Although the decrease of Pt loading may delay its scarcity event, the use of Pt cannot change the fact that ORR is very sluggish in acid medium but faster in alkaline medium [8, 9]. Due to lower potentials in electrochemical reactions than in acid medium, the possibility of using nonnoble metal catalysts and/or metal-free catalysts paves the way for further research in the field of catalysts and also the development of anion exchange membrane fuel cell (AEMFC). The latter is a mimic of PEMFC but works in alkaline medium. In contrast to PEMFC, water management issues are more severe because ORR in alkaline media requires water while at the same time water is produced at the anode side [10, 11].

To better understand water management in this type of fuel cell, it is first necessary to develop and gain experience with this kind of fuel cell at the laboratory scale. In particular at LEMTA within the Hydrogen and Electrochemical Systems team, researchers have developed and implemented their own characterization methods for studying water management with segmented and instrumented fuel cells [12][13][14][15]. As AEMFC is not a mature technology, there are no off-the-shelf materials during my PhD study, such as membrane-electrode assemblies.

However, a few anion exchange membranes (AEMs) and anion exchange ionomers (AEIs) can be purchased commercially. For this reason, we have to develop and set up (i) the formulation and preparation of catalyst inks, (ii) the deposition or coating methods, (iii) the characterization of the obtained coating layers, (iv) the conversion step of AEMs, (v) the activation process of AEMFC and (vi) the performance evaluation of home-made MEAs in a running AEMFC.

Furthermore, the market concerning commercial AEMs and AEIs is evolving rapidly, and it is necessary to update the purchasable materials every 3-6 months. As a consequence, we have to manage both the development of AEMFC process and the benchmarket of materials. In addition, coating field is also a new topic to LEMTA's researchers. Since literature is poorer in AEMFC than in PEMFC, we were obliged to formulate and optimize the catalyst inks for PEMFC and then to adapt the know-how gained with PEMFC's ink to AEMFC's ink. Thus, this thesis deals with both PEMFC and AEMFC, but the final goal is the development of AEMFC with our own catalytic formulations and coating, and the evaluation of performance in home-made fuel cell bench via polarization curves.
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Evaluation of electrochemical performance of CCM-and GDE-based Aemion ® -MEAs: effect of ionomer content in catalyst inks .........................

GENERAL INTRODUCTION

Over the past decades, the global population has increased dramatically, and the level and habit of living due to industrialization have grown with increasing energy demand. This demand has been primarily satisfied by the exploitation of different types of fossil fuel such as petroleum and coal. However, the use of fossil energy sources has two main problems: (i) fossil fuel reserves are limited and (ii) the combustion of fossil fuels releases CO2 and other substances (NOx, unburned particles, etc.) which escalate global warming and lead to pollution of urban environment [1]. Facing these problems, the need for research and innovation in renewable energies is still relevant to remedy the existing technologies based on fossil fuels and obtain similar or improved performances with renewable technologies [2,3].

However, fuel cells are also fossil fuel-free processes, that can be complementary to renewable energies. They are able to run until they are refueled, all without producing greenhouse gases or localized pollution [4]. They can be described as clean electrochemical devices which convert the chemical energy of fuels into electrical energy and the by-product is generally water. Several types of fuel cells exist depending on the type and nature of the electrolyte used, as well as the operating temperature range [5,6]. Among all varieties of fuel cells, PEMFC (Proton Exchange Membrane Fuel Cell) is the most mature fuel cell and this technology is for instance applied in automotive application such as Toyota Mirai Fuel Cell Vehicle. Nevertheless, the main obstacle to the widespread use of this technology is its cost [7], in particular the cost of perfluorosulfonated electrolytes and noble catalysts needed for this technology. As for all electrochemical devices, catalysts are needed to occur electrochemical reactions in PEMFC such as HOR (Hydrogen oxidation reaction) at the anode and ORR (oxygen reduction reaction) at the cathode. Up to now, platinum (or platinum alloys) is considered as the best catalyst for PEMFC. Besides the high price of Pt, the amount and availability of Pt is not enough to meet the global demand if all cars over the world were equipped with this technology at high Pt loading (> 1 mg cm -2 ). To overcome the catalyst cost issue, one can either decrease the amount of Pt loading at the both electrodes without altering fuel cell performance or replace Pt with other cheaper and more abundant catalysts on earth.

CHAPTER 1 1.1. AEMFC (Anion Exchange Membrane Fuel Cell)

AEMFC is an electrochemical device which is able to convert H2 and O2 to water and electricity via an anion exchange membrane (AEM). Contrary to the mature PEMFC, the development of AEMFC seems to boost in the last decade as shown the number of published papers in Fig. 1. The main reported papers were from China and the United States [16]. This surge of interest for AEMFC can be explained by its potential low cost due to the possibility of using non-noble catalysts (which are more available and cheaper than Platinum Groupe Metal (PGM) catalysts), non-perfluorosulfonated membranes and also by the favorable kinetic of ORR (oxygen reduction reaction) in alkaline media. A single fuel cell is composed of flow field plates (gas diffusion plates), gas diffusion layers (GDLs), catalyst layers (CLs) and membrane as schemed in Fig. 2. It is worth to notice that this kind of cell can be used for both AEMFC and PEMFC (proton exchange membrane fuel cell), because the gas reactants and cell's configuration are similar as illustrated in Fig. 3.

For that reason, AEMFC can be described as a mimic of PEMFC but works in alkaline medium. These two fuel cell systems have in common the polymeric nature of the electrolyte, the operating temperature range, and the need for a humidified environment to reach a sufficient ionic conductivity of the ions exchange membrane. In addition, Pt catalyst, gas diffusion layers and collector plates (or bipolar plates) for PEMFC can be used in AEMFC.

The main difference between them is the nature of their mobile ions (OH -in AEMFC, H + in PEMFC) and their ions exchange sites (IESs) or chemical functional groups for working in different pH environments [10,16,18]. In the case of PEMFC, cations exchange membranes such as the popular Nafion ® membrane (perfluorosulfonated membranes with sulfonated groups (RSO3 -)) are usually used. Whereas in the case of AEMFC, it is replaced by less mature anion exchange membranes (see later). Moreover, hydroxide ions are produced at the cathode and are transported by an anion exchange membrane to the anode for combining with H2 to produce water molecules. The electrochemical reactions are shown in equations (1 -3) for the reaction occurring at the anode, at the cathode and the resulting net reaction, respectively.

Anode:

𝐻 2 + 2𝑂𝐻 -→ 2𝐻 2 𝑂 + 2𝑒 - 𝐸 𝑎 0 = -0.83 𝑉 (1)

Cathode:

1 2 𝑂 2 + 𝐻 2 𝑂 + 2𝑒 -→ 2𝑂𝐻 - 𝐸 𝑐 0 = 0.4 𝑉 (2) 
Net cell reaction: Similar to the PEMFC, the core of an AEMFC is also called as MEA (membrane electrode assembly), but is composed of an anion exchange membrane which is sandwiched by 2 catalyst layers and gas diffusion media (Fig. 4). It plays a key role since it has to ensure (i) electrochemical reactions via catalyst layers, (ii) transport of anions via anion exchange membrane and (iii) gas, water and electron transport via gas diffusion layers. Since each component can affect differently AEMFC's performance, we will introduce them in the next sections as well as their current issues.

𝐻 2 + 1 2 𝑂 2 → 𝐻 2 𝑂 𝐸 0 = 1.23 𝑉 (3) 

Anion Exchange Membranes (AEMs)

Generality

An anion exchange membrane is generally composed of a polymer backbone in which ions exchange sites are grafted, as schemed in Fig. 5. In the case of AEMs, the ion exchange sites (IESs) are in fact composed of cations-based groups (table 1). Depending on the chemical species (or functions), they can be classified as strong or weak bases. Since IESs are positive charges in AEMs, all cations other that IESs are called co-cations and all anions within the membranes are called counter-anions. 

Weak base

Until now, commercially available membranes are mainly used for demineralization processes such as electrodialysis or dialysis, where membranes are in general immersed in liquid electrolytes. However, for the development of AEMFC, one needs AEMs which are able to work in more drastic conditions (gas and liquid phases) at relatively high temperature (60-90 °C for example) and in a highly basic environment (pH=14). As the AEMs used in demineralization processes are not suitable for AEMFC application, that's why a lot of research has been conducted in the last decade on the synthesis or preparation of AEMs and the improvement of their properties [9,16,[19][20][21][22][23].

It is well-known that a good AEM must satisfy the 4 fundamental criteria: (i) high permselectivity to counter-anions, (ii) low electrical resistance, (iii) good mechanical and dimensional stability and (iv) high chemical stability. (i) means that the studied membrane only allows the transport of counter-anions and prevent the passage of co-cations [24]. (ii) can be achieved by decreasing the thickness of the membrane and increasing its ion exchange capacity (IEC). The latter corresponds to the theoretical amount of anion exchange groups grafted into the membrane, and usually expressed in equivalent of grafted charge per gram of dry polymer (eq g -1 ). Depending on the chosen chemical compositions when synthetized AEMs and the use or not of crosslinker, it is possible to control or tune the swelling of the obtained membranes and so satisfy (iii) and (iv). Indeed, this latter depends a lot on the chemical compounds and molecular structures (detailed later). In order to check the properties of AEMs, we need to characterize them systematically.

Characterization of AEMs

To satisfy the above criteria, there are different methods in literature allowing us to measure membrane properties, such as permselectivity, transport number, ion exchange capacity or ion conductivity.

Permselectivity and transport number (or transference number)

The permselectivity () of an anion exchange membrane, equilibrated in a monovalent salt solution, is defined as the ratio of the current fractions carried by the counter-anion (ta)

and the co-cation (tc) within the membrane (equation ( 4)).

Ψ = 𝑡 𝑎 -𝑡 𝑐 1 -𝑡 𝑐 (4) 
With : 𝑡 𝑎 = transport number of counter-anions, 𝑡 𝑐 = transport number of co-cations.

In a perfect case,  should be equal to 1 according to equation (4), if the membrane is only permeable to counter-anions (𝑡 𝑎 ), i.e. co-cations (𝑡 𝑐 ) = 0. However, membranes are never perfectly permselective, so the sum of the transport numbers of all species is defined as equal to 1, hence 𝑡 𝑎 + 𝑡 𝑐 = 1. When an AEM plays as separator between 2 different electrolytes, it can be described as permselective if it favors the passage of one type of counter-anion over another. This feature does not depend on membrane chemical structure, but mostly on the nature of electrolyte, the concentration difference of the electrolyte solutions and also the nature of the transfer force.

In general, the selectivity of a membrane for a given ion is characterized by its transport number or transference number (𝑡 𝑖 ). As expressed in equation ( 5), 𝑡 𝑖 is defined as the amount of a given ion transported by a current fraction.

𝑡 𝑖 = F×|Z 𝑖 |×J 𝑖 ∑ F×|Z 𝑖 | ×J 𝑖 (5) 
With : F = Faraday constant (96500 C mol -1 )

|Z 𝑖 | = valence of ion J 𝑖 = molar flux density of ion

Ion exchange capacity (IEC)

The ion exchange capacity (IEC) of a membrane is usually given by suppliers and it corresponds to the number of functional groups grafted (or ions exchange sites -IESs) into the membrane polymer. However, it may happen that not all functional groups inserted into the membrane can be accessed by counter-anions, due to fouling issue or membrane synthesis methods for instance. In order to quantify the "real" amount of accessible functional groups, we need to measure experimentally the ion exchange capacity (called IECexp) for a given membrane. For that, 2 consecutive anions exchange steps are required, one step for insuring that all IESs have been converted into Cl -form and the second step to exchange the Cl -by NO3 - [25]. The amount of Cl -in milli molar is then determined by titrimetry using AgNO3 reagent. The IECexp is given by equation (6). Although the IEC method is standardized (following or not French Standard AFNOR NF X45-200), this method is a destructive method, as drying can alter the properties of the membrane.

𝐼𝐸𝐶 𝑒𝑥𝑝 = 𝑛(𝐶𝑙 -) 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 × 𝑍 𝑊 𝑑𝑟𝑦 (6) With: IEC = Ion exchange capacity in meq g -1 in Cl -form n(Cl -) exchanged = mmole of Cl -exchanged between the 2 anions steps Z = 1 (Chloride charge value in absolute)

W dry = weight of dry membrane in g.

Water uptake and dimension change

When immersed in a liquid electrolyte, an anion exchange membrane can swell and take some amount of water and electrolyte within its polymer structure, due to the solvation of its hydrophilic sites (IESs) and hydrophilic chains. Thus, the water uptake of a membrane is expressed according to equation (7).

𝑊 𝑢𝑝𝑡𝑎𝑘𝑒 (%) = 𝑚 𝑤𝑒𝑡 -𝑚 𝑑𝑟𝑦 𝑚 𝑑𝑟𝑦 × 100 (7) where: m wet = hydrated mass of the membrane m dry = dry mass of the membrane.

Depending on the experimental conditions, water uptake can be evaluated with a liquid electrolyte, liquid or vapor water. With liquid electrolyte or water, we can study the dimension change of a membrane by measuring its thickness, length (L) and width (W). As for Wuptake, we can calculate the swelling ratio by following one parameter such as L for instance (equation ( 8)).

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 𝑖𝑛 𝐿 = 𝐿 𝑤𝑒𝑡 -𝐿 𝑑𝑟𝑦 𝐿 𝑑𝑟𝑦 × 100 (8) With: L wet = hydrated length of the membrane L dry = dry length of the membrane.

Moreover, we can also express the water content (λ) to characterize the hydration state of a given membrane via equation (9). As expressed, λ is defined as the number of water molecules per ion exchange group, given by the value of IEC. 𝜆 = 𝑚𝑜𝑙(𝐻 2 𝑂) 𝑚𝑜𝑙(𝐼𝑜𝑛) = 𝑊 𝑢𝑝𝑡𝑎𝑘𝑒 𝐼𝐸𝐶 × 𝑀 𝐻 2 𝑂 (9) Where: Wuptake defined in equation (7) without being expressed in percentage IEC in mmol g -1 (measured experimentally or not)

M H 2 O = the molar mass of water (18 g mol -1 )

When using water vapor to hydrate membrane, a dynamic vapor sorption analyzer is generally used for generating 5-95% relative humidity (RH). Typically for sorption measurement, it allows us to measure directly the water uptake according to time at a given RH and temperature. In addition, the water sorption/desorption curves of a given membrane can inform us about its water sorption behavior as a function of the membrane's structure or counter anion. In particular for sorption measurement, when the sorption and desorption curves are different, it means that there is a hysteresis of sorption. We can calculate the water uptake variation during the hysteresis sorption (ΔWuptake) by equation (10).

∆𝑊 𝑢𝑝𝑡𝑎𝑘𝑒 = 𝑊 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛) -𝑊 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛) (10) Figure 6. Results from Luo et al. [26] concerning (i) the water uptake hysteresis according to the studied counter-anions (see in caption) for the membrane (a) PAP and (b) FAA3, as well as

(i) (ii) (ii)

the water content of the studied membranes in different counter-anion forms equilibrated with (c) liquid water and (d) vapor water

According to the literature [27,28], many polymers exhibit sorption hysteresis, i.e. the sorption and desorption curves do not match together. Luo et al. [26] characterized the water uptake and sorption of poly(aryl piperidium) based-AEMs by varying counter-anions (Cl -, Br - ,I -, OH -, CO3 2-, HCO3 -) and compared with a commercial AEM (FAA3 from Fumasep) and a commercial proton exchange membrane (sPEEK from Fuel Cell Store). Figure 6 summarizes their results regarding the water uptake and sorption of the membranes in the various anion forms. It points out that (i) counter-anion affects the hydration of the studied membranes regardless the phase of water (vapor or liquid), (ii) AEMs in hydroxide form swell the most among all counter-anions studied, (iii) due to the Schroeder paradox, the water content of AEMs varies when water in vapor or liquid form is used to hydrate the membranes, (iv) the both studied AEMs exhibit a hysteresis of sorption and the value of the water uptake hysteresis depends on the type of counter-anions within the membranes, RH, and the membrane structure or chemical design. (i) can be explained by a difference of anion dissociation [29] or solvation number [30] according to RH. Moreover, the presence of sorption hysteresis can be explained by a structure change between sorption and desorption steps, usually associated with a stress relaxation of the cohesive force opposing swelling [27,28]. During the desorption step, a structural rearrangement may "trap" a few water molecules within polymer chains, preventing the trapped water molecules to hydrate the ions exchange groups. As a result, the water uptake during the desorption is higher than during the sorption mode, with no beneficial effect regarding to λ and membrane swelling. Thus, it is desirable to have a membrane with no (or with as low as possible) sorption hysteresis when selecting a membrane for AEMFC.

Ion conductivity

Ion conductivity can be measured through and in plane direction of the membrane (Fig. 7), usually with an AC impedance method and a 4 electrodes cell. Even if through plane conductivity better matches the ionic conductivity of a membrane in an electrochemical process (electrodialysis or fuel cell for instance), a lot of conductivity measurement in literature have been performed in plane direction [31][32][33][34][35]. With the though-plane mode, the ion conductivity (TP) is calculated via equation (11).

𝜎 𝑇𝑃 = 𝑑 𝐴 × 𝑅 (11) 
With: d = the membrane thickness in cm A = electrode area (in cm 2 ) R = measured resistance in Ω.

 TP = through-plane ion conductivity in S cm -1 .

While the in-plane mode, the ion conductivity (IP) is given by equation (12).

𝜎 𝐼𝑃 = 𝐿 𝑑 × 𝑊 × 𝑅 (12) 
With: L = the distance between the 2 internal electrodes for measuring voltage (in cm) d = the thickness of the membrane (in cm) W = the width of the membrane sample (in cm)

R = the measured resisitance (in Ω)

 IP = in-plane ion conductivity in S cm -1 .

In addition to the ease of measurement in plane direction, it allows us to obtain a trend of results comparable to through-plane conductivity measurements. Indeed, Ziv et al. [34] compared the through and in-plane conductivity measurements of two AEMs (HMT-PMBI and FAA-3) equilibrated with 3 different counter-anions (HCO3 -, CO3 2-and OH -). The ionic conductivity measurements were performed at 40 °C and at different relative humidities (50-90% RH). Results for the both studied membranes gathered in Fig. 8 show that (i) throughplane conductivity values are higher than in-plane conductivity values, highlighting the fact that through-plane conductivity is more sensitive to the variation of RH, (ii) through and inplane conductivity methods give similar behavior of the results, and (iii) regardless of the ionic conductivity methods chosen, the anionic conductivity () of AEMs depends a lot on the type of counter-anions, particularly when hydroxide is replaced by carbonate and bicarbonate anions ((OH -) >> (HCO3 -)> (CO3 2-)). It is interesting to note that the ionic conductivity is highly dependent on the water uptake of a membrane at a given RH. The observed behavior of the ionic conductivity of FAA-3 in this work is comparable to the behavior of the water content obtained in Fig. 6 of Luo et al. [26], suggesting here that both parameters are correlated. Besides, the choice of these anions in this work and by other authors in literature [25,[36][37][38] has the purpose to study the impact of carbonation on the ion conductivity of a given membrane. This example will lead to the main issues of AEMs and also its application in AEMFC environment (in below).

1.1.1.3.

Mains issues of anion exchange membranes (AEMs)

1.1.1.3.1.

Anion conversion

Instead of being in the OH -form for AEMFC application, the counter-anions of commercial or synthetized AEMs (see later) are usually in the form of halide anions (Cl -, Br - or I -form). In order to apply them in AEMFC, an anion conversion of membranes must be carried out before making a MEA. Varcoe et al. [26] measured the anion conductivity of vinylpyridinium grafted anion exchange membranes after equilibrated them with different halide anions, from fluoride to iodide. It was reported that higher molecular weight of halide anion, lower ionic conductivity. Other work from literature confirmed this trend with halide anions and also a low conductivity with other counter-anions (CO3 2-, HCO3 -and SO4 2-) as in Fig. 9 with poly(aryl piperidinium)-based AEMs (PAP -AEM) or with another membranes [34]. This result suggests that if the anion conversion step is not well performed, the performance of the membrane in AEMFC when started will be lower due to the presence of halide anions, which can also poison Pt activity [39][40][41][42], if Pt is used as catalyst in AEMFC.

However, the exchange step can be more or less difficult depending on the type of halide anions. Among all halide anions, iodide is the most difficult anion to remove and to exchange with hydroxide anions. Although a lot of anion conversion methods are suggested in literature or by membranes suppliers, such as with 2 steps of anions conversion, with or without alcohol as solvent, or with 1M of NaOH with different soaking time, highly concentrated solutions of KOH (or NaOH) are required to efficiently exchange iodide to hydroxide [43][44][45][46][47]. 

Carbonation effect

During the hydroxide conversion step or even during the membrane electrode assembly step, the membrane in OH -form and also the potash (or soda) solutions used are exposed to ambient air. As ambient air contains traces of CO2 (in ppm), it strongly contaminates and reacts with all samples containing hydroxide anions via equations (13)(14).

𝑂𝐻 -+ 𝐶𝑂 2 ↔ 𝐻𝐶𝑂 3 - (13) 
𝑂𝐻 -+ 𝐻𝐶𝑂 3 -↔ 𝐶𝑂 3 2-+ 𝐻 2 𝑂 (14) 
Moreover, the carbonation kinetic of the membrane in OH -form is fast, usually in few minutes [34,48,49]. According to the latter, less than 1 hour is enough to convert all OH -in membranes into carbonate ions (Fig. 10 In order to measure properly the ion conductivity of a membrane in OH -form, Zhegur-Kais et al. [33] developed an efficient method, which combines 4 electrodes cell and a controlled atmosphere chamber, filled with a mixture of water and nitrogen gas, as pictured in Fig. 11. Since carbonation occurs rapidly, a flow of N2+H2O into the ionic conductivity cell both prevents carbonation and replaces all carbonate ions by hydroxide ions produced during the electrolysis of water at the cathode when applying a current of 0.1 mA. At the anode, all carbonate ions are converted to O2 and CO2 by the equation (15) and are removed to the atmosphere.

2𝐶𝑂 3 2-↔ 𝑂 2 + 2𝐶𝑂 2 + 4𝑒 - (15) 
With this kind of cell, they can observe the variation of ion conductivity according to time and measure accurately the hydroxide conductivity in the membrane at steady state and at different operating temperatures (Fig. 12). Furthermore, carbonated samples can also affect the performance of AEMFC due to parasitic reactions. When the used membrane is under carbonate forms, it prevents the combination of H2 with OH -via equation (1). Instead of OH -, hydrogen can react with carbonate and bicarbonates via equations ( 16) and ( 17) to produce CO2 in the both cases.

2𝐻 2 + 2𝐶𝑂 3 2-↔ 2𝐶𝑂 2 + 2𝐻 2 𝑂 + 4𝑒 - (16) 
𝐻 2 + 2𝐻𝐶𝑂 3 -↔ 2𝐶𝑂 2 + 2𝐻 2 𝑂 + 2𝑒 - (17) 
Li et al. [50] studied the impact of carbonation on polarization curves in AEMFC obtained with MEAs conditioned with OH -, HCO3 -and exposed to air at 60 °C. Figure 13 shows the polarization curves of the 3 anion forms of MEAs acquired with pure H2 and different oxidants (O2, air and CO2-free air). As can been seen, the performance of the AEMFC decreases by one third when the membrane is in carbonate form (Fig 13 (a)) and even more severely when unpurified air is used instead of O2 (Fig. 13 (b)). Similar behavior was reported in literature [51] after injecting air with and without CO2 in a working AEMFC (Fig. 13 (c)). oxidants (𝑂 2 , air and air with 𝐶𝑂 2 removed) from [50] and (c) comparison of performance with and without 𝐶𝑂 2 in air injection from [51].

According to Omasta's thesis work [52], it is possible to remove carbonate ions during the activation step of the fuel cell, by alternating a low and a high voltage (0.2 and 0.5V). As illustrated in Fig. 14, the removed CO2 can be measured with a non-dispersive infrared CO2

detector (PP systems SBA-5) during the activation process with high current densities. Furthermore, some recent discussions in the literature claim that carbonation in AEMFCs is reversible. The process of decarbonization can occur while shutting off the CO2 supply and self-purging at high current density [37,53,[START_REF] Mustain | Durability challenges of anion exchange membrane fuel cells[END_REF].

Degradation

Apart the carbonation issue during the hydroxide conversion step in AEMs, there is another reason which prevents AEMs to be directly in hydroxide form. Among the possible ions exchanges groups (Table 1 and Appendix 1), quaternary ammonium (QA)-based groups (with 3 alkyl groups (R in table 1)) are considered as strong bases and more stable than phosphonium or sulfonium groups [START_REF] Marino | Alkaline stability of quaternary ammonium cations for alkaline fuel cell membranes and ionic liquids[END_REF]. However quaternary ammoniums (QAs) are sensitive to hydroxide attack via nucleophilic substitution or β-elimination (Hoffman elimination) as schemed in Fig. 15. These reactions occur when the QAs are not protected by water molecules [START_REF] Dekel | Effect of Water on the Stability of Quaternary Ammonium Groups for Anion Exchange Membrane Fuel Cell Applications[END_REF], i.e. when the MEAs are under dry conditions. Among QA-based cations, the imidazolium-based groups (-NHR2 + type in table 1) also undergo degradation following mainly 3 mechanisms, such as SN2 and C-2 substitutions as well as C4 or C5 deprotonation (Fig. 16) or even ring-opening reaction [19]. Nevertheless, the degradation mechanisms described in Figs. 15 and 16 can be more or less delayed with protective groups or with or without subtle changes in the chemical structure of the ion exchange groups. Through the last decade, a lot of research were carried out on the functional groups in order to increase their stability in hydroxide solutions (ex-situ methods) and also in AEMFC (in-situ methods).

Stability

a.

Stability of functional groups

Tetramethylammonium cation (TMA) is considered as a reference when addressing the chemical stability of QA cations groups [19,[START_REF] Marino | Alkaline stability of quaternary ammonium cations for alkaline fuel cell membranes and ionic liquids[END_REF][START_REF] Park | How does a small structural change of anode ionomer make a big difference in alkaline membrane fuel cell performance?[END_REF][START_REF] Hyun | Degradation study for the membrane electrode assembly of anion exchange membrane fuel cells at a single-cell level †[END_REF]]. In 2014, Marino et al. [START_REF] Marino | Alkaline stability of quaternary ammonium cations for alkaline fuel cell membranes and ionic liquids[END_REF] systematically investigated the alkaline stability of 26 different QA groups in 6 M NaOH at 160 °C. They demonstrated that TMA cation is more stable than other alkyltrimethylammonium with longer alkyl chain, due to the absence of β-hydrogen (Fig. 17 (№1) in left). In order to reduce the β-hydrogen activity (or decrease the Hoffman elimination rate), cyclic quaternary ammoniums were tested under the same drastic conditions. Fig. 17 (in right)

shows that ASU (№1) and DMP (№2) quaternary ammoniums have higher half-life than TMA. Similar study has been reported for imidazolium (Im) groups but in less drastic conditions (in 1, 2 and 5 M of NaOH at 80 °C) [START_REF] Hugar | Imidazolium Cations with Exceptional Alkaline Stability: A Systematic Study of Structure-Stability Relationships[END_REF]. Figure 18 Although cyclic QA cations demonstrate a higher stability than TMA, their use as IESs within AEMs remains difficult due to their stearic hindrance and complex chemistry.

Furthermore, the stability of QAs also depends on the hydration levels that the authors chose to perform their studies. Indeed, Dekel et al. [START_REF] Dekel | Effect of Water on the Stability of Quaternary Ammonium Groups for Anion Exchange Membrane Fuel Cell Applications[END_REF][START_REF] Dekel | The critical relation between chemical stability of cations and water in anion exchange membrane fuel cells environment[END_REF][START_REF] Diesendruck | Water -A key parameter in the stability of anion exchange membrane fuel cells[END_REF] studied the molecules ASU, BPhIm (7a in Fig. 18) and TMBA (trimethylbenzylammonium) at different water content (λ) measured by NMR with 0.6 M OH -DMSO-d6 solutions at room temperature. Figure 19 (a)

shows that the degradation rate of TMBA varies differently with water content. The higher the λ, the lower the degradation, emphasizing here that water molecules prevent the attack of hydroxides on TMBA. Same conclusion goes for cyclic QAs ASU and BPhIm Fig. 19 (b). But the studied cyclic QAs stability are very far compared to TMBA. Although this outcome is at odds with Marimo et al. [START_REF] Marino | Alkaline stability of quaternary ammonium cations for alkaline fuel cell membranes and ionic liquids[END_REF], it reveals that the experimental setting chosen by authors can alter the conclusion on QAs stability. 

b. Stability of polymer backbones

Besides the durability of IESs, the stability/durability of AEMs polymer backbone in alkaline media is also important to study. According to literature, most of commercially available AEMs were made of poly(aromatic ethers)s backbones such as PEEK (polyether ether ketone), PSF (polysulfone) and PPO (poly(p-phenylene oxide)) [19,[START_REF] Willdorf-Cohen | Chemical stability of poly(phenylene oxide)-based ionomers in an anion exchange-membrane fuel cell environment †[END_REF]. However, it was found that the electron-withdrawing groups (as carbonyl and sulfuryl groups) of these poly(aromatic ethers)-based AEMs were not stable in alkaline media.

In order to prepare or synthesize aryl ether-free polymers, different strategies have been implemented such as radiation-grafted fluorinated polymers or polynorbene polymers (Fig. 20). Varcoe and coworkers [START_REF] Poynton | Preparation of radiation-grafted powders for use as anion exchange ionomers in alkaline polymer electrolyte fuel cells[END_REF][START_REF] Wang | An optimised synthesis of high performance radiation-grafted anion-exchange membranes[END_REF][START_REF] Wang | Radiation-grafted anion-exchange membranes: the switch from low-to high-density polyethylene leads to remarkably enhanced fuel cell performance[END_REF][START_REF] Wang | Non-fluorinated pre-irradiation-grafted (peroxidated) LDPE-based anion-exchange membranes with high performance and stability[END_REF][START_REF] Willson | Radiation-grafted cation-exchange membranes: an initial ex situ feasibility study into their potential use in reverse electrodialysis[END_REF] According to the literature [19], it was reported that (i) thicker membranes are more durable than thinner ones, because the latter are more permeable to gases and have poor mechanical stability and (ii) the stability of crosslinked membranes in alkaline media is always superior to that of non-crosslinked membranes. Figure 21 gathers a myriad of works from the literature performed with different type of AEMs, where ion conductivity, alkaline stability and water uptake of the studied membranes are compared. It reveals that the AEMs with DMPtype (N,N-dimethy piperidinium, in blue, see its structure in Fig. 17) and aryl ether-free side chain (in red)-type meet the required criteria, such as high hydroxide ion conductivity, high ex-situ durability and also low to reasonable water uptake (or membrane swelling). 

Brief conclusion on AEMs:

Research on AEMs with high hydroxide conductivity is still ongoing and focuses mainly on the stability in alkaline media of (i) functional groups (IESs), especially quaternary ammoniums (cyclic or not) and (ii) different families of polymer backbones with or without crosslinker. So far, ionic conductivity and durability of most cationic groups and the newly developed cationic species have been tested ex-situ. But, most of the time, ex-situ durability evaluation does not match with in-situ durability, due to the combination of different degradation mechanisms that occur in AEMFC. Besides, the lack of standard methods to evaluate the stability of functional groups and AEMs in alkaline media can be problematic when comparing literature data, especially on the stability of AEIs. In addition, many of the membranes shown in Appendix 1 are state of the art and cannot be purchased, which leads us to a limited choice and availability of commercial membranes (will be discussed in the Chapters 4 and 5). Besides, it has been reported that many cross-linked membranes cannot be redissolved. This may pose a problem in preparing a soluble ionomer for the catalyst layer components.

Catalyst Layer (CL)

As schemed in Fig. 4, the catalyst layer (CL) is sandwiched between a membrane and a gas diffusion layer. Unlike the membrane and gas diffusion layer, the CL cannot be described as an independent physical material, i.e. it does not exist alone without a support. Typically, a CL is fabricated from a catalytic ink, which must be coated either on a membrane, resulting in a catalyst-coated membrane (CCM), or on a GDL, resulting in a gas diffusion electrode (GDE). Regardless support, CL must ensure (i) the electrochemical reactions at the both electrodes, (ii) transport hydroxide anions and electrons and (iii) permeable to gases (H2 and O2) and water. For that reason, CL ink is usually composed of (1) a catalyst to provide (i), (2) porous carbon for electrons and gases transport, (3) an ionomer for hydroxide and water transport, and (4) solvent(s) as dispersion medium. In addition, the ionomer also acts as a binder, i.e. it is able to bind all components into a single thin solid layer after evaporation of solvent(s).

In order to have an efficient CL, it is needed that the mixture of carbon, catalyst and solid ionomer (after evaporation of solvent(s)) are well distributed and connected to each other in order to achieve a homogeneous triple-phase boundary (TPB), that allows reactants and products to be transported either in membrane or gas diffusion layer (Fig. 22 (b)). Somehow, the TPB can be described as an electrochemically active site, bringing together carbon, catalyst and ionomer, and where an electron and an ion produced by the catalyst are captured at the same time by the carbon and ionomer, respectively (see the biggest bubble in Fig. 22 (b) [START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF]). Of course, the ideal CL should be endowed of a maximum of contact area between the ionomer and the catalyst while minimizing the loss of CL porosity. However, a homogeneous CL is difficult to build because its characteristics depend mainly on the choice of components and their proportion in the CL ink as well as on the way the ink is prepared and coated. If one step is badly done, the probability to have a heterogeneous catalyst layer is enhanced with a reduction of performance in fuel cell (Fig. 22 (a)), because (i) not all Pt particles are covered by the ionomer and the OH -produced cannot be transported elsewhere, (ii) an excess of ionomer (agglomeration) prevents gases to diffuse and react with the catalyst and (iii) an isolated Pt at the core cannot be used efficiently. In order to obtain a homogeneous CL, it is necessary to understand the behavior of each component of a given CL ink as well as the morphology of the obtained layer after coating. In contrast to the mature PEMFC using Nafion-type as membrane and ionomer for its CL, the literature on AEMFC is very scattered regarding the composition of the CL, due to the numerous types of membranes, ionomers as well as the development of Pt-free catalysts as potential materials for the electrodes [START_REF] Zhao | Efficient Transport of Active Species in Triple-Phase Boundary Through 'Paddle-Effect' of Ionomer for Alkaline Fuel Cells[END_REF][START_REF] Kim | Structural modification of electrode for anion exchange membrane fuel cell by controlling ionomer dispersion[END_REF][START_REF] Kim | The impact of the catalyst layer structure on the performance of anion exchange membrane fuel cell[END_REF][START_REF] Britton | The Control and Effect of Pore Size Distribution in AEMFC Catalyst Layers[END_REF]. Moreover, it is also necessary to consider the aspect of water management at both electrodes when formulating a CL ink. Indeed, water is needed for the ORR and simultaneously, water is produced at the anode by HOR (hydrogen oxidation reaction) in the AEMFC. Below, some works will be presented to illustrate the state of the art of CL, starting with catalysts.

Catalysts

Catalysts for the ORR (oxygen reduction reaction)

As aforementioned, it is indicated that (i) the ORR in alkaline media is faster than in acid media and (ii) the ORR potential in alkaline is lower than in acid media (0.4 V vs 1.23

V, respectively) due to a thermodynamic shift. According to the literature [START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF][START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF], (i) is favored because there are two mechanisms possible to achieve the 4 electrons reaction (Fig. Besides, (ii) allows a wide range of catalysts to be used, which can be PGMs (platinum group metals) or PGM-free catalysts. Although the development of AEMFC opens the door to a myriad of PGM-free catalysts [START_REF] Bouleau | Best practices for ORR performance evaluation of metal-free porous carbon electrocatalysts[END_REF], a lot of studies are solely limited to the synthesis and the electrochemical activity of the prepared catalysts by rotating disc electrode (RDE) or rotating ring disc electrode (RRDE) techniques. The latter can help for a first screening of the synthesized catalytic materials, but they cannot replace AEMFC tests due to the limitation of O2 diffusion and current density. Among the PGM-free catalysts, the best known is nitrogendoped carbon (N-doped C) with or without metal(s). There are a few studies in literature about N-doped C with Fe or Co, which have been tested in AEMFC [START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF][START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF][START_REF] Sarapuu | Electrocatalysis of oxygen reduction on heteroatom-doped nanocarbons and transition metal-nitrogen-carbon catalysts for alkaline membrane fuel cells[END_REF][START_REF] Zhang | Ionomer dispersion solvent influence on the microstructure of Co-N-C catalyst layers for anion exchange membrane fuel cell[END_REF][START_REF] Adabi | Understanding how single-atom site density drives the performance and durability of PGM-free Fe-N-C cathodes in anion exchange membrane fuel cells[END_REF][START_REF] Adabi | High-performing commercial Fe-N-C cathode electrocatalyst for anion-exchange membrane fuel cells[END_REF]. In general, current densities in the range of 0.1-1 A cm -2 were obtained from MEAs prepared with Fe-N-C (carbon doped with nitrogen and iron) catalyst at the cathode in AEMFC, as illustrated in Fig. 24 (a) for example. Moreover, catalyst layer made of carbon doped with nitrogen and metal materials tends to be thicker than with Pt/C (higher porosity and/or higher catalyst loading) and potentially has poor mass-transfer. However, Mustain et al. [START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF] reported an outstanding performance in AEMFC obtained with Fe-N-C catalyst at the cathode (Fig. 24 (b)), which can be explained by the combination of components used for the construction of the CL at the both electrodes and not only by the cathodic catalyst. Although the results are very encouraging and promising, the main issue remains the durability of this kind of catalysts. Indeed, it was reported a durability of more than 100h with the CCM of Fig. 24 (b) at 65 °C and operating at 0.6 A cm -2 . Other various types of catalysts, such as zinc-, nickel or silver-based catalysts have been developed and tested in AEMFCs (Appendix 3), but all the presented PMG-free catalysts cannot compete with Pt regarding durability and performance, even in alkaline media (Appendix 4) [19,[START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF][START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF][START_REF] Zhang | Ionomer dispersion solvent influence on the microstructure of Co-N-C catalyst layers for anion exchange membrane fuel cell[END_REF].

