . . . . . . . . . . (b) Catalyst layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . (c) Gas diffusion layer . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Fuel cell performance evaluation . . . . . . . . . . . . . . . . . . . . . . . . 1.3.1 Open Circuit Voltage (OCV) . . . . . . . . . . . . . . . . . . . . . 1.3.2 Losses due to internal currents and fuel crossover at zero current 1.3.3 Activation overpotential . . . . . . . . . . . . . . . . . . . . . . . . 1.3.4 Ohmic losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.5 Mass transport or concentration losses . . . . . . . . . . . . . . . . 1.4 PEM fuel cell diagnosis techniques . . . . . . . . . . . . . . . . . . . . . . 1.5 Gas pressure: the non-electric parameter . . . . . . . . . . . . . . . . . . .
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 11 Figure 1.1: Illustration of an electrolysis cell
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 12 Figure 1.2: Illustration of a fuel cell
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 14 Figure 1.4: Chemical compositions of PTFE and Nafion ™
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 0 cat R Reactant concentration at the catalyst surface (mol m -3 ) C Reactant concentration in the flow channels (mol m -3 ) n a : Number of electrons involved in the reaction (-) D e f f : Effective diffusivity in porous media (m s -2 ) δ : Gas diffusion layer thickness (m)

  (a) Chronopotentiometry (CP) allows observing the cell voltage response to change in current density. (b) Electrochemical impedance spectroscopy (EIS) allows observing the various electrochemical losses in the fuel cell due to ohmic, charge transport, and mass transport phenomena in the form of Nyquist and Bode plots. It can accurately characterize the phenomena mentioned above using the electrical equivalent circuit (EEC) of the fuel cell. 2. Off-line techniques (a) Cyclic voltammetry (CV) in the cell fed with hydrogen and an inert gas allows visualization of the potentials related to the occurrence of the reaction involved, which then can allow an estimation and characterization of the electrochemical active surface area of the catalyst layer [57].

Figure 2 . 1 :

 21 Figure 2.1: Real-life experimental test bench at LRGP, Nancy

Figure 2 . 2 :

 22 Figure 2.2: Process flow diagram of Electrochemical pressure impedance spectroscopy experimental test bench

  figures 2.3 and 2.4. It should be noted that, BP have a large effect on gas transport, as the change in flow pattern changes convection phenomena in both their intensity and their spacial distribution over the plate[START_REF] Kianimanesh | Investigation of bipolar plate geometry on direct methanol fuel cell performance[END_REF][START_REF] Manso | Influence of geometric parameters of the flow fields on the performance of a PEM fuel cell[END_REF].
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 2324 Figure 2.3: Bipolar plate with gas channels and water channels on either side

H 2 O

 2 : Partial pressure of water in air (Pa) p sat H 2 O : Saturation pressure of water at temperature 'T' (Pa)

Figure 2 .

 2 Figure 2.6 shows the relative humidity as a function of humidifier temperature curve obtained using equation (2.6) at constant fuel cell temperature i.e. T cell = 55°C.
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 12 Bode plot Impedance modulus Z U-J and the phase-shift Ψ plotted as a function of the logarithm of the frequency (f) Nyquist plot Opposite of imaginary part of the impedance Z ′′ as a function of the real part of the impedance Z ′

Figures 2 .

 2 Figures 2.11a and 2.11b represents the Bode and the Nyquist spectra respectively obtained during electrochemical impedance spectroscopy carried out on the PEMFC system. It can be seen in Nyquist spectrum that the spectrum consists of two loops; the 1 st loop at a high and moderate frequency range corresponding to the anodic contributions and especially to the cathodic charge transfer contribution, whereas the 2 nd loop at the low-frequency corresponding to the cathodic mass transport contribution.

22 )Figure 2 . 11 :

 22211 Figure 2.11: Electrochemical impedance spectra obtained during experimentation with air at j = 0.2A cm -2 and 55 % RH at the cathode with the electrical equivalent circuit

Figure 2 . 12 :

 212 Figure 2.12: Cyclic voltammogram obtained for a PEMFC MEA with area 100 cm 2 at a scan rate of 30 mV s -1

ṅper H 2 : 2 :

 22 Specific molar flux of hydrogen permeation (mol s -1 ) j cross H Oxidation current density of hydrogen permeation (A) n : Number of electrons transferred during oxidation= 2

  the range 0.1 to 20 Hz result in cell voltage oscillations with an identical frequency. However, both the periodic oscillations were not in phase. They related the phase shift to the dynamics of water accumulation in the catalyst layer and in the GDL, causing an increase in the back-pressure and decrease in ECSA available for oxygen reduction reaction resulted in diminished cell voltage. Further,Niroumand et al., 2010 [12] could link the induced cell voltage fluctuations to the change in oxygen concentration at the cathode catalytic site, and the presence of liquid water at the cathode based on experimentation and previously reported results bySchneider et al., 2007 [95] [START_REF] Schneider | Oscillations in Gas Channels[END_REF]. Based on these observations, they proposed the use of a transfer function i.e. the ratio of the amplitudes of cell voltage to pressure perturbation, and the phase shift between the two voltage and pressure signals to isolate better various transport processes that occur on the cathode side of the fuel cell, suggesting the potential of the original technique to understand transport processes better. Moreover,Niroumand et al., 2010 [12] could develop fault detection and isolation
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 a32 Figure 3.2: Induced cell voltage response due to the cathode back-pressure modulation at f = 400 mHz with ∆P = 3 mbar

  However, one fundamental constraint was to induce harmonic and linear cell voltage fluctuations by choosing suitable values of the pressure amplitude. During these tests, the induced cell voltage fluctuations due to the cathode back-pressure fluctuations were observed, as shown in figure 3.3.A very small pressure amplitude would induce a voltage fluctuation signal with an amplitude in the order of the signal noise; making it non-exploitable, whereas an excessively large pressure amplitude could induce a non-linear response in the cell voltage fluctuations; as it was observed and illustrated in figure3.4. 
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 a33 Figure 3.3: Applied pressure fluctuations and their effect on cell voltage at j = 0.5 A cm -2 ,RH = 55 %, f = 100 mHz with ∆P = 10 mbar

Figure 3 . 4 :Figure 3 . 5 :

 3435 Figure 3.4: Observed non-linear distorted cell voltage fluctuations due to large pressure modulation amplitude at j = 0.5 A cm -2 ,RH = 55 %, f = 50 mHz with ∆P = 100 mbar

  .11) where, V m : Normal molar volume = 22.4 (NL mol -1 )

  in which corresponds to the stoichiometric factor of oxygen equal to unity (λ O 2 = 1). The lowest value of the inlet airflow rate in a pulsation period represents the lowest transient stoichiometric factor of oxygen, which must not go below 1. This transient stoichiometric factor in the fuel cell can be expressed using equation (3.12) in reference to qmin in . β = Lowest air inlet flow rate in a pulsation period Minimum air flow rate corresponding to λ O 2 = 1 = qlowest in qmin in (3.12) It should be noted here that the transient stoichiometric factor β is equivalent to the λ O 2 but only in the fuel cell. It is an indicator of depletion of oxidizer in the fuel cell downstream the humidifier highlighting the issue. With use of equations (3.9), calculations have been conducted, here e.g., of j =0.2 A cm -2 , for ∆P out =10 mbar, and with λ O 2 = 2.5 at steady state. The result in the form of the transient stoichiometric factor is shown in figure 3.8 as a function of the gas phase volume in the humidifier.