(alkaline

Catalysts for the HOR (hydrogen oxidation reaction)

Pt is usually used for HOR in PEMFC and can be used for AEMFC. But, it was reported in literature that the exchange current density on Pt is 2 orders of magnitude lower in alkaline than in acid media [START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF][START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF]. Compared to the ORR, the issue of the HOR seems to be less severe, because the ORR is still the limiting factor in AEMFC. However, this does not mean that the HOR problem should not be solved. Indeed, much research is attempting to reduce the hydrogen binding reaction at such low potential by testing other metals as catalysts [16,19,[START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF][START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF]. Pt surface at low potential [START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF][START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF]. That's why Pt-Ru appears to be the most suitable and used for HOR in AEMFC (see also Appendix 4), although Pt-RuO2/C less used gives better performance in AEMFC [START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF]. Now regarding the research on PGM-free catalysts for HOR, catalytic metals such as Fe, Co, and Mo (with or without the addition of Ni) have been tested according to the literature [START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF], but these metals are completely passivated at low pH and potential. As a result, the mentioned metals cannot be used for HOR in AEMFC. Contrary to PMG-free catalysts for ORR, the research concerning the HOR is less explored but can eventually participate to the reduction of cost in fuel cells. In fact, the main AEMFC tests have been performed with Pt at both electrodes, as shown in Fig. 26. This fact suggests that there is still enormous progress to be made regarding the replacement of Pt as catalyst. 

Ionomer or anions exchange ionomers (AEIs)

As indicated above, an ionomer is needed as catalyst binder and ion transporter across the electrode and the membrane. Unlike PEMFC technology, where only PFSA (perfluorosulfonated) ionomers are used in the preparation of catalytic inks, there are a multitude of possible AEIs that can be prepared from the myriad of AEMs with of course different chemical composition and behavior, as shown in Appendix 1. Taking into account the issues of the water management at the both electrodes and the adsorption of ionomer on catalyst, the requirements of the AEIs can be very different from those of the membranes. As shown in Table 2 from [19], an AEI (anion exchange ionomer) must have among other things (i) good gas permeability, (ii) good dispersion or solubility, (iii) minimal adsorption effects of ammonium and phenyl and (iv) good compatibility with AEM. Using an asymmetric strategy for the fabrication of their MEAs (membrane electrode assemblies), the authors reported that it is possible to improve the performance of the AEMFC by playing on the IEC and hydrophobicity of the ionomers (Fig. 28). Furthermore, with optimized ionomers, the AEMFC can operate under low humidification conditions at the cathode (50% RH) and promote back-diffusion as observed in Fig. 28 (d). However, ionomer is usually obtained by dissolving an AEM in an appropriate solvent or by AEM precursor in order to ensure (iv) the chemical compatibility between ionomer and membrane. If the AEM used has a low gas permeability, it is possible that the resulting ionomer also has the same property, which could alter the performance in AEMFC. Besides, the dissolution technique is not possible to use in the case of highly crosslinked membranes.

For this reason, there are two types of AEIs: (1) soluble ionomer (ionomer binder) and (2) ionomer in solid form (or ionomer powder). In the case of (1), ionomer plays both as binder and ion carriers. Whereas in (2), a binder is needed, such as PTFE, when prepared catalytic ink. Indeed, Varcoe et al. [START_REF] Poynton | Preparation of radiation-grafted powders for use as anion exchange ionomers in alkaline polymer electrolyte fuel cells[END_REF][START_REF] Wang | An optimised synthesis of high performance radiation-grafted anion-exchange membranes[END_REF][START_REF] Gonçalves Biancolli | ETFE-based anionexchange membrane ionomer powders for alkaline membrane fuel cells: a first performance comparison of head-group chemistry[END_REF][START_REF] Meek | The alkali degradation of LDPE-based radiation-grafted anion-exchange membranes studied using different e x situ methods[END_REF] pioneered in the preparation of ETFE-based radiation-grafted membrane and ionomer powders for AEMFC. To bind the obtained ionomer powders with catalysts and carbon, PTFE was used during the ink preparation. The authors used grinding and sonication steps to achieve a homogeneous ink prior to spraying it on the GDLs. Thanks to their mastery of the preparation of the ink, they achieved a breakthrough of 3.4 W cm -2 power output with stable operation of 500 h [START_REF] Zhang | Self-adjusting anode catalyst layer for smart water management in anion exchange membrane fuel cells[END_REF].

However, many works in the literature have reported the use of soluble ionomers, as it is believed that the same formulation of the ionomer and the membrane ensures good chemical compatibility and thus good hydroxide conductivity. In order to optimize the ink formulation and the performance of the AEMFC, it is important to adjust the amount of ionomer because the ionomer and its IEC can affect the morphology of the resulting electrodes, and consequently the mass transport. But there are not a lot works dealing with this topic in the literature [43,[START_REF] Zhang | Self-adjusting anode catalyst layer for smart water management in anion exchange membrane fuel cells[END_REF][START_REF] Yang | Fine microstructure of high performance electrode in alkaline anion exchange membrane fuel cells[END_REF][START_REF] Hernández-Flores | Preparation of membrane-electrode assemblies for alkaline fuel cells: Effect of the ionomeric solution[END_REF]. Among the cited 4 works, Hernandez-Flores et al. [START_REF] Hernández-Flores | Preparation of membrane-electrode assemblies for alkaline fuel cells: Effect of the ionomeric solution[END_REF] studied the effect of the concentration of ionomeric solution on the HOR and ORR by RDE (Fig. 29 (a-b)). They showed that the kinetic and mechanism of the reactions are affected by the ionomer loading in the catalyst layer. But it is a pity that the type of ionomer solution was not mentioned in the article for the understanding of the results, especially in the case of 0.1% of ionomer. Using commercial ionomer and membrane such as Fumion and FAA-3-20 respectively, Sebastian et al. [43] pointed out that 25% of ionomer ratio gives the poorest performance in AEMFC whereas the optimum loading was achieved with 50% of ionomer (Fig. 30 (a)). This value is pretty high when compared with literature but could be explained by the non-optimized method for the anion conversion. Indeed, the authors used a mixture of water/isopropanol (in 75/25%) solution during the steps of anion conversion for the membrane and electrodes.

Another work with commercial ionomer and membrane from Tokuyama Corp. (AS-4 solution and A-201 membrane) was reported by Yang et al. [START_REF] Yang | Fine microstructure of high performance electrode in alkaline anion exchange membrane fuel cells[END_REF], who prepared catalyst inks with different amount of ionomer and isopropanol as solvent. They demonstrated that 20% ionomer loading is the optimum to achieve the best performance in the AEMFC (Fig. 30 (b)).

Furthermore, they studied the pore structure of the obtained CCM by the MIP method (mercury intrusion porosimetry) for explaining the results in AEMFC. The microstructure data of the obtained CCMs at different ionomer loading, shown in Table 3, suggest that (i) the amount of ionomer affects the pore size in the CL, (ii) the higher the amount of ionomer, the more uniform the median pores in the CL. Although the reported works were performed with different types of ionomers and membranes, it highlights the fact that ionomers with low phenyl adsorption are needed to improve the performance of AEMFC, as well as the importance of optimizing the amount of ionomer in catalytic inks. Indeed, the latter can impact on the microstructure of the obtained CCM and also affect the AEMFC performance. However, the microstructure of the CL can also be tuned by the properties of the solvents (see in below).

Solvent

Solvents are usually used as dispersion medium, when prepared catalyst inks with ionomer or PTFE as binder. They are considered sacrificial substances because they are usually evaporated during coating to obtain a solid catalyst layer. But they are necessary to dissolve the ionomers and disperse the catalyst and carbon nanoparticles. Depending on the solvent's properties and their interaction with ionomers and solid particles (catalysts and carbon), the resulting ink has its own properties in terms of dispersion, viscosity, solubility, or hydrophilicity/hydrophobicity. As a consequence, the morphology of the obtained CL and its performance may also be affected by the quality of the prepared ink.

According to the literature [START_REF] Zhang | Ionomer dispersion solvent influence on the microstructure of Co-N-C catalyst layers for anion exchange membrane fuel cell[END_REF][START_REF] Yang | Fine microstructure of high performance electrode in alkaline anion exchange membrane fuel cells[END_REF][START_REF] Hyun | Tailoring catalyst layer structures for anion exchange membrane fuel cells by controlling the size of ionomer aggreates in dispersion[END_REF], the optimization of the performance of CLs was performed by varying solvents when prepared catalytic inks for a given ionomer. Among the solvents used in the literature, many concern alcoholic solvents such as methanol (MeOH), ethanol (EtOH), propanol (PA) and isopropanol (IPA), the others are less used such as n-butyl acetate (NBA), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF) or ethylene glycol (EG).

Table 4 lists the mentioned solvents according to their physicals properties, such as dielectric constant or boiling point, which are gathered from [START_REF] Zhang | Ionomer dispersion solvent influence on the microstructure of Co-N-C catalyst layers for anion exchange membrane fuel cell[END_REF][START_REF] Yang | Fine microstructure of high performance electrode in alkaline anion exchange membrane fuel cells[END_REF]. When inks were prepared with different solvents, the morphology of the resulting CL is affected as illustrated in Fig. 31. The observed morphology results from the dissolution state of the ionomer in the solvent used, which is a function of its dielectric constant (ε). The higher the ε, the more soluble and dispersible the ionomer. It is also true for the inks prepared with a mixture of solvent and water but in a very low ratio of water (typically in 9:1 as ratio of solvent:water) [START_REF] Zhang | Ionomer dispersion solvent influence on the microstructure of Co-N-C catalyst layers for anion exchange membrane fuel cell[END_REF]. Interestingly, the maximum power density is obtained with the MEAs prepared with the lowest dielectric constant (ε) in each study like THF and NBA (Fig. 32). In fact, it turns out that a dispersion prepared with solvents having ε between 3 and 10 generally gives a colloidal structure, whereas ε > 10 and ε < 3 give a solution (well-dispersed) and precipitate structure, respectively. With a colloidal structure (Fig. 33 (b)), a lot of small particles can agglomerate to each other and then generate larger pores, which facilitate the triple bound phase reactions and also the transport of gas and water in AEMFC. On the contrary with a solution structure (Fig. 33 (a)), a well distributed ionomer is obtained but the particles are smaller and tend to generate smaller pores. The latter can easily flood under conditions of high hydration such as those in the AEMFC. When the studied solvents have a high dielectric constant (ε > 20), the performance of the obtained CL no longer depends on the value of ε, but rather on the affinity between the used ionomer, catalysts and solvents, especially in solvent mixtures where the water amount is not negligible. Indeed, the results reported from Hyun et al. [START_REF] Hyun | Tailoring catalyst layer structures for anion exchange membrane fuel cells by controlling the size of ionomer aggreates in dispersion[END_REF] in Fig. 34 shows well the structure change according to the chosen solvent. From the reported works, it should be emphasized that optimization of ink preparation, especially in the choice of solvent and ratio for a given ionomer and membrane, is important to control aggregates size and have better water management. However, ink optimization is not enough to have a good CL, it must be coupled with a coating method, which will be discussed later.

Brief conclusion concerning the catalyst layer:

An efficient catalyst layer can be obtained by an adequate formulation of catalytic ink, which takes account on the affinity and behavior of ionomer, catalyst and carbon in a chosen dispersion medium to build an optimum triple phase boundary (TPB) structure. However, there is still a lack of understanding when fabricated CL due to the myriad of possible combinations of lab-materials and purchasable materials.

Although alkaline media favored the ORR due to the two possible mechanisms in Helmholtz plane as well as the possibility to use PGM-free catalysts, the research on this latter topic is still on progress due to the lack on durability of PGM-free-based catalysts. The most used catalysts in AEMFC are still Pt on the cathode and PtRu at the anode, because of the adsorption of phenyl group at a lower potential and pH. Concerning AEIs, there are two kinds of ionomers: the ionomer binder and the ionomer powder. But it is a pity that the most efficient AEIs reported in literature are not commercially available. In addition, most of the AEIs presented in the literature suffer from degradation, usually at low water contents, which is the main drawback at present.

Gas Diffusion Layers (GDLs)

Now concerning GDLs, they are the outer layers of the MEA and provide both electron transport and gas/water diffusion between the catalytic layers (CLs) and the bipolar plates.

For that reason, GDLs are usually made of porous carbon materials, such as carbon fibers sheet with or without a microporous layer (MPL), in order to insure a high electronic conductivity (to drive the electrons from CLs to the current collector plate) and a high thermal and chemical stability under drastic conditions. MPL is composed of nanoparticles of porous carbon and hydrophobic fluoropolymer (such as PTFE), and coated on one side of a GDL (gas diffusion layer) in order to decrease the porosity of the pristine carbon material and also to modify its hydrophobicity. It is also possible to tune the GDL hydrophobicity by a treatment with PTFE by varying it amount. Furthermore, the role of PTFE and MPL in GDL not only forms optimized porous structures for complex water management, but also provides a robust support for the catalyst layer, which is beneficial for the fuel cell performance. However, there are no specific gas diffusion layers or materials dedicated to AEMFCs, i.e. GDLs for PEMFC are usually used in AEMFCs.

In contrast to PEMFCs wherein water is only generated at cathode during ORR, in AEMFC water is generated and consumed electrochemically during HOR at the anode and ORR at the cathode, respectively. For every 4 e -transferred, there are 4 water molecules generated (anode) and 2 water molecules are consumed (cathode) in AEMFC, while in PEMFC for every 4 e -transferred only 2 water molecules are generated at the cathode. This distinct behavior in water production and consumption between the two systems implies that water management strategies employed in PEMFC may not be suitable for AEMFC. Consequently, the choice of GDL in terms of chemical and physical properties is one of key parameters for a better water management in AEMFC.

As an example, a few works from the literature have been reported to emphasize the importance on the choice of GDL and its modification concerning the water management issue.

Truong et al. [START_REF] Truong | Effect of gas diffusion layer thickness on the performance of anion exchange membrane fuel cells[END_REF] experimentally studied different thicknesses of GDL (120, 260, and 310 µm) and the impact of their combination on the performance of an AEMFC. All studied GDLs were treated with 30% of PTFE and coated with MPL (30% of PTFE + carbon powder + unprecised additives). The results illustrated in Fig. 35 showed that (i) 260 µm thickness of GDL at the both electrodes gives the best performance (Fig. 35 (a)), (ii) the combination of thicker GDLs (260 and 310 µm of thickness) gives less good performance than having 260 µm at the both electrodes, especially when the GDL at the anode side is thicker than the one at the cathode side (Fig. 35(b)), (iii) the combination of 120 and 260 µm thickness of GDLs gives the worst performance, especially when the GDL at the anode side is the thinnest one (Fig. 35 (c)). Thus, the reported results indicate that the anodic side is more sensitive to the GDL thickness than the cathodic side, highlighting here the fact that water management in the anode is more challenging than in the cathode. Besides, it is worth noting that, thicker GDL creates a higher thermal resistance and therefore causes a higher temperature gradient between the electrode and the channel. It is this temperature gradient that drives the transport of water in vapor form [START_REF] Thomas | Measurements of Electrode Temperatures, Heat and Water Fluxes in PEMFCs: Conclusions about Transfer Mechanisms[END_REF]. In addition to the thickness of the GDL, the amount of PTFE in the MPL can also affect the AEMFC performance. However, the optimum of PTFE amount depends on the GDL materials (or suppliers) and the authors experimental conditions and preparations. Indeed, Yang et al. [START_REF] Yang | Effect of gas diffusion electrode parameters on anion exchange membrane fuel cell performance[END_REF] used a commercial GDL from Sunrise power Corp. and prepared different GDEs (gas diffusion electrodes) by varying (i) the amount of PTFE from 10 to 40% and (ii) the Pt loading from 0.2 to 1.5 mg cm -2 in the catalyst layer (CL). They found that the optimum of Pt loading in the CL was 1.0 mg cm -2 (data not shown) and the one of PTFE was 20% (Fig. 36 (a)). However, in the work of Truong et al. [START_REF] Truong | Effect of tunable hydrophobic level in the gas diffusion substrate and microporous layer on anion exchange membrane fuel cells[END_REF], who used a GDL of 310 µm thickness (purchased from CeTech Co., Ldt, Taiwan), they reported an optimum of performance reached with the GDL treated with 30% of PTFE and coated with MPL having also 30% of PTFE (Fig. 36 (b)). The comparison of the literature data points out that the optimum amount of PTFE or the Pt loading can vary from authors who used different materials in terms of proprieties such as thickness, porosity, quality of carbon fiber. But the presence of PTFE is necessary within On the other hand, the ionomer amount can have an impact on the wetproofing requirements of GDL between the anode and the cathode electrodes in order to achieve high cell performance. Kaspar et al. [START_REF] Kaspar | Manipulating Water in High-Performance Hydroxide Exchange Membrane Fuel Cells through Asymmetric Humidification and Wetproofing[END_REF] prepared different MEAs by varying both the amount of ionomer (AS-4 from Tokuyama Corp.) and the amount of PTFE in the GDL (0-50%). They reported an optimum of performance obtained with 20% of ionomer content (Fig. 37 Besides, the role of the MPL in the water transport during AEMFC operation has also been numerically studied by some research groups [START_REF] Deng | Effect of electrode design and operating condition on performance of hydrogen alkaline membrane fuel cell[END_REF][START_REF] Huo | Analytical modeling of liquid saturation jump effect for hydrogen alkaline anion exchange membrane fuel cell[END_REF]. Among them, Deng et al. [START_REF] Deng | Modeling of hydrogen alkaline membrane fuel cell with interfacial effect and water management optimization[END_REF] modeled the water distribution according to the back pressure imposed at the cathode side. As shown in Fig. 38, there is a heterogeneity of relative humidity along the length of channel and also according to the applied back-pressure (from 0 to 6000 Pa). However, the optimization of water management for a given MEA composition depend also on the operating conditions such as back-pressure, temperature, flow rate, relative humidity (RH) as well as the used cell. For instance, Omasta et al. [START_REF] Omasta | Importance of balancing membrane and electrode water in anion exchange membrane fuel cells[END_REF][START_REF] Omasta | Beyond catalysis and membranes: visualizing and solving the challenge of electrode water accumulation and flooding in AEMFCs[END_REF] experimentally investigated the effects of gas diffusion, gas flow rates, and dew points at the anode and cathode sides on the AEMFC performance. They found that the cell performance could be significantly improved by maintaining the water balance conditions in the AEMFC units during their operation.

It is worth to notice that despite the remarkable material developments concerning AEMs and AEIs and the optimization concerning GDLs properties, modest performances in AEMFC have been recorded in the literature even when using noble catalysts since the 2000s.

As can be seen in Figure 39, most of the performance stability tests for AEMFC showed a substantial reduction in performance in the first 100-200 h of operation. Only a few reports showed performance stability above 300 h. Among the possible reasons that can explained the modest performances in AEMFC, one can suggest (i) membranes and ionomers degradations, (ii) the lack of understanding when designed a CL and (iii) the way to fabricate and activate 

MEA fabrication and characterization

As aforementioned, there are two approaches of MEA fabrication. One of them is a combination of a catalyst layer and a gas diffusion layer, which forms the gas diffusion electrode (GDE) and places on both sides of a membrane. The other one is a combination of a catalyst layer and a membrane, which forms the catalyst coated membrane (CCM). Then, the CCM is clamped between two GDLs. However, the performance and durability of AEMFCs can depend greatly on the fabrication and methodology of the MEAs. (ii) USC/Surrey method with ionomer powders. The two methods are summarized in Fig. 40.

The Los Alamos standard method (Fig. 40 (a)) prepares an ionic dispersion binder in hydroxide form, before preparing an ink, claiming that halogen counter anions (fluoride (F -), chloride (Cl -), bromide (Br -), iodide (I -) and astatide (At -)) should be avoided, as they severely poison catalysts. In contrast, USC/Surrey method prepares ink without prior anion conversion of ionomer in powder form (Fig. 40 (b)). Nevertheless, the both methods prefer to do a GDE, due to the possibility to dissolve AEM during the catalyst coating procedure, in particular when the ionomer binder comes from the dissolution of the AEM or the AEM precursor. Concerning the break-in procedure, the two described methods seem very different, but the both use Potentiastatic method. It is worth to notice that break-in procedure is an important one, because it allows to activate the majority of catalytic sites, permitting thus the device to reach its full potential. As AEMFC is a mimic of PEMFC, the used break-in methods come actually from PEMFCs technology. Indeed, there are three main methods in PEMFC to activate the MEA [START_REF] Carmo | Development and electrochemical studies of membrane electrode assemblies for polymer electrolyte alkaline fuel cells using FAA membrane and ionomer[END_REF]:

a)

The first activation technique is the Potentiostatic method, where a potential value is chosen and current is measured overtime. This is typically done by setting the cell potential around 0.6 V to give a high-power density, or at potential around 0.1 V to give a high current density. The high-power density is desired to create pathways for ion conductivity between the catalytic layer and the membrane, and also to remove possible contaminants present at the catalytic layers.

b)

The second activation technique is the Galvanostatic method, where the highest observed current density value is chosen and the resulting increase in potential is observed overtime.

c)

The third activation technique is called the "VI activation" method, where constant current density is set from zero to a maximum current density with an incremental step of 20 mA cm -2 every 5 min.

Despite the break-in methods are well established, the break-in procedure is not a standardized procedure, because it depends mostly on MEAs performance, which also depends on the history of its manufacture and its components. That's why, every researcher and laboratory have their own MEA fabrication and characterization procedure (or activation process). Table 5 gathers the possible set-up parameters for applying the 3 different break-in methods that are mostly used in the literature. As can be seen, the values imposed vary according to the authors, due to the difference of MEA performance and operating conditions.

In addition, it is preferable to compare the different break-in methods in order to reach the best performance of a given MEA. Indeed, Carmo et al. [START_REF] Carmo | Development and electrochemical studies of membrane electrode assemblies for polymer electrolyte alkaline fuel cells using FAA membrane and ionomer[END_REF] compared the potentiostatic and "VI activation" methods of break-in procedure in AEMFC using GDE-based MEA at 0.5 mgPt cm -2 , 25% Fumion ionomer and FAA-3 membrane. The reported results in Fig. 41 show that the "VI activation" method gives a power density 40 mW cm -2 higher than the potentiostatic method performed at 0.6 or 0.1 V. 

Conclusion on AEMFC:

Despite the potential advantages of AEMFCs, it is necessary to overcome some challenges in terms of material properties (stability, durability and availability) and operational parameters to position this electrochemical system at the forefront of competitive technologies in the field of energy conversion devices. Although the conductivity of hydroxide ions is lower than that of proton ions, this technology suffers from (i) poor durability and stability of AEMs [20,[START_REF] Dekel | The critical relation between chemical stability of cations and water in anion exchange membrane fuel cells environment[END_REF][START_REF] Mohanty | Systematic Alkaline Stability Study of Polymer Backbones for Anion Exchange Membrane Applications[END_REF], (ii) carbonation when exposed to ambient air [34,50,[START_REF] Maurya | On the origin of permanent performance loss of anion exchange membrane fuel cells: Electrochemical oxidation of phenyl group[END_REF], (iii) forms of counter anions requiring an anion conversion step, (iv) sensitive water management of the system [START_REF] Huang | Composite Poly(norbornene) Anion Conducting Membranes for Achieving Durability, Water Management and High Power (3.4 W/cm 2 ) in Hydrogen/Oxygen Alkaline Fuel Cells[END_REF][START_REF] Omasta | Importance of balancing membrane and electrode water in anion exchange membrane fuel cells[END_REF][START_REF] Zhang | Strategies to optimize water management in anion exchange membrane fuel cells[END_REF], as well as (v) lack of methods to test membrane electrode assemblies (MEAs) in an operating AEMFC.

Nevertheless, much progress has been made with respect to the stability and durability of MEAs and AEIs since the last decade. Recently, a lot of research have been done

concerning the formulation and preparation of catalytic inks due to the myriad of possible materials for AEMFC. In order to obtain efficient catalyst layers, optimization is needed as well as understanding the behavior of the chosen materials in a given dispersion medium. The latter is rather tricky without setting-up characterization methods.

Usually, the know-how in the preparation of ink and in coating is not very detailed in the literature. As AEMFC is a mimic of PEMFC, we chosen to gain experience in inks preparation and coatings for PEMFC before starting the development of AEMFC. In the next section, we move on to PEMFC concerning inks from formulation to coating.

PEMFC

Compared to AEMFC, Proton exchange membrane fuel cell (PEMFC) is a more mature technology using perfluorosulfonic acids (PFSA) membranes and ionomers, such as Nafion ® type, which is discovered in the later 1960s. Due to the well-known structure of Nafion reported in the literature [START_REF] Kusoglu | New Insights into Perfluorinated Sulfonic-Acid Ionomers[END_REF][START_REF] Mauritz | State of understanding of Nafion[END_REF][START_REF] Costamagna | Quantum jumps in the PEMFC science and technology from the 1960s to the year 2000 Part I. Fundamental scientific aspects[END_REF][START_REF] Arenas | Effect of airbrush type on sprayed platinum and platinum-cobalt catalyst inks: Benchmarking as PEMFC and performance in an electrochemical hydrogen pump[END_REF][START_REF] Ren | Ionomer network of catalyst layers for proton exchange membrane fuel cell[END_REF][START_REF] Sun | Periodic evolution of the ionomer/catalyst interfacial structures towards proton conductance and oxygen transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Park | Effect of dispersing solvents for ionomers on the performance and durability of catalyst layers in proton exchange membrane fuel cells[END_REF], ink formulation, preparation, appropriate coating methods as well as MEAs fabrication can be found in the numerous publications which will be detailed and discussed below.

MEA fabrication with CCM or GDE

As aforementioned, there are two methods of manufacture MEAs, one based on CCM, called CCM-based MEA and the other one based on GDE, called GDE-based MEA. In addition, CCM can be prepared either by coating an ink directly on a membrane or indirectly using an inert support as an intermediate. The indirect method is called the decal transfer method (DTM), which involves using an inert coated substrate and then to transferring the coated layer to a membrane by hot-pressing. Figure 42 illustrates the fabrication of MEA with GDE and CCMs prepared directly or indirectly. Moreover, the pros and cons on the choice of CCM (direct and indirect), as well as GDE are summarized in Table 6. Although CCM-based MEAs demonstrate higher fuel cell performances due to a better interfacial contact than GDE-based MEAs, they have also their own drawback as the creep issue for instance. Indeed, Alavijeh et al. [START_REF] Alavijeh | Creep properties of catalyst coated membranes for polymer electrolyte fuel cells[END_REF] studied the problem of creep behavior on CCM because creep is a kind of mechanical damage that can occur during the manufacture of CCMs.

Table 6. Comparison of CCM, GDE, and DTM

Methods

The authors reveled that the creep strain and recovery of the CCM are highly dependent on the environmental conditions (RH and T) and applied stress levels, where the temperature effect on creep strain is the most significant. In fact, Nafion swells and shrinks in the presence of solvent and heating during the step of ink coating. This feature is undeniable and is known to reduce the membrane durability and later deteriorate the PEMFC performance.

In order to avoid the creep issue during CCM preparation, DTM method has been developed for that purpose. Although the surface of the decal substrate is similar to the membrane, the CL surface facing the membrane is still irregular but has a lower roughness than that produced by the GDE method. This uneven surface may be caused by the hot-pressing step for separating the coated layer from the inert substrate. From an economy perspective, CCM and GDE are preferred, since DTM production cost is higher due the step of transfer processes.

Regardless of the methods used to manufacture the MEAs, they generally have different performances due to the different substrates used and with or without hot-pressing step. In particular, the differences between the CCM and GDE-based MEAs appear extremely pronounced due to the different surface roughness and contact interface. However, there is no consistent conclusion, since the MEA performance is also sensitive to the coating techniques and catalyst ink composition.

According to NR -Not Reported

Possible catalyst coating techniques

During the past decades, significant efforts have been made toward coating techniques such as screen and inkjet printing methods, doctor blade coating method, roll-to-roll method, gravure method, slot-die method, spraying techniques and etc. (Fig. 45). Among the possible coating methods, the most used methods are described in below. 1. Doctor Blading. The doctor blade is held in place by micrometers, which can be used to adjust the gap. In this method, the ink is deposited using a doctor blade or knife These tools are used to ensure that the catalyst ink is distributed homogeneously throughout the support.

The doctor blade coating technique provides an advantage with regard to significant accuracy throughout the process. Moreover, this technique is capable of coating high-quality catalyst ink for the mass production of MEAs [START_REF] Jeon | Effect of ionomer content and relative humidity on polymer electrolyte membrane fuel cell (PEMFC) performance of membrane-electrode assemblies (MEAs) prepared by decal transfer method[END_REF][START_REF] Park | Fabrication of catalyst-coated membrane-electrode assemblies by doctor blade method and their performance in fuel cells[END_REF].

Roll-to-roll (R2R) method.

The R2R method consists of several rollers, known as the web path, which winds the substrate material over and through these rollers as it is coated with catalyst and dries out. This method is mostly used in industrial scale and can be made with any deposition technique. The catalytic ink used in this method has a much higher solids content of several percent by weight. This results in differences in coating physics (pressure and shear), drying rate, interparticle interactions, and ink-substrate interactions [START_REF] Bois | Evaluating the effectiveness of using flexography printing for manufacturing catalyst-coated membranes for fuel cells[END_REF][START_REF] Mauger | Gravure Coating for Roll-to-Roll Manufacturing of Proton-Exchange-Membrane Fuel Cell Catalyst Layers[END_REF][START_REF] Sharma | Catalyst Layer Formulations for Slot-Die Coating of Pem Fuel Cell Electrodes[END_REF].

Screen and inkjet printing of ink.

Four items are essential for screen printing: the printing medium (catalyst ink), a substrate onto which the print will be made (GDL or membrane), a screen to define the required patterns, and a squeegee to force the ink through the screen. In this method, a screen sieve is held above the substrate, while the prepared ink is applied over it. As the squeegee travels over the screen, it presses it down into contact with the substrate pushing the paste through the screen thus depositing the catalyst ink onto the support (GDL or membrane). The pore size in the screen must be optimized to be about the same size as that of catalyst particles to get an optimum print quality.

Compared to screen printing, the inkjet printing has been widely used in MEA preparation, because it features a higher degree of freedom in patterning and production flexibility [START_REF] Willert | Multilayer additive manufacturing of catalyst-coated membranes for polymer electrolyte membrane fuel cells by inkjet printing[END_REF]. Inkjet printing technologies possess good application prospects in the deposition of PEMFC catalyst inks. First, inkjet printing has high flexibility to precisely control Nafion and Pt loading distributions in CLs. Second, inkjet printing can improve catalyst utilization and reduce the complexity of overall processes to some extent. Despite advantages of improving product quality and reducing manufacturing costs, the screen and inkjet printing techniques have several disadvantages compared with those of the previously mentioned techniques. These disadvantages include the difficulties in the catalyst ink preparation and formulation. The formulation of the catalyst ink composition is important as it aids in the smoothness of the printing process while preventing the ink from clogging at the printer nozzle.

Proper formulation involves tuning the ink viscosity, surface tension coefficient, and ink particle size, which will solve the aforementioned difficulties. Indeed, the choice of the fabrication technique is highly depending on catalyst ink composition and its physical properties (viscosity, solvent evaporation temperature, etc.). Inkjet printing was first used in ink deposition to prepare CLs in 2007 [START_REF] Towne | Fabrication of polymer electrolyte membrane fuel cell MEAs utilizing inkjet print technology[END_REF][START_REF] Taylor | Inkjet printing of carbon supported platinum 3-D catalyst layers for use in fuel cells[END_REF] and has since been extensively used in the manufacturing of PEMFC CLs [START_REF] Shukla | Analysis of Inkjet Printed PEFC Electrodes with Varying Platinum Loading[END_REF][START_REF] Shukla | Analysis of Kinetic Parameters and Effect of Pt Loading on Cell Performance of PEFC Electrodes Prepared by Inkjet Printing[END_REF]. For example, in 2019, Bezerra et al. [START_REF] Gomes Bezerra | Unexpected Performance of Inkjet-Printed Membrane Electrode Assemblies for Proton Exchange Membrane Fuel Cells[END_REF] studied the effect of the deposition support of inkjet-printed MEAs. The authors fabricated three inkjetprinted MEAs: CCM-based MEA, GDE-based MEA and a bilateral sandwich of a CCM and a GDE, where a fraction of catalyst ink deposited on the GDE and a fraction on the Nafion membrane. The result showed that hot-pressed GDE achieves better performance than the hotpressed CCM and hot-pressed bilateral sandwich of a CCM and a GDE. This behavior can be explained by a combination of differences in deposition techniques, catalyst loadings, hotpressing regimens, and maybe ink formulation.

Spraying technique.

Spraying method is as the name indicates, spraying an ink from a capillary tube under of gas pressure [START_REF] Bladergroen | Overview of Membrane Electrode Assembly Preparation Methods for Solid Polymer Electrolyte Electrolyzer[END_REF]. The apparatus consists of a capillary tube in which the ink is forced to flow by using a pressurized inert gas (nitrogen or argon) toward the substrate. Owing to solvent evaporation, the droplets of sprayed ink reduce in size before reaching the substrate. Thus, a thin layer of ink is deposited onto the support (GDL or membrane for instance).

Spraying techniques can generally be divided into three categories, including ultrasonic spraying, electrospray deposition and hand spraying. Among these, the former is a common deposition method used in laboratories to prepare CLs. During ultrasonic spraying, the inks can be first inserted in a sonicated syringe prior to atomization in a nozzle. It incorporates an ultrasonic atomizing nozzle, vibrating at high frequency ultrasound (such as 120 kHz) created by piezoelectric transducers inside the nozzle's titanium housing. The inks are pumped through the nozzle and are atomized into a fine mist at the nozzle tip to produce highly repeatable thin films of micron-sized droplets. The ultrasonic-spray method distributes the ink more evenly leading to better catalyst utilization compared to the hand-painted method and this is further evident at lower catalyst loadings.

One of the first researchers who used the ultrasonic spraying method for MEA preparation were Millington et al. [START_REF] Millington | A novel method for preparing proton exchange membrane fuel cell electrodes by the ultrasonic-spray technique[END_REF]. They prepared GDEs for PEMFCs using ultrasonic spraying and reported that ultrasonic spraying can allow for the even distribution of catalyst inks on GDLs to improve Pt utilization and that resulting GDEs possessed better performances than those prepared through hand spraying. Indeed, this technique have great advantages, particularly in fabricating effective and inexpensive electrodes at low Pt loading with high utilization efficiency. Sassin et al. [START_REF] Sassin | Fabrication Method for Laboratory-Scale High-Performance Membrane Electrode Assemblies for Fuel Cells[END_REF][START_REF] Sassin | Understanding the interplay between cathode catalyst layer porosity and thickness on transport limitations en route to high-performance PEMFCs[END_REF] prepared reliable, reproducible and laboratoryscale CCMs using ultrasonic spraying and found that ultrasonic nozzle height can affect CL morphology and PEMFC performance. When catalyst ink was deposited at a low nozzle height of 3.5 cm, the obtained CLs experienced cracking due to films undergoing surface deformation during evaporation of solvents. Overall, ultrasound spraying is a highly accurate, controllable and simple ink deposition method. Although encouraging progress was performed in ultrasonic spraying technique, this method is time consuming, especially for large samples containing a large amount of catalyst, and is not very suitable for high viscosity inks.

In order to improve the performance of PEMFC, many studies have been performed

comparing the prepared MEAs with the different coating methods. Among them, Shukla et al.

[119] compared inkjet printed and spray coated CCMs at low Pt loading and reported that the Pt mass activity of inkjet-printed CCMs at ambient pressure was 10 times higher than that of spray-coated CCMs. Recently, Talukdar et al. [START_REF] Talukdar | Exploring critical parameters of electrode fabrication in polymer electrolyte membrane fuel cells[END_REF] studied the microstructure of the CL at the cathode, which were obtained using six different coating techniques, namely hand spraying (airbrush), screen printing, inkjet printing, dry spraying, doctor blade and drop casting. All the prepared CLs have the same Pt loading. Based on the AFM and performance results in Fig. 46, the authors ordered the MEAs with respect to the covered Pt/C, they got airbrush >screen printing > dry spraying > drop casting > inkjet printing > doctor blade which is quite consistent with the ordering of performance at low current densities except for the doctor blade MEA which performs better than drop casted and inkjet printed MEAs. This behavior is explained by the consequent increase in catalyst utilization. However, the conclusion of the works is biased due to the difference in inks formulation to meet the requirements of the chosen coating techniques. As each ink has its own physico-chemical properties, the dispersion state of the ionomer cannot be the same depending on the chosen solvent. O C, 50% RH, 1500 mbar H2 | O2 1.6|2.5 [START_REF] Talukdar | Exploring critical parameters of electrode fabrication in polymer electrolyte membrane fuel cells[END_REF] In addition, one of the limiting parameters affecting catalyst ink coating processes can be ink rheology, in which viscosity as a steady-state rheological property of inks is generally closely related to ink component properties, solid contents (catalyst and carbon powders) and ionomer on carbon (I/C) or ionomer on Pt/C ratios. Catalyst inks also need to be adjusted based on the unique requirements of individual coating techniques. Currently, the research on catalyst inks seems limited or is the secret of many suppliers.

PEMFC catalyst ink compositions in general

For all mentioned coating techniques, the ink composition is usually composed of perfluorosulfonic acids (PFSAs) ionomers, Pt/C (as catalyst and carbon) and solvent(s).

However, many ink formulations have been tested according to various coating techniques in the literature to ultimately improve the performance of PEMFC while reducing the amount of catalyst. Additionally, catalyst inks can be compared to complex multiscale systems with micro-and nanoscale interactions between the ionomer, Pt/C, and the solvent. Depending on the chosen ratio and dispersion medium, the interactions between the components can affect not only ink microstructures, but also macroscale properties, including rheology, stability and coatability. Based on this fact, researchers have developed a variety of catalysts, supports and ionomers to tune the performance of PEMFCs and have studied the main components and their interaction in the ink.

Ionomers

Currently, PFSAs ionomers are widely used in PEMFC inks composition. They are ionconductive polymers with remarkable ion conductivity and chemical and mechanical stability.

PFSAs ionomers are composed of hydrophobic polytetrafluoroethylene backbones and perfluorinated vinyl ether side chains with hydrophilic sulfonic acid groups (Fig. 47). Due to the hydrophobic and hydrophilic interaction, the morphology of the ionomer varies according to the solvent type and content. As for membrane properties, PFSAs ionomers can be characterized by equivalent weight (EW), ion exchange capacity (ICE), and side-chain length.

Currently, the common commercial PFSA ionomers include Nafion series produced by Du

Pont, Flemion series produced by AGC Chemicals, Aciplex series produced by Asahi Kasei Corporation, Aquivion series produced by Solvay, and 3M series produced by 3M. Among them, for example Aquivion PFSA is usually classified as short-side chain (SSC) PFSA, while Nafion can be regarded as long-side-chain (LSC) PFSA. Besides, Nafion membrane is the most extensively used and studied, particularly on structure relationships between Nafion membrane and CL containing Nafion ionomer [START_REF] Kusoglu | New Insights into Perfluorinated Sulfonic-Acid Ionomers[END_REF]. As the protonic conductivity of Nafion membrane varies exponentially according to its water content (Fig. 48), the same behavior is expected when used Nafion ionomer. The latter in general acts as: (i) proton conductors to expand the electrochemically active region into the bulk catalyst layer, (ii) binding materials to impart mechanical stability, and (iii) hydrophilic agents to retain moisture and prevent membrane dehydration. If the amount of Nafion ionomer is not sufficient to form a TPB, protons cannot reach any part of the catalyst layer. Thus, only certain catalysts can participate in electrochemical reactions. As a consequence, it is needed to optimize the Nafion ionomer content in catalyst layer, to prevent a decrease of PEMFC performance. That's why, a lot of studies were investigated on the ionomer content in CL of a PEMFC [START_REF] Chen | Gradient design of Pt/C ratio and Nafion content in cathode catalyst layer of PEMFCs[END_REF][START_REF] Wuttikid | Evaluation of Nafion with Various Pt-C Concentrations in Membrane Electrode Assemblies for PEMFCs[END_REF][START_REF] Chen | Electrochemical study of temperature and Nafion effects on interface property for oxygen reduction reaction[END_REF][START_REF] Huang | Effects of Nafion content in membrane electrode assembly on electrochemical Bunsen reaction in high electrolyte acidity[END_REF][START_REF] Kim | The effects of Nafion® ionomer content in PEMFC MEAs prepared by a catalyst-coated membrane (CCM) spraying method[END_REF][START_REF] Qi | Low Pt loading high performance cathodes for PEM fuel cells[END_REF] Figure 48. Nafion ® 117 protonic conductivity value according to water content [32].

The Nafion content in catalyst ink has been optimized by a large number of studies which commonly varies with the MEA fabrication as well as coating technique. Fig. 49 summarizes the optimum range of Nafion ionomer loading according to the various coating techniques in the literature. The results suggest that there is an optimal range of Nafion loading between 15 and 35 wt. %, regardless of the coating methods chosen.

However, this optimum range of Nafion ionomer amount depends a lot on other parameters such as current density, Pt weight (%) and loading. As it is mentioned in figure 50, Passos et al. [START_REF] Passos | Studies of the performance of PEM fuel cell cathodes with the catalyst layer directly applied on Nafion membranes[END_REF] screen painted Pt/C 20 wt.% onto the electrolyte membrane at the cathode and found the optimal Nafion ionomer content depending on current densities. At high current densities, a Nafion ionomer content of 15 wt.% gave the best performance. While Sun et al.

[154] directly sprayed catalyst inks (with 40 wt.% Pt/C) onto both sides of electrolyte membranes, and observed that the optimum Nafion ionomer was in the range of 33.3 to 50 wt.%. Using the same approach, but higher Pt weight on carbon (45.5 wt.% Pt/C), Kim et al. [START_REF] Kim | The effects of Nafion® ionomer content in PEMFC MEAs prepared by a catalyst-coated membrane (CCM) spraying method[END_REF] found that the most suitable Nafion ionomer content was 25 wt.%. Similarly, Mu [START_REF] Mu | Electrochimica Acta Optimization of perfluorosulfonic acid ionomer loadings in catalyst layers of proton exchange membrane fuel cells[END_REF] showed that the optimal Nafion ionomer amount for the decal technique was between 25 and 30 wt.% for the cathode, and about 30 wt.% for the anode, using a Pt/C catalyst with a concentration of 60 wt.%. Huang et al. [START_REF] Huang | Ultra-low Pt loading for proton exchange membrane fuel cells by catalyst coating technique with ultrasonic spray coating machine[END_REF] reported that by using an ultrasonic spray-coating technique the optimal Nafion content was from 20 to 33 wt.%, depending on Pt loading at the cathode, and found that a lower Pt loading preferred a lower Nafion content. 

Platinum catalysts

Pt catalysts have widely been used, especially for their good catalytic activity and stability for both hydrogen and oxygen. As a major component of catalyst inks, the cost of Pt catalysts has always been principal factor restricting commercial application. Indeed, platinum is more than 20% of the global price of a PEMFC for very large volumes [START_REF] Brouzgou | Low and non-platinum electrocatalysts for PEMFCs: Current status, challenges and prospects[END_REF]. For that reason, many attempts were performed to develop low Pt loading MEAs with good performance and long-term durability [START_REF] Shukla | Analysis of low platinum loading thin polymer electrolyte fuel cell electrodes prepared by inkjet printing[END_REF][START_REF] Qi | Low Pt loading high performance cathodes for PEM fuel cells[END_REF][START_REF] Passos | Studies of the performance of PEM fuel cell cathodes with the catalyst layer directly applied on Nafion membranes[END_REF][START_REF] Su | Performance of an ultra-low platinum loading membrane electrode assembly prepared by a novel catalyst-sprayed membrane technique[END_REF][START_REF] Wee | Fabrication methods for low-Pt-loading electrocatalysts in proton exchange membrane fuel cell systems[END_REF]. Among them, Su et al. [START_REF] Su | Performance of an ultra-low platinum loading membrane electrode assembly prepared by a novel catalyst-sprayed membrane technique[END_REF] studied CCM-based MEAs with ultra-low platinum loadings at the anode and cathode are 0.04 and 0.12 mgPt cm -2 , respectively. The CCM-based MEAs were prepared using 40 wt.% Pt/C as catalyst in the ink and by a spray coating technique. At such low loadings of Pt, the authors reported a rather good performance with high current density due to the obtained thin catalyst layers, which can reduce mass transfer limitations. Comparing with a higher Pt-loading MEA (0.3 and 0.2 mgPt cm -2 at the anode and cathode, respectively), the authors demonstrated the superiority of low Pt-loading MEA due to their low CL thickness and also better mass transport. All the results also prove that a better distribution and utilization of Pt even at ultra-low loading can be done by a good way of preparing CCM-based MEAs. However, the decrease of Pt loading can reach its limit, especially when coupled with PEMFC performance and durability.

Besides, Pt catalysts can be purchased in various weight, typically 20, 40 or 60%, and supported on different types of carbon. Many authors in the literature have studied the impact of Pt weight on the performance of the PEMFC obtained with the prepared MEAs. Some researchers have found that increasing the Pt weight to carbon ratio can directly improve the MEA performance. For example, Qi et al. [START_REF] Qi | Low Pt loading high performance cathodes for PEM fuel cells[END_REF] have tested two Pt/C powders, one at 20% of Pt and the other one at 40% of Pt in weight. They found that for a same loading of Pt, the performance in PEMFC is better with Pt/C at 40% in weight than the one at 20% in weight (Fig. 50). However, with 60% Pt/C catalyst , it was reported that the cell performance diminishes significantly at the high-current density region [START_REF] Cho | Effect of platinum amount in carbon supported platinum catalyst on performance of polymer electrolyte membrane fuel cell[END_REF]. This decrease can be Indeed, another work from the literature [START_REF] Rohendi | Characterization of electrodes and performance tests on MEAs with varying platinum content and under various operational conditions[END_REF] reported that the decrease of Pt according to the obtained current density is not linear, but has its optimum as illustrated in Fig. 52. The authors explained these results by a variation of ESCA according to the amount of catalyst content for a given amount of Nafion ionomer. Until reaching the optimum at 0.5 mg cm -2 of Pt loading, all Pt presented in the ink were well covered by the amount of Nafion ionomer. After this threshold, the amount of ionomer was not enough to cover all the Pt amount in the ink, resulting to a poor TPB.

Based on the reported works, it is worth noticing that the distribution of catalysts and ionomers in CLs as well as their interface play an important role in PEMFC performance and is closely associated with the adsorption of ionomers on catalysts in catalyst inks. However, the adsorption of ionomers or its coverage state depends greatly on dispersion medium. 

Solvent

As it was underlined, choice of solvent in catalyst ink preparation is crucial, since the microstructure of a CL is formed by evaporating solvents included in the catalyst ink whether These findings are in agreement with the literature [START_REF] Ngo | Influence of the composition of isopropyl alcohol/water mixture solvents in catalyst ink solutions on proton exchange membrane fuel cell performance[END_REF][START_REF] Song | Effect of dispersion solvents in catalyst inks on the performance and durability of catalyst layers in proton exchange membrane fuel cells[END_REF][START_REF] Lei | Impact of Catalyst Ink Dispersing Solvent on PEM Fuel Cell Performance and Durability[END_REF][START_REF] Kim | Solvent effect on the Nafion agglomerate morphology in the catalyst layer of the proton exchange membrane fuel cells[END_REF][START_REF] Takahashi | Analysis of the Microstructure Formation Process and Its Influence on the Performance of Polymer Electrolyte Fuel-Cell Catalyst Layers[END_REF]. For example, Ngo et al. [START_REF] Ngo | Influence of the composition of isopropyl alcohol/water mixture solvents in catalyst ink solutions on proton exchange membrane fuel cell performance[END_REF] indicated that the morphology of the Nafion ionomers is strongly dependent on the IPA dispersion ratio in the catalyst ink. In addition, studies have shown that reducing the IPA content may increase the Pt surface area (Fig. 54 (a)). Therefore, the parameter of the IPA loading is important, as it affects the fuel cell performance accordingly. Furthermore, the choice of solvents is relevant to the deposition method, the support (membrane or GDL) and the drying condition. For example, screen printing and roll-to-roll coating usually require viscous inks with a high solid content (> 5 wt%) and high boiling point additives, while spray coating requires a lower solid content (< 2 wt%) and faster evaporation of alcoholic or water-based solvents [START_REF] Guo | The Controllable Design of Catalyst Inks to Enhance PEMFC Performance: A Review[END_REF]. Additionally, Huang et al. [START_REF] Huang | Effect of Dispersion Solvent in Catalyst Ink on Proton Exchange Membrane Fuel Cell Performance[END_REF] also reported that (i) solvents with high dielectric constants can allow catalyst inks to display Newtonian flow behaviors and better dispersibility and (ii) solvents with high boiling points can enhance the stability of catalyst inks during coating processes.

1.2.3.4.

Ink dispersion methods and stability

Effective ink dispersion is necessary to break up large carbon agglomerates to achieve the desired particle size and ink viscosity for different coating methods. Moreover, dispersion methods during catalyst ink preparation can directly affect the performance of PEMFCs.

Typically, ball (or bead) milling, high shear mixing, stirring and ultrasonication (bath or probe) can be used as a dispersion method during ink preparation.

The ball (bead) milling process mainly used for the size reduction of solids which are suspended in fluids. High shear mixing is a method of mixing at high speeds and split particles by mechanical forces as they contact the edges of mixing blades. While, stirring is a method to fully disperse nanoparticles in media through mechanical or magnetic force. Generally, the latter is combined with ultrasonic dispersion, since compared with the ultrasonic methods, the dispersion efficiency of stirring is relatively low. Ultrasonication has been widely used to capture nanoscale dispersion by the "destruction" of agglomerates because of the unique action of ultrasonic waves and high efficiency [START_REF] Guo | The Controllable Design of Catalyst Inks to Enhance PEMFC Performance: A Review[END_REF]. Furthermore, the seminal work by Pollet and Goh [START_REF] Pollet | The importance of ultrasonic parameters in the preparation of fuel cell catalyst inks[END_REF] highlights the effects of processing methods such as ultrasound and shear mixing on the particle sizes of catalyst inks and consequently on the electrochemical performance. Indeed, the authors prepared a catalyst ink with commercial Pt/C through both ultrasonication (probe and bath) and mechanical shear mixing to investigate their importance in the preparation of catalyst inks. The results show that optimized ultrasonic treatments can improve catalytic ink properties. However, aggressive ultrasonication treatments can lead to agglomeration and dissolution of Pt nanoparticles. This work was followed up a detailed review of sonochemistry, physical aspects of ultrasonication, equipment, and the impacts of ultrasound on fuel cell materials [START_REF] Pollet | The Use of Power Ultrasound for the Production of PEMFC and PEMWE Catalysts and Low-Pt Loading and High-Performing Electrodes[END_REF].

Additionally, Wang et al. [START_REF] Wang | Impact of Catalyst Ink Dispersing Methodology on Fuel Cell Performance Using in-Situ X-ray Scattering[END_REF] also studied the effects of ultrasonic dispersing method (probe and bath) and its duration on catalyst agglomerate size in the catalyst ink dispersion via polarization curves, mass activity, ECSA and X-Ray scattering. The results shown in Fig. 55 point out that (i) 1 minute of ultrasonic bath is not sufficient to disperse well the particles in the ink, (ii) 10 s of ultrasonic probe is very efficient to disperse the particles in the ink regardless the bath contribution and (iii) the 10 s coupling of the ultrasonic probe and the increase of the bath duration does not affect a lot the ECSA, but the mass activity of Pt. The latter suggests that ultrasonic probe is an efficient method to break down agglomerates to lead to optimal catalyst activity and MEA performance. Moreover, a schema explaining the effect of sonication was proposed by the authors in Fig. 56, based on their data obtained by X-Ray scattering among others. First, with insufficient sonication, the primary aggregates remain highly agglomerated. As a result, the ionomer only coats the exterior of the agglomerates, and thus the interior Pt particles are not accessible to protons, leading to the lower mass activities observed (Fig. 56 (left)). The second case is the appropriate sonication. In this case, large agglomerates were successfully broken down to the smaller aggregates. This allows the ionomer to be more uniformly distributed on the aggregates, resulting in better catalyst utilization. In addition, reagent gases have lower resistance to accessing the catalyst materials as a result of fewer secondary pores. The final case is the excessive sonication. Here the agglomerates were effectively broken down; however, the process is overly aggressive, and Pt are detached from the carbon black support.

This renders particles unable to participate to ORR, resulting in lower ECA and mass activity.

These three cases highly impact the basic properties of catalyst inks including viscosity and surface tension, hence on the stability of the ink dispersion. Du et al. [START_REF] Du | Effects of ionomer and dispersion methods on rheological behavior of proton exchange membrane fuel cell catalyst layer ink[END_REF] studied the effect of ultrasonic and ball milling methods on rheological behavior of the catalyst ink. The results indicated that dispersion methods lead to inks with different viscosity characteristics, particularly the average viscosity of ink obtained via ball milling is higher that obtained via sonication. Additionally, the thixotropic recovery of the ink obtained via ball milling is more responsive, which makes it advantageous for coating onto a surface.

Bapat et al. [START_REF] Bapat | On the state and stability of fuel cell catalyst inks[END_REF] studied flowability of 4 inks with same solid content using rheological measurements via air-bearing Modular Compact Rheometer (MCR) and characterized dispersed particles by means of transmission electron microscopy. The first ink, called MS, was mixed using a magnetic stirrer (MS, from IKA 50/60 Hz, 50 W) at 500 rpm over 24 h. The second ink, called UB, was mixed using an ultrasonic bath (Elmasonic S10, 50/60 Hz, 30 W) for 30 min. The third set of ink was prepared by 30 min of ultrasonic bath followed by 10 min of probe sonication (Bandelin HD2200) at an amplitude of 20% (2 min ON and 1 min OFF), called here UB + S20. And the fourth ink, called UB + S70, was prepared by 30 min of ultrasonic bath followed by 10 min of probe sonication at an amplitude of 70% (2 min ON and 1 min OFF). According to the analysis and bulk sedimentation time, the ink UB + S20 exhibits the optimal dispersion stability, which is likely related to the optimum viscosity (Fig. 57). In contrast, the ink MS represents the highest mean viscosity and lowest stability. In addition, the rheology results show that the ink UB + S70 has the lowest viscosity, which could be due to the highest energy input, hence of the degradation of ionomer. Indeed, acoustic cavitation during ultrasonication may lead to the degradation of Nafion ionomer chains and then reduce the viscosity of ink dispersion [START_REF] Adamski | Does power ultrasound affect Nafion® dispersions?[END_REF]. (dark green diamond) respectively [START_REF] Bapat | On the state and stability of fuel cell catalyst inks[END_REF] Recently, another work from the literature [START_REF] Yang | Influence of the dispersion state of ionomer on the dispersion of catalyst ink and the construction of catalyst layer[END_REF] shows that the order of ink preparation as well as the type of dispersion methods chosen can have a significant impact on the dispersion state of the Nafion ionomer, and consequently on the structure of the ink components. Fig. 58 illustrates the way of preparing the 3 inks and its order, with the use of either high shear emulsifier or high-pressure homogenizer (BRT and Homogenizer in Fig. 58, respectively).

Although the ratio and amount of each component remain the same, the obtained MEAs behave differently in PEMFC, as shown in Fig. 59. Regardless of the dispersion methods after the mixture step, the performance of the MEA prepared with the ink 3 (mode 3) is the highest among the all prepared MEAs. given ink recipe using either high shear emulsification, homogenization, ball milling, and ultrasonic methods. The reported works prove that the homogenization mode chosen affect the structure of CL and thus its morphology (surface and thickness).

Thus, many factors can affect ink behavior, such as components of ink, its preparation as well as the order of the preparation. All the mentioned parameters should be considered during the MEA fabrication process, since they greatly impact in the PEMFC performance.

Unfortunately, the majority of authors that focused on the rheological properties of catalyst ink, did not have studied MEAs, as well as their fuel cell performance. Therefore, further studies on the MEA fabrication method and the correlation between the stability and rheology of the catalyst ink and the in-situ characterizations in PEMFC are needed.

PEMFC characterizations

Polarization curve

The polarization curve is the standard electrochemical technique for characterizing the performance of fuel cell. By measuring polarization curves, the effects of certain parameters (such as composition of CL, membrane or water management) can be characterized and compared systematically [START_REF] Wang | Pem Fuel Cell Durability Handbook, Two-volume Set: Pem Fuel Cell Diagnostic Tools[END_REF]184]. The polarization curve provides information on polarization loss, which includes kinetic related to activation, cell resistance, and mass transport losses. It can be divided into three regions, as shown in Fig. 60, which correspond to (i) voltage losses from activation, (ii) ohmic, and (iii) mass transfers. (i) Activation losses (η act ) are due to the activation energy of the electrochemical reactions taking place at the electrodes. Indeed, an activation energy is required to initiate the reactions and overcome the energy barrier. The kinetics of the ORR being slower than that of the HOR, this voltage loss is mainly governed by the ORR. (As we will see in the following with our cell equipped with a reference electrode, this is not necessarily the case with an anionic membrane cell)

The working potential drop at low current densities due to polarization losses both at anode and cathode sides can be denoted as the activation losses.

(ii) Ohmic losses (η Ohm ), resulting from the electrical resistivity of fuel cell components and mainly that of the membrane, as well as the interface resistances between fuel cell components, including electrolyte, the catalyst layer, gas diffusion layer (GDL), bipolar plates, interface contacts and terminal connections.

This internal resistance is called ohmic resistance, R ohmic . The working potential drop due to ohmic resistance is denoted as ohmic losses defined as η ohmic = iR ohmic . In a PEMFC, the proton resistance of the polymer electrolyte membrane contributes most to the total ohmic resistance. In this region, the fuel cell voltage is linearly dependent on current density.

Moreover, ohmic resistance of the cell can be strongly dependent on the operating conditions.

In all cases, resistive losses can be minimized by reducing the thickness of the membrane or by improving its transport properties (ionic conductivity) and its hydration.

(iii) Mass transfer losses (η con ), depending on the electrolyte concentration around the electrodes and access of reactant to the catalytic sites.

In the high-current density region, the working voltage rapidly decreases since the transfer rate of reactant gases increases more slowly than the reaction rate. The transfer of reactants and products in fuel cell is called mass transport, and consist of convection and diffusion. The reactant gases are progressively consumed when diffusing through the electrode and a concentration gradient is thus observed from the channels to the catalytic sites. This transport process depends on several parameters such as pressure, reactant concentration, electrode porosity, tortuosity, etc… and is highly coupled with heat transfers.

The polarization curve of PEMFCs can generally be measured using either steady-state or transient state techniques. A steady-state polarization curve can be obtained by recording the cell voltage for a constant current (galvanostatic mode) or the current for a constant voltage (potentiostatic mode) after a sufficiently long time for the variations to be small. The steadystate voltage is an approximation since there are always temporal variations associated with stochastic phenomena such as two-phase flows. Conversely, a quasi-steady state polarization curve can be obtained using a slow current (respectively voltage) sweep rate defined by its amplitude in mA s -1 (respectively mV s -1 ).

In-situ diagnostic tools

To increase the TPB of CL and to optimize the design, stability and durability of CL, understanding electrochemical reactions and mass transport in running fuel cells is essential.

These can be observed simply through the performance losses but different techniques also exist to help identify and quantify specific mechanisms. These in-situ techniques allow monitoring the cell behavior, which can then be related with the evolution of the performances.

Cyclic Voltammetry

Cyclic voltammetry is an electrochemical method to evaluate the electrochemical active surface area (ECSA) of both electrodes of a MEA. It is generally believed that the ECSA is one of the important parameters for characterizing the fuel cell electrode. A high value of the ECSA means that a more active surface of Pt sites is available for electrochemical reaction.

The performance of a fuel cell can be partially explained by the measured value of ECSA. For measuring ECSA in situ, the electrode compartment is flushed with N2 whereas the counter electrode which is also the reference electrode is fed with H2. Note that this method is best suited to PEMFCs where the hydrogen oxidation/reduction overvoltage is very low -the potential of the counter electrode is thus very close to the potential of the hydrogen reference electrode. For hydrogen, the backward evolution of the metal electrode voltage leads to the adsorption of the protons previously desorbed. However, since the metal potential of the working electrode does not fall below the H + | H2 standard electrode voltage (the minimum is 0.1 V), the protons are not fully reduced but remain adsorbed on the platinum particles. The hydrogen desorption and adsorption peak or area QH (via equation 18) are used to estimate the ECSA via equation (19):

𝑄 𝐻 = (𝑄 𝑜𝑥 -𝑄 𝑟𝑒𝑑 ) 2 (18) 
Carbon oxidation begins (in theory) when the potential of the electrode exceeds 0.2 V but is very slow for potential below 1.2 V. Platinum begins to oxidize mainly in a reversible way from a potential of about 0.65 V. During the descent potential the previous oxidized species are reduced (Fig. 61). In our case, the potential is limited between 0.1 V and 0.8 V in order to avoid irreversible degradations which affects the performance of the fuel cell. The ECSA is obtained from the H2 desorption/adsorption peak:

𝐸𝐶𝑆𝐴 = 𝑄 𝐻 210 𝜇𝐶 𝑐𝑚 𝑝𝑡 2 . 𝐿 𝑝𝑡 = [ 𝑚 2 𝑔 𝑝𝑡 ] (19) 
where, LPt is the platinum loading (mg cm -2 ) and 210 µC cmPt -2 is the number of charges that can react on the platinum surface, QH is the mean of both peak currents in equation (18).

Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) consists in analyzing the response of a cell to a perturbation controlled in amplitude and frequency. If the perturbation is applied to the current, then the potential response is measured and vice-versa (Fig. 62). In this equivalent circuit, four different components appear:

• R hf stands for the high frequency resistance, which results from the protonic resistance of the membrane and the electronic resistances of the components and their interfaces.

• C dl is the double layer capacity associated with charges separation in the electrode: protons in the ionomer and electrons in carbon or platinum. 

with,

𝑍 𝑤 (𝑤) = 𝑅 𝑑 √𝑖𝑤𝜏 𝑡𝑎𝑛ℎ√𝑖𝑤𝜏 (21) 
where: Z cell is the cell resistance; R d is a mass diffusion resistance; τ is a time constant of diffusion.

CHAPTER 2

After having a detailed bibliographic part in Chapter 1 concerning the AEMFC and the PEMFC, we now move to the experimental part and the results of the thesis manuscript. Thanks to the French project _ IMPACT ULHyS, an ultrasonic spray bench was purchased a few months before starting my Ph.D. As newcomers in the field of coating, we have to learn and use the coating machine, as well as implement the characterization procedures in order to check our coating layers and their performance in PEMFC. According to the survey of literature concerning the manufacture of MEAs from catalyst ink and coating to materials assembly for PEMFC, getting a reproducible and repeatable coating is not as simple as it may seem at first sight. Even though a myriad of information can be found in literature, the know-how must still be learned and appropriated.

That's why, this chapter deals with the manufacture of MEAs with an ultrasonic spray bench for a given ink. We have attempted to reveal a few key parameters that would be useful when start to coat and to fabricate a home-made CCM such as (i) the mask thickness, the spray configuration (height of nozzle and the configuration pattern) as well as the impact of Pt/C origin on the performance in PEMFC for a given recipe. All details about the preparation of catalytic ink, the coating steps and the tests in PEMFC are reported as published in International

Journal of Hydrogen Energy [1].

Manufacturing CCMs for PEMFC

A proton-exchange membrane fuel cell (PEMFC) can be considered as a clean electrochemical energy device, since the only by-product is water. It is supplied with hydrogen at the anode side and oxygen at the cathode side to produce electricity and heat. The electrochemical conversion of the two gases is possible thanks to the presence of a membrane electrode assembly (MEA), which is composed of a proton exchange membrane, two catalyst layers, and two gas diffusion layers (GDLs). Due to its key role, MEA is called the heart of a PEMFC.

Over the past decades, many advances have been made in the field of MEA dedicated to PEMFCs, especially through new/improved materials and manufacturing processes [2][3][4].

Generally, perfluorosulfonic acid (PFSA) membranes and ionomers are used for this kind of application, because of their high protonic conductivity, and good chemical and mechanical stability [5,6]. A certain variety of these proton conductors are commercially available, either with long side-chains (Nafion  , Fumion  ) or short side-chains (Aquivion  , 3M  ). The membranes can be made of expanded polytetrafluoroethylene (PTFE) impregnated with ionomer, which allows to improve the mechanical stability and thus to decrease the thickness.

These membranes are also stabilized by the addition of antioxidants and radical scavengers that allow the decomposition of hydrogen peroxide [7]. Most of the time, the membrane is assembled to the electrodes by hot pressing or it constitutes the support of the electrodes when the latter are deposited directly on it. However, it is possible to perform a direct membrane deposition by spraying a Nafion ® ionomer onto gas diffusion electrodes (GDEs) via inkjet printing [8,9].

Regarding the GDL, it is made of carbon-based materials and plays several roles such as mass (gas and water), heat and electron transport. As the GDL plays a key role in water management, many carbon-based materials such as carbon paper, fiber, felt or cloth have been tested and modified to tune their wettability and/or porous structure [10,11]. The addition of a microporous layer (MPL) on top of the GDL allows to modify the hydrophobicity with respect to the electrode [12]. The obtained GDL is called GDL with MPL [13]. The general ink recipe for MPL is composed of carbon, PTFE, and solvent, but the proportion of each compound depends on the experimenters. For instance, one of the studies found that 20 wt.% PTFE in the MPL gives the highest performance in PEMFC with H2 / air at 75 °C [10], but this result is related to their operating conditions and their ink. As the researchers do not have the same experimental protocol and conditions, there are a myriad of commercial GDLs with or without treatment and with or without MPL allowing to adapt to used materials and operating conditions [10,12].

As far as the electrode or catalyst layer is concerned, two trends are emerging, one leading to a decrease in the amount of platinum down to an ultralow Pt loading, the other one leading to new or Pt-free catalysts. In fact, there is not enough Pt (i.e. amount and availability)

in the world to meet the global demand with the Pt loading currently used in commercial fuel cell electric vehicles (FCEVs) [14][15][16][17]. Consequently, Pt must be used efficiently and/or replaced by cheaper and more abundant catalysts. All types of catalysts (based on carbon, metal or mixed) can be electrochemically characterized using a rotating disk electrode (RDE) and/or a rotating ring disk electrode (RRDE) for a first screening of their performance [18,19]. But these methods are not sufficient to guarantee good performance in fuel cells. Indeed, a liquid electrolyte is used as a transport medium in RDE/RRDE cells. Under these conditions, the measured current is very quickly limited by the oxygen transport in the study of the oxygen reduction reaction. As a consequence, limited by mass transport, only very low current densities (mA.cm -2 ) can be measured by RDE [20]. To overcome this issue, the floating electrode technique was developed to measure the data at a higher current density. Zalitis et al. Although there is an improvement in the range of measured currents, it is still far from the current range of PEMFCs, rationalizing here the need for testing active layers in single fuel cells.

To ensure proper catalyst behavior or optimal Pt loading in the fuel cell environment, the inks must be prepared and deposited on an appropriate support. The catalyst can be deposited directly on the membrane or on the GDL, resulting two types of MEAs: a catalystcoated membrane (CCM), known as CCM-based MEAs or a gas diffusion electrode (GDE), referred to as GDE-based MEAs. In addition, some authors used the transfer decal method to prepare a CCM by indirect deposition [2,[22][23][24]. They deposited the catalyst on an inert support such as fluorinated ethylene propylene, a virgin electrical grade film of PTFE or aluminum foil, and then transferred the deposited layer onto a membrane [22]. When the coating is performed on an inert support, the difficulty remains to properly transfer the deposited layer from the inert support to the membrane via hot pressing. But when a coating technique and the use of different supports are mastered, MEAs prepared with different supports can give comparable PEMFC performance. Indeed, Shahgaldi et al. [2] compared different methods of fabricating MEAs using GDL, membrane, and an inert substrate with a commercial spray gun with nitrogen as a pressurized stream. At a Pt loading of 0.5 mg cm -2 , the optimized MEAs with the three supports gave a similar power density near 0.90 W cm -2

(PEMFC at 75 °C with fully humidified H2 and air), although that of the CCM-based MEA without hot pressing was slightly higher (near 0.93 W cm -2 ) than the other two supports. The results of this work suggest that support is not a key point, but that the way of coating and also the formulation of the ink, depending on the coating method and the support, matter in the performance of the PEMFC.

Nowadays, there are a large number of commercial coating methods for the manufacturing of MEAs based on different materials, such as screen and inkjet printing methods, doctor blade coating method, gravure method, roll-to-roll method, slot-die method, spray-, electrospray-, gun spray-, and ultrasonic spray-coating devices [8,9,[25][26][27][28][29][30][31][32][33][34][35][36][37][38].

Depending on the properties of the ink, the amount of catalyst powder or the support chosen, one coating method can be favored over another one. For instance, a roll-to-roll method may not be suitable at the laboratory scale for testing new catalysts, which are produced in a small amount (a few milligrams). Concerning the support, it appears to us that the electrospray technique is more suitable to GDL than to membrane, because this technique must impose a voltage drop of about 9 kV between the nozzle head (needle) and the collecting substrate.

In this work, we have chosen to focus on the ultrasonic spray coating method with the perspective to test new carbon-based catalysts in the near future. This technique can be used to prepare samples on a laboratory scale and appears to be suitable for all types of support.

According to the literature, samples prepared by ultrasonic spray coating can possess good porosity, homogeneity, and distribution of nanoparticles on the surface of the deposited layer [34,37,[39][40][41][42]. Martin et al. [39] compared the surface microstructure of the different catalytic layers (CL) obtained with different catalyst coating methods such as ultrasonic spray, air brushing, and electrospray for a given ink composition. The authors showed that the GDE obtained by ultrasonic spray coating exhibited the smoothest surface dotted with several Pt/C aggregates of about 50-80 µm in size. The least uniform surface was obtained by the air brushing technique due to the absence of ultrasonic generator in the nozzle head, which deagglomerates particles prior to coating. However, the study of porosity pointed out that the GDE prepared by electrospraying had higher porosity than the sample prepared by ultrasonic spraying (70 vs. 49%, respectively). Besides, Sassin et al. [40] recently showed that the pore size distribution remains unchanged, but the porosity decreases with the increase of catalytic layer thickness fabricated by ultrasonic spray.

Although the decrease in porosity of the catalytic layer obtained with the ultrasonic spray coating method may alter gas and water transport in an operating PEMFC, this coating method can be interesting for studying new catalysts based on metal-free carbon. In fact, the latter may agglomerate rapidly in an ink dispersion and it could be difficult to disperse them homogeneously without the help of the ultrasonic generator in the head of the nozzle. Indeed, this feature can provide a more uniform range of particles dispersed on a substrate. Although this function is quite convenient for dealing with certain dispersions with agglomeration issues, some know-hows is still needed to grasp and learn the proper use of ultrasonic spray-coating.

To do this, an ink has to be prepared before setting the operating parameters of the coating machine. But it is quite confusing for newcomers to see that a myriad of ink compositions is available in the literature and often one does not know what criteria to choose them. Indeed, the ink can be prepared with: (i) different solvents such as water, ethanol or isopropanol, (ii) different Nafion ® ionomer contents, varying typically between 5 to 20 wt.%, and (iii) different Pt/C by weight such as 20, 40 or 50 wt.% Pt [25,35,36,40]. It could be that the property of the obtained ink or the type/size of nozzle has an impact on the ink flow rate, since the latter varies according to the authors from µL min -1 to mL min -1 . Some authors [35,36] prepared samples with similar Pt loading, but the results cannot be objectively compared because the fuel cell tests conditions were different. Other authors used a similar spray pattern [25,35], but the Pt loading of their samples was different. As Pt loading is proportional to the number of coating layers and also to the amount of Pt/C in the ink, it can have an impact on the thickness of the catalyst layer, as well as on the performance of PEMFC [36,40]. Moreover, the thicker the catalyst layer, the lower the total pore volume of the coatings [39], which can hinder mass transport. In addition, the topology of the coatings can change depending on the spray pattern.

Deschamps et al. [43] tested two spraying configurations with and without spacing at the nozzle return and showed that the topology of the obtained deposited layers varies with the spraying configurations, suggesting a possible variation in PEMFC performance.

From the data reported in the literature, it seems to us that a reproducible and repeatable coating is not as easy to obtain as may seem at first sight. The ink formulation and coating step are of great importance in evaluating the catalyst layer as well as new catalysts [25,35,36,40,[44][45][46]. This step is very difficult to rationalize because of the many parameters involved, such as the surface properties of the materials, their interaction with solvents, with any additives used to adjust porosity or viscosity, ink mixing and stabilization methods, and coating parameters. In the case of spray coating, these include nozzle speed, nozzle height, nozzle size or type, ink flow rate, substrate temperature, ink homogenization technique, MEA posttreatment, etc. In the end, the optimal process to manufacture MEA is rather a know-how that often remains secret and constitutes the added value of scientific teams or the business of industrialists. Evaluation of new materials in a rigorous and reproducible way requires the learning of this know-how, which is why it is important from our point of view to communicate on this subject.

Although a lot of information is shared in the literature on how to coat with an ultrasonic spray coating machine [25,35,36,38,39], there are still some other aspects to pay attention to when starting in the field of coating, especially spray configurations and patterns, the mask and preservation of the Pt/C powder. Thus, this work attempts to link some coating parameters with coating modeling coupled with the performance of the CCMs obtained during PEMFC tests, such as polarization curves and physicochemical characterizations. We would like among others to check whether it is possible to predict the shape of the coating via simulation. This can be used to optimize the pitch (index space distance) between two lines as a function of the thickness profile for one layer. The comparison of simulated and measured thicknesses can also give information on the penetration of the upper layers into the lower layers, which is a source of porosity reduction. Ultimately, we would like to save beginners in the field of coating from having unsuccessful experiences and to be able to gain time in the early stages of coating, as effective coating of CCMs becomes more and more important in research laboratories due to the booming fuel cell markets and projects worldwide. A Dektak XT tactile profilometer (Bruker) was used to measure the thickness of the deposited layers. The probe size of the profilometer was 2 µm and the measurement error was about 10 nm. The measurement step varied depending on the time required to perform the measurement. The maximum sample length that the device could measure was 4 cm.

Experimental part

Materials

Preparation of CCMs using an ultrasonic spray bench

Preparation of the catalyst ink

The general recipe for the ink preparation remained the same regardless of the Pt/C powder supplier. The ink was composed of 0.4 g of Pt/C in a 1:2 mixture of water and isopropanol. The ratio of Nafion  ionomer (R(Nafion ionomer)) in the dispersion was 0.33 and it is expressed according to Equation (1).

𝑅(𝑁𝑎𝑓𝑖𝑜𝑛 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) = 𝑚(𝑁𝑎𝑓𝑖𝑜𝑛(𝑠𝑜𝑙𝑖𝑑) 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) 𝑚(𝑁𝑎𝑓𝑖𝑜𝑛(𝑠𝑜𝑙𝑖𝑑) 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) + 𝑚(𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟)

where m(Nafion(solid) ionomer) is the mass of Nafion ionomer in solid form and m(catalyst powder) is the mass of catalyst powder in the dispersion.