( a )Figure 3 . 6 :

 a36 Figure 3.6: Representation of influence of the gas phase volume on pressure impedance modulus

( a )Figure 3 . 7 :

 a37 Figure 3.7:Validation of simple 1 st order model (legend-"Theo") in terms of pressure impedance modulus|Z P-P | and phase shift of pressure impedance θ, at OCV, at q f eed corresponding to j = 0.2 A cm -2 against simulation data obtained by more sophisticated modeling approach made at the Hochschule Offenburg (legend-"Sim").
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 38 Figure 3.8: Influence of gas phase volume in the humidifier on the transient stoichiometric factor βinside the fuel cell at j = 0.2 A cm -2 and ∆P =10 mbar (calculated data)[START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF] 

Frequency

  be noted that the values of the pressure modulation amplitude are the highest possible values for fuel cell operation with air feed at the cathode, which obey all the constraints and fulfill the set criteria. More tests were carried out to ensure that the EPIS bench was performing well and could generate reliable EPIS data with minimal noise and distortion and maximum possible accuracy. Moreover, as illustrated earlier, two transfer functions were observed during EPIS as shown below:1. The actual EPIS measurement with the modulus and the phase shift of the transfer function between measured cell voltage fluctuations in respect to imposed outlet pressure modulation i.e.|Z U-P | (µV Pa -1 ) and φ (°). 2. The modulus and the phase shift of the transfer function between the measured inlet pressure fluctuations in respect to the imposed outlet pressure modulation i.e.|Z P-P | (dimensionless) and θ (°).
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 393103 Figure 3.9: Representation of EPIS measurement in terms of Bode plot, at j = 0.4 A cm -2 , RH = 55% [98]

Figure 3 .

 3 Figure 3.11 shows a comparison of the impedance moduli and phase shifts at different applied current densities operating with air relative humidity of 55% and dry hydrogen. It is well known that any change in current density affects the gas transport rates significantly,

Figure 3 . 11 :

 311 Figure 3.11: Comparison of variation in|Z U-P | and φ values with different applied current densities, at RH = 55% at the cathode and dry anode, λ O 2 = 2.5.

Figure 4 .

 4 Figure 4.1 shows a qualitative representation of the two principal phenomena that constitute gas transport. As illustrated earlier, the first is the convective mass transfer of gases by the gases' bulk motion, and the second is the diffusive mass transport of gases species governed by the concentration gradient in the fuel cell. These two phenomena occur in two different fuel cell domains due to the geometric scale of these domains. The fuel cell flow channels consist of well-defined geometrical structures with dimensions in the range of a fraction of one millimeter (width and depth).
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 41 Figure 4.1: Qualitative representation of gas transport in the PEM fuel cell (not to be scaled)

  catalytic surface to perform optimally, and the structure of the gas flow channels plays a vital role in the distribution of gases. A flow structure comprised of a single flow channel with large dimensions can cause stagnation of gases, leading to poor gas distribution and increased mass transport losses. Therefore a uniform distribution of gases is achieved by designing the flow structure intricately comprised of numerous flow channels with submillimeter dimensions. Compared to a single large flow channel, many small flow channels encourage the gases to flow across the fuel cell leading to better convection, ensuring uniform distribution of the gaseous species involved in the reaction [70, 102, 103]. Moreover, the mass transfer and the fluid flow domain in the flow channels can be visualized as shown in figure 4.2.

Figure 4 . 2 :a:

 42 Figure 4.2: Qualitative representation of 2D mass transfer and fluid flow domain in the gas flow channels (not to be scaled)

u:

  Superficial velocity of the fluid across the porous media (m s -1 ) Equation (4.5) is only valid for laminar flows and when the inertial forces are neglected[START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Mukherjee | Estimation of through-plane and in-plane gas permeability across gas diffusion layers (GDLs): Comparison with equivalent permeability in bipolar plates and relation to fuel cell performance[END_REF]. When the flow velocity is much larger for turbulent flows, inertial resistance to the permeability increases substantially. Therefore a second term is added to the original equation, and it is called as 'Darcy-Forchheimer' equation & expressed by equation (4.6).
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 a Bode representation of impedance moudulus while operating with pure oxygen (b) Comparison of impedance moudulii while operating with pure oxygen and air
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 43 Figure 4.3: Bode representation of impedance modulus at j =0.2 A cm -2 , and the cathode fed with pure oxygen (λ O 2 = 11.91) and air (λ air = 2.5) at 20% RH
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 a Bode representation of phase shift while operating with pure oxygen (b) Comparison of phase shifts while operating with pure oxygen and air

Figure 4 . 4 :

 44 Figure 4.4: Bode representation of phase shift at j =0.2 A cm -2 , and the cathode fed with pure oxygen (λ O 2 = 11.91) and air (λ air = 2.5) at 20% RH

Figure 4 .

 4 Figure 4.5 shows the impedance modulus variations for j = 0.2 A cm -2 with change in humidification. As it can be seen in figure 4.5, there are no significant variations in the
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 a EPIS with oxygen (b) EPIS with air
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 45 Figure 4.5: Bode representation of the variation in the impedance modulus corresponding to the changes in humidification with pure oxygen at λ O 2 =11.9 and air at λ air = 2.5 at j = 0.2 A cm -2
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 46 Figure 4.6: Bode representation of the variation in the phase shift corresponding to the changes in humidification with pure oxygen at λ O 2 =11.9 and air at λ air = 2.5 at j = 0.2 A cm -2
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 a EPIS with oxygen (b) EPIS with air
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 47 Figure 4.7: Bode representation of variation in impedance moduli corresponding to the changes in current density with pure oxygen at λ O 2 =11.9 and with air λ air = 2.5, and at 20% RH Further, figure 4.7b shows the impact of changes in current density on impedance moduli for air. Upon careful observation, there is a clear trend for frequencies less than 10 mHz:
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 48 Figure 4.8: Bode representation of variation in the phase shift corresponding to the changes in current density with pure oxygen at λ O 2 =11.9 and with air λ air = 2.5, and at 20% RH

Figure 4 .

 4 Figure 4.9 shows the variation in impedance modulus with change in oxygen mole fraction.

Figure 4 . 9 :

 49 Figure 4.9: Bode representation of the variation in the impedance modulus due to the changes in oxygen mole fraction at j = 0.2 A cm -2 , 20% RH, 29 BC GDL at the cathode.

  is approximately no sensitivity of phase shift for y O 2 ≤ 0.6 (data not shown). It might suggest a saturation effect of nitrogen contribution in oxygen diffusion control on the phase shift. This saturation effect was independent of oxygen mole fraction y O 2 ≤ 0.6 and other operating conditions such as current density and humidification conditions which were presented in the previous sections.
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 410 Figure 4.10: Bode representation of the variation in the phase shift corresponding to the changes in oxygen mole fraction at j = 0.2 A cm -2 , 20% RH with 29 BC GDL at the cathode.

Figure 4 . 11 :

 411 Figure 4.11: Illustrated view of the cathode side feed line considered for the modeling purpose, with middle-point values for pressures and mole flow rates, with P cell = (P in + P out ) /2.

23 )

 23 So finally, to estimate the Nernst contribution, the parameters were calculated at the cell temperature of 55 °C. The saturation pressure of the water was estimated equal to 15.78 kPa using Buck's equation (equation (2.5)), the partial pressure of the hydrogen p H 2 was taken as 115 kPa. Substituting the values in equation (4.23), the Nernst contribution was estimated nearly at 30 mV for oxygen.
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 412 Figure 4.12: Fitting of experimental and theoretical chronopotentiometry data while operating with pure oxygen, at 20% RH at the cathode inlet, λ O 2 = 11.91

Figure 4 .