Each ink was prepared in 100 mL vial with a screw cap in order to prevent evaporation of the isopropanol. A stirring bar was used to mix the dispersion. The first step was to introduce the desired amount of Pt/C powder and water to avoid ignition of Pt upon encountering isopropanol. Then, isopropanol and Nafion  ionomer were poured inside the vial. At each intermediate step, an ultrasonic bath was used for at least 1 h to spread the particles in the dispersion. In addition, the final step of the ink preparation was obtained after one night in ultra-sonic bath (Elmasonic S10, 37 kHz, 30 W). The prepared ink was used within 3 days to prevent ink settling and evaporation of solvent. When the prepared ink was not used for coating, it was placed under magnetic stirring. Before reuse, the prepared and stirred ink was introduced into an ultrasonic bath for at least 1 hour. Once the suspension was ready, an amount of ink was pumped into the syringe of the coating machine.

Calculation of the Pt loading

As is well known, Nafion  membrane has the particularity to swell in the presence of humidity or hydrophilic solvents. Due to this behavior, the mass of the membrane is not stable when weighed carelessly at a given temperature. During spray coating, the temperature used affects the hydration of the pristine Nafion  and therefore its mass as well. For this reason, we had to resort to the use of a piece of aluminum foil to estimate the Pt loading during coating.

Calculation of the Pt loading (LPt) is obtained by equations ( 3) to (6).

𝑅(𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) = 1 -𝑅(𝑁𝑎𝑓𝑖𝑜𝑛 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) (3) 
𝑚 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 = 𝑚 𝑓 -𝑚 𝑖 (4) 
where R(Catalyst powder) is the ratio of catalyst powder in the dispersion, mf is the mass at the end of the coating of the piece of aluminum foil and mi is the mass of the pristine piece of aluminum foil.

𝑚 𝑃𝑡 = 𝑚 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 × 𝑅(𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) × 𝑅(𝑃𝑡 𝑤𝑡. )

where R(Pt wt.) is the ratio of Pt in the catalyst powder. For instance, it is 0.4 for Pt at 40 wt.%.

𝐿 𝑃𝑡 = 𝑚 𝑃𝑡 𝑆 𝐴 ( 6 
)
where SA is the active surface area (7.22 cm 2 in our work). Of course, the estimation of LPt is only valid if we assume that the ink dispersion is homogeneous during the spray-coating steps.

Ultrasonic spray bench machine

The spray bench is composed of a mobile spraying nozzle in 3 dimensions (x, y and z) and a heating plate on which the coating support is placed. The spraying suspension is connected to a 25 mL syringe through connecting tubes. Due to the mobility of the nozzle head, the length of the connecting tubes cannot be neglected. Therefore, a dead volume of about 10 mL must therefore be considered when preparing the catalyst ink. The flow rate of the catalyst ink, the speed of the spray nozzle and its trajectory can be adjusted via the bench software.

Before setting these parameters, we must first determine the nozzle stall point for each ink. The stall point can be defined as the limit power (in Watts (W)) where atomization ends or begins.

As the properties of the formulated inks differ from one to another, the value of the stall point obviously cannot be the same. In our study, the stall point for both inks was close to 1.5 W.

Then, the flow rate and nozzle velocity were fixed at 0.1 mL min -1 and 5 mm s -1 , respectively.

The temperature of the heating plate was set at 90 °C. A serpentine pattern was chosen for the spray coating. Following the work of Sassins et al. [47], a similar approach was applied throughout this work. To ensure a rather homogeneous coating, 2 vertical and 2 horizontal serpentine paths were used to cover the blank interline of each serpentine pattern. Due to the curvature of the serpentine pattern when the direction of the spray is changed, the edges of the coating area were heterogeneous as depicted in Fig. 1. Therefore, the use of a mask is crucial to achieve a well-defined edge. The nozzle used creates a cone-shaped spray as shown in Fig. 1. Depending on the height of the nozzle, the deposited line does not have the same total width on the support or the same width of homogeneous part of the catalyst layer (Figs. 2 (a-b)). The deposited line appears well defined when the support is close to the nozzle head (within 20 mm). However, some supports can be deformed by solvents or the deposited particles can be detached from the support because of the spray force when the nozzle is too close to the support. 

Coating program and its modeling

To model the coating configuration and pathway, first we have to fit one spray line of the coating layer. Thus, a sample was prepared on a glass support at the nozzle height of 60 mm and the thickness profile of the obtained sample was measured by a tactile profilometer.

The profilometer data shown in Fig. 2 (b, red line) is obtained by accumulating 4 spray lines.

Here, we assumed that the quality of each spray line is equivalent to one other. Because the measured data is well matched, a generalized bell-shaped membership function (GBSF), in equation (7), is chosen to fit the profilometer measurement in MatLAB using the least-squares fitting method (Fig. 2 (b, blue line).

𝑓(𝑥; 𝑎, 𝑏, 𝑐, 𝐴

𝐿 ) = 1 1 + | 𝑥 -𝑐 𝑎 | 2𝑏 × 𝐴 1𝐿 (7) 
The generalized bell-shaped membership function is symmetric. As expressed in equation ( 7), this function uses four parameters: a determines the width of the bell-shaped curve, b is a positive integer, c defines the center of the curve [48], and A1L is the amplitude of a spray layer, that is the total thickness divided by 4 (Fig. 2 (b)).

Besides, the index space was chosen to be 50% of the maximum intensity of the generalized bell-shaped function, which corresponds to 0.7 cm in our case.

A mask was used to avoid the inhomogeneity of the spray on the 4 edges. Since the use of a mask leads us to coat a larger area, the actual sprayed area was set at 4.2 × 2.1 cm 2 (a) (b)

considering the value of the index space (0.7 cm here). In order to achieve the desired active area of 3.8 × 1.9 cm 2 , the first and third run paths (blue and green lines in Fig. 1, respectively)

were composed of 6 and 5 vertical serpentine lines spaced 3.5 mm apart, respectively. The second and fourth run paths (orange and red lines in Fig. 1, respectively) were composed of 3 and 2 horizontal serpentine lines spaced 3.5 mm apart, respectively.

Here, we attempted to evaluate the amount of particles deposited along the studied axis when depositing 1, 2, 3 or 4 spray layers in the defined area using the MatLAB software. We assumed that a homogeneous layer gives a homogeneous distribution along the studied axis.

Since the GBSF fit function of one spray line is known for a given ink, we suppose that each coated layer is composed of a sum of several single spray lines separated by the index space distance. For instance, the first coating layer is composed of n single spray lines in the vertical direction, according to the width of the desired spray area. The second coating layer is composed of m singles spray lines in the horizontal direction, according to the length of the wished spray area. The third and fourth coating layers are the repetitions of the first and second layers, respectively, but shifted by the index space. In order to compare the profile thickness for each coating layer accumulation, the thickness shown in Fig. 3 is normalized for this purpose.

Fig. 3 shows the simulation of each additional layer in 3D and its top view with a mask (black rectangle), as well as a piece of profile over the length of a sample (red rectangle). Fig.

3 (1) represents the simulation of the first layer in the vertical direction. Figs. 3 (2) to (4) represent, respectively, each accumulation of layer as described above. According to our MatLAB program, each accumulation of layers decreased the empty space between each deposited line. As the simulation of the 4 layers of coating gave us the best homogeneity, we considered that a cycle of 4 serpentine pathways (as described in Fig. 1) gave us a homogeneous coating. For this reason, the total number of coating layers of the prepared samples was always a multiple of the 4 layers, which is considered to be a cycle. In order to check whether our simulation can match with the measured profile thickness, samples were prepared, studied, and discussed in the forthcoming section.

Electrochemical characterization in a working fuel cell bench.

The prepared CCMs were tested on a lab-made fuel cell test bench to evaluate their performance via polarization curves and electrochemical surface area (ECSA) measurements.

The fuel cell was mounted in counterflow mode with two 28BC GDLs and two PTFE gaskets (150 µm).

Prior to any fuel cell bench testing, a conditioning step is needed to ensure membrane hydration and catalyst activation. The conditioning was performed as literature [49,50]. This step consists of cycling the voltage between OCV (Open Circuit Voltage), 0.3 V and 0.6 V every 30 s for at least 6 h. The operating conditions were 70 °C and 60% relative humidity for air and hydrogen. During this step, the flow rates were calculated according to the previously measured currents and at an air H2 / air stoichiometry of 1.5 / 4. After this step, electrochemical characterizations were performed, such as: (i) polarization curves, which represent the performance of the fuel cell in given operating conditions, (ii) cyclic voltammetry, to evaluate the ECSA of the catalyst. All these characterizations were carried out automatically using labmade LabVIEW programs. Each time, two configurations described in Fig. 4 were used to test the homogeneity of the prepared CCM. It was assumed that if the both sides of a prepared CCM are similar, then they should give a similar performance in PEMFC regardless the configuration of the cell. Therefore, the two configurations of the cell performance were tested and the performance in PEMFC was compared via polarization curves. 

b. Cyclic voltammetry

Cyclic voltammetry tests were performed to evaluate the ECSA of the prepared CCMs.

The fuel cell was operated in the H2 / N2 mode (anode and cathode, respectively). The voltage sweep rate was 50 mV s -1 and the voltage range was between 0.1-0.7 V (Fig. 5 (a)). The operating flow rates, temperature, and relative humidity of the two gases were set at 70 °C and 60%, respectively. Cyclic voltammetry measurements were repeated at least three times for each sample. Then, the mean hydrogen adsorption/desorption charge, QH was analyzed in Eq. ( 8), was determined by integrating the two hydrogen adsorption/desorption peaks across the obtained cyclic voltammetry curves. Subsequently, the ECSA was calculated by Equation (9).

𝑄 𝐻 = (𝑄 𝑜𝑥 -𝑄 𝑟𝑒𝑑 ) 2 (8) 𝐸𝐶𝑆𝐴 = 𝑄 𝐻 210 𝜇𝐶 𝑐𝑚 𝑝𝑡 2 . 𝐿 𝑝𝑡 = [ 𝑚 2 𝑔 𝑝𝑡 ] (9) 
where, 210 µC cm -2 Pt is the value of the platinum charge density when monolayer adsorption of hydrogen on the surface of platinum crystallites is assumed.

Results and discussion

First characterizations of the deposited electrode

Estimation of the Pt loading

The Pt mass loading is important to evaluate the stability of the ink over the coating time. For this purpose, a series of deposited masses (not shown) on an aluminum foil was carried out as support by applying the coating program at 60 mm from the nozzle height. During two hours of coating, each cycle (4 serpentine layers) of spray coating resulted in an average of 0.11±0.01 mg cm -2 of Pt loading (thus 3 cycles were necessary to reach about 0.3 mg cm -2 of Pt loading). However, a fluctuation in the deposited masses (> 0.01 mg cm -2 ) was observed after this time. This fact can be explained by the local aggregation of particles in the tube over time. To avoid this problem as much as possible, the coating step lasted less than 2h. The unused ink was removed from the tube and re-mixed in its vial with a sonication step for at least 1h. Due to the mixing of the ink, a new estimation of the Pt loading (at least 2 samples) was performed after filling the tube of the ultrasonic spray coater.

Thickness of coating according to masks and configurations a. Mask effect

Since the thickness of the coating was measured by a tactile profilometer, we had to resort to using glass as a support. Therefore, singular samples were prepared for this purpose with the constraint that the length of the samples could not exceed 4 cm. For this reason, the active surface area was divided into small portions in order to measure the thickness correctly.

Here, two mask thicknesses were compared: 10 and 1 mm. The masks were made of glass and polycarbonate, respectively. The surface area (S = 1.9 × 3.8 cm 2 ) was divided using Kapton ® scotch tape, which was then removed after coating. Fig. 6 shows the different sample models prepared using different masks and obtained with 3 coating cycles at 60 mm from the nozzle height. The choice of glass mask was initially made considering that this kind of material is dimensionally stable to heat, unlike some organic polymers such as polyethylene terephthalate (PET). Since the tactile probe was 2 µm wide, it took time to do a 3D mapping. To quickly check the homogeneity of our coating surface, we measured the thickness along several guided lines drawn with different colors in Fig. 6. The thickness of each guided line is illustrated in Fig. 7. Concerning the sample obtained with the glass mask (Fig. 7 (a-c)), we could observe that: (i) the thickness of the coating was about 11±1 µm, (ii) the measured thickness in both directions seemed to have 2 µm difference, and (iii) the coating was not homogeneous on the edges. The measured thickness was higher than that reported by Sassin et al. [40,47] for a similar nozzle height and Pt loading. Indeed, these authors were measured by SEM 8 µm for the thickness of the catalyst layer. This difference can be explained simply by the choice of the Pt weight fraction in the Pt/C powder, which was at 50 wt.% of Pt in their work (vs. 40 wt.% here). It might also be that the compression during fuel cell fabrication reduced the thickness of the catalytic layer. In addition, point (ii) above may be explained by a difference in the starting point (zero point as a reference) when changing the direction of the measurement. In fact, the size of the glass support used was 7.5 cm long and 2.5 cm wide. After coating, there was a maximum of 3 mm on each side in the width to make the zero. Even with the use of a mask, some particles might affect the measurement. The other issue is the heterogeneity of the coating. According to the modeling results in Fig. 5, there are some small heterogeneities on the surface of the coating.

(a) (b)

A difference of a few millimeters can affect the measurements of the thickness, even in one direction. Point (iii) above can be explained as follows. Contrary to the edge where Kapton ® scotch tape was used, the edge where the glass mask was applied showed an amount gradient of 3 mm. This fact reveals that the thickness of the mask affects the quality of the spray on the edge of the coating as a result of a shadowing effect. By decreasing the mask thickness to 1 mm, we could decrease the amount gradient as illustrated in Fig. 7 (d). Thus, the coating quality was improved by using a thinner mask to avoid the amount gradient at the edges. 

b. Spray configurations

In this section, we studied the effect of spray configurations on the coating quality while keeping the PC mask. For each configuration, we attempted to fit the measured data with our MatLAB simulation program. For this purpose, three different spray configurations were chosen, namely, A -1 vertical serpentine layer of spray pattern repeated 12 times at a nozzle different height of nozzle), the measured thickness profiles (Fig. 8 (b-c)) were more homogeneous than that of A. However, the height of the nozzle played on the empty space between the overlapped lines. Here, the higher the nozzle, the better the coating.

Surprisingly for us the results show that the thickness and amplitude (or oscillation) of the coating depend on the property of the purchased Pt/C. Because the Pt weight was the same for both catalysts, it is assumed that the properties of the carbon support (e.g. size and porosity) on which the Pt was synthesized play a role in the thickness of the samples. There is a difference of about 3 µm between the samples prepared with the two catalysts. It seems to us that this difference is quite important and can affect water management and gas transport. In general, we (newcomers in coating) pay a lot of attention to the weight of Pt when purchasing Pt/C catalysts but the properties of the carbon support (particle size, micro-porosity, wettability, interaction with the ionomer/solvent, etc.) are equally important. However, it is quite unfortunate that there is not much information on Pt/C (especially concerning unnamed carbon black) when purchasing such catalysts, whereas the price remains expensive regardless carbon support. Ideally, a thorough characterization of the powder should be carried out before processing. It is quite unfortunate that there is not much information on Pt/C when purchasing such catalysts, in particular about the size of the carbon particles.

Regarding the amplitude of the obtained coatings, it seems that this parameter depends on the properties of the Pt/C as well as on the chosen configuration. In the case of the configuration A (Fig. 8 (a)), the two catalysts gave two kinds of amplitude although the frequency (period of overlap repetition) was the same. Besides, the amplitude of AA 40% Pt/C (2021) shown in Fig. 8 (a) could not be modeled correctly with the model described in section 2.2.3. The latter could estimate an average thickness, predict the frequency well, but could not accurately estimate the amplitude of the deposited layers. Here, we specify that the reference spectra were obtained by accumulating 4 deposited layers at a same nozzle height and that one spray layer was calculated by dividing the obtained profile by 4. In doing so, we neglected the possible combined effects of overlap, local shadowing and spraying force that are expected to occur during the coating process. Perhaps, for this reason, our model cannot predict well the amplitude of the coating.

When the amplitude was rather negligible as in the case of configuration C (Fig. 8 (c)), the fit appeared to match the measurement. For sample B (Fig. 8 (b) fit curve in green), we can see that our model gave an average of the measured oscillation, and the fit seemed very smooth compared to the measured profile. In fact, it seems to us that a repetition period can be observed from the measured profile. However, this variation in oscillation cannot be well predicted with our model, perhaps due to a change in the behavior of the reference spectrum ([f(x;4,7,1,11,6,1,7μm)] and [f(x;4,1,3,11,3,1,1μm)] for nozzle heights of 40 and 60 mm, respectively) or for the reasons cited above regarding amplitude. On the basis of this observation, it seems to us that a simple model is not enough to perfectly fit the shape of the measured coating. Other, less controllable variables influence the final shape or property of the coating. For example, Deschamps et al. [43] showed that the roughness of the coating layer varies with the carbon samples and the thickness of the coating: the measured roughness of the deposited layer doubled when the thickness layer was doubled for a given carbon sample. 

Impact on CCMs performance: mask thickness, spray configuration, and Pt/C powder

After correlating the coating parameters with the thickness profile, we investigated the effect of the coating parameters on PEMFC performance. C spray configuration was retained for this section.

Impact of mask thickness

Before studying the impact of the mask on the performance of PEMFC, we checked the coating homogeneity of our lab-made CCMs in terms of the repeatability of the performance. If our coating layers were repeatable, then both sides of our CCM should give the same performance in the fuel cell. In this process, we tested the two configurations shown in Fig. 3.

The polarization curves of the two tested configurations are illustrated in Fig. 9 (a) and show well the same behavior for both sides of our CCM spray coated with a 1 mm thick PC mask.

Furthermore, the two deposited layers have similar electrochemical surface areas, that is, 15.5 and 16.3 m 2 gPt -1 for sides 1 and 2, respectively, suggesting here that the catalyst deposited on the coating bench was well controlled.

After assuring the quality of our coating in terms of repeatability of performance, the CCMs coated with glass and PC masks were evaluated in a PEMFC bench. Fig. 9 (b) compares the polarization curves of samples coated with 10 mm thick glass (red) and 1 mm thick PC (blue) masks. Of course, the more homogeneous coating obtained with the thinner mask gave superior performance. A difference of 0.12 A cm -2 was recorded at 0.6 V between the two curves. This high sensitivity to the shadowing effect is explained by the relative importance of the edges compared to the total surface for this small active area. This effect should be kept in mind because generally, in the laboratory, small active areas are used to characterize new materials that are produced in small quantities. 

Spray configuration patterns

Turning now to the samples prepared with the three pattern configurations (A, B, and C), the polarization curves shown in Fig. 10 indicate that the three spraying configurations give (b) (a) rather similar performance, except in the mass transport region. We can see that the more heterogeneous the coating, the more the mass transport is affected. Additionally, since the 3 samples were obtained after 12 layers of coating for a given ink, the three samples have similar thickness (previous section). As a consequence, the Pt loading (calculated from equation ( 6)) of the three samples was quite similar (Table 1) and is in good agreement with the literature [36,40]. Concerning now the ECSA of these samples (Table 1), the two samples prepared with configuration A and C respectively at the same nozzle height, have similar ECSA, 24.7 m 2 g -1 , and 25.8 m 2 g -1 respectively. On the contrary, the sample prepared at a nozzle height of 40 mm is slightly thicker than the other two samples, suggesting here that the nozzle height affects not only the width of the deposited line but also the features of deposited particles after solvent evaporation. The latter may play a role in the roughness of the deposited layer and may explain the difference in the ECSA values. Besides, it is known from the literature data [39,47] that the height of the nozzle affects the quality of the coating and therefore the fuel cell performance. Indeed, it has been shown that spraying at a low nozzle height can lead to cracks in the coating layer and this can have an impact on the fuel cell performance. However, samples prepared at the same nozzle height and with similar average Pt loading can differ in terms of performance, highlighting here that other phenomena influence mass transport. It can be seen here that it is desirable to produce a catalytic layer that is homogeneous in thickness. From this comparison, we can state that C is the best spray configuration to achieve a homogeneous coating and better fuel cell performance. 6)) rather similar ranged from 0.33 to 0.37 mg cm -2 , except for the FCS 40% Pt/C-Vulcan BS 6 months later and FSC 40% Pt/C-Black (2020), which are close to 0.4 mg cm -2 (Table 2) All plots with solid lines in Fig. 11 represent samples prepared with catalysts as-received. The single dotted line shows the behavior of the catalyst FCS 40% Pt/C-Vulcan opened and reused after 6 months of storage in an ordinary chemical cabinet. and the one prepared 6 months later with the same catalyst, the results point out that the performance of the catalyst decreased with storage time (0.85 vs. 0.50 A cm -2 at 0.6 V, respectively). This feature was rather unexpected since Pt metal is known to be stable at room temperature. In fact, bulk Pt or Pt film is stable under ambient conditions, but not nano-sized Pt particles or clusters [51,52]. Indeed, Banarjee et al. [53] studied by XPS the oxidation of Pt particles of 1-4 nm on different carbon supports. The characterized samples were exposed to ambient air for 8 h to 1 week. Their results clearly showed that small Pt sizes, less than 1.4 nm, were mainly oxidized (80%) and Pt particles larger than 1.4 nm were less oxidized (about 30%).

The latter represents the shell of Pt particles but the core remains Pt(0). From the literature results, it seems that keeping Pt/C away from oxygen or air is paramount to avoid its oxidation and maintains its performance in the PEMFC.

Thus, the results in PEMFC can vary depending on the size distribution of Pt and also on the amount of Pt(II) and Pt(IV), which do not participate in the catalyst activity. Concerning the sample prepared with FCS 40% Pt/C-Vulcan (2019) 6 months later (the red dashed curve in Fig. 11), it is possible according to literature that the Pt oxidation phenomenon is responsible for the decrease of the performance measured in the PEMFC. This hypothesis will be confirmed or refute by our forthcoming work.

Conclusion

Mastering the coating bench for PEMFC catalyst layers can be time-consuming but is necessary to obtain repeatable coatings. In this sense, the experimental part of this paper was detailed in order to help beginners in spray-coating. The objective of this research was to identify some key parameters to improve the coating and its impact on fuel cell performance via modeling and measurements of the coating thickness as well as via polarization curves in the PEMFC bench. Through our work, it seems to us that the mask thickness, the spray configuration (pattern and height of nozzle) and the properties of catalyst powders affect a lot the homogeneity and the thickness of the coating layer and also its performance in PEMFC.

Moreover, the results of this study lead to the following conclusions:

• Pt/C powders from different suppliers or different batches from same supplier are not equivalent, and this plays a role in the PEMFC performance for a given recipe and coating mode.

• CCMs prepared with stored Pt/C powder give lower performance in PEMFC compared to CCMs prepared with as-received Pt/C powder.

•

The thickness of the coating and its profile depend on the origin of Pt/C powder.

And the configuration of its coating affects the PEMFC performance. It is desirable to manufacture catalyst layers of homogeneous thickness. Prior to coating, a MatLAB simulation can help optimize the configuration

The thickness of the mask also affects the homogeneity of the coating. The thinner the mask, the more homogeneous the coating. This effect is not negligible for MEAs with a small active surface area.

CHAPTER 3 

CHAPTER 3

In the previous chapter, we focused on the optimization of the coating parameters using the ultrasonic spray bench such as (i) the height of the nozzle to prevent the wrinkles of Nafion membrane, (ii) the thickness of mask for avoiding the shadowing effect, and (iii) the spray pattern configuration for getting a more homogeneous coating. Moreover, we studied the impact of Pt/C origin as well as its storage history on the performance of PEMFC, via polarization curves.

Improper storage of a Pt/C powder can affect the behavior of the ink, and therefore the resulting CCM has lower performance in the PEMFC compared to that prepared with the fresh Pt/C powder.

However, the performance of our home-made MEAs is rather low in comparison with the improved MEAs from the literature [1][2][3][4]. In order to improve the performance of our home-made

MEAs in PEMFC, it is needed to better understand the relationship between performance and ink properties with and without fresh catalysts. Here, we specify that the performance of the PEMFC is evaluated via the polarization curves, which give us an overall performance of all the elements of the cell (bipolar plate, gas channel, GDL, CL and membrane) as well as the amounts of gas and water and their transports. For a given operating condition, we assume that the resulting polarization curves arise primarily from the construction of CL, since the membrane, GDL, gas channel and bipolar plates are the same.

Thus, this chapter aims to optimize the MEAs performance from different aspects:

1) Operating conditions for a given ink 2) Ink composition or formulation by varying ionomer and solvents ratio as well as Pt weight

3) Ink preparation for a given composition 4) Ink preparation for a given Pt/C with or without alteration. All coating layers were obtained with an automatic ultrasonic spray bench (ExactaCoat) from SonoTek. An ACCUMIST nozzle (120 kHz) was used in this work. A 1 mm-thick polycarbonate (PC) mask was used during coating.

Optimization of

UltraTurrax, a high shear disperser (IKA ® T 10) was used for specific inks (see above).

A Dektak XT tactile profilometer (Bruker) was used to measure the thickness of the deposited layers. The probe size of the profilometer was 2 µm and the measurement error was about 10 nm. The measurement step varied depending on the time required to perform the measurement.

The maximum sample length that the device could measure was 4 cm.

Scanning Electron Microscopy (SEM) images were performed with a Gemini SEM 500 device from Zeiss.

XPS (X-ray Photoelectron Spectrometry) measurements were performed at LCPME, within the department "Plate-forme de spectroscopie des interfaces". The deconvolutions of XPS spectra were performed with CasaXPS software.

Catalyst inks preparation

In order to study the relationship between ink properties and CCMs performance in PEMFC, several inks were prepared with different formulations and modes of preparation.

The first mode of preparation, dubbed general catalyst ink preparation, has already been used in Chapter 2 concerning the manufacture of CCMs. Unless specified, this manner of preparing inks was kept regardless of the ionomer ratio, solvent ratio, and Pt/C powders. All the prepared inks were composed of 0.4 g of Pt/C in a mixture of water and isopropanol. The ratio of Nafion ® ionomer (R(Nafion ionomer)) in the dispersion was calculated according to equation (1).

𝑅(𝑁𝑎𝑓𝑖𝑜𝑛 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) = 𝑚(𝑁𝑎𝑓𝑖𝑜𝑛(𝑠𝑜𝑙𝑖𝑑) 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) 𝑚(𝑁𝑎𝑓𝑖𝑜𝑛(𝑠𝑜𝑙𝑖𝑑) 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) + 𝑚(𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟)

(1

)
where 𝑚(𝑁𝑎𝑓𝑖𝑜𝑛(𝑠𝑜𝑙𝑖𝑑) 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) is the mass of Nafion ionomer in solid form and 𝑚(𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) is the mass of catalyst powder in the dispersion.

Typically, each ink was prepared in a 100 mL vial with a screw cap to prevent evaporation of the isopropanol. A stirring bar was used to mix the dispersion. The first step was to introduce the desired amount of Pt/C powder and water to avoid ignition of Pt upon encountering isopropanol.

Then, isopropanol and Nafion ® ionomer were poured inside the vial. At each intermediate step, an ultrasonic bath was used for at least 1 h to spread the particles in the dispersion. In addition, the final step of the ink preparation was obtained after one night in ultra-sonic bath (Elmasonic S10, 37 kHz, 30 W). The prepared ink was used within 3 days to prevent ink settling and evaporation of solvent. When the prepared ink was not used for coating, it was placed under magnetic stirring.

Before reuse, the prepared and stirred ink was introduced into an ultrasonic bath for at least 1 hour.

Once the suspension was ready, an amount of ink was pumped into the syringe of the coating machine.

The second preparation method is referred to as mixed catalyst ink preparation method, due to the step of high shear disperser (IKA ® T10 Ultra Turrax). The latter is used after the adding of isopropanol, but either before or after the addition of Nafion ionomer in the description of general catalyst ink preparation mode. The step lasts 30 minutes at a speed of 16.800 rpm.

For more clarity, the studied inks compositions are reported in below.

1)

The first batch of inks was composed of 0.4 g of 40% Pt/C in a 1:2 mixture of water and isopropanol. The Nafion ® ionomer ratios were set at 13, 23 or 33%.

2)

The second batch of inks was composed of 0.4 g of 40% Pt/C, 33% of Nafion ® ionomer ratio, in 1:2 or 2:1 mixture of water and isopropanol.

3)

The third batch of inks was composed of 33% of Nafion ® ionomer ratio, in 1:2 mixture of water and isopropanol, and 0.4 g of 20 or 40% wt. of Pt in Pt/C powders.

4)

The fourth batch of inks compared 40% wt. of Pt/C from 2 different suppliers prepared with general and mixed catalyst ink preparation methods.

5)

The fifth batch of inks concerned the samples prepared with or without exposure of air during 14 days at ambient condition. The inks were prepared with the both preparation modes.

All inks prepared in the fourth and fifth batch contained 33% of Nafion ionomer content in a 1:2 mixture of water and isopropanol.

For the fifth batch of inks, a new bottle of 40% wt. Pt/C was opened in a glove box and used as-received. The first day of bottle opening, a sufficient amount of catalyst was collected for (i)

preparing an ink, (ii) performing a XPS measurement and (iii) oxidizing an amount of catalyst at ambient condition during 14 days. The ink samples prepared during the opening of the bottle are called t0, and the one prepared after the oxidation step are called t14. In parallel, the sample t0 after being analyzed by XPS was exposed to air at ambient condition during 14 days, and was analyzed again by XPS. The obtained XPS results are referred as t14.

Preparation of CCMs

All the studied CCMs samples were prepared with Nafion ® 212 membrane and an ultrasonic spray bench (ExactaCoat, from SonoTek), using configuration C and a 1 mm thick polycarbonate mask, as described in Chapter 2. Unless specified, the Pt loading of the prepared CCMs is set at 0.3 mg cm -2 for both electrodes with an active area of 7.22 cm 2 . The Pt loading (LPt) of each catalyst layer (CL) was achieved by multiple passes of the ultrasonic nozzle over the Nafion ® membrane and was estimated by weighing difference via equations ( 2) to (5).

𝑅(𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) = 1 -𝑅(𝑁𝑎𝑓𝑖𝑜𝑛 𝑖𝑜𝑛𝑜𝑚𝑒𝑟)

(2)

𝑚 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 = 𝑚 𝑓 -𝑚 𝑖 (3) 
where 𝑅(𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) is the ratio of catalyst powder in the dispersion, 𝑚 𝑓 is the mass at the end of the coating of the piece of aluminum foil and 𝑚 𝑖 is the mass of the pristine piece of aluminum foil.

𝑚 𝑃𝑡 = 𝑚 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 × 𝑅(𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) × 𝑅(𝑃𝑡 𝑤𝑡) (4) 
where 𝑅(𝑃𝑡 𝑤𝑡) is the ratio of Pt in the catalyst powder. For instance, it is 0.4 for Pt at 40 wt.%.

𝐿 𝑃𝑡 = 𝑚 𝑃𝑡 𝑆 𝐴 ( 5 
)
where 𝑆 𝐴 is the active surface area (7.22 cm 2 in our work). Of course, the estimation of 𝐿 𝑃𝑡 is only valid if we assume that the ink dispersion is homogeneous during the spray-coating steps.

Thickness and homogeneity of coated samples

The thickness and homogeneity of the deposited layers were characterized by a Dektak XT tactile profilometer (Bruker). Because of the constraints of this technique, peculiar samples coated on glass supports were prepared as depicted in Fig. 1. The shape and thickness of the deposited layer were characterized according to the guide lines of Fig. 1. The prepared CCMs were tested on a lab-made fuel cell test bench to evaluate their performance via electrochemical characterizations, such as (i) polarization curve, (ii) cyclic voltammetry to evaluate the electrochemical active surface area (ECSA) of the catalyst, and (iii)

measurements were repeated at least three times for each sample. Then, the mean hydrogen adsorption/desorption charge, QH was analyzed in Eq. ( 6), was determined by integrating the two hydrogen adsorption/desorption peaks across the obtained cyclic voltammetry curves.

Subsequently, the ECSA was calculated by Eq. (7).

𝑄 𝐻 = (𝑄 𝑜𝑥 -𝑄 𝑟𝑒𝑑 ) 2 (6) 𝐸𝐶𝑆𝐴 = 𝑄 𝐻 210 𝜇𝐶 𝑐𝑚 𝑝𝑡 2 . 𝐿 𝑝𝑡 = ⌊ 𝑚 2 𝑔 𝑝𝑡 ⌋ (7) 
where, 210 µC cm -2 Pt is the value of the platinum charge density when monolayer adsorption of hydrogen on the surface of platinum crystallites is assumed.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurements were performed to identify the properties of the different components in the cell. During EIS measurements, cell temperature was set at 70 °C and relative humidity was either 60 or 80%. Impedance spectra were recorded at the frequency range of 10 kHz to 10 mHz. During this test, hydrogen and air were used on the anode and cathode sides respectively. The measurement was repeated every 6 hours and at least three times for all MEAs studied.

A complex number (zcell) was recorded for each frequency using small perturbation potentials. The variation of complex numbers (zcell) was analyzed and interpreted by the Warburg model (WRRG), as expressed in equations 8-9. To evaluate the parameters of WRRG, a MatLAB program using the inverse and the least square methods was applied.

𝑍 𝑐𝑒𝑙𝑙 (𝑤) = 𝑅 𝐻𝐹 + ( 1 𝑅 𝑐𝑡 + 𝑍 𝑤 (𝑤) + 𝑖𝑤𝐶 𝑑𝑙 ) -1 (8) 
with,

𝑍 𝑤 (𝑤) = 𝑅 𝑑 √𝑖𝑤𝜏 𝑡𝑎𝑛ℎ√𝑖𝑤𝜏 (9) 
where: Z cell is the cell resistance; R HF is a high frequency resistance, which results from the protonic resistance of the membrane and contact resistances between the MEA components; R ct is a charge transfer resistance, characterizes the efficiency of the electrochemical reaction; R d is a mass diffusion resistance; C dl is a double layer capacitance, which is associated with charges separation in the electrode such as protons in the ionomer and electrons in carbon or platinum; τ is a time constant of diffusion; Z w is the finite Warburg impedance. This impedance represents the contribution of oxygen transport to the voltage losses.

Results and discussion

Operating conditions for a given ink composition

In order to increase the performance of fuel cells via polarization curves, one can first attempt to optimize the operating conditions for a given MEA by changing one parameter at each time such as cell temperature, gases stoichiometry (S) or relative humidity (RH). Here, an attempt has been made with the change of the relative humidity at both electrodes: 60 vs 80% RH. As illustrated in Fig. 2, the polarization curves at 60 and 80% of RH at the both electrodes behave differently according to the stoichiometries of gases. Operating at 60% of RH at the both electrodes, the polarization curves remain similar regardless of the set flows rate or stoichiometry of gases.

This means that oxygen transfer is not limited by the structure of electrodes at 60% RH, regardless of the stoichiometries of gas. On the contrary, increasing the relative humidity to 80% can lead to a high sensitivity to gases stoichiometry. Indeed, a higher concentration of water vapor in the channels also means a lower concentration of oxygen. In addition, the higher the humidity, the greater the possibility of liquid water in the GDLs and therefore the lower the gaseous diffusion of oxygen. When the gases are well humidified, there is no risk of drying out, only a risk of flooding if too much water in the MEA prevents the transport of gases. For this reason, the performance increases with the stoichiometry. From this comparison, it appears that the shape of the polarization curve depends on the electrode structure, which may be related to the state of the pore size (or porosity) in the catalyst layer structure. We specify that the porosity of the catalyst layer corresponds to the free space between the carbon and platinum particles coated with Nafion ionomer. According to the literature [7], the porosity decreases with the increase of catalytic layer thickness fabricated by ultrasonic spray. This is because when an additional layer is applied, some of the ink can penetrate the porosity of the previous layer. Therefore, reducing the number of coating layers allows us to prepare a thinner catalytic layer with higher porosity, which can facilitate the gas and water transport in PEMFC. However, this method of preparation can affect the Pt loading of prepared samples. Thus, CCM-based MEAs were prepared with 8-and 12-layers of spray coating (see Table 1 for their Pt loading). We assume here that the thickness of the deposited layer is a function of the number of coating layers. The comparison of the polarization curves obtained with H2 / air at stoichiometry 1.5 / 5 shows well that the 8-layers CCM gives a better performance than the 12-layers CCM (Fig. 3). This result indicates that a thinner catalyst layer with an assumed higher porosity provides better water and oxygen transfer, regardless of the Pt loading of the catalyst layers. Although the ESCA and Pt loading of the 12-layers CCM are higher than those of 8-layers, the water and gas transport seems to be more affected by the catalytic layer structure, such as the porosity and thickness of the catalytic layer. In fact, ESCA allows us to estimate the interface between catalyst (Pt and C) and ionomer or the quality of the triple phase boundary, whereas electrode performance is more impacted by its thickness and porosity. Thus, water and gas management based on electrode structure is very important. But understanding or seeking the electrode structure is also important to facilitate water and gas transport and thus improve fuel cell performance. To understand the relationship between ink properties and electrode structure, a systematic study was attempted by varying the amount of Nafion ionomer, solvent ratio, and Pt weight in the formulation of catalytic inks (see below). RH for both gases.

Optimization of catalyst inks composition

Nafion ionomer content

In this part, a batch of inks was prepared with general ink preparation method. The inks were composed of a mixture of water and isopropanol in ratio 1:2 and catalyst AA 40% Pt/C (2020).

Three inks with the ionomer ratio of 13, 23 and 33% respectively were prepared and used for the fabrication of the corresponding CCMs. For each prepared ink, 8-layers of CCMs were prepared and compared with those at 12-layers, as reference to previous work in Chapter 2. The Pt loading (LPt) for each prepared CCM was estimated via equations (2-5) and reported in Table 1. We can see that all the prepared samples have similar Pt loading for a given number of coating layer, but roughly at 0.3 mg cm -2 . As the number of coating layers affects the performance of the PEMFC, the impact of the amount of ionomer in the CCM-based MEAs is studied for a given number of coating layers.

Comparing the 8-layers samples in Fig. 4 (a), the sample prepared with the lowest amount of ionomer content in the ink shows the lowest performance in the PEMFC. In contrast, the samples prepared with 23 and 33% of ionomer content in the ink have similar polarization curves up to the mass transport region, where the sample prepared with 33% of ionomer content in the ink is less competitive regarding oxygen transport. This may be due to a reduction in porosity for higher ionomer loading preventing gas diffusion through the thickness of the electrode or to a greater thickness of ionomer surrounding the agglomerates of Pt/C which reduces the diffusion of adsorbed oxygen through the electrode. Moreover, more water is produced at higher current densities. This amount of water can participate in the swelling of the Nafion membrane and the Nafion ionomer.

The latter can also decrease the porosity of the electrode in addition to the increase of ionomer ratio in the electrode. On the other hand, the high frequency resistance (RHF), which is related to the membrane resistance in the PEMFC, does not appear to vary significantly with ionomer loading.

(Fig. 4 (c)). Perhaps it decreases slightly as the loading increases, indicating either greater difficulty in evacuating water vapor, or better ionic contact between the membrane and the electrodes. It should be noted that using WRRG model, we can extract the RHF and also other parameters, such as Rd, Rct, Cdl. The double layer capacitance (Cdl) clearly increases with ionomer loading as the interface between the ionic and electronic conductors is an increasing function of loading. The charge transfer resistance (Rct) is not intrinsic to the catalytic activity, as the electrode model used to estimate it is surface-based. It therefore depends on the thickness of the electrode, and its proton conduction, etc. It seems that it decreases as a function of ionomer loading. This can be explained by a higher local current density <I> on the catalyst grain as the whole electrode surface is not available due to the oxygen transport problem. The charge transfer resistance is indeed equal to the ratio of the Tafel slope (b) to the current density <I>: (Rtc=b/<I>). Finally, there is no clear trend in the oxygen diffusion resistance but this may be due to the very simple model used here to estimate the parameters.

Thus, 23 and 33% of the ionomer contents in the ink are within the optimum ionomer range for catalyst inks, and they agree with data from the literature [8][9][10].

Concerning the 12-layers samples (Fig. 4 (b)), the polarization curves of the samples prepared with 13 and 33% of ionomer content in the ink are rather close, although the sample prepared with the lowest amount of ionomer content shows the lowest performance as expected. In fact, the difference observed in the case of the 8-layer samples, prepared with 13 and 33% ionomer ratio in the ink, is greater than 0.25 A cm -2 at 0.6 V, whereas this difference is less than 0.12 A cm - 2 at 0.6 V for the 12-layer samples. The 12-layer electrode is therefore less sensitive to ionomer loading. The fact that it is denser, with less porosity explains the better proton conduction at low ionomer loading. Comparing now the ECSA of the studied samples, it seems that the measured values match with the polarization curves behavior of the all studied samples, regardless of the coating layers. With an ionomer content of 13% in the ink, the Pt particles cannot be well covered by the amount of ionomer, resulting in a low TPB, and thus a low ECSA regardless of the number of coating layers. The measured ECSA value of the 12-layers sample prepared with 33% of ionomer content is quite high, which confirms that the poor performance of this sample is due to an oxygen transport issue. Physico-chemical characterizations were performed to deepen the analysis. 

(a) (b) (c) (d)
of the deposited layers were analyzed by a profilometer following the red guide line in Fig. 1. The surface morphology of the prepared samples visualized by SEM is shown in Fig. 5 (a and b), at different magnifications. It seems to us that the sample prepared with 13% of Nafion ionomer ratio is slightly more porous than the one prepared with 33% of Nafion ionomer content, due to a less covering of Pt/C with 13% of ionomer content in the ink composition. In addition, it also appears that increasing the Nafion ionomer content in the ink increases the probability of ionomer agglomeration, as shown in Fig. 5 (b, 33% ionomer).

As far as thickness is concerned, the profilometer results in Fig. 5 (c) reveal that the sample prepared with 33% of ionomer content is the thinnest sample, with about 6 µm thickness, while the thickness of the samples prepared with 13 or 23% ionomer content is similar but thicker and reaches almost 12 µm, double that of the first sample. By cross-referencing the data, it appears to us that 33% of ionomer ratio in the ink favors a denser and thinner electrode, with a reduction of porosity not only due to a higher amount of ionomer filling the pores, but to smaller pores. The ionomer agglomerations observed in the SEM image (Fig. 5(a, 33%)) may be the result of several mechanisms. We propose here two assumptions:

-The ionomer has the effect of increasing the interaction between the carbon particles. The more binder there is, the more the particles stick together and the more the space between them i.e.

the porosity is reduced.

-A larger amount of ionomer could slow down the drying kinetics of the electrode and thus allow more time for particle agglomeration between the time the ink is deposited and the time it is dry.

This kind of dense structure yields a high ECSA because of high interface between ionic and electronic conducting phases, but the presence of an excess of ionomer agglomeration can lead to oxygen transfer issues at the scale of the electrode thickness in gas phase as well as at the scale of ionomer layer thickness in adsorbed phase. At lower ionomer contents (<23%), all the obtained coated layers are thicker improving gas transport while reducing proton conduction. 

Solvent ratios (1:2 vs. 2:1 H2O/IPA)

In order to tune the thickness of the coating layer, a study on the ratio of water (H2O) and isopropanol (IPA) in the mixture of solvents was performed. In this work, a new batch of inks was prepared with catalyst FCS 40% Pt/C-Vulcan XC-72R (2021) and 33% of Nafion ionomer content.

Following General catalyst ink preparation method, two inks, called (2:1) and (1:2), were prepared in a mixture of water and isopropanol in the ratio 2:1 and 1:2 respectively. 12-layers CCM-based MEAs were prepared from the as-described inks, using an ultrasonic spray bench and configuration C. During the CCM fabrication process, we noticed that the two inks behave differently, especially 

the difference in Pt loading for a same number of coating layer. The samples prepared with the ink containing more water amount (ratio 2:1) were always heavier than the samples prepared with the ink with less water amount (ratio 1:2): 0.39 vs. 0.32 mg cm -2 respectively.

Then SEM and profilometer characterizations were performed with the prepared samples.

SEM images in Fig. 6 (a) reveal that the microstructure of the obtained catalyst layers is different with the two ratios of solvents. Indeed, the sample prepared with ink (1:2) has a compact electrode shape with small pores, as observed previously. On the contrary, the one prepared with ink (2:1) has a more porous structure with bigger holes on the surface.

This change of morphology can be explained by the Nafion ionomer state according to water amount in solution. Due to the duality between the hydrophilic and hydrophobic chains in the Nafion structure [11,12], Nafion electrolyte can take several shapes depending on the water amount. At high water content, the hydrophilic chains containing the sulfonic sites are surrounded by water molecules and can swell and form highways to transport protons. On the other hand, at low water content, Nafion shrinks with an inversion structure and a severe decrease of ionic conductivity. In the presence of a richer water mixture, the Nafion ionomer swells and can form large aggregates, which can lead to phase segregation between the Pt/C powder (more hydrophobic) and the ionomer. When the solvents evaporate during the coating process, the large aggregates become voids. On the contrary, a leaner water mixture solution shrinks the Nafion ionomer with an inversion of structure, resulting in a more homogeneous dispersion between the Pt/C powder and the ionomer, but with small pores. These results are in good agreement with the work of Takahashi et al. [13] and Ngo [14]. Additionally, the profilometer results in Fig. 6 (b) are also consistent with the observation of the SEM images. Indeed, an almost 3-fold increase in thickness is measured with the sample prepared with ink (2:1), proving its very porous structure.

using the same procedure. This observation suggests a possible change in ink structure prepared with catalyst FCS 20% Pt/C-Black (2020), due to a possible materials structure change. Besides, it is worth noting that the amount of carbon (or carbon loading) is nearly 3 times higher with 20 wt.% of Pt than with 40 wt.% Pt, for a similar Pt loading. The difference in carbon loading may have an impact on the embedding rate of ionomer on Pt/C in the inks, since a same amount of ionomer was introduced for all prepared inks. For this purpose, SEM and profilometer characterizations were performed and the results are gathered in Fig. 8. As expected, the difference in carbon loading does affect the morphology of the resulting catalyst layers prepared with 20 and 40 wt.% Pt (Fig. 8 (a)). The sample prepared with 20 wt.% Pt is more porous than the one prepared with 40 wt.% Pt. Obviously, the chosen solvent ratio results in all prepared coatings having small pores.

Concerning now the thickness of the prepared samples, all the samples prepared with 40 wt.% Pt is thinner than the samples prepared with 20 wt.% of Pt, regardless of the nature of carbon between the two samples at 0.6 V. Furthermore, the ECSA values reported in Fig. 9 (right) are consistent with the behavior of the polarization curves. The illustrated results highlight the fact that the nature or type of carbon support has a great importance on the performance of the PEMFC. It could be that the structure of carbon Vulcan XC-72R allows a better contact with Pt and Nafion ionomer to favor a good TPB. A similar conclusion was reported in the literature [16] with the inks prepared with Pt supported on HSC and Vulcan carbon. The authors reported that the dispersion prepared with Pt supported on Vulcan carbon is more stable than that prepared with HSC carbon, which can flocculate more easily.

Turning now to the two samples prepared with 20 and 40% Pt/C-Black (2020) in Fig. 9, surprisingly, they have similar polarization curves and ECSA. The results obtained are rather unexpected considering the difference in surface morphology and thickness of the coating layers.

A possible explanation for this difference in behavior is that the two catalysts are different in size particles and properties. On the one hand, a very thick electrode even with an optimized water management can lead to a low ECSA. On the other hand, a thin sample with maybe a high Pt size distribution and less graphitic carbon can also lead to a low ECSA. This assumption would also explain the difference of Pt loading with the two catalysts in Table 2. Indeed, if the Pt/C particles are larger in the FCS 20% Pt/C-Black (2020) catalyst than in FCS 40% Pt/C-Black (2020), the deposited layer should be heavier for a same amount of coating layers.

From this point of view, we may have been lucky that three out of four inks gave the expected Pt loading when preparing CCMs with 4 different catalysts. For this reason, caution should be exercised when comparing data with Pt/C catalysts, even with a same amount of Pt weight.

Indeed, when comparing all the thickness values gathered in Fig. 5, 6 and 8 for 40 wt.% Pt/C, using a same recipe and way of preparation, the thickness of the 12-layers samples varies according with the batch of catalyst. Thus, characterization and verification are still necessary for each used catalyst. For a better understanding of the results obtained, the electrochemical impedance spectroscopy (EIS) measurement was performed in-situ with the CCM in a running PEMFC and the resulting spectrum was fitted by WRRG model as shown in Fig. 10 (right). The latter informs us that the chosen model does not fit well the as-measured spectrum at low Re(Z), but allows us to extract RHF, which corresponds to the ionic resistance of Nafion membrane. As shown in Fig. 10 (a (right)), the value of RHF is rather high, suggesting here a poor ionic conductivity, which matches with the polarization curves. Furthermore, the presence of a 45° slope (see the insert of Fig. 10 (a (right))) at the lower Re(Z) indicates a loss of ionic conductivity in the catalyst layer, which means a degradation of the ionomer by the use of a high-performance dispersing device. Interestingly, the usage of dispenser before adding Nafion ionomer can prevent this problem, where RHF is lower to 48 mΩ cm 2 . Accordingly, the step of dispersing in mixed catalyst ink preparation method is defined as before pouring the Nafion ionomer into the prepared dispersion. All the results presented below were obtained by this ink preparation method, regarding mixed catalyst ink preparation method.

For convenience, general catalytic ink preparation method will be referred to as General method and mixed catalytic ink preparation method will be referred to as Mixed method in below. 

Comparison of General and Mixed methods according to Pt/C origin

In total, four catalyst inks were prepared with General and Mixed methods, and with the two catalysts FCS 40% Pt/C-Vulcan XC-72R (2021) and AA 40% Pt/C (2021). Then CCMs were manufactured with the four prepared inks. The Pt loading of the deposited layers prepared with the four inks are reported in Table 3. The latter reveals that the mass of the deposited layers is more stable and repeatable with the inks prepared with Mixed method than those prepared with General method. Indeed, the mass error of the prepared samples is lower with Mixed than General method.

This result indicates that the use of a dispersing tool improves the dispersion state of the particles in the prepared ink and thus allows us to obtain a similar deposited mass for all prepared coating layers (with lower error incertitude). The prepared CCMs with the four inks were investigated in a PEMFC bench, using the two configurations Face 1 and Face 2. Polarization curves and ECSA measurements were performed and the results are gathered in Fig. 12. Concerning the samples prepared with catalyst AA 40% Pt/C (2021), the results suggest that the dispersing step seems to have a positive effect on the obtained ink, resulting to a better and homogeneous performance with the two configurations (Fig. 12 

Mixed method have all a decrease of ECSA which can be explained by a detachment of some platinum particles and the change of carbon properties.

Based on the gathered results, it seems to us that the dispersing step needs to be used with caution and does not suit to all types of carbon structure. In an already ordered structure, as it seems in the case for catalyst FCS 40% Pt/C-Vulcan XC-72R (2021), the use of a dispersing tool can damage the inner structure and lead to a more porous and disordered structure, maybe due to a change of chemical composition on the surface of carbon. On the opposite, an already disordered structure seems not be affected by the dispersing step. Although not evident in the SEM images, the particles appear to become smaller after using the disperser due to the decrease in measured coating thickness. The arrangement of structure after dispersing step may be a key parameter for a better understanding of ink and coating quality. Of course, further investigation is needed in order to optimize and apprehend the step of dispersing, such as the duration step, the rotation rate of the dispersing tool and the particles size and distribution. Indeed, according to the literature [17], the way of preparing ink and the type of disperser can effect on the particle size and distribution, and consequently on PEMFC performance.

In addition, the above suggestions do not explain the low ECSA of AA 40% Pt/C (2021) compared to FCS 40% Pt/C-Vulcan XC-72R (2021) catalyst inks. Although the nature of carbon can affect on ECSA, the state of Pt can also influence it for a given Pt weight. In Chapter 2, we have already shown that an improper storage of Pt/C catalyst powder can lead to a decrease of performance in PEMFC, and a lower ESCA. In the following section, we will discuss the preparation of the ink with or without oxidized Pt/C. 

Pt oxidation (t0 and 14)

In this section, a new batch of inks were prepared with catalyst FCS 40% Pt/C-Vulcan XC-72R (2021) as-described in the experimental part. Samples t0 and t14 correspond respectively to samples prepared with the catalyst bottle as received and unopened, and to samples exposed to air for 14 days at room condition. An amount of as-received catalyst and altered catalyst were used for preparation of inks with General and Mixed methods, composed of 33% of Nafion ionomer content in a 1:2 mixture of water and isopropanol. Then CCMs were prepared according to the 4 prepared inks and were tested in PEMFC bench, using the two cell configurations (Face 1 and Face 2). In parallel, a t0 amount of powder was used for XPS measurement and then exposed to air for 14 days before another measurement was performed (also referred to as t14).

In addition, the surface and thickness morphology were characterized by SEM and profilometer. From the SEM images in Fig. 13 (a and b), it seems to us that the deposited layer t14 prepared with General method appears more porous than the sample t0, while no real structural

AA, G FCS, G AA, M FCS, M (a) (b) 
changes can be clearly observed with the t0 and t14 samples prepared with Mixed mode. This observation matches well with the thickness of the deposited layers in Fig. 13 (c). Indeed, the deposited layer t14 prepared with General method is thicker and double compared with the sample t0 (12 vs 6 µm, respectively). In contrast, the thickness of both t0 and t14 samples prepared with Mixed method are similar and near 9 µm. The variation of thickness observed matches also well with the variation of Pt loading in Table 4. Indeed, the loading mass of samples t14 prepared with General method are heavier than those of t0, while the loading mass are well controlled with the samples prepared by Mixed method. The gathered results can be explained by a change in the interaction between the catalyst and the ionomer due to the oxidation of the catalyst. The effect of this change is only apparent when the ink is poorly dispersed and disappears when it is well dispersed. Besides, the effect of air exposure on catalyst FCS 40% Pt/C-Vulcan XC-72R (2021) and carbon Vulcan XC-72R was studied by XPS technique. Figure 14 presents the XPS analysis of catalyst FCS 40% Pt/C-Vulcan XC-72R (2021), in particular distribution of species according to deconvolution area of Pt4f and carbon. Pt4f and carbon spectra deconvolution of samples t0 and t14 are annexed (Fig. A1). The deconvolution of Pt4f spectrum of t0 shows mainly Pt 0 and only 4% of Pt 2+ species. After 14 days of air exposure, there is an increase of the amount of oxide Pt. As depicted in Fig. 14 (left), Pt 4+ is detected in addition to the increase of Pt 2+ amount. The sum of the two oxide Pt is near 20%. This result is expected according to the literature, since the surface of Pt nanoparticles can spontaneously oxidize in presence of air at ambient condition, especially nanoparticles of diameter < 2-3 nm [18][19][20][21][22]. Now, looking at on the carbon evolution in the catalyst,

t0, G t0, M t14, G t14, M (a) (b) (c) 
it seems that the peak of C sp2 increases after an exposure of air. Furthermore, this behavior seems to be confirmed by XPS analysis of carbon Vulcan XC-72R, as shown in Fig. 15 (deconvolution results are annexed (Fig. A2)). However, if carbon is oxidized by air, normally the peaks referred as C-O or C-H should increase instead of the peak C sp2. That's why, the observed results seem odd and require further characterizations to explain them. Figure 16 shows the time course of the sample described above. As we can observe, there is a slight increase of Pt 2+ and a detection of Pt 4+ in the sample after 20 days even if it is stored in a dry atmosphere. The amount of carbon sp2 is rather constant in time. However, 80 days later (sample 50-t80), the value of oxidized Pt remains fairly constant, but the amount of C sp2 decreases by almost 1/3 over time. These results reveal two oxidation kinetics, one for Pt particles and the other for carbon. Concerning the first one, the kinetic is rather fast, and does not seem to extend in time, which is rather comforting and proves that Pt is a relative stable material. Concerning the carbon oxidation, the kinetic is rather slow and the decrease of the carbon sp2 can affect the electronic conductivity of the prepared electrodes and also the inks behavior. However, this experiment needs to be repeated and extended to other types of Pt/C In parallel, the CCMs prepared with General method were tested in the PEMFC bench and the electrochemical results with the two cell configurations (Face 1 and Face 2) are shown in Fig. 17 (a). As expected from our previous results (Chapter 2), the performance of the sample exposed to air (t14) is poorer than the sample prepared with fresh catalyst (t0). Moreover, the used configurations (Face 1 and Face 2) are not equivalent, suggesting here that the prepared ink with catalyst powder t14 is not stable and lead to two different coating layers. However, there are several possible reasons for explaining the decrease of performance, such as (i) oxide Pt, (ii) the variation of coating layer thickness and consequently the change of porosity, and (iii) reduction of oxide Pt by hydrogen (H2). Indeed, oxide Pt species (Pt 2+ and Pt 4+ ) do not participate to the electrochemical reactions at the both electrodes. Therefore, an increase in the number of oxide Pt species would decrease the performance of the PEMFC. Moreover, the thickness of the catalyst layers prepared with ink t14 is thicker than with ink t0. The increase in thickness can come from oxide Pt species, which may be more hydrophilic than Pt 0 and their presence can influence the ink behavior, i.e. a change of hydrophilicity can originate from phase segregation. In a poorer water mixture, Nafion ionomer should embed more hydrophobic carbon with Pt 0 than areas containing oxide Pt. Then, for a same ionomer content within ink and an increase of thickness, the obtained electrode should be more porous, with less contact between particles. This kind of structure should decrease the TPB domain, hence a decrease of PEMFC's performance. In addition, if the particles become larger, the opportunity to agglomerate and sediment may be more rapid in the ink. This fact can explain the change of behavior in polarization curves, according to cell configurations. Another reason that can explained the difference in polarization curves may come from hydrogen (H2) from the anode. In general, when started an experiment, the Face 1 is at the cathode side and the Face 2 at the anode side. If the oxide Pt species were reduced by hydrogen (H2) at the anode side during the first cell configuration, the flip of the cell will put the Face 2 (reduced by H2) at the cathode side. In that case, an amount of oxide Pt may be reduced by H2 into Pt 0 , and can participate to the electrochemical reaction again. However, it is possible that the last assumption may be wrong, because an attempt (unshown) was made with bad storage catalyst FCS 40% Pt/C-Vulcan XC-72R (2019), by reducing it through a hydrogen (H2) stream. However, the performance of the prepared CCM was still poorer than that of the CCM without reduction by hydrogen (H2).

Concerning now CCMs prepared with Mixed method inks, the performance of samples t0 and t14 are surprisingly rather similar (Fig. 17 (b)). It appears at first glance that exposure to air does not affect the catalyst, and the resulting CCMs. In fact, the ordered structure of Pt/C Vulcan was destroyed with the use of a disperser in Mixed method. That's why the performance of the prepared t0-CCMs from Mixed method ink are lower than the one from General method ink (Fig.

(c))

. After exposure to air, the properties of the Pt/C powder changed with the increase of Pt oxide, but the use of a dispersing tool leads again to a new disordered structure. This can explain the similarity of performance with samples exposed to and without air (Fig. In Fig. 17 (d), we gather the polarization curves of all prepared samples having a similar coating thickness. From this comparison, it appears that altering Pt/C by the disperser and/or an exposure of air will lead to a decrease of fuel cell performance.

Conclusion

Optimizing the composition and preparation of inks for PEMFC can be more time consuming and challenging as it seems. In this work, we attempted to vary (i) the proportion of ink components such as the ionomer content, the water to isopropanol ratio, and the Pt weight in Pt/C catalysts and (ii) the ink preparation methods. All deposited layers were characterized by SEM and profilometer techniques as well as electrochemical tests in PEMFC bench. The results obtained allow us to draw the following conclusions.

Regarding the ink composition, 23-33% of the ionomer content is the optimum range to have a good coverage of the ionomer on Pt/C. However, depending on the nature of carbon within the Pt/C catalysts, the ionomer content can affect the deposited layer. Besides, increasing the amount of water in the solvent mixture leads to an increase in the thickness of the deposited layer as well as its porosity. This is due to the duality between the hydrophobic and hydrophilic chains of the Nafion structure depending on the ratio chosen in the mixture. In addition, the increased weight of Pt in Pt/C catalysts allows us to manufacture thinner deposited layer, for a similar Pt loading. However, oxygen/water transfer and proton conduction can be affected by the variation of catalyst layer thickness. That is why it is tricky to compare only performance without referring to the electrode thickness and porosity, which were both the result of ink properties or ink composition. Our study shows that the properties of the Pt/C greatly affect the properties of the catalyst ink and consequently the performance of PEMFC. Depending on the chemical composition of carbon and its structure, a same ratio of ionomer and solvent in ink composition can give different porosities/thicknesses of catalyst layers for a same mode of ink preparation.

Turning now to the modes of ink preparation, it seems to us that General method, using an ultrasonic bath and a magnetic stirrer, is not efficient enough to homogeneously disperse the catalyst particles. As a result, the resulting ink is not stable enough during the coating procedure to make samples with a similar mass loading. On the contrary, the use of a high-performance disperser in Mixed method helps to disperse catalyst particles and allows us to fabricate samples with a more reproducible mass loading during coating procedure. However, caution needs to be taken when used this tool in order to prevent damage in the inner structure of catalyst powder and ionomer.

Moreover, the obtained deposited porosity can vary according to carbon type after the step of dispersing. As a consequence, the performance of PEMFC are impacted according to the modes of ink preparation.

In addition to the reported conclusions, nanoparticles of Pt and carbon-Vulcan XC-72R can oxidize at ambient condition but at different kinetics. At short term (14 days), the change in the Pt 0 surface can affect on the behavior of the catalyst ink, leading to a change in morphology and properties of the deposited layer. Due to the hydrophilicity of oxide Pt species, the distribution of ionomer with oxide Pt and Pt 0 can change the properties of the ink and lead to a different morphology of the catalyst layer. Thus, the performance of the PEMFC is the result of the morphology and thickness of the resulting catalyst layer.

Overall, any change in ink composition, ink preparation, and Pt/C quality will automatically result in a change in electrode structure and thus a change in PEMFC performance. That's why, we need to adapt systematically the ink composition in order to control the catalyst thickness and porosity as well the ink preparation for a better distribution of catalyst particles and size. However, without a set of characterization methods and especially a consistent catalyst property, it is really tricky to produce a repeatable and reproducible catalyst layer.

CHAPTER 4

Having gained experience in the composition, preparation, and coating of catalyst inks, as outlined in Chapters 2 and 3, we now turn to the development of AEMFC. For this, we need to prepare a membrane-electrode assembly, with an anion exchange membrane, and an electrode with anion transporters and catalyst. According to our literature survey, we decided to keep Pt/C as the reference catalyst for AEMFC, as Pt remains the best catalyst for the moment even in alkaline media. Consequently, we need to look for commercial anionic membranes and ionomers for fabricating our MEAs, as the starting point of the project.

This chapter will therefore focus on the steps involved in setting up the experiments in AEMFC, such as (i) materials' benchmark, (ii) characterizations protocols, (iii) PEMFC bench modification, (iv) activation procedures, as well as (v) the first attempts of experiments and results. Moreover, we have to precise that some part of this work was done all along the thesis like (i), (iii) or (iv), in order to improve performances or results. In fact, technical parts are generally not very detailed in literature and mostly depend on bench characteristics and MEA's building. Therefore, we are looking for the following materials in the market: alkaline based-CCM and -GDE, anionic membranes and ionomers.

First steps toward

As stated in Chapter 1, a lot of alkaline membranes and ionomers of the literature are not commercially available. Not only are purchasable alkaline materials in short supply, but the materials market is changing very rapidly. Constant updating is thus necessary due to the lack of efficient and stable materials. Despite our effort, we were only able to find one kind of commercial CCM and GDE during the thesis project (Table 1). However, there are slightly more choices for anionic membranes and ionomers, as shown in Table 2. That's why, we decided to favor (3) over the 2 others methods of MEAs manufacturing; but this is not the only reason (see later). According to Table 2, the purchased membranes have different characteristics (polymer type, thickness, ion exchange capacity…) and there are a few membranes having their own equivalent as ionomer, which is useful for preparing catalyst inks.

Moreover, all the membranes are in different halide counter-anions, so an anionic conversion step is needed before applying them in alkaline fuel cell. But the main point is that suppliers are not very opened to share too much information about their materials such as the chemical composition or the type of ionic exchange sites for instance. In fact, these properties are rather crucial for understanding membrane and catalyst inks behavior as well as performance in fuel cell. Consequently, we have to investigate a lot on inks formulation/composition and the prepared MEAs will be tested directly in fuel cell for checking their performance (see Chapter 5). Somehow, this is a kind of blind exercise due to the lack of information from suppliers and bibliographic data.

Membranes characterization methods

Sorption of membranes

Sorption measurements were performed using an automatic dynamic vapor sorption bench IGAsorp (from Hiden Isochema Ltd., Warrington, UK). All experimental parameters and data were controlled and recorded respectively using the software provided by the bench supplier. The water vapor is generated by a bubbling system, which consists of bubbling dry nitrogen into a water tank, as illustrated in Fig. 1. The relative humidity (RH) of nitrogen is obtained by mixing the dry and fully humidified gas by adapting automatically the flow rates.

The total flow rate of gas is set at 250 mL min -1 .

Figure 1. Schema of the interior of the dynamic vapor sorption bench

Each isotherm curve was carried out after a drying step of membranes samples at 60 °C during 5 hours (h). Then, sorption measurement was carried out at 30 °C. The RH was gradually increased by a step of 5% from 0 to 95%. Of course, 0% RH is only an estimate value of dry nitrogen, the actual measured value is 0.65% for all experiments. For each RH, the water uptake of sample was measured according to time, which can last between 2 to 5 h (tmin and tmax respectively). In fact, the software uses Fick model to predict the equilibrium state of sample at each RH step. If the water uptake of a sample reaches 99% of the software prediction during tmin for a given RH, then it moves to the next RH value (= given RH + 5% RH). If this condition is not fulfilled during tmin, then the experiment will last until tmax under the following conditions.

If the steady state of a sample is reached before reaching tmax but after tmin, then it moves to the next RH value. If the equilibrium state of a sample is not reached before reaching tmax, then the experiment will last until tmax, afterward it moves to the next RH value.

As a first screening of membranes behavior, all sorption measurements were performed in chloride form (except for the membranes of the last purchase batch), after an anion conversion step. The latter consists of soaking the samples in 1 M NaCl for more than 24 h, before rinsing them with a large quantity of demineralized water. However, if the received membranes are already in chloride form, the membranes will be used as is. Concerning the membranes of the last purchase batch, we have to list: Dappion, Durion, Pention, PiperIon 15 reinf, PiperIon 20 ss and PiperIon A20. The last three membranes are in carbonate form.

In fact, we assume that the more water the membrane absorbs (regardless of membrane anion form), the better the ionic conductivity and thus the performance in AEMFC with membranes in OH -form. Moreover, this method allows us also to study the hysteresis water uptake behavior for each studied membrane. For this purpose, desorption measurements were performed after the sorption measurements; the decrease in relative humidity was also set in a 5% relative humidity step, from 95 to 0% relative humidity. 

Anion conversion methods

Dimension change (thickness, length and width)

The thickness of the samples was measured by a Mitutoyo micrometer (Digimatic micrometer) with an accuracy of 1 µm. The width and length of the samples were measured manually with a graduated ruler. The deformation coefficient in one direction was expressed as the ratio between wet and dry sample in one direction. For instance, DT (deformation coefficient in thickness) was calculated via equation (2).

D T = 𝑇 𝑤𝑒𝑡 𝑇 𝑑𝑟𝑦 (2) 
With: Twet = thickness of the membrane sample in humidified condition Tdry = thickness of the membrane sample as-received

Similarly, we defined DL, DW, DS, DV as the deformation coefficient in length (L), width (W), surface (S) and volume (V) respectively and they were expressed via equations (3)(4)(5)(6).

D L = 𝐿 𝑤𝑒𝑡 𝐿 𝑑𝑟𝑦 (3) 
With: Lwet = length of the membrane sample in humidified condition Ldry = length of the membrane sample as-received

D W = 𝑊 𝑤𝑒𝑡 𝑊 𝑑𝑟𝑦 (4) 
With: Wwet = width of the membrane sample in humidified condition Wdry = width of the membrane sample as-received

D S = 𝑆 𝑤𝑒𝑡 𝑆 𝑑𝑟𝑦 (5) 
With: Swet = Surface of the membrane sample in humidified condition Sdry = Surface of the membrane sample as-received

D V = 𝑉 𝑤𝑒𝑡 𝑉 𝑑𝑟𝑦 (6) 
With: Vwet = Volume of the membrane sample in humidified condition Vdry = Volume of the membrane sample as-received

PEMFC bench modification

The AEMFC tests were performed in a modified in-house PEMFC bench, which can potentially operate in both AEMFC and PEMFC modes. After modification, all gases (N2, O2

and H2) can be humidified with additional bubbler systems (Fig. 2). Higher range of flowmeter were installed in order to operate at 24 NL min -1 . In order to prevent carbonation in AEMFC, all tests were performed in O2 at the cathode side. For avoiding the presence of air inside the bench, all tubes and water tanks were circulated with dry nitrogen during at least 1 h before connecting the fuel cell. Quick-clip connections were preferred here to avoid as possible as air exposure. Moreover, the amount of reactants was not defined by stoichiometry as in PEMFC, but directly in flow rate. Generally, 12 and 24 NL min -1 of gas reactants were used and compared in both electrodes at fully humidified condition (except further precision), which was ensured via home-made bubblers. The temperature of the bench (cell, bubblers, tubes) and the reactants flow rate were regulated and controlled via home-made programs as in Chapters 2 and 3. bench. Figure 4 gathers all sorption curves at 30 °C of all membranes in as-received form or in Cl -form. The illustrated results reveal that the water uptake of the studied membranes is very scattered; it varies from 2 to 44% of water uptake. This behavior can be explained by (i) the nature of the polymer, (ii) the rate of crosslinking, (iii) the type of counter anion, and (iv) the amount of IEC (ion exchange capacity). According to the literature [4], the water uptake of a type of membrane depends on IEC and the type of counter anion. Under halide anions form, the water uptake of the membrane is expected to decrease with increasing molar weight of the type of halide anion. While under carbonate anions form, the water uptake of the membrane should be higher than all kinds of halide anions (see Chapter 1, Fig. 6(ii)).

However, it turns out that in our case the water uptake depends mostly on the nature of polymer and maybe on the rate of crosslinking. Among the membranes in or converted in Cl - form, Aemion ® membranes demonstrate the highest water uptake during the sorption measurements, i.e. the membranes called AF1-HNN5-25, AF1-HNN8-25, AF2-HLE8-15 in Fig. 4. While, PiperIon ® membranes (PiperIon Reinf 15 and PiperIon SS 20, in Fig. 4) in carbonate form come in the second place concerning the water uptake. With a rather similar IEC between PiperIon ® and Aemion ® membranes (Table 2), the difference in water uptake can be rationalized by a difference in chemical structure and rate of crosslinking (curves in red and orange). Besides, all the studied membranes show a sorption hysteresis (see Annex 1), which is rather expected with hydrocarbon membranes. Instead of showing the sorption and desorption curves for each studied membrane (see Annex 1), we prefer to summarize them by the water uptake hysteresis, as shown in Fig. 5. From the latter, we can notice that the sorption hysteresis curve of the membrane FAA-3-50 in Cl -form behaves similarly as in the literature [4].

Concerning the high sorption hysteresis of Aemion ® membranes in chloride form (AF1-HNN5-25 and AF1-HNN8-25), this result can be explained by the difference in chemical structure of the membranes. Moreover, it seems that during the desorption step, some membranes undergo degradation. In fact, we consider that alteration occurs when the values of sorption hysteresis are negative. Generally, the presence of sorption hysteresis can be explained by a structural change in membrane between sorption and desorption stages, usually associated with a stress relaxation of the cohesive force opposing swelling [5,6]. If there is only a difference in swelling during the sorption and desorption stages, the amount of sorption hysteresis should be positive over the entire RH range, with the assumption that the water uptake in the desorption mode is higher than in the sorption mode. If the value of sorption hysteresis becomes negative, the only explanation is the loss of molecules within membrane 

Characterization of membranes morphology

Here, the study of membranes morphology was performed with the 3 anion conversion methods described above. For each sample studied, the dimensions (length, width and thickness) were measured in dry and hydrated forms. The hydrated form was obtained after converting all samples to hydroxide anion form. The deformation coefficients of each dimension (DL, DW, DT) were calculated and gathered for all the studied membranes (see details in Annex 3 for each membrane). Figure 6 shows the comparison of the deformation coefficients of the membranes after being converted into hydroxide form with the 3 anionic conversion methods. We have to precise that the gathered results are the average of 3 samples for each kind of membrane and method used. The results reveal that a variation in the 3 dimensions of the membranes is observed regardless of the anion conversion methods chosen. However, it is worth to notice that the membranes with a reinforcement such as AF2-HLE8-15 and PiperION Reinf 15 (the first and the last membrane in the expressed order in Fig. 6) are rather stable in length and width. In addition, the change in length and width can also be explained by the difference in IEC and crosslinkers. The higher the crosslinkers, the less the membrane swells.

But the higher the IEC, the more the membrane is swollen on the surface for a given crosslinker rate. For example, among the Aemion ® membranes, the ones called AF1-HNN8 swells more than the ones called AF1-HNN5, because the IEC of AF1-HNN8 is one third higher than that of AF1-HNN5 (Table 2).

Concerning the variation in thickness, the same observations can be made as for the variation in membranes length and width. However, it seems that the thickness of the membranes depends on the chosen anion conversion methods. Indeed, the thickness of the studied membranes appears thinner using the M-3M method than with the other 2 methods.

This behavior can be rationalized by the change of KOH concentration. With the M-3M method, 3 M KOH was used for the anion conversion step, whereas with the other 2 methods, only 1 M KOH was used. Increasing the concentration of the electrolyte means decreasing the amount of water in the electrolyte solution. Therefore, an electrolyte containing less water prevents the hydration of the membrane in thickness. while volume is defined as the product of the length, width, and thickness of a membrane sample. The results are illustrated in Fig. 7. Comparing the 3 anion conversion methods, the variation in surface area does not appear to be clearly dependent on electrolyte concentration or soak time (Fig. 7(a)). However, the volume variation of all studied samples clearly shows the dependence on the concentration of the electrolyte. It could be that the nature of crosslinkers within the membranes acts only on the membrane surface. Thus, regarding the size variation of the membranes, it seems to us that the M-3M method is better than the other two methods, due to the limitation of swelling. Turning now to the hydroxide conductivity of the prepared samples, Figure 8 compares the average hydroxide conductivity of the membranes obtained with the 3 anion conversion methods (see details in Annex 2 for each membrane). We can observe that the value measured around 30 mS cm -1 for the membrane FAA-3-50 is in good agreement with the literature [4].

Membranes conductivity

With the thinnest Fumatech membrane (FAA-3-20, 20 µm), the hydroxide conductivity appears to be lower than with the thick Fumatech membranes. The reason can be explained by the dehydration effect during the measurement in the ambient atmosphere. Besides, the obtained results highlight that the hydroxide conductivity of the membranes is highly dependent on the anion conversion methods chosen and IEC. With a similar IEC, PiperION

Reinf 15 and AF1-HNN8-50 membranes give around 50 mS cm -1 as hydroxide conductivity with the M-3M method. Because of the lowest hydroxide conductivity measured, the M-2steps method is clearly the worst anion conversion method. For a similar reason, the M-3M method is a good method to convert all counter anion to hydroxide in a rather short time, and it can also limit the swelling of membranes. For these reasons, we will keep the M-3M method as anion conversion method for new samples in the future. 

First attempt in MEAs fabrication and tests in AEMFC

After choosing the anion conversion method for anionic membranes, we now need to manage the manufacture of MEAs. As aforementioned, there are 3 options for manufacturing a MEA: (1) use commercials membrane and GDE, (2) use commercials CCM and GDL, and

(3) commercial membrane and GDL, with home-made catalyst layer coated either on membrane or GDL.

Moreover, we noticed during the anion conversion step that membranes that are too thin are very bad mechanically, typically 5 µm membrane thickness. It is therefore preferable to use 20 µm thick membranes (or thicker) to make a MEA.