 4 [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF] illustrates qualitatively imposed pressure and induced voltage variations.
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 413 Figure 4.13: Qualitative illustration of imposed pressure fluctuations and induced voltage variations.
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 4 [START_REF] Grove | XXIV. On voltaic series and the combination of gases by platinum[END_REF] to(4.23)) are more related to the changes in oxygen concentration at the catalytic surface. Hence it is safe to assume that they could link the mass transfer control due to oxygen transport limitations and resulting concentration overpotential to the changes in the electrochemical pressure impedance and its phase shift.Even though the model developed here appears promising for the case of pure oxygen, satisfactorily giving the predictions, it must be refined. The proposed simple model might reveal important information on concentration losses and transport limitations if replaced by a 2D or possibly 3D model for the fuel cell with integrating the transient state of transport phenomena in the various porous layers. With improvements, it could be more effective to predict EPIS spectra in different operating conditions better. (a) Comparison of experimental and theoretical impedance modulus (b) Comparison of experimental and theoretical phase shift

Figure 4 . 14 :

 414 Figure 4.14: Comparison of experimental and predicted values of the impedance modulus and phase shift when the fuel cell operated with pure oxygen at j= 0.2 A cm -2 , RH= 20%
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 415 Figure 4.15: Chronopotentiometry data for a fresh MEA with either 34 BA or 29 BC at the cathode operating with air, at 20% RH at the cathode inlet, λ air = 2.5

( a )

 a Bode representation of the impedance modulus (b) Bode representation of the phase shift
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 416 Figure 4.16: Comparison of EPIS data obtained with 29 BC grade GDL on the anode side coupled with 29 BC or 34 BA grade GDL on the cathode side at j = 0.2 A cm -2 , RH= 20% and λ O 2 = 11.9
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 a Bode representation of EPIS (b) Nyquist representation of EPIS
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 4175 Figure 4.17: Comparison of EPIS data obtained with 29 BC grade GDL on the anode side coupled with 29 BC or 34 BA grade GDL on the cathode side at j = 0.2 A cm -2 , RH= 20% and λ air = 2.5

( a )Figure 4 . 18 :

 a418 Figure 4.18: Comparison of EIS data obtained with 29 BC grade GDL on the anode side coupled with 29 BC or 34 BA grade GDL on the cathode side at j = 0.2 A cm -2 , RH= 20% and λ air = 2.5

Figure 4 .

 4 [START_REF] Grove | XXIV. On voltaic series and the combination of gases by platinum[END_REF] shows the comparison in terms of Bode and Nyquist plots obtained with the two GDLs.
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 a Bode representation of EPIS (b) Nyquist representation of EPIS
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 419 Figure 4.19: Comparison of EPIS data obtained with 29 BC grade GDL on the anode side coupled with 29 BC or 34 BA grade GDL on the cathode side at j = 0.4 A cm -2 , RH= 55% and λ air = 2.5

(figure 4 .

 4 19b) compared to the EIS plots obtained for similar operating conditions (figure 4.20). As it can be seen in figure 4.20b, the ohmic resistance is approximately similar in both cases, unlike in dry conditions (figure 4.18b), which might suggest more proper hydration of MEA. This observation might indicate more water retention by 34 BA grade GDL posing trouble in gas transport. These experiments with 34 BA grade GDL helped in evidencing sensitivity of EPIS to electrode transport properties as postulated previously by other researchers. It could be seen clearly that EPIS is highly sensitive to the oxygen transport properties of the electrode materials in terms of diffusive control, especially while operating with air.More experimentations with an aged MEA coupled with an aged 29 BC grade GDLs were carried out to observe if EPIS could evidence the poor mass transport due to degradation of GDLs. These investigations were crucial to investigate further the effect of changes in transport properties of the electrode materials.The obtained results and observations from the experiments could further be used to evidence hydration imbalance situations such as extreme accumulation of liquid water and the transport phenomena problems regarding water inside the fuel cell as treated in Chapter 5.
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 a420 Figure 4.20: Comparison of EIS data obtained with 29 BC grade GDL on the anode side coupled with 29 BC or 34 BA grade GDL on the cathode side at j = 0.2 A cm -2 , RH= 20% and λ air = 2.5

Figure 4 .

 4 Figure 4.21: Chronopotentiometry data comparison of performance between the fresh (50 h of operation) and the aged (approximately 1200 h of operation) MEA at 20% inlet RH
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 a EPIS: Bode representation of the impedance modulus (b) EIS: Bode plot (c) EPIS: Bode representation of the phase shift (d) EIS: Nyquist
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 422 Figure 4.22: Comparison of EPIS and EIS data between old and new 29 BC grade GDL at both electrodes at j = 0.2 A cm -2 , RH= 20% and λ air = 2.5

  (a) EPIS: Bode representation of the impedance modulus (b) EIS: Bode plot (c) EPIS: Bode representation of the phase shift (d) EIS: Nyquist
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 423 Figure 4.23: Comparison of EPIS and EIS data between old and new 29 BC grade GDL at both the anode and the cathode side at j = 1 A cm -2 , RH= 20% and λ air = 2.5

Figure 5 .

 5 Figure 5.1 shows a schematic representation of water transport within different components of a PEMFC. The water is produced at the cathode catalytic site and provided by the external humidification at the cathode inlet quantified using inlet relative humidity values.
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 51 Figure 5.1: Schematic representation of modes of water transport in a PEM fuel cell (adapted from Li et al., 2008 [126])

::

  Molar flux of water due to hydraulic permeation (mol s -1 cm -2 ) ∇P : Pressure gradient between the cathode and the anode (Pa m -1 ) Permeability of water in the membrane (m 2 ) µ m : Dynamic viscosity of water in the membrane (kg m -1 s -1 )
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 52 Figure 5.2: Comparison of evolution of experimentally estimated water transport coefficient at different inlet relative humidification at the cathode with respect to current density at steady state and λ air = 2.5 and λ H 2 = 1.2.
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 a53 Figure 5.3: Comparison of EPIS data obtained at j = 1 A cm -2 and j = 0.2 A cm -2 , with the cathode inlet RH= 100% and λ O 2 = 11.9 (in comparison with at 20% RH)
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 a54 Figure 5.4: Comparison of EPIS data obtained with 29 BC GDL on the cathode, corresponding to the changes in oxygen stoichiometry at j = 1 A cm -2 , 100% RH

( a )Figure 5 . 5 :

 a55 Figure 5.5: Comparison of EPIS data at different applied current density, obtained with the aged MEA with 29 BC grade GDL at RH= 20% and λ O 2 = 11.9 where the yellow-colored area in figures 5.5a and 5.5b shows the approximate values of impedance modulus and the phase shift for the fresh MEA, including all the current densities.

For easier and better

  understanding, the EPIS data has been compared at various stoichiometry with all three different GDLs namely λ O 2 = 4, λ O 2 = 7.5 and λ O 2 = 11.91 at 100% RH and j = 1 A cm -2 individually. Table 5.3 tabulates the average cell voltage at above-mentioned operating conditions.
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 a56 Figure 5.6: Comparison of EPIS data obtained with different grades of GDLs on the cathode, and 29 BC grade GDL on the anode at j = 1 A cm -2 , 100% RH and λ O 2 = 4
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 a Bode representation of the impedance modulus (b) Bode representation of the phase shift

Figure 5 . 7 :

 57 Figure 5.7: Comparison of EPIS data obtained with different grades of GDLs on the cathode, and 29 BC grade GDL on the anode at j = 1 A cm -2 , 100% RH and λ O 2 = 7.5
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 a58 Figure 5.8: Comparison of EPIS data obtained with different grades of GDLs on the cathode, and 29 BC grade GDL on the anode at j = 1 A cm -2 , 100% RH and λ O 2 = 11.91
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 59 Figure 5.9: Comparison of EPIS data obtained with different grades of GDLs on the cathode, and 29 BC grade GDL on the anode operating with air at j = 1 A cm -2 , 100% RH and λ air = 2.5

  Au cours des expériences préliminaires utilisant de l'air et une MEA comprenant des GDLs neufs avec une MPL dans des conditions de fonctionnement normales, le module d'impédance observé a commencé autour de 0,45 µV Pa -1 à 1 mHz, et augmentant avec la fréquence, a atteint un maximum plat de 5,5 µV Pa -1 à 800 mHz avant de diminuer à 4 µV Pa -1 à 1 Hz. De plus, le déphasage a commencé à des valeurs positives proches de zéro à 1 mHz et a montré une diminution monotone avec l'augmentation de la fréquence jusqu'à -200°à 1 Hz. Bien que le déphasage corresponde aux résultats rapportés par Engebretsen et al., 2017[START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF] à la fois qualitativement et quantitativement, le module d'impédance était d'une magnitude inférieure.Il a également été observé que le module d'impédance réagit aux changements de la densité de courant appliquée, en particulier dans la région des basses fréquences.Pour un changement de densité de courant de 0.2 to 1 A cm -2 avec l'air, dans les mêmes conditions d'humidité relative (55% RH), le module d'impédance a montré une augmentation d'environ 4 fois dans le domaine des basses fréquences (en dessous de 10 mHz) et d'environ 1,5 fois dans le domaine des hautes fréquences (au-dessus de 100 mHz) avec une progression avec l'augmentation de la densité de courant sauf pour 0,2 A cm -2 . Ceci est clairement lié à l'augmentation de la production d'eau au niveau du site catalytique cathodique avec l'augmentation de la densité de courant et la concentration du gaz à la surface des électrodes. De plus, l'effet sur la présence accrue d'eau dans la pile à combustible a pu être observé sur toute la gamme de fréquences en plus du contrôle de la diffusion de l'oxygène à traverse l'azote et d'eau. Cependant, le module d'impédance particulièrement élevé à des fréquences plus élevées pour j =0,2 A cm -2 peut être une indication d'un transport lent des protons dû à une membrane insuffisamment hydratée. En outre, contrairement au module d'impédance, le déphasage n'a pas pu révéler d'informations substantielles et présente la même diminution monotone des valeurs indépendamment de la densité de courant. Néanmoins, ces expériences pourraient révéler la nature hautement couplée des phénomènes de transport. De plus, elles pourraient aider à planifier des expériences pour mettre en évidence séparément les limitations de transport soit en présence limitée d'eau, soit en présence d'un excès d'eau. Par conséquent, pour mettre en évidence les limitations de la diffusion de l'oxygène à cause de l'azote, des expériences avec de l'oxygène pur dans des conditions relativement sèches à faible densité de courant (0,2 A cm -2 ) ont été réalisées. Par rapport à l'air, les changements du module d'impédance et du déphasage pour l'oxygène étaient spectaculaires. Au cours de ces expériences, le module d'impédance a montré une tendance inverse pour les fréquences supérieures à 10 mHz ; il a commencé à une valeur presque similaire de 0,4 µV Pa -1 à la basse fréquence puis a diminué avec l'augmentation de la fréquence pour atteindre moins de 0,2 µV Pa -1 à 1 Hz. Contrairement à l'air, le déphasage a montré des valeurs accrues pour l'oxygène ; partant d'une valeur positive proche de zéro, il a atteint des minima d'environ -15°à 200 mHz avant d'augmenter à nouveau. Ces changements substantiels du module d'impédance et du déphasage dans la région des hautes fréquences, en particulier au-dessus de 80 mHz, démontrent clairement l'absence de limitations de la diffusion de l'oxygène dues à l'azote. Ces observations ont été confirmées par les résultats obtenus en utilisant le modèle simple qui a été développé pour prédire les spectres EPIS avec de l'oxygène pur puisqu'il néglige la surtension de concentration due à la diffusion de l'oxygène dans l'azote. De plus, les expériences avec variation des fractions molaires d'oxygène ont permis d'observer la tendance à l'augmentation des limitations de transport des gaz. Une augmentation des valeurs du module d'impédance (0,2 µV Pa -1 pour l'oxygène pur contre plus de 6 µV Pa -1 pour l'air) dans le domaine des hautes fréquences avec une diminution de la fraction molaire en oxygène a été observée. En outre, une évolution similaire mais inverse a pu être observée pour le déphasage : diminution du déphasage avec la diminution de la concentration en oxygène. Cependant, le déphasage semble être non réactif au-delà de y O 2 ≤ 0, 6, ce qui pourrait suggérer un effet de saturation de la teneur en azote sur le déphasage. Ces résultats suggèrent que EPIS est très sensible au transport de masse diffusif de l'oxygène, tant en termes de module d'impédance que de déphasage. Cependant, le module d'impédance pourrait révéler d'autres processus de transport tels que la convection dans une certaine mesure. Par ailleurs, EPIS a été réalisé avec un AME comprenant une GDL sans MPL à la cathode pour mettre en évidence l'effet des changements des propriétés physiques de la GDL sur les processus de transport. Le module d'impédance de EPIS a montré une grande sensibilité (environ 2 fois l'augmentation aux hautes fréquences) aux changements des propriétés de transport aux électrodes lors du fonctionnement avec de l'air, contrairement au déphasage qui a montré une diminution monotone de l'intervalle 0°à -200°. Alors que pour l'oxygène, les variations du module d'impédance (augmentation de 1,5 fois) étaient limitées au domaine des fréquences faibles à modérées (< 80 mHz) et étaient presque similaires pour les fréquences supérieures à 100 mHz. D'autre part, avec l'oxygéné pur, le déphasage a montré une augmentation initiale des valeurs, atteignant des maxima à 10 mHz avant de diminuer jusqu'au minimum de -30°à 100 mHz et d'augmenter à nouveau dans les fréquences plus élevées. Ces résultats indiquent que même dans des conditions relativement sèches, EPIS pourrait détecter les limitations de transport de gaz dues à l'absence de la couche de MPL révélant un mauvais accès et une mauvaise distribution de l'oxygène au site catalytique. En outre, l'augmentation du module d'impédance et du déphasage dans le domaine des basses fréquences pourrait signaler un transport d'eau difficile. Ces observations ont été confirmées par les expériences réalisées avec un AME vieillie comprenant des GDLs avec MPL vieillis opérée avec l'oxygéné pur. Pour une faible densité de courant dans des conditions sèches, les valeurs du module d'impédance ont été multipliées par deux par rapport aux valeurs d'un AME neuf, atteignant un peu moins de 12 µV Pa -1 à 1 Hz, contrairement au déphasage qui ne montre aucune variation. Cependant, en opérant avec l'AME vieilli à haute densité de courant, les variations du module d'impédance étaient plus prononcées sur l'ensemble du spectre alors que pour le déphasage (augmentation de 5 fois) elles étaient limitées à des fréquences inférieures à 10 mHz. Étant donné qu'un AME vieilli présente de moins bonnes capacités de gestion de l'eau, l'augmentation substantielle du déphasage et du module d'impédance dans le domaine des basses fréquences pourrait être liée à un transport d'eau difficile et aux limitations qui en résultent pour le transport des gaz dans le domaine des hautes fréquences. De plus, la pile à combustible a été utilisée de manière à favoriser l'accumulation d'eau liquide en excès dans les compartiments simulant des conditions de quasi-inondation. Au cours des expériences avec de l'oxygène pur en présence d'un excès d'eau, EPIS a montré une bonne sensibilité au déséquilibre d'hydratation, en particulier dans la région des basses fréquences < 20 mHz. Une augmentation du module d'impédance avec l'augmentation de l'accumulation d'eau liquide a été observée. Bien que l'augmentation du module d'impédance ait été prononcée pour les fréquences inférieures à 20 mHz, elle a pu être observée sur l'ensemble du spectre, indiquant une limitation du transport de gaz due à l'excès d'eau bloquant les pores de la GDL et formant des gouttelettes dans les canaux d'écoulement. D'autre part, le déphasage n'a pas réagi de manière substantielle au déséquilibre d'hydratation. Ces expériences ont été suivies d'expériences utilisant de l'oxygène avec des GDL présentant de moins bonnes capacités de gestion de l'eau, une GDL sans MPL, une GDL sans MPL ni PTFE, et une GDL avec MPL vieillie. Le module d'impédance a montré des variations plus importantes pour tous ces matériaux dans la région des basses fréquences qu'une GDL neuve avec MPL et traitée au PTFE. De plus, le déphasage a montré de légères variations à très basse fréquence < 2 mHz. La GDL sans MPL et PTFE, même neuf, a montré une augmentation de près de 3 fois des valeurs du module d'impédance pour des fréquences inférieures à 20 mHz par rapport à une GDL neuve avec MPL. En revanche, la GDL avec MPL vieillie a montré une augmentation de 5 fois par rapport à son homologue neuve. Ces observations indiquent clairement la capacité de EPIS à mettre en évidence les processus de transport gênants en présence d'un excès d'eau. De plus, les expériences avec de l'air dans un excès d'eau liquide ont montré une augmentation significative du déphasage en dessous de 10 mHz pour une GDL sans MPL. Le déphasage a commencé à plus de 150°à 1 mHz au lieu de valeurs proches de zéro, comme observé précédemment, avant de diminuer à -250°à 1 Hz. Cette augmentation pourrait être liée aux conditions de fonctionnement dégradantes telles que les conditions de quasi-inondation. De même, le module d'impédance a montré une augmentation jusqu'à 11 fois des valeurs dans l'ensemble du spectre, ce qui montre la nature hautement couplée et la superposition des limitations au transport du gaz. On peut donc affirmer que la GDL basé sur le MPL est beaucoup plus performant que ses homologues sans MPL en ce qui concerne la gestion de l'eau. Dans des conditions normales de fonctionnement avec de l'air, les domaines de fréquence dans lesquels les différents processus de transport dans la pile à combustible peuvent être mis en évidence à l'aide du module d'impédance ont été identifiés comme indiqué dans le tableau ci-dessous : Domaine de fréquence Phénomènes observés 1 mHz to 20 mHz Limites du transport de l'eau 10 mHz to 100 mHz Superposition des limitations du transport de l'eau et du gaz80 mHz à 1 Hz Limitations du transport de gaz telles que le contrôle de la diffusion et de la convection avec un effet additionnel possible de l'eau liquide bloquant la couche macroporeuse et les canaux En outre, le déphasage a montré une sensibilité au contrôle de la diffusion de l'oxygène et une sensibilité élevée aux conditions extrêmes de déséquilibre d'hydratation, mais limitée au domaine des basses fréquences. Au contraire, il a été observé que la présence d'azote a un effet de saturation sur le déphasage ; pour cette raison, il ne peut révéler aucune information utile dans la plupart des cas (p.e. au cas d'air avec la GDL neuve). Par conséquent, pour comprendre la signification du déphasage, des recherches supplémentaires sont nécessaires. On s'attendait à ce que EPIS puisse mettre en évidence les différents phénomènes de transport séparément et indépendamment, bien qu'il ait fait un meilleur travail que la SIE, il n'a pas pu les séparer complètement. En outre, une analyse plus approfondie est nécessaire pour comprendre la signification du comportement de déphasage afin d'exploiter le potentiel de la technique. Malgré son potentiel, la technique se heurte à un temps de fonctionnement prolongé pour acquérir des données fiables ; il faut environ 7 to 10 h pour acquérir un spectre complet avec 13 fréquences différentes.Néanmoins, on peut conclure que EPIS est incroyablement sensible aux phénomènes de transport dans la pile à combustible en dessous de 1 Hz avec un effet de masquage minimal des autres phénomènes cinétiques. Enfin, ce travail a fortement mis en avant la candidature de l'EPIS comme outil complémentaire à la SIE à utiliser dans le domaine des basses fréquences en confirmant toutes les hypothèses faites précédemment, en plus de révéler des informations précieuses sur les processus de transport dans une pile à combustible PEM.