Commercials membrane and GDE

At the beginning of the thesis project, we started with (1) for its convenience. After modifying our home-made PEMFC fuel cell bench to AEMFC, we started testing a MEA, which was fabricated with commercial materials from Fumapem, such as GDE (0.5 mg cm -2 of Pt loading) and membrane (FAA-3-50). As the membrane and GDE were in bromide form, they were converted in OH -form before assembling the MEA (1 M NaOH for 24 h). The In fact, we prepared and tested a lot of MEA samples, as described above. However, poor results were obtained due to many experimental problems or holes in the MEAs. In Fig. 9, we illustrate one of the best results that we got with this type of MEA in AEMFC. As we can see, the obtained current around 0.5 A is very low at 0.1 V. As we cannot rely on the commercial GDE, we have to seek another solution. That's why, we tested a commercial CCM. 

Commercials CCM and GDL

Pention ® -based CCM was purchased from Xergy, with a Pt black loading of 3 mg cm - 2 . According to the supplier, the purchased CCM was in chloride form. For this reason, the CCM was converted with 1 M NaOH during 6 h, with a bath change every 2 h. It is interesting to note that during anion conversion steps, some of the Pt black particles were detached from the coating layer. This may be due to the supplier's ink formulation or the type of the binder used. The converted sample was afterward rinsed with a large amount of demineralized water.

After launching the experiment, the measured OCV value was 0.9 V, which ensures that no gas leakage or membrane holes occurred inside the MEA. But during potentiostatic activation procedure at 0.1 V, the current was barely at 0.1 A. This behavior is not normal for a working MEA. In addition, the extremely low sorption behavior of this membrane (Fig. 4) is not a good sign for high anionic conductivity. For this reason, we decided to move on and prepare our own home-made CCMs and GDEs.

Home-made CCMs and GDEs

In order to prepare our own in-house CCMs and GDEs, we have to formulate and prepare catalyst inks, before coating them on wished supports using our own ultrasonic coating bench. As reported in Table 2, all the purchased membranes do not have their own equivalent as ionomer, such as Xion ® membrane. For this reason, some MEAs were prepared with a membrane and an ionomer, which were not chemically similar. In Table 3, we have 

Commercial GDL and home-made CCM

Since the measured current was quite low compared to the data reported in the literature [11,[15][16][17], we tried to fabricate CCMs instead of GDEs, because the former allows us a better interfacial contact.

Our first attempt was performed with Aemion ® materials, i.e. membrane and ionomer, for building an in-house CCM. Contrary to the previous MEAs, the prepared CCMs contained Pt/C instead of Pt black as catalyst (Table 3).

An as-described CCM was afterward tested in AEMFC, at 60 °C, relative humidity 95% and flow rate 12 | 12 nL h -1 of H2 / O2. Figure 13 Compared to GDE-based MEA prepared with Xion membrane, the reported results are rather low: 0.12 vs. 0.22 A cm -2 (Aemion-CCM vs Xion-GDE, respectively). Moreover, the polarization curve contains a negative part (Fig. 13 (b)). This result is may be due to (i) the chosen polarization method, which consists of setting the voltage and measuring the resulting current, or (ii) the activation procedure chosen (potentiostatic method). According to literature, the activation method matters a lot on fuel cell performance. Thus, we decided to pay attention to the activation procedures.

Activation procedures: comparison between potentiostatic and "IV" methods

Using the potentiostatic method, voltage set at 0.1 V provides a high current density and also removes possible contaminants from CLs. This method was used in the case of CCMbased MEA with Aemion ® membrane and ionomer and, GDE-based MEA with Sustainion ® membrane and ionomer (Fig. 14). The both experiments were performed at 60 °C, 95% of relative humidities and flow rate of 12 | 12 nL h -1 of H2 / O2. At low voltage, it could be that other phenomena occurred in addition to the required fuel cell reactions. For this reason, we resorted to the use of "IV activation" method, which runs at a wide range of voltage or current.

This method was applied with Aemion-CCM based MEA, by either increasing progressively current or decreasing gradually voltage, respectively. For convenience, we call "IV-Voltage" and "IV-Current" methods, when we chose to operate with voltage or current, respectively. The "IV-Voltage" method was performed by decreasing voltage every 5 min, from 1 to 0.3 V. The "IV-Current" was carried out by increasing current every 5 min at a step of 20 mA, from OCV to the value of current at 0.3 V. Figure 15 illustrates the CV curves behavior with the "IV-Voltage" and "IV-Current" methods. The obtained results highlight that the "IV-Current" method gives the highest CV curve over the "IV-Voltage" method. Moreover, the "IV-Current" method prevents the negative part (circled area in Fig. 15) of the CV curve that we can see here with "IV-Voltage" method. This negative zone can be the seat of undesirable reactions on the electrochemical level. Thus, the "IV-Current" is preferred over "IV-Voltage" method and will be kept for further MEAs activation. 

Conclusion

Chapter IV is devoted to the implementation of the AEMFC experiments from the commercial materials benchmark and materials characterizations to the AEMFC's activation tests and procedures. Although the first results are not as good as those in the literature, the experience that we gained after the first experiments are valuable and give us new insights for the upcoming chapter.

In below, we attempt to summarize the main conclusions that we reached after the first characterizations and experiments.

1)

Concerning the benchmark of materials, even though we are still looking for new membranes and new materials, we can see that the availability and purchasable anionic materials can be a hindrance in the AEMFC study. In order to obtain reproducible and repeatable results, we obviously need to purchase a large number of membranes after testing them in small quantities on the first try. However, the commercial market is moving so fast, that sometimes we don't have time to test and reorder the tested membrane with the same reference.

2)

Regarding of the membrane characterizations, all anionic membranes need to be converted in hydroxide form before testing them in AEMFC. During this process, all tested membranes show an increase in volume and the thinner membranes are mechanically unstable.

Our results highlight that the M-3M method is the best for converting all anionic forms of membranes into hydroxide form, with less volume deformation and high hydroxide conductivity.

In addition, sorption measurements reveal that the water uptake of the purchased membranes is very scattered even though the theoretical IEC given by suppliers seems good and high. Among the tested membranes, the sorption curves of Aemion ® and PiperIon ® membranes seem to be the most interesting. On the other hand, sorption hysteresis curves inform us that some membranes undergo degradation at low relative humidity. As sorption hysteresis behavior cannot be avoided with hydrocarbon membranes, it is preferable to choose membranes with positive sorption hysteresis over the entire relative humidity range.

3)

The development of AEMFC in the lab started with bench modification and the building of MEAs. After several attempts with commercials GDE and CCM, home-made MEAs are favored. The comparison of different MEAs point out that: (i) MPL is needed for a better interfacial contact and water management, (ii) activation procedures and methods are very important in the fuel cell performance, regardless of MEAs composition, and (iii) the "IV-Current" is the best method for testing our home-made MEAs and it prevents negative current densities at the region near high voltage.

As the feasibility of AEMFC is demonstrated during Chapter 4, we will focus on the optimizations of AEMFC in the next chapter, such as ink composition, MEA's support and composition for instance.

(g) (h)

(i) (j) (k) (l) (g) (h) (i) (j) (k) (l)

CHAPTER 5

In the previous chapter, we focused on the preliminary works leading up to the genesis of the AEMFC tests at lab scale, such as (i) the optimization of the anion conversion step of AEMs, (ii) the adaptation of homemade PEMFC bench into AEMFC bench, and (iii) the activation process of AEMFC. Moreover, analysis of the benchmark of AEMFC materials unveils that there are no performant and commercial ready-to-use materials (CCM or GDE) for AEMFC. As a consequence, the need to manufacture in-house CCMs or GDEs becomes a reality that we have to face up. Among all the tested membranes, the 25 µm of Aemion ® membrane (HNN8-25-X) is one of the most promising in AEMFC, after optimizing all the parameters of the experiment such as the MEA construction or the AEMFC test procedure. In fact, our results are far from the literature data [1], where the authors reported a performance of 1 A cm -2 at 0.3 V.

For this reason, this chapter aims to optimize the fabrication of Aemion ® -MEAs and operating parameters in order to improve AEMFC performance. Indeed, the way of building a MEA plays a critical role in the performance of AEMFC, in particular the structure of CL and the type of support chosen. However, the optimal design of catalyst layer structures is still poorly explored despite its importance. Due to our lack of knowledge about anionic materials and testing, a systemic study was performed with in-house CCMs and GDEs, by varying ionomer content within catalyst inks. In addition, an attempt to investigate water management was made with a reference electrode cell to understand the behavior of water in an operating AEMFC. UltraTurrax, a high shear disperser (IKA ® T 10) was used in the preparation of catalyst inks.

Evaluation of electrochemical performance of CCMand GDE-based Aemion

All coating layers were obtained with an automatic ultrasonic spray bench (ExactaCoat) from SonoTek. An ACCUMIST nozzle (120 kHz) was used in this work. A 1mm thick polycarbonate (PC) mask was used during coating.

A Dektak XT tactile profilometer (Bruker) was used to measure the thickness of the deposited layers. The probe size of the profilometer was 2 µm and the measurement error was approximately 10 nm. The measurement step varied depending on the time required to perform the measurement. The maximum sample length that the device could measure was 4 cm. The shape and thickness of the deposited layer were characterized similarly as mentioned in the previous Chapters 2 and 3.

Morphology of the deposited layer was visualized by SEM technique (Gemini SEM 500 from Zeiss).

Catalyst ink preparation

First, a 5 wt.% ionomer stock solution was prepared by dissolving AP1-ENN8/HNN8 ionomer as a powder in methanol [1,2]. Then, the catalyst inks were prepared with 0.4 g of Pt/C, varying the ionomer content from 3 to 33%, with a 10% step. The ionomer content (R(ionomer)) was defined in weight relative to the total solid content of the catalyst inks and was calculated according to equation (1):

𝑅(𝐼𝑜𝑛𝑜𝑚𝑒𝑟) = 𝑚(𝑠𝑜𝑙𝑖𝑑 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) 𝑚(𝑠𝑜𝑙𝑖𝑑 𝑖𝑜𝑛𝑜𝑚𝑒𝑟) + 𝑚(𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) (1) 
where m(solid ionomer) is the mass of ionomer in solid form and m(catalyst powder) is the mass of Pt/C in the dispersion.

In addition, each catalyst ink was prepared in a 100 mL bottle with a mixture of water and isopropanol in ratio 1:9. First, distilled water was poured over the catalyst powder to avoid ignition of the platinum nanoparticles upon direct encounter with isopropanol (IPA).

Afterward, a half of IPA amount was added to the catalyst and water mixture. The obtained dispersion was agitated for 30 min with magnetic stirring and followed by a high shear dispenser step around 16,000 rpm during also 30 min. After this homogenization step, the ionomer solution and the rest of IPA were added. The final catalyst ink was agitated with magnetic stirring overnight. By the way, the ultrasonic bath step is removed here. It turns out that inks prepared with ultrasonic bath are not stable, maybe due to the precipitation of ionomer (see in the annex, Fig. A1). We assume that it is due to the increase of the heat of sonic bath.

Thus, all ink preparation steps were carried out at room temperature.

Preparation of MEAs based on CCM and GDE

Manufacturing and anionic conversion of CCMs and GDEs

Once the described catalyst inks were prepared, they were fed separately into the ultrasonic spray coating bench to fabricate CCMs and GDEs samples, with the membrane AF1-HNN8-25 and GDL 28 BC as supports, respectively. The procedure of spray coating was identical as described in Chapter 2, i.e. using ultrasonic spray bench (ExactaCoat, from SonoTek), configuration C and a 1 mm thick polycarbonate mask. The membrane or the GDL Prior to any test, fully humidified hydrogen and nitrogen (2 NL h -1 ) were introduced to the anode and cathode sides, respectively, to prevent drying of the MEA during the gradual increase of the cell temperature to 60 °C. Once the desired temperature has been reached, fully humidified nitrogen at the cathode was replaced by oxygen at 95% RH and then the OCV was recorded. Afterward, the activation step (or conditioning or cell break-in) was performed with a flow rate of 12 NL h -1 at the both electrodes, at 95% RH and 60 °C.

Activation step procedure

The "IV-Current" activation method was chosen here as the cell break-in procedure, as described in Chapter 4. The current was gradually increased every 5 min with a step of 20 mA, from 0 A until reaching the current corresponding to a voltage around 0.3 V as the voltage limit. Once the CV curve has been collected, the maximum current value can be set. We define the half-current value as half of the maximum current value obtained in the CV curve. After the activation step, the cell voltage was stabilized during 1 h at the half-current value. During this stage, the working conditions remain unchanged, i.e. relative humidity 95% at the both electrodes, cell temperature at 60 °C, and flow rate at 12 NL h -1 for both hydrogen and oxygen gases.

Polarization curves

Then the 3 rd step begins (Fig. 1). The polarization curves were collected under the same conditions as during the break-in, except the flow rate at the both electrodes. In fact, 2 flow rates were tested here, one at 12 NL h -1 and the other at 24 NL h -1 . Except further precision, each polarization curve resulted in an average of two measurements of voltage versus current.

The first measurement started at 0 A (OCV) and the current was gradually increased to 50 mA until the measured voltage reached 0.3 V. The second measurement started at the last point of the first measurement. The current was progressively decreased until it reached 0 A. Each current step took 2 minutes and the average of the measured voltage was calculated. For clarity, the operating conditions with the "classical" cell were:

1) The flow rate of the both electrodes were set first at 12 / 12 and after at 24 / 24 NL h -1 ; the temperature of the cell and RH set at 60 °C and 95%, respectively.

2) 4 dew points were tested at the anode side (59, 58, 57 and 54 °C), whereas the dew point at the cathode side was kept at 60 °C. The temperature of the cell was also kept at 60 °C.

The flow rate was set at 12 / 12 NL h -1 .

We specify that each MEA was tested until holes appeared (MEA's death). As a result, some experiments do not make it to the end of the scheduled tests due to materials degradation.

The reference electrode cell is illustrated in Fig. 3, where the reference electrode is placed at the anode side. Contrary to the "classical" cell where a global voltage at the both electrodes is measured for a given current, here we can separately measure the anode voltage and the global voltage. The cathode voltage is calculated as expressed in equation (6).

𝑈 𝑐 = 𝑈 -𝑈 𝑎 (6) where Uc, U and Ua are the voltage of the cathode, cell and anode. The operating conditions were set at 60 °C of the cell, 12 / 12 NL h -1 as the flow rate at the both electrodes and 95% RH.

Results and discussion

Morphologies of CLs prepared with different ionomer contents

The catalyst layers prepared with different ionomer contents were visualized by SEM images and measured by a tactile profilometer. Figure 4 unveils the surface morphology of GDEs prepared with different ionomer content at 3, 23 and 33 wt.% at different magnifications.

At the scale of 200 µm, it seems that the cracks are more important and deeper when the ionomer content increases. Interestingly, the presence of cracks is not visually observed on the surface of CCM samples prepared with the same inks, especially with the ink containing 33% of ionomer content. The results shown in Fig. 4 can thus be explained by a difference of hydrophobicity between the two supports, i.e. the MPL or the membrane. The hydrophobic character of the MPL promotes the formation of distinct and isolated block of electrodes (Pt/C + ionomer) which are randomly distributed on the surface of the GDE. This is especially true since the ionomer contents in the catalyst inks is high. The interaction between this anionic ionomer and PTFE in MPL appears to be weaker than between Nafion  and MPL. This can be explained by the dual hydrophilic/hydrophobic character of Nafion  . At the scales of 1 µm and 200 nm, some agglomeration of ionomer can be observed in the images at high ionomer contents (Fig. 4 (b-c) at 23 and 33 wt.% of ionomer). With this kind of morphology, it seems that the prepared samples appear to be more porous due to the paths generated by the cracks.

On the contrary, no cracks are detected and a denser and more compact electrode on the surface of the CCM-3% is observed as shown in Fig. 4 (a-b, 3 wt.% of ionomer).

Figure 5 shows the thickness of the coated samples measured by the tactile profilometer.

As displayed, the more ionomers the ink contains, the thinner the deposited layer. This behavior has already been observed when studying catalytic inks for PEMFC by varying the amount of Nafion ionomer in Chapter 3 (Fig. 5). Increasing the ionomer content in the catalyst ink allows to decrease the porosity of the prepared electrode and also decrease the distance between catalyst particles. Contrary to the behavior of Nafion ionomer, it seems that the coverage of pores is proportional to the amount of Aemion ® ionomer, because of the progressive decrease observed in the thickness of the deposited layer as a function of the Aemion ® ionomer content.

With a 3% Aemion ® ionomer content, the amount of binder is not enough to cover well the amount of catalyst particles (Pt and C), thus the resulting coating is very crumbly and can easily detach from the substrate. Therefore, this sample is not electrochemically characterized.

By crossing the SEM and profilometer results, it reveals that the sample prepared with 3% of ionomer content is the thickest and most porous sample despite its dense surface appearance. On the contrary, the sample prepared with 33% of ionomer content is the thinnest and densest electrode. It should be mentioned that the characterized samples were in dry and in iodide form. It is possible that the shape of the electrode could be changed in a different hydration or anionic environment. Indeed, the swelling of the Aemion ® membrane is quite high in the hydroxide form (see Chapter 4), so it could be that in the hydroxide form, the swelling could prevent or block the transport of gases, resulting in a decrease in the performance of AEMFC. To check this eventuality, all the prepared samples were tested in AEMFC, except for the samples prepared with 3% amount of ionomer for the reason mentioned above. 

AEMFC's tests with CCMbased MEAs.

Here we tested the 3 CCMs prepared with the 3 different ionomer contents (13, 23, and 33 wt.%), respectively. Prior to any electrochemical test, each CCM sample was converted to hydroxide anion form with M-3M method. Then, it was assembled in fuel cell and connected to the bench as described in section 5.1. As soon as the fuel cell bench reached the set conditions, i.e. T = 60 °C, 95% RH, the OCV value was recorded for the activation step. The figure 6 gathers the OCV values, the CV curves of the breakin and stabilization process of the 3 as-prepared CCMs. As it pictured in the insert in Fig. 6 (a, or in the legend), the OCV value of the prepared CCMs seems to decrease with the increase of the ionomer content in the catalyst ink: 0.98 to 0.87 for the CCM-13 to 33%, respectively. During the activation step, the voltage fluctuates a lot at each increase of current density and the best CV curve is obtained with CCM-13% (Fig. 6(a)). After this step, the half-current was calculated and set to the stabilization step of each tested CCM (Fig. 6 (b)). From the latter, we can see that the potential remains rather stable at the stabilization step by imposing the half-current. However, the OCV of the 3 CCMs measured at the beginning of the stabilization step is lower than that of the activation step, regardless of the amount of ionomer within the CCMs. Then, the polarization curves were collected for each tested CCM and the average value (as explained in 5.1.4.2) was plotted in Fig. 7. As in the activation step, the behavior of the 3 tested CCMs is rather similar, except the OCV value. CCM-33% gives the lowest performance, near 120 mA cm -2 at 0.3 V. On the contrary, CCM-13% demonstrates the highest performance with a maximum of curent density at 600 mA cm -2 at 0.3 V. The behavior of CCM-13% is rather close of the finding in the literature, where the authors reported a performance at 1000 mA cm -2 at 0.3 V, but with 0.45 mgPt cm -2 of Pt loading and 10% of ionomer content [1]. Regarding now the OCV value of each tested CCM, we can see that its decrease is even more severe than that of the previous two electrochemical characterization steps. For clarity, the OCV value at each step of the electrochemical characterization is summarized in Table 1. The latter highlights the severe drop of the OCV value at each electrochemical test, suggesting a possible degradation of membrane and ionomer over time. Due to the specificities of the Aemion ® membrane and ionomer given by the supplier (see Table 2 in Chapter 4, and references [5,6], the first hypothesis seems to us very unlikely.

Concerning now the second assumption, there may not be enough difference in solubility between the membrane and the chosen solvent. As a result, the membrane may be weakened during the coating step due to a possible solubilization of membrane with the presence of isopropanol. This is a possible assumption, because of the rapid dissolution of the membrane, that was soaked in isopropanol and then immersed in water during an ex-situ experiment (Fig.

(a)

). However, all prepared CCMs at the similar Pt loading should normally receive a similar amount of solvent during the coating step. If this assumption is correct, the OCV value should be similar for all the tested CCMs and not vary with the amount of ionomer. But it is possible that the drying time differs depending on the ionomer loading because the ionomer-bound solvent is likely to dry less quickly than the carbon-bound solvent. Thus a high ionomer loading would result in a longer contact between the membrane and the solvent. Then, we move to the last assumption. In fact, the deformation in volume of the membrane is around 2.5 times during the anionic conversion step (see Chapter 4, Fig. 6).

Moreover, if we assume that the membrane is made of 100 wt.% of ionomer content, then its thickness swelling is 1.6 times higher than in dry and in iodide form. Making this assumption, we calculated the corresponding swelling that the electrode can undergo during the anion conversion step. As seen in Table 2, the higher the ionomer content in the catalyst layer, the more pronounced the deformation of the catalyst layer.

As the swelling of the membrane is quite important, one can imagine that the swelling rate of the electrode can vary with its thickness and amount of ionomer. The thinner the electrode, the faster the swelling and the higher the deformation in the case of high ionomer content. As a result, CCM-33% with the thinnest electrodes and the highest amount of ionomer among the prepared CCMs is more impacted by the difference of swelling between the electrodes and the membrane. As pictured in Fig. 8 Nevertheless, this is not the only reason of the decrease of OCV. In fact, we must also consider sorption hysteresis and water management as membrane degradation parameters. We know that the Aemion ® membrane used has a sorption hysteresis, which can affect water transport when the relative humidity changes. At high current densities or currents, the AEMFC produces more water than at low currents. This means that at high currents, possible drying of the membrane and flooding of the catalyst layer can occur on the cathode and anode side respectively. At low current, drying of the membrane on the anode side can occur. In both cases, a change in membrane hydration occurs, resulting in a change in the structure of the membrane as well as the organization of water molecules within the membrane. During the desorption step, some of the water molecules do not surround the IESs (ion exchange sites), but are bound to polymer chains. Because IESs are not protected by a large amount of water molecules, they can undergo degradation and/or reduce the transport of hydroxide anions, depending on the relative humidity level in the medium.

To highlight this fact, the polarization curves with increasing and decreasing current of CCM-33% and Nafion-based CCM are revealed in Fig. 9 (see Annex 3 for the other samples).

As observed in Fig. 9 (a), the potential of CCM-33% and the OCV value decrease during the is no change in the OCV value and also no decrease during the 2 nd polarization curve by decreasing current. On the contrary, the 2 nd polarization curve by decreasing current is better than the 1 st by increasing current, because of a higher hydration of the membrane. These results can be explained by the difference in structure of the membranes and also by their sorption Turning now to the polarization curves of the 3 prepared GDE-based MEAs, figure 11 illustrates the average of the 2 polarizations curves (see details in Annex 3). At first glance, the OCV value is rather constant for the 3 samples studied, suggesting here that there is no degradation or that the degradation rate is very slow compared to the CCM-samples. Moreover, there is a change in the order of samples' performance in Fig. 11. The higher the ionomer content in the GDE, the better the performance in the AEMFC. This order seems to follow the thickness of the deposited catalyst layer and also the covering of ionomer on catalyst particles.

The thicker the electrode, the worse the gas and water transport. But without a sufficient covering of ionomer on Pt/C, the triple phase boundary is poor due to a low ionic conductivity and, water and gas transport. This polarization curves' behavior is similar to those reported for the samples prepared with different Nafion ionomer contents in PEMFC (Chapter 3).

Regardless of the OCV value, the performance obtained with the GDE-samples are rather low in comparison with CCM-samples in Fig. 7. This result can be explained by a weaker interface contact between the GDE and the membrane, that was already reported in literature concerning GDE-based MEAs vs. CCM-based MEAs in PEMFC [8,9]. It is well known that there is a heterogeneous distribution of the catalyst layer due to a loss of catalyst particles in the porous medium of the gas diffusion layer. Despite a poorer interfacial contact between the GDEs and the membrane, the insufficient amount of ionomer binder also affects this interfacial contact, especially in the case of GDE-13%. This problem was revealed after the MEA was disassembled at the end of the fuel cell test, where the GDEs are not stuck together with the membrane surfaces (Annex 1, Fig. A2), although the compression rate was well estimated. at the end of the experiments (see Annex Fig. A3). We believe that flooding and/or drying occurs at both electrodes, but the primary causes are not clear for now. The loss of performance is probably due more to aging than to the change in humidity of the gases. We need more data to conclude. Therefore, we resorted to the use of the reference electrode cell, which can help us separate the voltage signature on the cathode side from that on the anode side. For this test, a new catalyst ink at 23% of ionomer content was prepared without the use of a disperser (following General method, without the ultrasonic bath step). GDE samples were obtained with the ultrasonic spray coating bench with a Pt loading of 1 mg cm -2 . Figure 15 presents the performance and results that were obtained with the reference electrode cell at different flow rates of gases, at 95% RH and 60 °C. Whatever the flow rate applied to the two electrodes, the voltages on the anode and cathode sides evolve similarly as a function of the current density,

showing that there is a decorrelation of the signatures of the two electrodes. As previously, the increase of the flow rate increases the global performance of the AEMFC (comparison of the red curves in Fig. 15). However, the performance obtained here with the new sample is lower than with GDE-23%, maybe due to the thin Teflon gaskets (100 µm) used when mounted the cell and also the shape of the bipolar plate, which can affect the heat distribution within the cell. The thin gaskets may not be thick enough to cope with the swelling of the electrodes at high current densities, resulting in a huge compression of the MEA during the experiment (see Annex Fig. A4). Regardless of the flow rates used, it seems that the beginning of the polarization curve (0-50 mA cm -2 for low flow rate and 0-80 mA cm -2 for high flow rate) is solely due to the overpotential on the cathode side for the oxygen reduction reaction and possibly for the transport of hydroxide anions from the cathode to the anode side, which can dry the membrane at the cathode side. Then at the mass transport part (I > 50 mA cm -2 or I > 80 mA cm -2 ), there is above all the overpotential at the anode side, suggesting here a flooding of the anode side.

However, these results do not inform us (i) whether the back-diffusion does occur when the anode side is in the flooded condition and (ii) the location of the flooding. Hence, further investigations are needed, maybe coupled with impedance spectroscopic measurements or using a segmented fuel cell. 

Conclusion

In this chapter, we attempted to optimize home-made MEAs by varying the support, the amount of ionomer in the catalyst layers, as well as the water management in order to increase the performance of the AEMFC. For that, we prepared different CCM and GDE-based MEAs with different amounts of ionomer from 13 to 33% in weight. The commercial ionomer and membrane used are Aemion ® AP1-ENN8/HNN8 and Aemion ® AF1-HNN8-25

respectively. The prepared samples were characterized morphologically by SEM and profilometer techniques and electrochemically by AEMFC polarization curves.

The results of this study lead us to the following conclusions:

• The higher the ionomer content, the denser and thinner the CL.

•

The morphology of the GDEs depends on the ionomer content, due to the difference of hydrophobicity between MPL and ionomer. The higher the amount of ionomer, the greater the segregation in the electrode.

• Regardless of the ionomer content within the prepared samples, the performance of the CCM-based MEAs is higher than that of GDE-based MEAs, because of a better interfacial contact. However, the CCM-based MEAs have a lower OCV. The higher the ionomer content in the CCMs, the lower the OCV. This behavior may be the consequence of a transient tensile stress during the anionic conversion step.

•

Although GDE-based MEAs prevent membrane degradation during the anion conversion procedure, the performance is poorer due to poorer interfacial contact and possible loss of catalyst particles into the GDL pores.

• Although the alteration of a MEA can be caused by the drying of the membrane and flooding of the electrodes, due to a bad gas transport, the sorption hysteresis effect cannot be neglected in AEMFC with hydrocarbon membranes. This phenomenon affects the polarization curves and can change the distribution of water molecules within the polymer differently.

•

The study of the water management reveals that (i) it is possible to increase the performance of thick GDE-based MEAs by increasing the flow rate, (ii) the electrodes are very sensitive to changes in the dew point of gases, which leads to an irreversible decrease in performance, and (iii) the use of a reference electrode cell shows mainly the ORR at the cathode at low current densities and a flooding at the anode at high current densities, respectively. A strategy to avoid this flooding would be to add PTFE in the anode

GENERAL CONCLUSION AND PERSPECTIVES

As part of my thesis, I had to manage both the modification of the PEMFC bench and the fabrication of MEAs from elementary materials to electrode construction for lab-scale AEMFC development. As newcomers to the field of electrode coating and manufacturing, this part of the work was time consuming but necessary to provide new insights into the structure of the catalyst layer correlated to electrochemical performance in fuel cells. The experience gained with the formulation, preparation, and fabrication of PEMFC electrodes was the first step in filling in the gaps in our knowledge. Although the AEMFC is described as an imitation of the PEMFC, the reality is quite different from the idea we had at the start of the project.

Thus, the highlights of my thesis can be summarized as follows.

❖

The use of an ultrasonic spray coating bench allows controlling the amount of catalyst ink deposited on a chosen support. However, the homogeneity of the coating layer depends on the spray configuration, nozzle height, mask thickness, and quality of catalyst ink.

The latter varies with the ink composition, way of preparation, and catalyst powder (supplier, batch, type of carbon, storage).

❖

With respect to the composition of the PEMFC catalyst ink, changing the ratio of ionomer content, solvent mixture, and amount of Pt and carbon significantly affects the thickness and porosity of the deposited catalyst layer, and thus the PEMFC performance. In addition, the type of carbon, the catalyst powder storage history and the way the ink is prepared also influence the structure of the resulting electrode. Therefore, understanding the structure of the catalyst layer for a given catalyst powder requires the help of a set of tools and characterization protocols.

❖

The benchmark study on alkaline materials reveals that their properties are different from the matured and popular Nafion membrane and ionomer. All commercially available alkaline membranes and ionomers exhibit (i) a hydrocarbon backbone with quaternary ammoniums as ion exchange groups, (ii) higher ion exchange capacity (IEC), and

(iii) halide anions as counter-anions. The presence of (iii) requires the addition of an anionic conversion step to exchange them into hydroxide anion form for use in the AEMFC.

❖

A series of methods were established to characterize purchased membranes for evaluation and selection for the AEMFC application. Sorption measurements show that all alkaline membranes display a sorption hysteresis, which can be either positive or negative. The latter may be a sign of membrane degradation, which should be avoided when selecting a membrane for this application. Besides, special attention was paid to the anion conversion step, as not all types of halide anions are chemically equivalent and require high hydroxide concentrations to be exchanged. The study of the anion conversion step also shows that the membranes swell a lot and that the use of concentrated hydroxide solutions can limit this effect.

Among all studied membranes, Aemion ® membrane and ionomer were chosen for the AEMFC application.

❖

CCMs and GDEs with different amounts of ionomer contents (13, 23, and 33% in ratio) were prepared and tested in AEMFC. The two types of MEAs behave differently and therefore result in different outcome trends. Although GDE-based MEAs give lower performance than CCM-based MEAs due to poor interface contact, the variation in ionomer content in the electrode is rather opposite for CCM and GDE samples: GDE-33% and CCM-13% give the best results in AEMFC tests. This difference in the ratio of ionomers can be explained by the tensile stresses during the anion conversion step that weakens the membrane and consequently promotes its degradation during fuel cell tests.

Through the various experiments on AEMFC carried out within the framework of the thesis, it seems to us that the main hindrances to the development of AEMFC are the durability of the tested materials and their commercial availability. Indeed, the main stops in testing are related to the appearance of the hole in the tested MEAs. Therefore, new types of membranes and ionomers must be tested, and new electrode designs and constructions are needed in order to improve AEMFC performance. To this end, systematic characterizations of the prepared electrodes must be established to understand the relationship between the selected materials, the ink formulation and preparation method as well as the resulting electrode structure. After checking the structure of the prepared electrodes, we can focus on the optimization of the operating conditions with or without changing the electrode configuration (asymmetric or symmetric construction). In this case, using the reference fuel cell or a segmented fuel cell can help in understanding the data.

i RESUME ELARGI

Contexte de l'étude

Au cours des dernières décennies, la population mondiale a augmenté de façon spectaculaire, et le niveau et les habitudes de vie dus à l'industrialisation ont augmenté avec la demande croissante d'énergie. Cette demande a été principalement satisfaite par l'exploitation de différents types de combustibles fossiles tels que le pétrole et le charbon. Cependant, l'utilisation de sources d'énergie fossiles pose deux problèmes principaux : (i) les réserves de combustibles fossiles sont limitées et (ii) la combustion des combustibles fossiles libère du CO2 et d'autres substances (NOx, particules imbrûlées, etc.) qui aggravent le réchauffement de la planète et entraînent la pollution de l'environnement urbain [1] . Face à ces problèmes, le besoin de recherche et d'innovation dans les énergies renouvelables est toujours d'actualité pour remédier aux technologies existantes basées sur les combustibles fossiles et obtenir des performances similaires ou améliorées avec les technologies renouvelables [2, 3] .

Les piles à combustible sont très complémentaires des énergies renouvelables variables, car elles permettent d'utiliser l'excédent de production, notamment pour des applications liées à la mobilité, le tout sans produire de gaz à effet de serre ni de pollution localisée [4] . Elles peuvent être décrites comme des dispositifs électrochimiques propres qui convertissent l'énergie chimique des combustibles en énergie électrique et le sous-produit est généralement de l'eau. Il existe plusieurs types de piles à combustible, qui dépendent du type et de la nature
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 1 Figure 1. Report of the number of publications on the "Anion exchange membrane fuel cell" from 2010 -2022 [17].

Figure 2 .Figure 3 .

 23 Figure 2. Schema of a single fuel cell
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 4 Figure 4. Cross section of a typical membrane electrodes assembly for AEMFC.
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 5 Figure 5. Scheme of an anion exchange membrane

Figure 7 .

 7 Figure 7. Ion conductivity in (a) through plane and (b) in plane direction of the membrane[34] 

Figure 8 .

 8 Figure 8. Comparison of through and in-plane conductivity measurement with 2 types of AEMs and 3 types of counter-anions[34] 

Figure 9 .

 9 Figure 9. Anions conductivity measured with different AEMs fromLuo et al. [26] 

  (a)) when exposed to air, and less than 15 minutes to convert 50% of OH -to carbonate ions with a high decrease of ion conductivity (more than 50% of loss in Fig.10 (b)).

Figure 10 .

 10 Figure 10. (a) Carbonation kinetics of 3 membranes (HMT-PMBI, FAA-3 and PPO-Im) at 40 °C, with a mixture of N2 and 400 ppm of CO2 and (b) time to reach 50% of carbonation in black and the loss of conductivity for the 3 membranes in blue from Ziv et al. [34].

Figure 11 .

 11 Figure 11. Ions conductivity measurement of membrane without CO2 in (a) carbonate form without purging the ion conductivity cell, (b) transition mode by applying a current of 0.1 mA to remove undesired carbonate ions and (c) fully hydroxide form of membrane after a stabilization time [33].

Figure 12 .

 12 Figure 12. Evolution of ion conductivity through a mixture of nitrogen and water flux (95% RH) under 0.1 mA and at different temperatures [33].

Figure 13 .

 13 Figure 13. Polarization curves with aQAPS-S8 membrane (50±5µm in thickness) conditioned in 𝑂𝐻 -, 𝐻𝐶𝑂 3 -and exposed to air at 60 °C, operated with pure H2 and (a) O2 and (b) different

Figure 14 .

 14 Figure 14. AEMFC performance during the cell startup[52] 

Figure 15 .

 15 Figure 15. Different mechanisms of quaternary ammoniums degradation (a) Hoffman elimination and (b) nucleophilic substitution (SN2) reaction [57].

Figure 16 .

 16 Figure 16. Degradation mechanisms of imidazolium (IM)-based groups (c) C-2 substitution, (d) nucleophilic substitution (SN2) and (e) C4 or C5 deprotonation [19].

HexDTMFigure 17 .

 17 Figure 17. Comparison of the half-life of linear (left) and cyclic (right) quaternary ammoniums at 160 °C and 6M NaOH[START_REF] Marino | Alkaline stability of quaternary ammonium cations for alkaline fuel cell membranes and ionic liquids[END_REF] 

  illustrates the stability of Im in the 3 NaOH solutions with different concentrations after 30 days of test. Results from the literature show that the stability of Im groups depends mostly on (i) the type of chemical function inserted in the Im ring and the position chosen in the ring as well as (ii) the chosen concentration of NaOH. In fact, increasing the NaOH concentration simulates a less hydrated environment, which drives to accelerate the degradation of imidazolium groups.

Figure 18 .

 18 Figure 18. Stability study of different imidazolium groups in 1, 2 and 5 M of NaOH at 80 °C during 30 days [60]

Figure 19 .

 19 Figure 19. (a) Remaining TMBA according to water content and (b) comparison of remaining TMBA, ASU and BPhIm fraction according to time and water content (λ) [57].

Figure 20 .

 20 Figure 20. Different synthesis routes from the literature [19] with (a) radiation-grafting fluoropolymers and (b) polynorbene anions exchange polymers (AEPs)

Figure 21 .

 21 Figure 21. Study by Chen et al. [19] showing OH -conductivity, water uptake and alkaline stability of different types of AEMs (see in the caption)

Figure 22 .

 22 Figure 22. Schema of catalyst layers from literature [73]: (a) heterogeneous with poor triple-phase boundaries and (b) homogeneous in a perfect condition

  pH)): (a) the adsorbed O2 molecule in the inner Helmholtz plane (IHP) reacts directly with the proton from the adsorbed water molecule and the electron from the electrode and (b) the adsorbed O2 molecule plays as an intermediate in the outer Helmholtz plane (OHP)to accept proton from the water molecules of its solvated shell and the electron from the electrode in the IHP. Unlike alkaline media, there is only one mechanism for ORR in acidic media, the direct IHP mechanism.

Figure 23 .

 23 Figure 23. Mechanism of electron transfer for the ORR according to pH, explaining by the IHP and OHP (inner and outer Helmholtz plane, respectively) [78].

Figure 24 .

 24 Figure 24. (a) Polarization curve and power density of a MEA prepared with Fe-N-C as catalyst in the cathode side (0.9 mg cm -2 ) and PtRu/C (0.6 mg cm -2 ) at the anode and tested at 65 °C with H2/O2 at 55/65 °C of gases dew point, respectively [78], (b) polarization of a MEA prepared with Fe-N-C (0.2 mg cm -2 ) operating at 50 °C [80].

Figure 25 (

 25 a) compares a study on HOR with different metallic catalysts (Pt, Ru, Ir, Rh, Ni and Pd) measured by RDE. The reported results highlight the fact that Pt is still the best catalyst for HOR over the all studied catalysts. Comparing the exchange current density (Fig.25 (b)), it appears that the Pt-Ru combination is slightly better than Pt alone, due to a lower phenyl absorption on catalysts surface. In fact, it was reported that phenyl groups, which are common components of main ionomers in AEMFCs, are strongly absorbed on the (a) (b)

Figure 25 .

 25 Figure 25. Data according to different metals catalysts : (a) HOR polarization curves measured by RDE and (b) the exchange current density in alkaline media [78].

Figure 26 .

 26 Figure 26. Proportion of works carried out with Pt and Pt-free catalysts at the both electrodesthrough literature data from[16] 

  IECs and positioned them either symmetrically or asymmetrically at the anode and cathode for the study of water management. The used membrane is a non-commercial hexyltrimethyl ammonium-functionalized Diels-Alder poly(phenylene) AEM. The chemical structure of the studied membrane and ionomers is pictured in figure27.

Figure 27 .

 27 Figure 27. The chemical structure of (a) the membrane HTMA-DAPP and (b) the soluble ionomers FLN-100 and FLN-55

Figure 28 .

 28 Figure 28. Polarization curves in H2/O2 AEMFC obtained with asymmetric electrode ionomer at the anode and cathode with FLN-55/100 MEA (a) either at 100 or 50% RH at the both electrodes, (b) asymmetric humidification and with FLN-100/55 MEA (c) either at 100 or 50% RH at the both electrodes, (d) asymmetric humidification from[START_REF] Leonard | Asymmetric electrode ionomer for low relative humidity operation of anion exchange membrane fuel cells[END_REF] 

Figure 29 .

 29 Figure 29. Polarization curves measured by RDE for ORR (a) and HOR (b) according to differentionomer loading[START_REF] Hernández-Flores | Preparation of membrane-electrode assemblies for alkaline fuel cells: Effect of the ionomeric solution[END_REF] 

Figure 30 .

 30 Figure 30. Polarization curve obtained (a) with FAA-3-20 commercial membrane, at 0.5 mgPt cm -2 , cell temperature 50 °C, 100% RH, 150 kPa pressure [43]; (b) with A-201 membrane and AS-4ionomer (Tokuyama Corp.) at 0.4 mgPt cm -2 , cell temperature 50 °C, 100% RH, 0.05 MPa pressure[START_REF] Yang | Fine microstructure of high performance electrode in alkaline anion exchange membrane fuel cells[END_REF] 

Figure 31 .

 31 Figure 31. Surface morphology of the CCMs obtained from inks prepared with (a) EtOH, (b) PA, (c) IPA and (d) NBA (As-4 solution (Tokuyama Corp.) and A-201 membrane (Tokuyama Corp.)) [87].

Figure 32 .Figure 33 .

 3233 Figure 32.Polarization curves and peak power density with different MEAs prepared with different

Figure 34 .

 34 Figure 34. Schema of the samples prepared with DMSO, MeOH and IPA from[START_REF] Hyun | Tailoring catalyst layer structures for anion exchange membrane fuel cells by controlling the size of ionomer aggreates in dispersion[END_REF] 

Figure 35 .

 35 Figure 35. Polarization and power density curves for all studied combination of GDL thicknesses at the anode and cathode side [90]: (a) GDL with the same thickness, (b) combination of GDL thickness between 260 and 310 µm and (c) combination of GDL thickness between 120 and 260 µm. (The thickness of GDL at each electrode is noted from the anode side to the cathode side (for instance GDL-120/GDL-260 = GDL 120 µm and 260 µm at the anode and the cathode respectively)).

Figure 36 .

 36 Figure 36. Impact of PTFE amount in the GDL on the AEMFC polarization curves and peak powerdensity: (a) from[START_REF] Yang | Effect of gas diffusion electrode parameters on anion exchange membrane fuel cell performance[END_REF], (b) from[START_REF] Truong | Effect of tunable hydrophobic level in the gas diffusion substrate and microporous layer on anion exchange membrane fuel cells[END_REF] 

  (a)), but in their case, the best performance was obtained with GDL without PTFE at the both electrodes (Fig.37 (b)).

Figure 37 .

 37 Figure 37. Impact of ionomer content and PTFE treatment on polarization curves[START_REF] Kaspar | Manipulating Water in High-Performance Hydroxide Exchange Membrane Fuel Cells through Asymmetric Humidification and Wetproofing[END_REF] 

Figure 38 .

 38 Figure 38. Modeling of the effect of back pressure on water distribution at the cathode side, operating at 40 ⁰C under constant voltage of 0.5 V [97]

Figure 39 .

 39 Figure 39. Performance stability reported in the literature for H2-AEMFCs: (a) Relative voltage decay of cells operated at constant current density, and (b) relative current density (left axis, red) and relative power density (right axis, black) decays of cells operated at constant current density and constant voltage, relatively [16].

Figure 40 .

 40 Figure 40. MEA fabrication and characterization procedure: (a) Los -Alamos standard method and (b) USC/Surrey method. Note, (a) used an ionomer binder, while (b) ionomer in solid form[START_REF] Mustain | Durability challenges of anion exchange membrane fuel cells[END_REF] 

Figure 41 .

 41 Figure 41. Polarization curves and power density profiles for the MEAs prepared using different break-in procedures, FAA-3 membrane, 0.5 mgPt.cm -2 , 50 °C, 100% RH, 200 mL.min -1 H2 | O2 [100]

•••Figure 42 .

 42 Figure 42. Three ways of Membrane Electrode Assembly (MEA) fabrication.

Figure 43 .Figure 44 .

 4344 Figure 43. A Fuel cell polarization under H2/O2 and H2/Air for the CCM and GDE MEA's, made with Nafion ® 211, 0.2 mgPt cm -2 , temperature of cell 80 °C, 100% RH; B Maximum power density profiles as a function of relative humidity[START_REF] Moghaddam | The interplay between impedance parameters, structure, and performance of fuel cell catalyst layers[END_REF] 

Figure 45 .

 45 Figure 45. Various deposition techniques[START_REF] Pasquarelli | Solution processing of transparent conductors: from flask to film[END_REF] 

Figure 46 .

 46 Figure 46. (a) SEM and AFM images of 6 different pristine catalyst layer surfaces prepared through individual coating methods. The first row shows the SEM; the second row depicts the topographic distributions from the AFM measurement; the third row shows the segmentation results of adhesion and TUNA current (ultra-low currents) distribution throughout the CL surface, (b) Polarization

Figure 47 .

 47 Figure 47. General chemical formula for the PFSAs ionomers in various forms and the scheme of nano-phase separation proposed by Kosoglu et al. [109]

Figure 49 .

 49 Figure 49. Optimized Nafion ® ionomer content in CL according to used coating technique and the literature.

  explained by the electrode structure changes according to the weight of Pt. According to the SEM results from Cho et al.[START_REF] Cho | Effect of platinum amount in carbon supported platinum catalyst on performance of polymer electrolyte membrane fuel cell[END_REF], who studied the effect of 20, 40 and 60% in weight of Pt on C, the highest Pt weight electrode shows massive micrometer-sized pores in contrast to the other two electrodes with lower Pt weight in Fig.51. According to the authors, these kinds of pores are unsuitable for both removing excess of water at the cathode and transporting the chemical gases at each electrode. By the way, the reported work used a same amount of Nafion ionomer when prepared the different inks with the different Pt/C. This could change the coverage of the ionomer on Pt relative to carbon, and directly impact on the utilization of catalyst, hence to the fuel cell performance[START_REF] Cho | Effect of platinum amount in carbon supported platinum catalyst on performance of polymer electrolyte membrane fuel cell[END_REF].

Figure 50 .Figure 51 .

 5051 Figure 50. Comparison of the current density measured at 0.60 V according to Pt loading obtained with the two Pt/C powders(20 and 40% in weight) [START_REF] Qi | Low Pt loading high performance cathodes for PEM fuel cells[END_REF] 

Figure 52 .

 52 Figure 52. The current density operation points for various Pt contents at the anode, 0.7 mgPt.cm -2 at the cathode, and at a cell voltage value of 0.6 V

  for AEMFC or PEMFC. The widely used dispersion media in catalyst ink of PEMFC include water, solvents or a mixture of water and solvents. The examples of solvents include isopropanol (IPA), n-propanol (NPA), n-methylpyrrolidone (NMP), dimethylformamide (DMF), dimethyl sulfoxide, glycerol, ethanol, ethylene glycol, n-butyl acetate, methanol and acetone. Among all cited solvents, a mixture of water and isopropanol is the most common solvents used for spray coating technique.According to the literature, Nafion (membrane and ionomer) swells in the presence of solvents, especially with water and alcohol. Depending on the ratio and type of each solvent, its swelling can vary accordingly. This behavior impacts on the obtained CL and its performance and durability in PEMFCs. Kim et al.[START_REF] Kim | Polymers in Membrane Electrode Assemblies[END_REF] studied the CCM-based MEAs prepared by DTM and using different solvents such as glycerol, NMP and water-IPA mixed solvent. Fig.53(a) represents the polarization curves of the obtained MEAs. The MEA prepared with the Water-IPA mixture shows an improved mass transfer behavior at high current density compared to the MEA prepared with NMP and glycerol solvents. Moreover, the mass transfer limit is also affected by the ratio of water/IPA in the ink (Fig.53 (b)). The performance of the MEA increases with the increase of IPA content in the ink. The authors explained the results by an increase of swollen particles and higher phase-separated dispersion morphologies in the ink with the highest ratio of IPA.

Figure 53 .

 53 Figure 53. H2/air fuel cell performance of MEAs made with different (a) solvent and (b) different water/IPA ratio, Nafion 212 membrane and ionomer, 0.2 mgPt cm -2 80 °C, 100% RH, 30 psig back pressure [167].

Figure 54 .

 54 Figure 54. (a) Pt-ECSA data versus the [IPA]/[IPA þ water] wt. ratio of the mixture solvents of the Pt-C/Nafion catalyst ink solutions in GDEs fabrication; (b) Representation of Nafion dispersion, top row: the Pt-C/Nafion dilute IPA/water solutions, in which the IPA concentration in the mixture solvents, Bottom row: the Pt-C/Nafion layer ultrasonic sprayed on the surface of carbon paper GDL after evaporating the solvent [168].

Figure 55 .

 55 Figure 55. H2/air polarization curves of MEAs with cathode catalyst inks processed by (i):(a) combined sonication and (b) bath only sonication, (c) Mass activity and (d) ECSA of MEAs with different ink processing [177].

Figure 56 .

 56 Figure 56. Explanation schema of the structure of Pt/C and Nafion ionomer with different inkprocessing[START_REF] Wang | Impact of Catalyst Ink Dispersing Methodology on Fuel Cell Performance Using in-Situ X-ray Scattering[END_REF] 

Figure 57 .

 57 Figure 57. (a) Bulk sedimentation times for catalyst ink samples MS (dark grey), UB (brown), UB + S20 (magenta) and UB + S70 (dark green), respectively; (b) Viscosity-shear rate curves for catalyst ink sample MS (dark grey square), UB (brown circle), UB + S20 (magenta triangle) and UB + S70

Figure 58 .Figure 59 .

 5859 Figure 58. Schema of the 3 inks preparation [181] with either high-pressure homogenization or shear emulsifier step; the step of ultrasonic in mode 3 corresponds to ultrasonic bath

Figure 60 .

 60 Figure 60. Polarization curve with the different overvoltages [14].

Figure 61 .

 61 Figure 61. Voltammogram and estimation of the ECSA[14,[START_REF] Wang | Pem Fuel Cell Durability Handbook, Two-volume Set: Pem Fuel Cell Diagnostic Tools[END_REF] 

Figure 62 .

 62 Figure 62. Polarization curve with magnification on the application domain of the EIS. Theamplitude of the signal is chosen small so that voltage and current are linear[START_REF] Wang | Pem Fuel Cell Durability Handbook, Two-volume Set: Pem Fuel Cell Diagnostic Tools[END_REF] 

Figure 63 .Figure 64 .

 6364 Figure 63. Simple electrical equivalent circuit of a cell (left) and its representation on a Nyquist plot (right)[14] 

•

  R ct corresponds to the charge transfer resistance. It characterizes the efficiency of the electrochemical reaction and is related to the Tafel slope. • Z W is the finite Warburg impedance. This impedance represents the contribution of oxygen transport to the voltage losses. These impedances depend on the properties of the different components in the cell, their shaping, and can bring complementary information to those provided by the ECSA and fuel cell voltage. The most known models for the interpretation and analysis applied in PEMFC is finite Warburg impedance (WRRG). Interpretations by the Warburg model (WRRG) are expressed below in equations 20 -21. 𝑍 𝑐𝑒𝑙𝑙 (𝑤) = 𝑅 ℎ𝑓 + ( 1 𝑅 𝑐𝑡 + 𝑍 𝑤 (𝑤) + 𝑖𝑤𝐶 𝑑𝑙 ) -1

[ 21 ]

 21 compared the RDE and floating electrode techniques in 4M HClO4 solution in the study of the oxygen reduction reaction by Pt/C (60 wt.%). While the RDE technique shows a limiting current at 14 mA cm -2 , the floating electrode technique can operate up to 180 mA cm -2 .

Figure 1 .

 1 Figure 1. Scheme of the spray pattern shape according to the height of the nozzle (1st run path in blue (vertical), 2nd run path in orange (horizontal), 3rd run path in green (vertical) and 4th run path in red (horizontal)).

Figure 2 .

 2 Figure 2. (a) 4 spray lines of the catalyst ink prepared with AA 40% Pt/C (2021) under a nozzle height of 60 mm; (b) profile thickness measured according to x by the profilometer and generalized bell-shaped function fit (GBSF) f(x;4,1.3,11.3,1.1μm) obtained MatLAB [Maximum thickness of 4 layers ≈ 4.4 μm].

Figure 3 .

 3 Figure 3. Contour modeling: (a) in 3D, (b) top view, and (c) profile piece along the length of the different spray layers with (1) 1 vertical serpentine layer (1st run path), (2) 1 vertical and 1 horizontal serpentine layers (1st and 2nd paths), (3) 2 vertical and 1 horizontal serpentine layers (1st, 2nd and 3rd paths), and (4) 2 vertical and 2 horizontal serpentine layers (all 4 paths).

Figure 4 .

 4 Figure 4. Face 1 and Face 2 configurations, where the anode side is at the top and the cathode side at the bottom of each configuration.

  After the conditioning step, polarization curves were performed with air and H2 stoichiometry of 5 and 1.5, respectively. The other working conditions remained the same as for the conditioning step. Each polarization curve resulted in an average of two measurements of voltage versus current. The first measurement started at 0 A (OCV) and the current was gradually increased until the measured voltage reached 0.3 V. The second measurement started at the last point of the first measurement. The current was progressively decreased until it reached 0 A. Each current step took 60 s and the average of the measured voltage was calculated.

Figure 5 .

 5 Figure 5. Cyclic voltammogram illustrating the evaluation of the ECSA: FCS 40% Pt/C-Vulcan (2019) 0.34 mgPt cm -2 in the nitrogen flow humidified to 60% RH, recorded at a sweep rate of 50 mV s -1

Figure 6 .

 6 Figure 6. Samples for tactile profilometer measurements and guided lines used during measurements: (a) first sample model with glass mask, and (b) last sample model with PC mask.

Figure 7 .

 7 Figure 7. Profiles of deposited electrode along different guided lines: (a) gray, (b) blue, and (c) green lines in Fig. 6 (a) sprayed with FCS 40% Pt/C-Vulcan (2019) using a glass mask, and (d) red line in Fig. 6 (b) sprayed with AA 40% Pt/C (2020) using a PC mask.

  mm, B -2 vertical and 2 horizontal serpentine layers spray pattern repeated 3 times at 40 mm from the nozzle height, and C -2 vertical and 2 horizontal serpentine layers spray pattern repeated 3 times at 60 mm from the nozzle height. Moreover, we wanted to check whether Pt/C powders at a given Pt weight can have an impact on the coating quality. To this end, 2 Pt/C powders with carbon black as support were chosen from 2 different suppliers for this study: FCS 40% Pt/C-black (2020) and AA 40% Pt/C (2021). Therefore, a total of six samples were prepared as shown in Fig.6(b), and a piece of their thickness profile was plotted along the yellow line. Fig.8shows the measured thickness profile of the two different catalysts sprayed in the three different spray configurations (A, B, and C). As expected, the shape of the coating depended greatly on the choice of coating configurations regardless of the Pt/C powders chosen. A in Fig.8 (a)gives us the greatest variation and heterogeneity of the coating surface. This result was expected because one path was repeated 12 times and it is comparable to the simulated result using MatLAB software with GBSF (Generalized Bell-shaped Function in Fig.8(a) blue line). Additionally, the difference in homogeneity across configurations is consistent with the results obtained by Deschamps et al.[43], who compared the topography of sprayed layers obtained with 2 configurations of run paths and with an accumulation of 160 run paths at 33 mm height. It should be noted that the authors needed a large accumulation of layers to reach an average thickness of 6.3 µm with the commercial carbon XC-72R from Cabot ® . This fact highlights the difference in ink formulation and composition between the experimenters. Concerning now the samples prepared with the configure B and C (i.e. ink deposited following 2 vertical and 2 horizontal serpentine layers repeated 3 times, but at

Figure 8 .

 8 Figure 8. Thickness profiles obtained with the two Pt/C powders (AA40% Pt/C (2021) and FCS 40% Pt/C-black (2020) in blue and red, respectively) for the three configurations studied with (a) A -1 layer of spray pattern repeated 12 times at the nozzle height of 60 mm, (b) B -2 vertical and 2 horizontal layers of spray pattern repeated 3 times at 40mm and (c) C -2 vertical and 2 horizontal layers of spray pattern repeated 3 times at 60 mm and MatLAB software fit with GBSF (Generalized Bell-shaped Function).

Figure 9 .

 9 Figure 9. Polarization curves of MEAs with Nafion ® 212: (a) reproducibility of MEAs with Nafion 212 ® sprayed using (a) thin PC masks, and (b) thick glass and thin PC masks, illustrating the shadowing effect. All results were obtained with Pt/C from Alfa Aesar (AA 40% Pt/C (2021)) and carried out in H2 / air at stoichiometry 1.5 / 5, at 70 °C and 60% RH for both gases.

Figure 10 .

 10 Figure 10. Polarization curves of the CCMs prepared with Pt/C from different suppliers and origins, measured in H2 / air at stoichiometry 1.5 / 5, at 70 °C and 60% RH for both gases.

Figure 11 .

 11 Figure 11. Polarization curves of the CCMs prepared with Pt/C from different suppliers and origins, measured in H2 / air at stoichiometry 1.5 / 5, at 70 °C and 60% RH for both gases (the dashed curve is the sample FCS 40% Pt/C-Vulcan 6 months later referred as FCS 40% Pt/C-Vulcan BS).

Figure 1 . 3 . 1 . 5 .

 1315 Figure 1. Original samples for the profilometer, with guided lines as reference for the characterization analysis

Figure 2 .

 2 Figure 2. Polarization curves according to different stoichiometries of H2 / air obtained with a Nafion ® 212 based-MEA, containing the catalyst FCS 40% Pt/C-Vulcan XC-72R (2021) and measured at 70 °C (left) 60% RH and (right) 80% RH.

Figure 3 .

 3 Figure 3. Polarization curve of CCM-based MEAs coated with 8 and 12 layers of ultrasonic spray (0.25 and 0.37 mg cm -2 Pt loading, respectively, from the ink composed of 33 wt.% Nafion content, AA 40% Pt/C (2020), ratio(water:isopropanol) of 1:2), performed in H2 / air at stoichiometry 1.5 / 5, at 70 °C and 60%

Figure 4 . 5 / 5 ,

 455 Figure 4. Polarization curve of (a) 8-and (b) 12-layers of CCM-based MEAs prepared with the 3 inks containing 13, 23 and 33% Nafion amount in ratio respectively, performed in H2 / air at stoichiometry 1.5 / 5, at 70 °C and 60% RH for both gases; (c) parameters extracted using WRRG model from in-situ impedance spectroscopy spectra measured at 3.6 A current and (d) cyclic voltammetry results of these MEAs

Figure 5 .

 5 Figure 5. Morphological measurements: SEM images of the prepared catalyst layer with AA 40% Pt/C (2020) and different Nafion ionomer contents at 13, 23 and 33 wt.%, images with magnification (a) 20.00 Kx times (1µm) and (b) 150.00 Kx times (100 nm); (c) Profilometer measurements of the CLs prepared with different Nafion ionomer ratio (%) 33 in yellow, 23 in orange and 13 in blue.

(Fig. 8 (

 8 Fig. 8 (b (left)): 34 ± 1 μm, vs. 15 ± 1 μm respectively. Here, the thickness of the sample prepared with FCS 20% Pt/C-Vulcan XC-72R (2019) was estimated by doubling the value of the thickness of FCS 40% Pt/C-Vulcan XC-72R (2019) sample in Fig. 8 (b (right)). For this, we assumed that (i) the properties of 20 and 40 wt.% Pt/C-Vulcan XC-72R (2019) are close, (ii) the difference in the embedding state of Nafion ionomer on Pt/C can be neglected and (iii) the thickness of the deposited layer should be proportional to the number of coating layers.

Figure 8 .

 8 Figure 8. Morphological measurements: (a) SEM images of prepared CL with catalyst ink with (left) FCS 20% and (right) 40% Pt/C-Vulcan XC-72R (2019) with a magnification of 20.00 Kx times (1 µm); (b) Profilometer measurements of prepared CL with the catalysts (left) FCS 20 and 40% Pt/C-Black (2020) at % Pt/C and (right) 40% Pt/C-Vulcan XC-72R (2019). The shape and thickness of the sample prepared with 20% Pt/C-Vulcan XC-72R (2019) was estimated by Matlab simulation used in Chapter 2.

Figure 9 .

 9 Figure 9. (left) Polarization curves and (right) ESCA of the CCM-based MEAs prepared with the 4 inks as described above. All results were carried out in H2 / air at stoichiometry 1.5 / 5, at 70 ° C and 80% RH for both gases.

Figure 10 at

 10 Figure 10 at the left shows the polarization curves of the CCM prepared with the asdescribed two inks and with the two configurations Face 1 and Face 2.Figure 10 at the right shows the electrochemical impedance spectroscopy results of the corresponding CCMs with Face 1 configuration. In the case of adding Nafion ionomer before the use of a disperser, not only are polarization curves of Face 1 and Face 2 not identical, but the performances are low and the part of activation and membrane ionic conduction areas are lower and different in comparison with the previous polarization curves reported in Fig. 9 for instance. In contrast, polarization curves of Face 1 and Face 2 are comparable and repeatable with the CCM prepared with the catalyst ink dispersed before adding Nafion ionomer (Fig. 10 (b)).

Figure 10 .

 10 Figure 10. (left) Polarization curves and (right) electrochemical impedance spectroscopy results of MEAs prepared with catalyst inks dispersed after (a) and before (b) adding Nafion ionomer. All results were carried out in H2 / air at stoichiometry 1.5 / 5, at 70 ° C and 60% RH for both gases.

Figure 11 .

 11 Figure 11. Morphological measurements: SEM images of catalyst layer of CCM with (a) general catalyst ink and (b) mixed catalyst ink, the image with magnification 80.00 Kx times (200 nm); (c) Profilometer measurements of CL deposition with general (orange) and mixed (blue) catalyst inks with (left) AA 40% Pt/C (2021) and (right) FCS 40% Pt/C-Vulcan XC-72R (2021)

  (b (left))). In contrast, different and weaker performances are obtained with the ink containing catalyst FCS 40% Pt/C-Vulcan XC-72R (2021), prepared with Mixed method. The samples prepared with

Figure 12 .

 12 Figure 12. Polarization curves of CCMs prepared with (a) General and (b) Mixed methods and catalysts: (left) AA 40% Pt/C (2021) and (right) FCS 40% Pt/C-Vulcan XC-72R (2021) All results were carried out in H2 / air at stoichiometry 1.5 / 5, at 70 ° C and 60% RH for both gases.

Figure 13 .

 13 Figure 13.(ab) SEM images and (c) thickness of samples t0 and t14 prepared with General (left) and Mixed (right) methods

Figure 14 .

 14 Figure 14. Pt/C (FCS 40% Pt/C-Vulcan XC-72R (2021)) XPS analysis: distribution of species according to deconvolution area of (left) Pt4f and (right) carbon

Figure 15 .

 15 Figure 15. Carbon (Vulcan XC-72R) XPS analysis: distribution of species according to deconvolution area

Figure 16 .

 16 Figure 16. Pt/C (FCS 40% Pt/C-Vulcan XC-72R (2021)) XPS analysis: distribution of species according to deconvolution area of (left) Pt4f and (right) carbon

Figure 17 .

 17 Figure 17. Comparison of polarizations curves of samples t0 and/or t14 with (a) General method, (b) Mixed method, (c) both methods and (d) similar thickness range

  (b)). The polarization curves of Face 1 and Face 2 are different, because the prepared inks are not stable, possibly due to increased internal disorder.

the development of AEMFC: from materials to activation procedures in fuel cell tests 4 . 1 .

 41 Material's benchmark for MEAs fabrication and requirements specificationSimilar to PEMFC, there are mainly 3 methods to manufacture a MEA, which consists to use: (1) a commercial CCM and GDL, (2) a commercial membrane and GDE, (3) a commercial membrane and GDL, and coat catalyst ink either on membrane or GDL. The last method needs to prepare a catalyst ink containing ionomer as binder or as anion transporter.

3

  anion conversion methods were studied and compared in order to choose the one that allows us to efficiently exchange halide anions from the membranes in as-received form into hydroxide form. Membranes samples were cut into 1 x 4 cm pieces. They were then soaked in individual flask containing 100 mL of KOH. The duration of soaking and the concentration of the electrolytes varied according to the used methods. The 3 tested methods of anionic conversion are called M-1M, M-3M, M-2steps and are described below.M-1M: The samples were soaked in 1 M of KOH for 1 week (7 days), with a change of bath every 24 h. The converted samples were afterward rinsed 3 times with a large amount of water and kept in individual flask filled with high purity of water before ionic conductivity measurement.M-3M: The samples were soaked in 3 M of KOH for 48 h, with a change of bath every 12 h. Then, the samples were rinsed 3 times with a large amount of water and stored in individual flask filled with deionized water. M-2steps: This method consists to soak samples with different electrolytes in two successive steps during the anion conversion. 1 M NaCl solution was used as electrolyte during the first anion exchange step, even though the received membranes were in the form of Cl -.

Figure 2 .

 2 Figure 2. Schema of the bench after modification

Figure 4 .

 4 Figure 4. Sorption curves at 30 °C of the membranes listed in Table 2 (in chloride form except Xion

  during desorption. It seems that in most of the observed cases, this phenomenon occurs at low relative humidities, where a possible Hoffman elimination can occur in quaternary ammoniums (with the loss of water molecules and alkene, see Chapter 1, Fig.15 (a)). Since hysteresis of sorption cannot be avoided with hydrocarbon membranes, it is preferable to favor membranes with only positive sorption hysteresis, such as Aemion ® membranes AF1-HNN5-25 or AF1-HNN8-25, PiperION SS 20 or FAA-3-50.

Figure 5 .

 5 Figure 5. Water uptake hysteresis of the studied membranes over the entire range of relative humidity

Figure 6 .

 6 Figure 6. Coefficient deformation of membranes in (a) length, (b) width and (c) thickness according to purchased membranes and the 3 anion conversion methods (M-1M, M-3M and M-2steps); the received anion form of each membrane is in bracket. The results are the average of 3 samples measurements, standard deviation values are insignificant, thus not mentioned.

Figure 7 .

 7 Figure 7. Coefficient deformation of membranes in (a) surface and (b) in volume according to purchased membranes and the 3 anion conversion methods (M-1M, M-3M and M-2steps); the received anion form of each membrane is in bracket. The results are the average of 3 samples measurements, standard deviation values are insignificant, thus not mentioned.

Figure 8 .

 8 Figure 8. Anionic conductivity of the membranes converted with the 3 anionic conversion methods (M-1M, M-3M and M-2steps), the anionic form received is in parentheses after the name of the membrane.

  operating conditions were set at Tcell = 60 °C, RH (H2 / O2) = 100 | 100%, flow rate (H2 / O2) = 12 | 12 nL h -1 , running at constant potential of 0.1 V.

Figure 9 .

 9 Figure 9. CV measurement with Fumatech FAA-3-50 membrane and a commercial GDE (0.5 mg cm - 2 + Fumion ionomer), direct anion conversion to OH -form by soaking them in 1 M NaOH for 24 h, and rinsing in distilled water. No additional measurements have been performed, due to appearance of hole.

Figure 12 .

 12 Figure 12. (a) Activation step and (b) polarization curve of a home-made GDE-based MEA, prepared with Xion ® membrane and Sustainion-ionomer based ink.

Figure 13 .

 13 Figure 13. (a) Activation procedure step and (b) polarization curve of a home-made CCM-based MEA prepared with Aemion ® membrane and ionomer, and converted with the M-3M method

  step, it seems that this method can either stabilize and increase MEA performance as in the case of Aemion-CCM based MEA (Fig.14 (a)) or degrade the working MEA until hole appears as in the case of Sustainion-GDE-based MEA (Fig.14(b)).

Figure 14 .

 14 Figure 14. Potentiostatic activation method with Aemion-CCM based MEA (a) and Sustainion-GDE based MEA (b). No additional measurements have been performed, due to appearance of hole.

Figure 15 .

 15 Figure 15. Comparison of the "IV-Voltage" and "IV-Current" activation methods with Aemion-CCM based MEA

Figure 1 .

 1 Figure 1. Order of the experiment tests in fuel cell bench

Figure 2 .

 2 Figure 2. The "classical cell" used for PEMFC and AEMFC

Figure 3 .

 3 Figure 3. The reference electrode cell at the cathode (at left), at the anode (at the middle) and the reference electrode (at the right)

Figure 4 .Figure 5 .

 45 Figure 4. SEM images of the prepared GDEs at different ionomer contents at 3, 23 and 33 wt.%, images with magnification (a) 94 x times (200 µm), (b) 20.00 Kx times (1µm) and (c) 150.00 Kx times (200 nm)

Figure 6 .

 6 Figure 6. (a) Activation and (b) stabilization step of the CCM-based MEAs with the 3 different ionomer contents

Figure 7 .

 7 Figure 7. Polarization curves of the tested CCMs prepared with different amount of ionomer

  CCM and (ii) the gradual decrease in OCV as a function of experimental time. The first assumption is the high concentration of KOH used during the anionic conversion step, as well as the heating temperature (80 °C) during the coating procedure. The second assumption is the solvent isopropanol used for preparing the inks, which can dissolve the membrane due to a low difference in solubility between solvent and polymer[4]. The third and last assumption is based on the mechanical stress of the prepared CCMs during the anion conversion step. Actually, the swelling of the electrode occurs before the swelling of the membrane when the MEA is immersed in potash because the water has to pass through the electrodes before it reaches the membrane. It can produce during this hydration transient a tensile stress on the membrane not yet swollen and stretched by the swollen electrodes.

Figure 8 .

 8 Figure 8. (a) Degradation of the membrane inside of the water after being soaked in IPA and scheme of creep behavior of (b) CCM and (c) GDE inside of the aqueous solution.

  (b), when the CCM-33% has been immersed in a 3M KOH solution, the electrodes swell first, but the part of the membrane sandwiched between the 2 electrodes remains dry, resulting to a severe transient tensile stress in the plane direction of the membrane. With thicker electrodes and a lower amount of ionomer, a similar phenomenon occurs inside the membrane, but with lesser intensity, due to a less rapid diffusion of electrolytes and less deformation of the electrode. For this reason, the OCV value varies with the amount of ionomer in the CCMs.

2

  nd polarization curve by decreasing current. Compared to Nafion based-CCM (Fig. 9(b)), there

Figure 10 .

 10 Figure 10. (a) Activation and (b) stabilization process of the GDE-based MEAs with the 3 different ionomer contents

Figure 14 .

 14 Figure 14. Water management with GDE-33% with (a) different flux at constant relative humidity (95%) and (b) different relative humidity at 12 NL h -1 at the both electrodes

Figure 15 .

 15 Figure 15. Polarization curves with the reference electrode cell, measured with the new GDE 23 wt.% with a non-mixed ink at (a) 12 / 12 and (b) 24 / 24 nL h -1

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Main ionic exchange groups in anion exchange membranes

		Alkyl ammonium: -𝑁𝑅 3 +	Strong base
		-𝑁𝐻𝑅 2 + , -𝑁𝐻 2 𝑅 +	Weak base
	MEA (anions)	Vinylpyridinium: -𝐶 5 𝐻 4 𝑁𝐻 +	Weak base
		Alkyl phosphonium: -𝑃𝑅 3 +	Weak base
		Alkyl sulfonium: -𝑆𝑅 2 +	

Table 2 .

 2 Requirements for AEMs and AEIs

	Properties	AEMs	AEIs
	• Ion conductivity (σ)	• High IEC and high σ	• Suitable IEC and high σ
	• Ex-situ/in-situ stability	• Highly stable	• Highly stable
	• Water behavior	• Suitable water uptake with low free	• High water permeability
		water to control dimensional stability	
	• Swelling ratio (SR)	• Low SR	• Low-intermediate SR
	• Mechanical properties	• Good mechanical properties	• No limitation
	• Gas permeability	• Low gas permeability	• Good gas permeability
	• Anchoring capability	• No limitation	• Good anchoring capability
	• Solubility	• No limitation	• Good solubility or good dispersion

Table 3 .

 3 Microstructure data of the obtained CCMs in Fig.28 (b)[START_REF] Yang | Fine microstructure of high performance electrode in alkaline anion exchange membrane fuel cells[END_REF] 

	CCM	Cumulative volume	Mean pore diameter	Median pore
		(cm 3 g -1 )	(nm)	diameter (nm)
	CCM -I0	0.589	26.0	53.3
	CCM -I10	0.545	48.7	84.4
	CCM -I15	0.250	74.7	73.1
	CCM -I20	0.154	54.0	70.9
	CCM -I25	0.143	82.2	84.2

Table 4 .

 4 Physical properties of numerous solvents from[START_REF] Zhang | Ionomer dispersion solvent influence on the microstructure of Co-N-C catalyst layers for anion exchange membrane fuel cell[END_REF][START_REF] Yang | Fine microstructure of high performance electrode in alkaline anion exchange membrane fuel cells[END_REF] 

Solvent a Dielectric constant (𝛆) b Boiling point (℃) Relative volatilization rate c

  

	EtOH	24.3	78.4	1.4
	PA	21.8	97.2	0.9
	IPA	18.3	82.5	1.5
	NBA	5.01	126	1.0
	MeOH	32.7	64.7	3.7
	THF	7.6	66.0	4.8
	DMSO	46.7	189	0.026
	EG	37	197.3	
	a EtOH: Ethyl alcohol (ethanol); PA . IPA: Isopropyl Alcohol; NBA: n-Butyl Alcohol; MeOH: Methyl alcohol
	(methanol); THF: Tetrahydrofuran; DMSO: Dimethyl sulfoxide; EG: Ethyle glycol	
	b Values obtained at 20 ℃ and atmospheric pressure.		
	c Reference to relative volatilization rate of n-butyl acetate (defined ε = 1) at 25 ℃ and atmospheric pressure

Table 5 .

 5 Methods of break-in procedure

	Method	Break-in procedure	MEA -type	Method of fabrication	Ref.
	Potentiostatic	USC/Surrey	GDE	Hand Spraying	[69, 98,
					101, 102]
		0.7 V for 2 mins	GDE	Ultrasonic Spray-Coating	[103]
		0.5 V for 5 mins			
		Los Alamos standard	GDE	Brush Painting	[104]
				Hand Painted	[84]
		0.5 V for 1 h 0.2 V for 15 mins	GDE	Drop-Casting	[105]
	Galvanostatic	200 mA.cm -2	CCM	Hand Spraying	[106]
	VI activation	U=const, I scan, From 1V to	CCM	Ultrasonic Spray-Coating	[94]
		150 mV for 20 mins			
		U=const, 0.95, 0.9, 0.85, 0.8,	GDE	Spray-Coated	[89]
		0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and			
		0.1 V for 3min each			
		U=const, 0.9 V decrease by 100	CCM	Spray-Coated	[45]
		mV for 150 s to 0.1 V			

Table 7

 7 For instance, spray, decal transfer, hand brushing, screen and inkjet printing and doctor blade coating can be applied for CCM fabrication. Moreover, many studies have revealed that the direct catalyst spray technique is a popular technique used to prepare CCMs.
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, there are several techniques which can be used for a given type of MEA.

Table 7 .