D

  'après les conclusions tirées, il est clair que EPIS peut caractériser les phénomènes de transport dans la pile à combustible PEM dans une meilleure mesure que les techniques de diagnostic conventionnelles. Cependant, l'introduction relativement récente de la technique et la rareté des travaux de recherche approfondis rendent difficile l'analyse précise des processus de transport individuels : le transport de gaz et le transport d'eau liquide. A partir de la conclusion tirée, quelques recommandations peuvent être faites pour mieux caractériser et déterminer les obstacles aux processus de transport individuels de manière plus indépendante. • Le déphasage des spectres EPI est particulièrement intéressant car il a montré une sensibilité significative au contrôle de la diffusion de l'oxygène (dans le domaine des hautes fréquences) en plus des conditions de quasi-inondation (dans le domaine des basses fréquences). Cependant, dans la plupart des cas, il a montré une diminution monotone des valeurs positives proches de zéro à plus de -180°indiquant une dérivée d'ordre supérieur du potentiel cellulaire (-90°correspond à une dérivée de premier ordre). Par conséquent, il serait extrêmement intéressant d'étudier la signification physique du comportement de déphasage en recherchant des lois physiques appropriées. De plus, cette tentative jetterait les bases de la conception d'un circuit électrique équivalent (EEC) ou d'une analogie équivalente pour EPIS, similaire à EIS, ce qui rendrait la caractérisation des processus de transport beaucoup plus facile et précise, en plus de permettre une compréhension claire de la relation temporelle entre la pression et les autres variables. • Le système utilisé dans ce travail particulier repose sur des contrôles manuels pour changer les fréquences après avoir terminé les acquisitions, contrairement à EIS. Ce contrôle manuel pose également d'autres problèmes tels que des acquisitions de données prolongées. Par conséquent, l'automatisation du processus d'acquisition des données peut être une option viable pour exploiter EPIS comme une technique de diagnostic quotidienne, en complément de EIS. • Certaines études de simulation ont exploré les spectres EPIS au-delà de 1 Hz et suggèrent qualitativement le même comportement que celui observé dans ce travail (jusqu'à 1 Hz). L'un des inconvénients fondamentaux du système utilisé dans ce travail de thèse était sa limite supérieure de fréquence (1 Hz). Bien qu'une tentative avec un montage de haut-parleurs ait été faite autrefois par Engebretsen et al., 2017 [97], pour obtenir des spectres jusqu'à 100 Hz, elle présentait une quantité appréciable de bruit. Par conséquent, le dispositif expérimental utilisé, avec des capacités d'étudier les spectres EPIS jusqu'à au moins 10 Hz serait intéressant pour mettre en évidence le contrôle de la convection de manière efficace et pour le développement ultérieur de cette nouvelle technique. Ceci peut être réalisé en utilisant un assemblage de haut-parleurs similaire à Engebretsen et al., 2017 [97] couplé au système d'acquisition de données précis utilisé dans ce travail. • Il serait intéressant d'étudier l'effet de la modification de la diffusivité binaire en remplaçant l'azote par des gaz inertes similaires tels que l'argon et/ou l'hélium. De plus, des expériences avec une stoechiométrie plus élevé ou réduite pour l'air permettraient de mieux comprendre les variations de convection et leur effet sur le module d'impédance et/ou le déphasage.
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 11 Classification of fuel cells[START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Poux | Green Process Engineering From Concepts to Industrial Application[END_REF] 

	Fuel cell type	Mobile	Temperature	Fuel	Application
		ion	(°C)		
	Low temperature				
	Direct methanol (DMFC)	H +	20-90	Methanol	Portable electronic systems
	Proton exchange membrane (PEMFC)	H +	30-150	Pure H 2	Vehicles and combined heat and power (CHP) systems
	Alkaline (AFC)	OH -	50-200	Pure H 2	Space vehicles
	Enzymatic (EnFC)	H +	10-50	Pure H 2 , glucose	Under development
	Microbial (MFC)	H + , other ions	Ambient temperature	Glucose, dissolved organics	Under development
	Medium temperature				
	Phosphoric acid (PAFC)	H +	≃ 200	H 2 , (low S, low CO, tolerant to CO 2 )	CHP systems of 200 kW
	High temperature				
	Molten carbonate (MCFC)	CO 2-3	≃ 650	H 2 ,various hydrocarbon fuels	CHP systems up to MW capacity
	Solid Oxide (SOFC)	O 2-	500-1000	Impure H 2 , various hydrocarbon fuels	All CHP systems from 2 kW to MW

Table 1 . 2
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. Components of PEMFC FP Flow plates (Bipolar plates) Membrane Electrode Assembly (MEA) PEM Proton exchange membrane CL Catalyst layer