 7 List of coating technics applied to PEMFC MEA fabrication

	MEA fabrication method	Deposition technique	Membrane	GDL	MEA Solvent	CL Catalyst Loading (mg.cm -2 )	Ionomer content (%)	Active area (cm 2 )	T (℃)	PEMFC Condition RH Back (%) pressure	Flow rate (H2|O2 (air))	Performance at 0.6V (A cm -2 )	Ref.
		R2R	Nafion 212	SGL 24 BC	H2O 1Propanol	0.2 (45.4% Pt/C)	40.9 (Nafion)	25	80	50	150 kPa	1.2 | 2 (air)	0.75	[123]
		Screen printing	Nafion 212	Toray carbon fiber	NR	0.5 (40% Pt/C)	NR	5	65	100	NR	NR	1.1	[124]
		Inkjet printing	Nafion NR-211	SGL 24BC	IPA, glycerol	0.03 (20% Pt/C)	30 (Nafion)	5	80	95	NR	0.2 | 0.4 (air) L/min	0.15	[119]
			Nafion 211	SGL 29 BC	IPA H2O	0.2 (46.6% Pt/C)	NR	5	80	100	NR	1.5|2	2	[120]
		Spray coating	Aquivion (10 µm)	Freudenbe rg H23C8,	EtOH H2O	0.3 (46.2% Pt/C)	24 (Aquivion)	5	80	95	300 kP	0.25 | 1.0 (air) L/min	2.5	[125]
	CCM		Nafion HP	SGL 25 BC	IPA H2O	0.3 (50% Pt/C)	NR	25	80	81 | 75	150 kPa	1.5 | 2 (air)	1	[126]
		Electrospray	Nafion 211 Nafion 212	Toray carbon TP-CMPL	IPA EtOH	0.4 | 0.3 (20% Pt/C) 0.01 (10% Pt/C)	NR 50% (Nafion)	2.25 5	80 70	100 dry	0.2 MPa 3.4 bar	2 | 2 NR	1.8 0.7	[127] [128]
			Nafion 211	NR	NR	0.12 | 0.2 (60% Pt/C)	24.5 (Nafion)	25	60	80	NR	1.5 | 2.5	0.75	[129]
		ultrasonic	Nafion 212	SGL 34BC	THF	0.4 (20% Pt/C)	10 (Nafion)	16	70	50	NR	1.3 | 2.2	1.05	[130]
		spray	Nafion XL 100	W1S1005	EtOH	0.3 (40% Pt/C)	15 (Nafion)	23	75	95	NR	1.2 | 2 (Air)	0.6	[131]
			Nafion HP	NR	IPA H2O	0.33 (50% Pt/C)	33 (Nafion)	25	80	50	NR	2 | 2 (air)	1	[132]
			Nafion NRE-211	SGL 10BC	IPA H2O	0.4 (50% Pt/C)	NR	25	70	100	NR	1.5 | 2	2	[118]
	GDE	spray coating	Nafion 211	SGL 29BC	IPA H2O	0.2 (46.6% Pt/C)	NR	5	80	100	NR	1.5 | 2	1.4	[120]
			Nafion 212	TGP0120	isopropyl	0.4 (20% Pt/C)	NR	5	75	100	NR	0.2 | 0.2 L/min	1.45	[133]
	DTM	sprayed	Nafion 211	carbon paper (AvCarb)	IPA H2O	0.5 (60% Pt/C)	NR	45	75	100	NR	4.45 | 9 (air) L/min	1.25	[134]
		Doctor blade	Nafion NRE 212	SGL 10 BC	Isopropyl H2O	0.415 (45.6% Pt/C)	30 (Nafion)	25	65	80 | 40	NR	1.5 | 2	0.6	[135]

  ) were also purchased from Alfa Aesar for comparison. Here, the numbers in brackets after the called name of the catalysts refer to the year of purchase. 99.8% isopropanol was purchased from Carlo Erba. Nafion ® 212 membranes were purchased from Ion Power.Sigracet ® GDLs 28BC with a microporous layer and PTFE (5 wt.%) were purchased from Fuel Cell Store.High-purity water (18 MΩ cm) was used in this work. All coating layers were obtained with an automatic ultrasonic spray bench (ExactaCoat) from SonoTek. An ACCUMIST nozzle (120 kHz) was used in this work. A 10 mm-thick glass mask and a 1 mm-thick polycarbonate (PC) mask were used during coating.

	Alcohol based 1100 EW at 20 wt.% Nafion dispersion (D2021) and 40 wt.% Pt/C
	powders named FCS 40% Pt/C-Vulcan XC-72R (2019) and FCS 40% Pt/C-Black (2020) were
	purchased from Fuel Cell Store. 40 wt.% Pt/C powders called AA 40% Pt/C (2020) and AA
	40% Pt/C (2021

Table 1 .

 1 Electrochemical surface area and Pt mass loading of CCMs prepared following 3 different configurations.

		Configuration	ECSA (m 2 g -1 )	Pt mass loading (mg cm -2 )
	A -1V x 12 at H=60mm	24.7	0.36
	B -2V & 2H x 3 at H=40mm	31.4	0.37
	C -2V & 2H x 3 at H=60mm	25.8	0.34
	2.2.2.3.	Pt/C issues: storage and suppliers
	Here, we would like to deal with CCMs prepared with Pt/C powders from different
	origins using the C spray configuration. We compared the polarization curves of samples
	prepared with Pt/C powders (40 wt.%) from: (i) 2 different suppliers (Alfa Aesar (AA) and
	Fuel Cell Store (FCS)), (ii) 2 different batches but from the same supplier (AA 2020 and 2021),

(iii) at least 2 types of carbon supports (Vulcan XC -72R and nameless carbon black), and (iv) the same Pt/C but tested at a different time (FCS 40% Pt/C-Vulcan as-received and FCS 40% Pt/C-Vulcan 6 months later). Fig.

11

shows the polarization curves of the different CCMs prepared with the different Pt/C powders, but with the same recipe (mentioned in 2.2.1). All studied CCMs have a Pt loading (calculated from equation (

Table 2 .

 2 Electrochemical surface area and Pt mass loading of CCMs prepared with Pt/Cfrom different suppliers and origins.

	Configuration	ECSA (m 2 g -1 )	Pt mass loading (mg cm -2 )
	FCS 40% Pt/C-Vulcan(2019)	36.5	0.34
	FCS 40% Pt/C-Vulcan BS	23.8	0.39
	FCS 40% Pt/C-black (2020)	16.3	0.42
	AA 40% Pt/C (2020)	27.9	0.37
	AA 40% Pt/C (2021)	15.1	0.33
	Among the four Pt/C studied as-received, we can clearly observe that FCS 40% Pt/C-
	Vulcan (2019) from Fuel Cell Store (red solid line) gave the best polarization curve for a given
	ink recipe. The worst performance was given by the FCS 40% Pt/C-black, whereas the coating
	thickness was thinner than that prepared with AA 40% Pt/C (2021), despite comparatively
	higher Pt loading (		

Table 2

 2 

). This comparison reveals that: (i) each Pt/C powder is unique, i.e. the carbon-support can be different in size and porosity and it could be the same for Pt crystallites and impurities, and (ii) the change of Pt/C suppliers, batches, and carbon supports can randomly affect the PEMFC performance. Therefore, point (i) above can explain the difference in ECSA showed in the Table

2

for different origins and batches of Pt/C. Now comparing the sample prepared with as-received FCS 40% Pt/C-Vulcan (2019)

MEAs performance according to ink formulation, preparation, and catalyst state 3.1. Experimental part 3.1.1. Materials

  

	Alcohol based 1100 EW at 20 wt.% Nafion dispersion (D2021), 40 wt.% Pt/C powders
	named FCS 40% Pt/C-Vulcan XC-72R (2019), FCS 40% Pt/C-Vulcan XC-72R (2021) and FCS
	40% Pt/C-Black (2020), as well as 20 wt.% Pt/C powders named FCS 20% Pt/C-Vulcan XC-72R
	(2019) and FCS 20% Pt/C-Black (2020) were purchased from Fuel Cell Store. 40 wt.% Pt/C

powders from Alfa Aesar, called AA 40% Pt/C (2020) and AA 40% Pt/C (2021), were also purchased for comparison. Here, the numbers in brackets after the names of the catalysts refer to the year of purchase. Moreover, carbon Vulcan XC-72R and Sigracet ® GDLs 28BC with a microporous layer and PTFE (5 wt.%) were also purchased from Fuel Cell Store. Isopropanol with 99.8% of purity was purchased from Carlo Erba. High-purity demineralized water (18 MΩ cm) was used through this work. Nafion ® 212 membrane was purchased from Ion Power.

Table 1 .

 1 Pt loading estimation of 8-and 12-layers of spray-coating at different Nafion ionomer

	content		
	Nafion ionomer	LPt (mg cm -2 )
	(wt.%)	8 layers	12layers
	13 wt.%	0.24 ± 0.01	0.36 ± 0.01
	23 wt.%	0.23 ± 0.01	-
	33 wt.%	0.25 ± 0.02	0.37 ± 0.02

Table 2 .

 2 Pt and Carbon mass loading according to the four prepared inks with the four catalysts

		20% Pt/C	40% Pt/C
	Name of catalyst	FCS 20% Pt/C-Vulcan XC-72R (2019)	FCS 20% Pt/C-Black (2020)	FCS 40% Pt/C-Vulcan XC-72R (2019)	FCS 40% Pt/C-Black (2020)
	Mass loading (mg cm -2 )	24 layers	12 layers
	mPt	0.33 ± 0.02	0.45 ± 0.03	0.34 ± 0.01	0.37 ± 0.01
	mC	1.32 ± 0.02	1.8 ± 0.03	0.51 ± 0.01	0.55 ± 0.01

Table 4 .

 4 Pt mass loading, with catalyst FCS 40% Pt/C-Vulcan XC-72R (2021) ink prepared withGeneral and Mixed method, at t0 and t14.

		Pt loading (mg cm -2 ) of FCS 40% Pt/C-Vulcan XC-72R
	Ink preparation method	(2021) inks	
		t0	t14
	General	0.32 ± 0.03	0.38 ± 0.02
	Mixed	0.33 ± 0.01	0.34 ± 0.02

Table 5 .

 5 Cyclic voltammetry results of CCMs prepared using general and mixed catalyst inks with

	t 0 and t 14 catalysts FCS 40% Pt/C-Vulcan XC-72R (2021)		
			ECSA (m 2 g -1 )	
	Face of CL	GR		MR	
		t0	t14	t0	t14
	Face 1	28.50 ± 2.2	16.62 ± 0.7	20.63 ± 0.5	16.02 ± 0.8
	Face 2	24.16 ± 1.9	20.19 ± 0.9	19.58 ± 0.5	22.17 ± 1.1

Table 2

 2 

	(in chloride form except Xion

® -MEAs: effect of ionomer content in catalyst inks 5.1. Experimental part 5.1.1. Materials

  

	The AP1-ENN8/HNN8 soluble ionomer powder and AF1-HNN8-25 membrane sheets
	were purchased from Aemion

TM 

Ionomr Innovations. 40 wt.% Pt supported on carbon Vulcan XC -72R was purchased from Fuel Cell Store. Sigracet ® GDLs 28BC with a microporous layer and PTFE (5 wt.%) were also purchased from Fuel Cell Store. Isopropanol (IPA) with 99.8% purity was purchased from Carlo Erba. Methanol with 99.9% purity was purchased from Sigma-Aldrich. High-purity demineralized water (18 MΩ) was used in this work.

Table 1 .

 1 Evolution of the OCV value at each step of the electrochemical characterization for each tested CCM prepared with 13, 23 and 33% of ionomer content, respectively.Several hypotheses about the degradation of the membrane and ionomer were formulated to explain (i) the difference in OCV as a function of the amount of ionomer in the

	OCV	Initial OCV	Activation step Polarization step
	CCM-13%	0.99	0.98	0.83
	CCM-23%	0.91	0.93	0.78
	CCM-33%	0.87	0.87	0.59

Table 2 .

 2 Characterization at different ionomer contents Assumption: If the ionomer content of the membrane is 100%membrane in thickness swells 1.6 times Concerning now the degradation over time, several reasons can explain the progressive drop of the OCV value for each tested CCM. One reason may be the high flow rate used in AEMFC testing, which may promote degradation of the already defective membrane.

	CCMs	1 st OCV (V)	Thickness in dry and iodide form (μm)	Thickness swelling in OH-form*
	CCM-3%	-	70 ± 8	0.05
	CCM-13%	0.98	50 ± 6	0.2
	CCM-23%	0.93	35 ± 3	0.37
	CCM-33%	0.87	25 ± 3	0.53

*

Comparison of RDE and single-cell test performance of numerous PMG-free cathode catalyst from the literature[START_REF] Zhang | Recent Insights on Catalyst Layers for Anion Exchange Membrane Fuel Cells[END_REF] 

(g) (h) (i) (j) (k) (l)

Appendix 1

List of different cation groups for AEMs and their stability in alkaline solutions from Chen et al. [19] List of different type of membranes [19]: (a) BTMAtype SEBS, (b) sidechaintype and crosslinked SEBS, and (c) different types of TB membranes

Appendix 4

Comparison of AEMFC with different ionomers and PMG catalysts from the literature [19] electrochemical impedance spectroscopy to estimate the resistance of catalyst layer. The fuel cell was mounted in counterflow mode with two 28BC GDLs and two PTFE gaskets (150 µm).

Prior to any fuel cell bench testing, a conditioning step is needed to ensure membrane hydration and catalyst activation. The conditioning was performed as in the literature [5,6]. This step consists of cycling the voltage between OCV (Open Circuit Voltage), 0.3 V and 0.6 V every 30s for at least 6h. The flow rates were automatically calculated according to the previously measured currents.

The operating temperature was 70 °C, while the relative humidity (RH) was chosen either 60 or 80% for air and hydrogen (H2). But the H2 / air stoichiometry was kept at 1.5 / 5 for the both RH (see later).

After this step, electrochemical characterizations were performed. All the characterizations were carried out automatically using lab-made LabVIEW programs. Each time when it is necessary, the cell was flipped to characterize both sides of the cell and test the homogeneity of the prepared CCM, as described in Chapter 2. It was assumed that if the both sides of a prepared CCM are similar, then they should give a similar performance in PEMFC regardless the configuration of the cell (Face 1 and Face 2). This method also allows us to check the stability of the ink during the coating process. Therefore, the two configurations of the cell were tested and their performances in PEMFC were compared via polarization curves.

Polarization curves

After the conditioning step, polarization curves were performed with air and H2 stoichiometry of 5 and 1.5, respectively. The other working conditions remained the same as for the conditioning step at a given RH. Each polarization curve resulted in an average of two measurements of voltage versus current. The first measurement started at 0 A (OCV) and the current was gradually increased until the measured voltage reached 0.3 V. The second measurement started at the last point of the first measurement. The current was progressively decreased until it reached 0 A. Each current step took 60 s and the average of the measured voltage was calculated.

Cyclic voltammetry

Cyclic voltammetry tests were performed to evaluate the ECSA of the prepared CCMs. The fuel cell was operated in the H2 / N2 mode (anode and cathode, respectively). The voltage sweep rate was 50 mV s -1 and the voltage range was between 0.1-0.7 V. The operating temperature was set at 70 °C, and the relative humidity of the two gases were either at 60 or 80%. Cyclic voltammetry Concerning now the electrochemical performances, the prepared CCM-based MEAs were tested in a lab-made fuel cell bench. The polarizations curves, illustrated in Fig. 7 (left), unveil a weaker performance with the sample prepared with ink (2:1). At first sight, these results can be explained by a thicker catalyst layer with bigger pore, which can affect proton conduction. The ECSA of this sample is also the lowest one, as shown in Fig. 7 (right). From the obtained data, it seems that the TPB is poor due to either, a phase separation or an insufficient amount of ionomer for this higher porosity. The higher the porosity, the more ionomer is needed to line the pores and cover the agglomerates. At the end, the optimum ionomer loading should be expressed rather in a volumetric way (mg of ionomer per cm 3 of electrode) than in the usual mass ratio (mg of ionomer per mg of catalyst). However, our results about the evolution of ECSA are controversial compared to the literature ( [13] orange and [15] yellow line in Fig. 6(b)). Indeed, the reported results from the authors showed an increase of ECSA when increasing the amount of water in the catalyst ink. Ngo et al. [14] explained that the variation of ECSA of their samples depends on the solubility of Nafion () and the dielectric constant (ɛ) of the solvent mixture. The more the solvent mixture contains IPA, the lower  and ɛ are and the lower the ECSA is. Takahashi et al. [13] demonstrated that the ORR is higher with the catalyst layer prepared with a richer amount of water, and thus a higher ECSA. One possibility to explain this difference in behavior may come from the catalysts used. In water ratio in the water and isopropanol mixture and compared to literature data from [13,15]. All results were carried out in H2 / air at stoichiometry 1.5 / 5, at 70 ° C and 60% RH for both gases.

Pt weights & Carbon types

Here, a new batch of inks were prepared with the four catalysts Pt/C (in below) in a 1:2 ratio of water and isopropanol mixture and 33% of Nafion ionomer content. The four inks were all prepared according to general catalyst ink preparation method.

(

In order to reach 0.3 mg cm -2 of Pt loading for all samples prepared with the 4 inks, 12layers CCMs were prepared with 40 wt.% of Pt, whereas 24-layers CCMs were prepared with 20 wt.% of Pt. The mass loadings of the prepared samples are summarized in Table 2, which reveals that one out of four samples are heavier than the others, even though all samples were prepared Thus, the study of optimizing catalytic ink formulations yields new insights into the interactions between each ink component and its impact on the performance of PEMFC. For instance, the porosity and the thickness of the catalyst layers can be tuned by (i) varying the amount of ionomer, (ii) the water and isopropanol ratio and (iii) the Pt wt.% in Pt/C. Seeking of the optimum amount of each component should be studied for a given catalyst, since Pt/C catalysts are not equivalent in terms of properties (carbon support, Pt quality, and Pt/C size particles and distribution). Therefore, morphology characterizations are still needed for a better understanding of PEMFC performance. Concerning Pt/C particles size, our way of preparing the inks does not allow "control" this parameter, as the ultrasonic bath and magnetic stirrer may not be strong enough. The use of a disperser can be a solution during the preparation of ink. As a consequence, the next section of this chapter will be focused on the way of preparing ink according to the different Pt/C origin.

Ink preparation procedure according to Pt/C origin

In this section, a new batch of inks were prepared with the two catalysts FCS 40% Pt/C-Vulcan XC-72R (2021) and AA 40% Pt/C (2021). All inks prepared contained 33% of Nafion ionomer content in a 1:2 mixture of water and isopropanol. Two ways of ink preparation will be discussed with or without the use of a high-performance dispersing device (from IKA ® , T10 Ultra Turrax). 12-layers CCM-based MEAs were prepared from the obtained inks, using an ultrasonic spray bench and configuration C. PEMFC tests were performed with the two configurations of the cell, Face 1 and Face 2 (as described in Chapter 2) in order to check the stability and repeatability of the prepared catalyst inks according to Pt/C origin.

Set up of mixed catalyst ink preparation method

Before setting definitely mixed catalyst ink preparation method, an attempt was performed with an ink prepared with catalyst AA 40% Pt/C (2021), 33% of Nafion ionomer content and in a 1:2 water and isopropanol mixture solution. Two catalyst inks were prepared using dispersion tool, either (i) after and (ii) before adding Nafion ionomer. The as-prepared inks were used for manufacturing CCM-based MEAs, which were subsequently tested in PEMFC bench with the two configurations Face 1 and Face 2. We assume that if the prepared inks were stable during coating procedure, then the two catalyst layers of a CCM for a given ink should behave similarly and give similar polarization curves in the PEMFC. Then, samples fabricated with the as-described inks were examined by scanning electron microscopy (SEM) and tactile profilometer. The results are unveiled in Fig. 11. Some agglomeration of Pt particles is observed in the SEM images of the samples prepared with General method (Fig. 11 (a)). In contrast, no agglomeration of particles can be seen and a rather smaller but disordered structure is obtained with Mixed method (Fig. 11 (b)).

Now comparing the thickness of the coated samples in Fig. 11 (c), the measured results

show an inversion of behavior depending on the ink preparation methods, that cannot be neglected.

The sample prepared with catalyst AA 40% Pt/C (2021) becomes thinner using Mixed method, almost a decrease of the thickness by the half comparing the sample prepared with General method.

Whereas the sample prepared with catalyst FCS 40% Pt/C-Vulcan XC-72R (2021) becomes thicker than the sample prepared with General method. The observed results can be rationalized by a difference in the structure of carbons and its composition, which may be altered during the dispersing step. In fact, the dispersion tool should only make the already agglomerated particles smaller. If this was the case, we should simply observe a decrease in the thickness of the deposited layer. If there is an increase in deposited layer thickness, it means that the properties of the Pt/C have changed after being dispersed with a high-performance dispersion tool. Regarding the specifications for the anionic membranes, we did so base on our knowledge of the PEMFC and its water management at the beginning of the project. For this reason, we seek (i) thinner membranes for favoring back-diffusion, (ii) high hydroxide conductivity for transporting efficiently hydroxide anions through the cathode to the anode in AEMFC, (iii) mechanical stability with less deformation when swelled, (iv) good operating temperature (higher than 60 °C) for improving electrocatalytic reactions, (v) ionomer availability for preparing catalyst inks as binder and the last but not the least (vi) materials and supplier availability (purchasable and available at longer time). In fact, new materials are usually not very mature and can quickly disappear from the market in 6 or 12 months for instance. This kind of situation are not favorable and suitable in the case of a thesis, where we look for reproductible and repeatable results. Although this criterion is important, we neglected this parameter when started the project because of the small number of commercial materials that can be purchased.

ANNEX

Since the purchased membranes have different halide counter anions and polymer types, we need to set up characterization methods to (i) study the efficiency of anion conversion steps, (ii) investigate the water uptake hysteresis, (iii) measure the swelling rate and size change, and (iv) estimate the anion and water transport if possible. The methods used will be presented in the next section. *from the supplier's technical product information and the references [1][2][3] Then 1 M KOH was used as the second electrolyte in the second step. All steps took 6 h and a bath change was performed every 2 h. After that, all samples were rinsed with a large amount of water (3 times) and stored individually in their flask filled with demineralized water.

All converted membrane samples were characterized morphologically to estimate the dimensional change after soaking with different methods, and electrochemically with our inhouse 4-electrode cell to access the anionic conductivity.

Anion conductivity

In-plane anion conductivity was measured with our home-made 4-electrode cell, with 1.1 cm as the distance between the two internal Pt electrodes. The membrane resistance was obtained using the software provided by AUTOLAB from Metrohm, where a frequency range and amplitude of voltage were set from 10 Hz to 100 kHz and 0.0005 V, respectively. The inplane anion conductivity () was calculated via equation (1). All samples studied were measured under fully humidified conditions (after removing quickly liquid droplets with absorbent paper from the membrane surface), at room temperature directly after anion conversion step(s). For each kind of membrane, 3 samples were prepared for anionic conductivity measurements. Therefore, the anionic conductivity value shown latter is the average of the measurements of the 3 samples. Here, we assume that all membrane samples are homogeneous and stable during soaking and measurements. In order to prevent as much as possible the carbonation effect, the resistance measurement was performed only once for each sample, regardless of the type of membrane.

Activations procedures

As mentioned in Chapter 1, there are 3 activation methods: galvanostatic, potentiostatic and "IV activation". The first method imposes a constant current and measures the voltage as a function of time. The potentiostatic method sets a constant voltage and measures the current as a function of time. The "IV activation" method resembles a polarization curve method, but the duration of each step lasts longer than in polarization curves. We can either increase the current gradually and measure the corresponding voltage, or decrease the voltage progressively and measure the generated current. In the both cases, the limit was set for 0.3 V.

As the performance of home-made MEAs is generally unknown due to MEAs' materials used, it was decided to avoid the galvanostatic method as activation procedure. That's why, only two activation methods were compared here, the potentiostatic and "IV method".

Each test with home-made MEAs were evaluated as described in the Fig. 

Sorption characterizations

The first step in the characterization consists to measure the water uptake of all purchased membranes over a range of relative humidities using the dynamic vapor sorption summarized the composition of the prepared MEAs. An attempt was performed with Pt black as catalyst. Here, all the inks were prepared using the General method. Then, they were sprayed on GDLs, using configuration C and a 1 mm thick polycarbonate mask, as described in Chapter 2. During the spray coating process, the heating table was set at 60 °C for inks prepared with ethanol (EtOH) and 80 °C with isopropanol (IPA). 

Commercial membrane and home-made GDEs

In order to manufacture a GDE, one can chose a GDL with or without MPL. According to the literature [7][8][9], the use or non-use of MPL can have a great influence on the water management, and consequently on the performance of the AEMFC. That's why, GDEs with or without MPL were prepared using Sustainion's materials (membrane and ionomer) and Pt black as catalyst (Table 3).

The AEMFC tests were carried out at 60 °C, in fully humidified H2 / O2 both at 2 NL h -1 and 0.5V. Figure 10 shows the potentiostatic activation procedure of the prepared MEAs, with and without MPL. As can be observed, the measured current of the MEA with MPL is twice as high as that without MPL. This result may suggest that without MPL, flooding may occur and decrease the measured current. ). No additional measurements have been performed, due to appearance of hole.

Another reason can explain this difference of the measured currents. As it was mentioned in the literature [10], the MPL between GDL and CL can not only facilitate water management in the electrodes but also ensure good electrical contact between CL and GDL. In fact, Pt black may not be a good electronic conductor and the presence of carbon in MPL can favor this conductivity. Thus, it is preferable to prepare GDEs with MPL, even though Pt black was not used as catalyst.

Subsequently, we repeated the same test with Sustainion-based GDE with MPL, under 60 °C, relative humidity 95% and flow rate = 12 | 24 nL h -1 of H2 / O2. In this experiment, relative humidity was decreased by 5% and we used assymetric and high gas flow rates at both electrodes in the attempt of improving fuel cell performance. Besides, the applied range of flow rate was indicated through the literature data [11][12][13][14].

Figure 11 (a) presents the potentiostatic activation curve at 0.1 V, where the current stabilized only after 1700 s at 0.3 A. Although we were disappointed with the polarization curve result for this sample (Fig. 11 (b)), the poor results may arised from the membrane chosen, so we decided to repeat the test with another type of membrane. Here, similar experiment was performed with MEA prepared with Xion membrane and Sustainion-based GDE with MPL (Table 3). The test carried out at 60 °C, under the flow rate 12 | 24 nL h -1 of H2 / O2, in fully humidified condition. After the step of potentiostatic activation procedure at 0.1 V (Fig. 12 was placed on a heating table set at 80 °C. Unless specified, the Pt loading of the prepared MEAs is set at 1 mg cm -2 for both electrodes with an active area of 7.22 cm 2 .

For convenience, we call the CCM and GDE prepared with an amount of ionomer (X) in the catalyst ink as such: CCM-X% and GDE-X%, respectively. Thus, we have to deal with 8 types of samples: CCM-3%, CCM-13%, CCM-23%, CCM-33%, GDE-3%, GDE-13%, GDE-23%, GDE-33%.

After preparing the CCMs and GDEs with each ink, they were stored at room temperature before being used in the membrane electrode assembly step. Before manufacturing a CCM-based MEA, the prepared CCM must first undergo an anionic conversion step using M-3M method as described in Chapter 4. Similarly, a pair of prepared GDEs and a piece of the Aemion ® membrane must be converted to OH -by the M-3M method before constructing a GDE-based MEA. As a reminder, M-3M method consists of soaking the samples in 3M of KOH (high purity) during 48 h, with a bath change every 12 h, and washing them with a large amount of demineralized water.

General procedure of MEAs fabrication

Concerning CCM-based MEAs, they were composed of two 28 BC GDLs, two PTFE gaskets (100 µm), two PET sub-gaskets (25 µm) and a home-made CCM in OH -form for a given catalyst ink. Concerning now GDE-based MEAs, they were composed of two homemade GDEs in OH -from for a given catalyst ink, two PTFE gaskets, two PET sub-gaskets and a piece of the Aemion ® membrane converted in OH -form. Regardless of the type of MEA prepared, the cell mounted was sealed with a pressure of 2.5 Nm torque. It is worth noticing that all the assembly of materials was carried out under N2 atmosphere to prevent carbonation.

Subsequently, the assembled cell was connected to the lab-built fuel cell bench after ensuring that there was no air in the fuel cell bench system.

Fuel cell experiments.

Once the MEA was prepared, it was tested on a lab-made fuel cell test bench to evaluate their performance via electrochemical characterizations, such as (i) polarization curve and (ii) cyclic voltammetry to evaluate the electrochemical active surface area (ECSA) of the catalyst.

The steps and the order of the tests are schemed in Figure 1.

Cyclic voltammetry

Cyclic voltammetry tests were performed to evaluate the ECSA of the prepared MEA sample. First, fully humidified N2 was filled at the both electrodes at 2 NL h -1 during 15 min.

Then, the fuel cell was operated with a flow rate of H2 at 2 NL h -1 in the anode side, while N2 is reduced to 0 NL h -1 at the cathode. The voltage sweep rate was 50 mV s -1 and the voltage range were between 0.04 -0.8 V. The mean hydrogen adsorption/desorption charge, QH was determined in Eq. ( 4), by integrating the two hydrogen adsorption/desorption peaks across the obtained cyclic voltammetry curves.

Subsequently, the ECSA was calculated by Eq. ( 5).

where, 210 µC cm -2 Pt is the value of the platinum charge density when monolayer adsorption of hydrogen on the surface of platinum crystallites is assumed.

Water management study

The water management was studied using two kind of cells, but the active area remains unchanged (7.22 cm 2 ): (i) the "classical" cell, used also for all the fuel cell experiments shown in Chapters 2-4 and (ii) the called reference electrode cell is the lab-made fuel cell equipped with a hydrogen-fed reference electrode to measure the anode potential [3].

Using the "classical" cell (Fig. 2), the water management was investigated by varying either flow rates at the both electrodes (12 / 12 or 24 / 24 NL h -1 ) at 95% of RH or dew points of the gases at 59°C / 59°C. The cell temperature remains unchanged and is maintained at 60°C.

For each variation of parameter, a polarization curve was collected. The temperature of the cell and both electrodes was expressed in the following format: anode/cell/cathode.

behavior. Indeed, the Nafion membrane does not exhibit sorption hysteresis [7], which means that all the water molecules surround only the EISs. 

AEMFC's tests with GDEbased MEAs.

Here, we tested the 3 GDE-based MEAs that were prepared with the 3 catalyst inks containing different amounts of ionomer (13, 23 and 33 wt.%). The anion conversion step, electrode and membrane assembly as well as fuel cell connection were performed as described above. Figure 10 With the other 2 samples at higher ionomer contents, there is a good adhesion between GDEs and membrane surface (results unshown). In addition, the insufficient amount of ionomer in GDE-13% is also evidenced by the ECSA measurement of the tested GDE-samples in the legend of Fig. 11. Indeed, the ECSA of GDE-13% is around 3 m 2 g -1 , whereas the other samples are near 22-23 m 2 g -1 .

Figure 11. Polarization curves and cyclic voltammetry measurement result (legend) based MEAs with different ionomer content

Besides, the polarization curves (by increasing and decreasing of current) are also sensitive to the lack of ionomer amount in the case of GDE-13% (see Annex 3). Except for this latter, the other 2 samples show a better polarization curve in the 2 nd measurement (by decreasing current) and the issue of the sorption hysteresis and gas transport can be observed at high current density part (> 50 mA cm -2 , see Annex 3). Although the sorption hysteresis cannot be avoided, water and gas transport may be optimized. That's why, we did an attempt for studying the water management in AEMFC.

Water management study

To this end, several approaches have been tested here to understand the parameters that affect water transport in an operating AEMFC, such as (i) flow rate of gases, (ii) catalyst layer thickness, (iii) relative humidity of gases and (iv) the use of a reference electrode cell.

(i) was tested with CCM-and GDE-based MEAs by increasing the flow rate from 12 to 24 NL h -1 , as pictured Fig. 12. Concerning CCM-based MEAs, increasing the flow rate at the both electrodes has not increased the performance of the samples in AEMFC, due to a possible gas crossover made possible by membrane defects initiated during the anionic conversion step. On the contrary, increasing the flow rate at the both electrodes favor better AEMFC performance in the case of GDE-based MEAs, except for GDE-13%. In this latter, the increase of flow rate seems to block the gas transport maybe due to already flooded and thick electrodes at the previous experiment. In the case of GDE-23%, the increase of flow rate can force the gas to diffuse into the electrodes and allow for better water and gas transport, resulting in an almost doubling of the current density at 0.3 V. In the case of GDE-33%, the increase in flow rate does not affect the performance in AEMFC so much, because of the thin thickness of the electrodes (near 25 µm, Fig. 5) and also of the high ionomer amount within the electrodes. The swelling of the ionomer inside of the electrodes can prevent the passage of gas. Thus, it is preferable to decrease the amount of ionomer to 23%, which may be the optimum in our case.

From the obtained results, it seems that thinner electrodes with 23% of ionomer content can be the solution for better AEMFC performances. That's why, a sample prepared with 23% of ionomer content, but with a Pt loading of 0.5 mg cm -2 was tested in AEMFC. This sample will be called GDE-23%-0.5 for convenience, and should have the half of the thickness of GDE-23%. Figure 13 shows the polarization curves obtained with GDE-23%-0.5 at two different flow rates. Unfortunately, not only is the performance of this sample worse than with GDE-23%, but there is a drop of the OCV value and a limited catalyst activation part. This type of behavior may be related to the small amount of catalyst involved in the electrochemical reactions. Since the sample was prepared with the same ink as for GDE-23%, it could be as explained above that there is a heterogeneous distribution of the catalyst layer due to a loss of catalyst particles in the porous medium of the gas diffusion layer. In addition, the use of a disperser makes the catalyst particles smaller, resulting in higher particle loss when spraying on the GDL. Regarding the drop in OCV, membrane degradation may be occurring due to the poor performance of the AEMFC. But a thinner catalyst layer can also flood or dried easily with the increase of flow rate. Since there are too many parameters that can affect the performance of the AEMFC, it is therefore necessary to repeat the test before concluding on the results observed, and to test GDE prepared with General method for comparison. Concerning now (iii), the experiments were performed with GDE-33% by varying dew points at the both electrodes (Fig. 14 (b)). The experiments were performed after the series of polarization curves with different flow rates (Fig. 14 (a)). We underline that the collection of each polarization curve took approximately 2 hours and among all the tested samples, only GDE-33% was the most stable in terms of performance (Fig. 14 (a)) under the set operating conditions. Nevertheless, a small drop of OCV can be remarked at the end of the series of polarization curves in Fig. 14 (a). Note that the chronological order of the CV curves is given in order from the blue curve to the orange curve in Fig. 14 (a) and from red curve to cyan curve in Fig. 14 (b). When the dew point at the anode or cathode is varied by only a few °C, the performance is not reversible and there is a severe drop in the OCV value, resulting of a hole However, all the results gathered need to be repeated and confronted with other electrochemical techniques with or without the use of other cell types for a better understanding of water transport in AEMFC. In addition, the way the MEA is constructed and the ink preparation must also be optimized. 

ANNEX

Abstract Genesis of AEMFC (anion exchange membrane fuel cell) at the lab scale: from PEMFC's inks composition toward fuel cell bench tests in alkaline media

Anion exchange membrane fuel cells (AEMFCs) have recently attracted significant attention as low-cost alternative fuel cells to traditional proton exchange membrane fuel cells as a result of the possible use of platinum-group metal-free electrocatalysts. Although AEMFC is a mimic of PEMFC but working in an alkaline medium, water management issues are more severe in AEMFC because ORR in alkaline media requires water, while at the same time water is produced at the anode side. To better understand water management in this type of fuel cell, it is necessary first to develop and gain experience with this kind of fuel cell on the laboratory scale. Since no ready-to-use materials are available at the beginning of the project, the necessity of fabricating homemade MEAs from commercially available materials becomes a reality that we must face. As MEA fabrication is a new topic to LEMTA's researchers, this is why this thesis was divided into two parts: one part dedicated to the formulation, preparation, and optimization of MEAs for PEMFC through physico-chemical and electrochemical characterizations; another part dedicated to the development of AEMFC. The results indicated that ink deposition, composition, and preparation systematically change the electrode structure and thus affect fuel cells performance. Furthermore, the study provides information on the AEMFC procedures and methods. Here, we would like to share our know-how with newcomers in the field of preparation of MEA in ion exchange membrane fuel cells.

Keywords: PEMFC, AEMFC, MEA, catalyst layer, catalyst ink, TPB, PEM, AEM, and AEI

Résumé

Genèse de l'AEMFC (pile à combustible à membrane échangeuse d'anions) à l'échelle du laboratoire : de la composition des encres de PEMFC aux tests de piles à combustible alcalin

Les piles à combustible à membrane échangeuse d'anions (AEMFC) ont récemment attiré l'attention en tant que piles à combustible alternatives à faible coût aux piles à combustible à membrane échangeuse de protons traditionnelles en raison de l'utilisation possible d'électrocatalyseurs non-nobles. Bien que l'AEMFC ressemble à la PEMFC, les problèmes de gestion de l'eau sont plus prégnants dans une AEMFC car l'ORR en milieu alcalin nécessite de l'eau, tandis qu'en même temps, de l'eau est produite en grande quantité du côté de l'anode. Pour mieux comprendre la gestion de l'eau dans ce type de pile à combustible, il faut d'abord développer et acquérir de l'expérience avec ce type de pile à combustible à l'échelle du laboratoire. Puisque les matériaux prêts à l'emploi n'existaient pas au commencement de la thèse, nous avons dû fabriquer nos propres assemblages électrode-membranes (AMEs) à partir des matériaux disponibles dans le commerce. Etant donné que la thématique de fabrication des AMEs est nouvelle pour les chercheurs du LEMTA, cette thèse est articulée en deux parties, une dédiée à la formulation, la préparation et l'optimisation des AMEs pour PEMFC ; et une autre dédiée au développement d'AEMFC. Les résultats ont indiqué que la composition et préparation de l'encre, ainsi que la manière de déposer l'encre modifient systématiquement la structure de l'électrode, de même que ses performances en piles à combustible. En outre, l'étude fournit des informations sur les procédures et les méthodes pour les tests en AEMFC. Ici, nous souhaiterions partager notre savoir-faire avec les nouveaux venus dans le domaine de la préparation des AMEs pour piles à combustibles à membranes échangeuses d'ions.

Mots-clés : pile à combustible à membrane échangeuse d'anions, pile à combustible à membrane échangeuse des protons, couche catalytique, encre catalytique, triple phases région (TPB), membrane échangeuse de protons, membrane échangeuse d'anions, ionomère échangeur d'anions