2 Experimental test bench: Materials and methodologies Synthèse ◃ Ce chapitre décrit en détail le banc

  

	d'essai utilisé dans l'ensemble des travaux expérimentaux
	qui ont été menés au LRGP dans le cadre de la validation expérimentale d'EPIS réalisée avec une
	pile à combustible à membrane d'échangeuse de protons (PEMFC) UBzM ® de 100 cm 2 . Dans un
	premier temps, le chapitre traite de la description de tous les composants du banc d'essai et de leur
	importance dans les expériences à l'aide d'un diagramme de procédé. Ensuite, les limites pratiques du
	banc ont été observées et examinées minutieusement afin de garantir son bon fonctionnement. Enfin,
	le chapitre présente les techniques de diagnostic électrochimique utilisées, à l'exclusion d'EPIS, telles
	que la spectroscopie d'impédance électrochimique, voltammetrie cyclique et chronopotentiometrie. ▹

Table 2 .1. Components

 2 

	of the experimental test bench

3 Electrochemical pressure impedance spectroscopy: Introduction and working principle Synthèse

  After covering the description of the experimental test bench and its other components thoroughly in Chapter 2, this chapter is dedicated to the description and development of EPIS. The chapter introduces the various coupled transport processes inside the PEM fuel cell very briefly to lay the foundation for understanding the complexity of detection and decoupling of said processes and establishing a connection to EPIS. After that, the available state of the art and the brief introduction of the concepts of electrochemical pressure impedance spectroscopy have been discussed. Following state of the art, the EPIS test bench's development in the EPISTEL project framework has been discussed, including

	complexité de la détection et du découplage de ces processus par EPIS. Ensuite, l'état de l'art
	disponible et une brève introduction des concepts d'EPIS ont été discutés. Après l'état de l'art,
	le développement du banc d'essai EPIS dans le cadre du projet EPISTEL est présenté, y compris
	les principes de mesure, l'acquisition de données et les défis rencontrés pendant le développement.

◃ Après avoir couvert la description du banc d'essai expérimental, de ses composants et de certaines techniques électrochimique utilisée dans le chapitre 2, ce chapitre est consacré à la description et au développement d'EPIS. Ce chapitre présente très brièvement les différents processus de transport couplés à l'intérieur de la pile à combustible PEM afin de poser les bases pour comprendre la

Les limites du banc d'essai ont été définies en utilisant les données obtenues lors des expériences en plus des équations gouvernantes, suivies d'une revue des contraintes qui ont été identifiées lors des expériences préliminaires et de la collecte des données. Ensuite, le chapitre décrit les stratégies adoptées pour résoudre ces dites contraintes assurant un fonctionnement fiable de la pile à combustible et de la technique EPIS. Enfin, des résultats préliminaires qui ont conduit à des

expériences spécifiquement conçues pour tenter de différencier les différents phénomènes de transport impliqués. ▹

Preface to the chapter

  and Hussaini et al., 2009 [91] reported a time constant of 3 min larger than the later reported value byJiao et al., 2011 [11] at 400 ms. This difference in the reported time constants for liquid water transport is quite astonishing but in factJiao et al., 2011 [11] took the diffusion coefficient of the liquid water as ≈ 10 -6 m 2 s -1 ; however, the diffusion coefficient has been estimated equal to ≈ 2.4 ± 5% × 10 -9 m 2 s -1[92, 93]. Finally, for the water transport across the

membrane,

Wang et al., 2005 [87] 

and

Wang et al., 2006 [94] 

reported the time constant approximately equal to 22 s which is fairly in agreement with the value reported by

Jiao et al., 2011 [11] 

equal to 17 s. Furthermore, this simultaneous and complex occurrence of transport phenomena with comparable time constants poses a problem for their detection using conventional techniques such as electrochemical impedance spectroscopy.

4 Results and discussion-I: Characterization of gas transport limitations in dry conditions

  d'amplitude de pression a été établi et testé. Les modifications des conditions de fonctionnement de base ont révélé le véritable potentiel de l'EPIS pour la caractérisation des processus de transport et ont donné des résultats qualitativement conformes à la littérature. De plus, cela a ouvert la voie à d'autres expérimentations pour découpler et identifier indépendamment les différents processus de transport. ▹ liquide à différentes humidifications, densités de courant et fractions molaires; suivies d'une tentative de modélisation simple pour relier la théorie aux expériences afin de prédire les mesuresEPIS dans le cas de l'oxygène pur. Enfin, il aborde les expériences réalisées en utilisant différentes qualités de GDL pour étudier l'effet de la couche microporeuse (MPL) sur le transport de l'oxygène et, dans une certaine mesure, sur la gestion de l'eau. ▹

	◃ Après la conception et l'installation réussies du banc d'essai electrochemical pressure impedance
	spectroscopy, des tests préliminaires ont été effectués pour vérifier le fonctionnement fiable du banc
	d'essai et de la pile à combustible. Il a été observé que le banc d'essai EPIS présentait certaines

contraintes de fonctionnement. Elles ont été traitées en considérant tous les critères fixés pour une acquisition fiable des données et en préservant la réponse linéaire et harmonique de la tension à la modulation de pression. Un protocole de fonctionnement standard avec des combinaisons de fréquence et

Synthèse

◃ Les expériences préliminaires rapportées dans le chapitre 3 ont indiqué le potentiel d'EPIS en termes de caractérisation des phénomènes de transport tels que le transport de gaz & d'eau dans la pile à combustible plus précisément que les techniques électrochimiques conventionnelles. De plus, les tendances précédemment rapportées dans la littérature ont pu être reproduites pour les mêmes conditions de fonctionnement. En outre, la nature complexe et l'apparition couplée des phénomènes de transport ont été observées pendant les mesures EPIS.

Ce chapitre est consacré aux efforts visant à découpler les phénomènes de transport les uns des autres et à mettre en évidence plutôt le transport en phase gazeuse. Le chapitre présente les processus de transport de gaz dans la pile à combustible, leur gouvernance, les modèles de caractérisation disponibles qui peuvent être utilisés pour leur modélisation. Après cette brève introduction, le chapitre décrit les expériences réalisées dans les conditions de fonctionnement pour limiter la présence d'eau
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 41 Calculated fraction of liquid water at the cathode outlet at various operating conditions with pure oxygen (λ O 2 = 11.

	9) while

Table 4 .

 4 

	2. Suitable frequency pressure amplitude combination for EPIS using pure oxygen feed at
	the cathode	
	Frequency (Hz) Maximum pressure amplitude (mbar)
	0.001	40
	0.002	40
	0.004	35
	0.008	30
	0.010	30
	0.020	25
	0.040	25
	0.080	20
	0.100	15
	0.200	10
	0.400	4
	0.800	2
	1.000	3

Table 4 .
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	3. Calculated fraction of liquid water at the cathode outlet (based on the water collected
	experimentally) out of total water flow rate in the fuel cell at j = 0.2 A cm -2 for oxygen
	(λ O 2 =11.9) and air (λ air =2.5)
	Relative humidity Fraction of liquid water
	20%	22%
	55%	39%
	100%	53%

Table 4 . 5

 45 29 BC grade, not to alter operating conditions at the anode, besides the anode concentration overpotential is almost negligible. The physical properties of the GDLs are given below in table 4.5.

	29 BC	250	77	5	2.8	Yes
	34 BA	280	81	5	3.4	No

. Comparison of physical properties of GDLs

[START_REF] Mukherjee | Characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell. characterization of gas transport phenomena in gas diffusion layers in a membrane fuel cell[END_REF] 

GDL Thickness (±10 µm) Porosity (%) PTFE (%) Permeability (m 2 ) ×10 14 MPL

Table 4 . 6 .

 46 Comparison of a fresh and an aged MEA by data obtained using various diagnosis techniques

	Techniques	Significance	Fresh MEA	Aged MEA
	CV	ECSA (cm 2 Pt cm -2 electrode)	136.91	88.89

  Comme indiqué dans le chapitre précédent, les expériences avec de l'air dans des conditions relativement sèches ont constitué un point de référence pour mettre en évidence le transport de gaz. Les expériences réalisées ultérieurement avec de l'oxygène pur dans les mêmes conditions de fonctionnement ont permis de mettre en évidence le contrôle négligeable du transport des gaz en

	raison de l'absence totale d'azote. En outre, une approche progressive de la modification de la fraction
	molaire d'oxygène s'est avérée utile pour mettre en évidence le contrôle du transfert de masse diffusif
	de l'oxygène dans l'azote. Il a été observé que le module d'impédance augmentait d'environ 0,2
	µV Pa -1 à 6 µV Pa -1 et que le déphasage passait de valeurs négatives proches de zéro à -200°d
	ans le domaine de fréquence supérieur 100 mHz à 1 Hz avec la diminution de la fraction molaire
	d'oxygène.1
	◃ Dans ce chapitre, l'étude du contrôle du transport des gaz dans le 100 cm 2 PEMFC a été réalisée en
	utilisant la spectroscopie d'impédance électrochimique par pression et, dans certains cas, en utilisant
	des techniques de diagnostic traditionnelles telles que la spectroscopie d'impédance électrochimique
	et la chronopotentiométrie. Il a d'abord été découvert, à partir des valeurs rapportées et calculées
	des constantes de temps correspondant aux phénomènes contribuant au transport du gaz, que la

possibilité de contrôler le transport du gaz pouvait être mise en évidence dans le domaine des hautes fréquences. Les valeurs de la constante de temps sont plus importantes pour f ≥100 mHz.

Il a été observé précédemment que le déphasage n'est pas affecté par les changements des conditions d'humidification. Par conséquent, les changements significatifs (diminution de -15°à -200°, dans

les valeurs de déphasage pour f > 20 mHz en réponse aux changements de la fraction molaire d'oxygène pourraient être directement liés à la preuve du contrôle du transfert de masse diffusif de l'oxygène comme postulé par des études précédentes

  Nafion membrane water content through water vapor activity. The membrane water content at a given temperature can be determined by estimating a linear interpolation of Λ m values deduced by experimental equations at two different operating temperatures namely at 30 °C and 80 °C as expressed by equation (5.2)[START_REF] Hinatsu | Water Uptake of Perfluorosulfonic Acid Membranes from Liquid Water and Water Vapor[END_REF][START_REF] Chiang | Numerical investigation of transport component design effect on a proton exchange membrane fuel cell[END_REF].Where a w is the water vapor activity. The membrane water content depends on the water concentration in the membrane; hence, depending upon the humidification conditions, a gradient of water content can affect the local proton conductivity. Besides, the local water content can vary due to various reasons, but the most important of them is water transport through the membrane.

	.1) Experimentation has shown that the membrane water content can theoretically range from where, EW : Equivalent weight of the membrane (kg mol -1 SO 3 ) ρ dry : Dry density of the membrane (kg m -3 ) C w : Water concentration in the membrane (mol m -3 ) nearly 0 to 22 depicting completely dry to fully saturated Nafion membrane in certain operating conditions. Experimental measurements have established a relationship between °C m = 0.3 + 10.8a w -16a 2 w + 14.1a 3 w (5.2a) relative humidity and Λ 80 Λ 30  0.043 + 17.8a w -39.85a 2 w + 36a 3 w 0 < a w < 1       °C m = 16.8 a w > 3       14 + 1.4(a w -1) 1 ≤ a w ≤ 3 (5.2b)
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 51 Operating conditions at j = 1 A cm -2 with variation of stoichiometry[START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF] 

	Compartment	Gas	RH at the inlet	λ	Fraction of the liquid water at the outlet
	Anode	Hydrogen	Dry	1.2	9 to 36%
				2.5	93%
				4	82%
	Cathode	Oxygen	100%	5	78%
				7.5	68%
				11.91	56%

Table 5 .

 5 

	2. Molar flux of water collected during experiments with varied current density at
			RH = 20%		
	Current	Water molar flux at the fuel cell outlets (mol s -1 cm -2 )	
	density (A cm -2 )	Anode (×10 7 )		Cathode (×10 6 )
		Fresh	Aged	Fresh	Aged
	0.2	0.11	0.14	2.45	2.31
	0.4	0.38	1.61	5.3	3.37
	0.8	4.03	11.3	7.69	6.67
	1.0	7.19	21.9	8.86	7.48

Table 5 . 3 .

 53 Average cell voltage at 100% RH and j = 1 A cm-2 Figure5.6 shows the comparison of EPIS data for λ O 2 = 4 for all three GDLs. Here, the low stoichiometry (λ O 2 = 4) represents the highly pronounced flooding condition because of the high residence time allowed for liquid water. In addition, for the impedance modulus, a clear trend can be seen all over the spectra (figure5.6a), with 29 AA exhibiting the highest impedance modulus followed by 34 BA and 29 BC exhibiting the lowest impedance modulus values of them all. The difference is very clear for lower frequencies i.e.

	Stoichiometry (λ O 2 )	Average cell voltage (V)	
		29 BC	34 BA	29 AA
	4	0.455	0.301	0.091
	7.5	0.495	0.342	0.119
	11.91	0.504	0.397	0.163

f < 100 mHz and although moderately significant, it still followed the trend in the higher frequency region as well.

impedance modulus. On the other hand, the phase shift shows an interesting behavior also shown in figure

5

.6b. As stated earlier, the phase shift might just be very slightly sensitive towards the hydration imbalance: pronounced flooding conditions appear to affect the phase shift. Moreover, at low stoichiometry, very significant flooding can be evidenced by EPIS with 29 AA and 34 BA.

  4 µV Pa -1 .Moreover, for 29 BC and 34 BA, the impedance modulus changes are not very noticeable, and one might say they are almost constant as previously reported, though, for 29 AA, it is noticeable and shows the very poor water management capabilities of 29 AA. Also, the overall values of impedance moduli for all three types of GDLs are lower than that with λ O 2 = 4; this is clearly due to increased water evacuation due to increased gas flow rate.Nevertheless, there is no visible and distinctive trend in the phase shift in the lower frequency domain as a whole; however, if compared individually with 29 AA, both 29 BC and 34 BA have lower values. Moreover, there is a clear trend in higher frequency region for frequency greater than 100 mHz, which could be linked to easier gas transport with 29 BC and control of liquid accumulation over gas transport phenomena with 29 AA. Figure 5.8 shows the comparison of EPIS data for λ O 2 = 11.91, which represents the most favorable conditions among the considered conditions, because of comparatively very less residence time for liquid water.

  , même dans des conditions relativement sèches. Pour l'oxygène pur, les variations du module d'impédance étaient particulièrement rigoureuses dans la région des basses fréquences, avec des valeurs supérieures à 2 µV Pa -1 par rapport à une MEA neuve à 0,4 µV Pa -1 . Les spectres ont également montré des variations notables dans la gamme des fréquences plus élevées avec une

	augmentation de 6 fois des valeurs du module d'impédance, illustrant le contrôle d'une mauvaise
	gestion de l'eau sur les processus de transport.
	Ces expériences ont ouvert la voie à des tests de l'EPIS dans des conditions d'inondation plus
	rigoureuses et plus difficiles. Par conséquent, des expériences avec des GDL présentant de moins
	bonnes qualités de gestion de l'eau ont été réalisées. En outre, les conditions de fonctionnement
	utilisées pour ces expériences ont été conçues spécifiquement pour favoriser l'accumulation d'eau
	liquide dans la pile à combustible : 100 % d'humidité relative à 1 A cm -2 avec des débits plus faibles.
	sensible qu'à l'accumulation extrême d'eau liquide dans la région des basses fréquences (moins de
	30 mHz), comme on l'avait supposé auparavant, montrant des valeurs supérieures à 150 °. De plus,
	les expériences rapportées pourraient aider à révéler et à explorer le véritable potentiel d'EPIS pour la étudier le transport de l'eau et l'inondation de manière indépendante, l'expérimentation a été réalisée détection et la caractérisation du transport de gaz, des limitations du transport de gaz, du transport en utilisant de l'oxygène pur. L'enquête comprenait des tests à différentes densités de courant dans des conditions relativement sèches et a comparé les résultats expérimentaux avec la MEA neuve. d'eau et des conditions de quasi-inondation. ▹

◃ Après avoir étudié le contrôle du transport des gaz dû à l'azote dans le chapitre précédent, on a procédé dans ce chapitre à la détection d'un quasi-inondation dans la pile à combustible, puis à l'étude des limitations du transport des gaz dues à la présence d'eau liquide. À partir des valeurs rapportées des constantes de temps, on a émis l'hypothèse que la détection possible du transport d'eau liquide et d'une éventuelle inondation pourrait être observée dans le domaine des basses fréquences : f < 80 mHz pour le module d'impédance et f < 40 mHz pour le déphasage. En outre, pour La MEA vieillie issue des études sur le transport des gaz a été jugée parfaite pour étudier les conditions de quasi-inondation ou la présence d'un excès d'eau liquide. La mauvaise gestion de l'eau de la MEA vieillie a pu être observée en termes d'augmentation des valeurs du module d'impédanceIl a été constaté que le module d'impédance dans le domaine des basses fréquences (1 à 20 mHz) est sensible à l'accumulation d'eau liquide dans la pile à combustible, tandis que le déphasage pourrait révéler les limitations du transport de gaz dues aux conditions sévères dans la pile à combustible pour les fréquences supérieures à 80 mHz. Néanmoins, un effet de saturation de l'inondation excessive sur le module d'impédance a pu être observé. De plus, dans des conditions complexes telles que l'injection d'air, dans lesquelles les deux phénomènes de contrôle et de transport se produisent, EPIS a pu détecter la superposition des deux phénomènes de contrôle pour des fréquences supérieures à 80 mHz. Cela indique la nature hautement couplée des phénomènes de transport et pourrait également indiquer que la restriction supplémentaire au transport de gaz causée par l'accumulation d'eau liquide pourrait être caractérisée dans le domaine des hautes fréquences. De plus, on a également observé que le déphasage n'était

  Normal molar volume 22.4 × 10 -3 m 3 mol -1

	θ w q Z P-P E in	contact angle Energy Volume flow oscillations Pressure-pressure impedance Inlet or Internal	J -	°ζ m 3 s -1
	EW Z U-J Q K	Volume fraction Equivalent weight Charge, capacitance Electrochemical impedance Knudsen	-kg mol -1 C Ω
	ECSA qc Z U-P lim, L	Electrochemical active surface area Convective flux Electrochemical pressure impedance Limiting	cm 2 Pt cm -2 m 3 s -1 cm -2 µV Pa -1
	f	Physical constants Frequency qd Diffusive flux liq,l Liquid	Hz	m 3 s -1 cm -2
	Symbol r spec Subscripts/ Exponents Description h m Convective mass transfer coefficient Specific ohmic resistance m Membrane or mean	-	Value Ω cm 2
	e -r Symbol i max	Electron charge Imaginary number Specific pressure drop Description Maximum	-	1.6021 × 10 -19 C bar s NL -1
	J a	F R ohm min	Faraday's constant Current Ohmic resistance Anode Minimum	A	96485 C mol -1 Ω
	J bd	k B Re ohm	Boltzmann constant Average current Reynolds number Back-diffusion Ohmic	A	1.3807 × 10 -23 J K -1 -
	j c	N A RH out	Avogadro's number Current density Relative humidity Cathode Outlet	6.022 × 10 23 mol -1 A cm -2 %
	j 0 cap	R S per	Universal gas constant Exchange current density Entropy Capillary Permeation	8.314 J mol -1 K -1 A atm -2 m J mol -1 K -1
	K cell	V m SA prod	Overall permeability Surface area Fuel cell Production	m 2	cm 2
	Ki ch	S cross Pt	Inertial permeability Cross sectional area Channel Platinum	m	cm 2
	Roman symbols K n Knudsen number Sc Schmidt number conc Concentration r Reversible	-	-
	Symbol Sh cross K v sat	Description Viscous permeability Sherwood number Cross-over Saturation	m 2	Unit -
	L ct	A t sim	Tafel slope Flow length Time Charge transfer Simulation	m	V/decade s
	a w T d, diff M spec	Equivalent water vapor activity Molecular weight Temperature Diffusive Specific	-g mol -1 °C or K
	ṁ eff	C U theo	Equivalent capacitor Mass flux Voltage Effective Theoretical	NL bar -1 kg s -1 cm -2 V
	ṅ eo	C u vap	Concentration Molar flux Fluid velociy Electro-omosis Vapor	mol m -3 mol s -1 cm -2 m s -1
	n a eq	C c U H 2 O, w	Equivalent capacity Number of electrons transferred Steady state voltage Equivalent Water	-	F V
	C R OCV Ũ est	Reactant concentration Open circuit voltage Voltage oscillations Estimated	V	mol m -3 V
	P exp	CPE V void	Constant phase element Pressure Gas phase volume Experimental	Pa	F L
	p feed	D w	Diffusion coefficient Partial pressure Mass fraction Upstream to humidifier	Pa	m 2 s -1 -
	d g P wet x g	Molecular diameter of gas Wetted perimeter Mole fraction of liquid Gas	m	m -
	P H	D h y	Hydraulic diameter Steady state pressure Mole fraction of gas Hydrogen	Pa	m -
	d p Z' hum P	Pore diameter Pressure oscillations Real part of impedance Humidifier	m mbar Ω or µV Pa -1
	τ Pw hyd	G Z"	Time constant Gibbs free energy Power Imaginary part of impedance Hydraulic	s W	J mol -1 K -1 Ω or µV Pa -1
	τ GDL H q |Z| i,j	Tortuosity of GDL Heat of formation Volume flow rate Impedance modulus Species i and j	-m 3 s -1 J mol -1 K -1 Ω or µV Pa -1
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EPIS applied to a PEMFC in dry conditions: data comparison between pure oxygen and air

Experiments were carried out with a PEM fuel cell of 100 cm 2 area and an MEA comprised of Nafion ™ -212 membrane with 29 BC SGL grade GDLs at both the anode and the cathode.

Hydrogen was fed nearly dry at λ H 2 = 1.2 whereas the cathode was fed with pure oxygen at a constant flow rate corresponding to λ O 2 = 11.91 i.e. at the same level as with air at λ air = 2.5. Further, as stated earlier, the cathode relative humidity was kept at 20% to minimize the limitations due to the presence of liquid water. The purpose of operating at a constant flow rate instead of constant stoichiometry was to maintain the same humidification conditions in the fuel cell while operating with air. This allowed for a reliable comparison of the data obtained while operating with pure oxygen and with air. As can be seen in figure 4.3a, the impedance modulus starts at a very low value around 0.4 µV Pa -1 . Contrary to the observed trends while operating with air (figure 4.3b), it decreases with an increase in the frequency reaching at around 0.2 µV Pa -1 at 1 Hz. Usually, while operating with air in dry conditions, the impedance modulus starts at the same value for lower frequencies, however increasing with an increase in frequency, it reaches around 6.5 µV Pa -1 at 1 Hz, as shown in figure 4.3b.

Further, as it can be observed in figure 4.3b, the impedance moduli for both air and oxygen are almost similar for frequencies less than 4 mHz. However, the impedance modulus shows a steep increase for air for frequencies over 10 mHz and the variations are very significant (but less dramatic than between 10 to 100 mHz) in the higher frequency region, especially over 100 mHz. Whereas for oxygen, it decreases in the higher frequency domain, and the absence of nitrogen contribution in the oxygen mass transport limitations is the logical explanation for such a trend.

In the absence of nitrogen, the only limitation in oxygen transport is oxygen self-diffusion through the anisotropic media and a very low amount of water vapor/ liquid in dry conditions. Therefore, the decreasing trend in the high-frequency domain for oxygen can indicate minimal diffusion limitations to oxygen, of very low concentration over-potential.